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VEASUREMENT OF %FOR MUON3

Gordon McDonald Bincham
(Thesis)

ABSTRACT

A free running "muon stroboscope” was used to measure the ratio
of the preceseion frequencies of mons (f) and protons in water (f ) for
the same magnetic field, Thegatroboscope frequency was 200 Mc/sec. The
results obtained were: |

- Positive muons stopping in bromoform (E£~)+ = 3,18336 i 0;00007
' p

Negative muons stopping in water (Fi—); o 3,1808 + 0,000,
' P 2

The first ratlo is assumed to be alro that of the free particles ard loade
to the following values for (g/m)* and m s
(g/m)" = (9.6840 + 0.0002) x 107 me"l
m = (206.766 + 0.005) m
' )
vhere me is the electron mape. A diamagnetic correction is applied to

the pocond ratio and an equivalent value‘(g/m); o 18 obtained for nogative
2 ' ' o

‘muons stopping in waters

- ""3 -l
(xs;/m)H o = (9.6760 4 0,0013) x 10 " m .
: (]

2

Assuming equal masees for positive and negative muons we obtaint

-—-.’-—- v s ey ] = -(8.3 i 1.1&) ¥ 10.‘4 ¢

The present experiment i in quite reasonable agreement with the recent

Columbia experiment of Hutchinéon et sl, From the combined results of



both experiments we have
m = (206,765 + 0,002) n, (12 p.p.m.)
g (o) g
2 - ~d,

= -{8.9 + 0.8) x 10 .
g+ . »
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I, INTRODUCTION

The muon and the electron poee one of the most interesting
questions in particle physics.l They have widely different masses, yet
they are very similar in all other respects, In the hope'of 6bta1n1ng
a clve to the anéuer of this question, it is of intsrest to measure accurate-
1y the magnetlc moment of the muon and to compare this experimental reaulﬂ
with that predictedlby quantum electrodynamice, The muon g value 18 given

by quantum electrodynamics (Q.E.D,) 392’3’4'5

- a. a® .
g=200+—= 4075 Sy, )
(1)
= 2(1,001165)
vhers a is the fine structure constant, The behaviour of Q.E,D, at emall
distances is not well understood and it has been suggested that the theory

may:not be valid for distances {h; ~ 10"13- 10-14 cm, In thie case 1t.

o" .
is necessary to introduce a momentum cutoff koc into the integrala involved

in Eq. (1) . This results in a muon g value as rollowa6

SECEE AR Koo v R (2)

vhere m is the muon mase. Electron proton scattering results 1ndicate7
that the correction term in Eq. (2) is less than 0,02 %; . Thus an
experimentai determination of g to an accuracy of 1 in 105 or better
could yield information on q&antum electrodynamics at small distances,

in addition to information on differences batween electrons and muons,

It will develop later that the present experimaﬁt is, strictly epeaking, a
determination of the ratio ﬁ 'because m is not known to the accuracy that

is achieved here.
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_ lee and Yang pointed dute the poaeibility of experimentally
determining the muon g value, It is based on parity qongbneervation
in the pion-muon-eleotron decay ohaih. which results in polarina%ion of
the muon’épin along the mion direction of motién and then the agymmstric
decay of_the mion with respect to ita spin direction, The apgﬁiar die-
tribution of elsctrons, af g;‘ y from tha decay of polarized muons at

rest 1s’given by9

dfé?:z = i—;' (1 + a' cos ") N | (3)

vhere 6" is the angle between the muon spin and the direction of electron

emission, and % is the solid engle, Eq. (3) has been averaged over the

electron energy distribution., The VA theory of muon decay, which appeare

to be in good agreement with experiment, predicte that a' = 4 1/3 where

the positive sign 1s for positive mions and the negative sign is for

negative mons. The eleotron distribution is peaked backwarde rélatiVe

to the line of flight of the muons, for both positive and negative mmons.

It 48 thus inferred by the V-A theory that, in the pion rest frame, positive

mhenn are polarized opposite to their line of rlighf and negative muons are

polarized along their line of flight. | |
 Experimentally, polarized muons are obtained froh the decay in

flight of pione and the muon beam so obtained may not be oomplq&aly

polarized, Also'thm«muons must be brought to rest in a suitable target

- material whichAmay rasult‘in further depoiarizatign. The experimental

distribution cofrespondiné to Bq. (3) is written
éféﬁll = L (14 8') | |
N: Ky R 4n _ a cos ' , (L)

vhere the asymmetry‘coefficiant a= R? a? and Ké-ia the muon polarization



at decay. For:the remainder of thie report we will assume that muons
carry a "polarization vector" which is approximataly’glong'thé*muon beam
“1ine, for both positive and negative muons, We vrefer 6' ‘to this vector

afd so a will be negative for bofh'ﬁbéitiveﬂand negativéhmuSna. Experi-~

mentﬁg’lo'héve'ahéwn that poaiéive maon beams from éyclotréhdyhave almost -

" complete ‘polarization and that thiglpolafizatidd may be retained by suit-
sble choice of target material, WOrkll done at the Béfkéléy 184" synchro-
cyclotron, with a positive beam aéfangement»f;asonably similar to the one
used here, implied an avérége value Rp; 0.857 + 024, In the present
experiment bromoform was used for the positive muon work because of its
~high Rp‘value, its ‘high density, and the small magnetic'field shift experi-
enced by the stopped muons, From CP.invariancelg it ie expected that the

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

tive nuons if the same beam setup 1s useed, 'Expebimenta‘with'nbgative muons

- show that they are almost completely depolarized even with thé'most favor-

“able ohu.ic:ac)fs-tza.r{gm;«rm:ttezrial‘;.1'3'1'1+

" Water'was used as the: target material
v-1in the negative meson work. of this experiment mainly for convenience. The

- asymme try. coefficient (BEq. 4) 1s expected to ha&e*a~maén1tude¢~'0.04 with

a water target. There are no known target matérials whoge useiresults in

" an appreciably higher Vaiua for negative muons,- Sch1£f15 has observed the
"o rate- at which negative mions are: transferred to impurities ' (e.g. neon) when
stopped in liquid hydrogen, ”If we aseums simildr behaviour for oxygen, then
- .the negative muoné will be transferred to the.oxygen in water ‘in times

~ 10‘10 sec, Thué the négative muon target of this experiment is really

the oxygan‘in water, |

The experiment to be described here is a precesslon type experi-

_‘_manp,“Polgrizea mong are.brought tq-reat,inva\&arget,(bromogorm for



positive mions, water for n@gativq,muona) locAted in a hpmoggneous

.magnatic field H, The fbeqnency of precession of the muéna about the field

directiqn is given by - S ,
£ = R o : (5)

vhere 1t has been assumed that the muon and eleotron have equal charge.

The resulting rotatioh of the muon "polarization vector" is viewed by a

‘system vhose behaviour is very similar to that of a stroboscope. The
present expariment,aéﬁentially'detarminea the valus of H at which the

| gtroboscqpa frequency fo 18 equal to. the mon precession frequency £,

This yalua is called the,“respnanoe" fileld, H(rés). In fact,howéver, the
magnetic field is not measured directly. Instead, the corresponding proton
raﬁunancé“frequency fp is meaaurad for protons in water. Thus at resonance
ve have
f =1f (res)
p p :
‘ 6
£f =1 (6
o

In thia ekperimant'wa determine the values fp(rea) for the cares 4in which

positi#e ﬁuons.are stopped in bromoform and negative muons are stopped in

water, Then since fo_is accurataiy known, we have determined the preceesion

frequency ratio “%; - for ﬁﬁona.apd“pfdtdns in the same magnetic field,
(in the present discussion we' will neglect aﬁy éorfecfions due tp the fact
that.tha ﬁuohs énd;protbns are hot free.) _Now the mﬁon has & fiﬁiie maan
1ife U given bywcgm 2;2 i sec, and so the unbertainty‘pfinciple will
impose a lower limit (A f ~ 1/2ﬁ1:')'on the arror-in f. Thus for an
accurate determination of £ it is necessary to opérate at high precession

frequencies and conmequehtly at:higﬁ magnbtic fielda."In tha prasént case

tha,yalue £, = 200 Mo/sec. was chosen with the limitations being the

maximum available magnotic field and electronic difficultiaao‘ From the



de‘terminutiéns of other wc‘zz‘-kei‘s (se2 zclo) the associated magnetic field

and: proton frequénéy are respectively iA;7 kilogauss éhd 62.8.Mc/sec.

From Eq. (5) and a similar eguation fory the proﬁon in the Sama magnetioc

field H we obff;in |

Bef & . (7)
p mp :

where g 1is the proton g value and mp iz the proton mass. The beast values
p . .

o 6
of these constants aral gp = 2(2.79275 i'0.0000B) and m = (1836.12 + 0.02) m
: P - e

vhere me is the electron mass. The best value for the muon mas a, obtained -

from experiments other than the present type,'comes from ﬁeéic Kmray work

17,18,19 S
and 15~ '7° m = (206,76 + .02)m . Thus a measurement of the ratio E£~

5 ’ p
GOPTGCt to 2 parts in 10 ;| as in this exporiment, is actually a determina-

tion of the ratdo g/m, as stated earlier., The value of 4 has been maasured
ﬁy the "(g-2) experiment," the most recent value obtained being
= 2(1.001162 + 0.000005), Thus it is passibie to obtain an accurate

value of m from this experiment. » |

Measurements of the ratio'gfm have elready been made by a number
of workers. The most accura ta value gbtained is that of Hutchinaon et al 21
‘and was reported 1mmediately prior to the running of this experiment. They

by

obtalned the value %~ = 3.18334 + 0.00005 as the average value for positive

muons stopping in several differomtﬁ materials. Their report also liated

valuas obtained for npgative mons StOppinP in varioua materials. They

used the Te lation

i
it
B

"= lp B | | (8)
fe/fp m :

rather than Bq. (7) 4n the calculation of g/m. In Eq. (8) _EQ 18 the
7

ratio of the precession frequency of an electron to that of p& proton in



same magnetic field and g  1s the electron g value, In this way it is

potsible to take advantage of the accurate determinations g = 2(1.0011609

vy f :
+ 0,0000024) by Schupp et al  and %2 = 658,22759 + 00004 as discussed

by Dumcnd.sz It muet_be.noted that the electrons were free and the pwétons
vere in water for the lattér détermination.' Thué a diamagnetic correction
i must be applied before this determination is ueed 1in Eq, (8)

In the following aection it uill develop that the major difference

v"-‘betwaen thia experiment and tha recent experimnnts of other uorkera is that

ne pulaed oeoillatora are used here. The timing of the 1ncoming wmuon and
’tha docay aleotron is done simply and 1mmediataly relative to a orystal
'controlled free running oscillator. the "200 Mc/see oscillator." ‘This

oscillator generates the wuon stroboscepa frequancy fo .

——



10,
II, MUON STROBOSCOPS
A. Principle of Operation
'The'op@ration of the apparétua is best understood byﬂfifst brisfly
considering tho case where polarized muons are atopped ina g;g;g fre¢ region,
It 48 desired to determine the magnitude of the asymmatry coefficient a auﬂ
‘the polarization directioni¢ with reapeot to ah array of four identical
C . 0 _— o . L . :
- counters spaced 90 apart as shown 4n Fig, L. The "polariestion vector*
has baen shown by the arreﬁ at the centre, . The'éountefs'are dénoted F(i..
forvard as gseen from the smon in the polarization direction) R, B, L and
the same four aymbola are also used to denote the corresponding number -of
electrons detected from a given number of stopped muons, We ageume that

the counters have small éolid angles, Then from Eq. (4) we have

nd
* S T o
o) = = o o)

uherez =F +B+R+ L, The abdve relatioha wi.ll be used in the
atqoboacopo discuasion. a |

A Bimplified ‘block diagram of the eymmetrie mon strobescops is
ghown in Fig. 2, Here pOIarizadwmuons are stopped in & target located in
a nggxgmnggggﬁggwggg;g,ﬁ. i, It hee been assumed that the mmon orbit
direction makea an angle ¢ wvith the axis of the § counter at the Instant
the muon crosses ths g&counter.- The incoming muon is dstected by the
“gsbounter“ and the decay elactron is detected by the "B counter," The'
counter signals are then sent to the corresponding fast mixer units, These
unite each contain four mixing oircuits labelled I, II, TII, IV and 4, B,
Gg_Dvas'ahawn.f'Each mixing oircuit has two inputs, one from thé R00 Ms/sec
6aoiiint9r and one from the appropriate counter. 'The oscillator dnpute

-

%
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Mubn target in
field-free region

2 VEBR (R
o B+ RYL

MU-26639

o

Fig;tl'jDétermination.of mﬁothoiarizatibn with respect fq counter -

. : : : L o
array consisting of four identical counters F.R.B.L, spaced 90 . apart, -



Muon target located

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

p counter, B counter

“\\,}‘\i __Axis_aof
e B counter
\0‘\/ .
o
o -
o 62;/
\/ N .
}} " Direction of precession

~ of stopped muon

.

pfast [mixer unit B fast |mixer unit

L+3X/4 | 200Messec)
L+As2_joscillator [ L+x/4
i
L+A/4 fos 4 L+)/2
L Li3/4
):l:a @aq@ E:’E . Discj|Djsc
B et . [ ic |o
| !
: Gote IT I[-,- LB
| )
 rGote T I ¢ Fid
' | .
—————-1———: Gote W +———34 | [B|R[F

o :l::;lenqth in cable Eef—'iﬂ ._JI - 4% 4 Scaler Matrix

Iisc=discriminator.

*;ote=variable delay and
qate unit

MU-26640

Fig, 2, Simplified bloek diagram of symmetric muon stroboscope..

Angle between muon orbit and axis of B counter at instant muon _cio__asea

| ﬂcoﬁhter is denoted by g. ST e e

v . . .
e L . . . . A e e

The

4’\
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are such that I and A,.II and-B; etc.; arebin phase but successive quarter
wavéleﬁgth delays éra added in going from I to I, II to III, etc;" Each
'mixing circuit is capable of detecting counter signals during an 1nterva1

of approximntely one quarter cyole at the negative peak of the 200 Mc/seo
wave, the actual width of thia interval being determined by the eetting of
the discriminator which viewa the output of the mixing circuit Thue each
'fast mixer unit may be thmught of a8 a set of four switches operating at
a frequency of 200 Mb/aec, each awitch having an on time of approximately
1 nanosmc with auccesﬁive quarter cycle delays batween succeesive suitohea.

As can be seen from Fig. 2; the four outputs of each fast mixer unit 8o to

- a 4x A scaler matrix. Four identical variable delay and gate units. gates

I to IV are included in the /4 fast mixer channels to allow variation of

the interval, the electron gate, in which decay electrons are accepted
Because of the difficulty of setting gates I - IV o that they are all
closely the same, a slightly different arrangemant wvag in fact uaed and

S will berdaacribed;in Section III E, The position of the muon-slectron event
| on the 4 x 4 scaler matrix is a measurs of the phase differéncew(relat1Ve

to the 200 Mo/ﬂe§'qacillétof) between the muon arrival and the electron
emergence , ,The‘scalers and their dvarage associatéd eleotro@-mdon ﬁhéae
differences are (referring to Fig, 2) |

F goalers ~ phase difference O + 2 "

L scalers — | 2;'+ 2n
B .gealers m+R2naw
'R scalefs —— - | '_ : Zﬂ +2n 0

Th& reason for the designatian F L, B, R will become clear below.

We will now consider tha operation of the muon stroboecope at
feaonance, ...e.f the magnetic field H has been adjustad 80 that the frequency
of pwécassion £ ='f§. Let us suppose that a xtcounter signal arrives in

the o mg time of mixing circuit I (hereafter on timea will be referred to as
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:‘"élotS") ard triggers gate I, ﬁ%én'anj B counter signal which occurs dur-
ing the géﬁe'I and slot A will correspond to a forward count F in the
scheme of Figure 1. (Ve asrums eéual aignnl delayé batween each counter =
and its fast mixer unit;) Thus the IA element of the 4 x4 scaler matrix
1s marked wEw, 1Sim11afly any B oounter signal which ocours infgate T and
slot B corresponds to a ieft gount L in*theIBCheme of Fig. 1. The rémain-
‘ing matrix labels may be-ebtained'in“fhia~same way, It'mustlbé’notéd
that a gxmmgﬁgig mion ° stroboscops has been aésumed,«ieao all slots have
eqﬁal wiaths;atﬁe pairs T ard A, II and B; etc. are exactly 4in ﬁhaaevwith
Buccessive phaselshifta of éxaétl& Ej between Bucceaaive paire. In this

case 1t 18 meaningful to use the same symbol on four: acalers as shown,

" since each m@mber of a particular group of four will ahow tha same average

number of counts as both muonq and electrons arrive randomly relativa to
the 200 Mc/sec oscillator. The muon stroboscope easantially sets up a
‘sysﬁam of counters as in Fig. 1 but in @ frame of reference rotating at
'fraquency £, « The only difference is that, béoausé’the'"pOIarivétibn '
vectﬂr” rotatea hhrouvh about 90 during a slot (assuming slots a;e aboﬁt
/(4 3 o) wide), the muon atrobOSOOpa will see a alightly 1ouer aaymmatry
than tha aaymmstry obtained in Fig. 1. It muat be notéd that the labels
on the 16 matrix elmmenta are striotly true only for f= fc;:

Now the nperation of the muon atrobcscope will be conaidered
for the eituation where the magnetic field 18 not at ite resonance value,
i.0. £ # f ; In the apirit of Eq. (9) we will dafi&a tha phaée'angle 8
of the "polar;aation vector" relative to the rotating frame a8 |

tan 0 = é = Ls o ‘ o : - (1)
N &g . . :

8
vhere R™ = sum of the four R scalers, etc, Similarly we can define (for
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use later) the asyrmatry coefficient A ag seen by”'the muon stroboscope,

= 2 (Fs~g:)2 + (1515

When f #‘fo the.polarizatipn veotor will rotate (angular veioeity 8)
fela@ive to tﬁe»rotating-frame‘that hae been set up bfithe muonvstroboscope.
F;om analogy Qith a con@enfional-stroboacépe we would expect a relation

of Vth@ form © = ‘2,ﬂ(f~f°)'l‘av + P vhere T,y i8 the average time intervall

for muon preceséiop and ¢ is a constant which ve call "the initial ﬁhaﬁo"
Since'the maon stroboscaﬁe'eamentially "photographa“ the phase angle e

-by means of the dQCay electrons . that are emitted, we expact T to be

de termined by the particular electron gate that has been. sat. (In part B,
below, the anticipated @ relation is shown te rollow as & cloge approximation ;
to Eq. (11)') ‘8o far we have not shown how the reaonunoe.field 1a deter= |
mined, - Because the initial phase 15 not known to the gweaant expsrimental

24,21

. acouracy, it is necessary to use a phase difference method
resohahce we will have 0 = :é ‘regardless of the electron gate 1n-umg' .ainoe'
both the "polarizat.ion vector' and the rotating frame have the same
frequency (f = e). Thus tha phase angle © was obtained experimntally

as a funotion of f P (and hence also f) for two different electron gates.
The firsﬁ gata,_, the early gate, extends from time _Te to ('I'a + Q) after

the muon enters the ayﬂta_m and the gecond gata_, th@ late gate, extends from

time T to (T + G), Then £ rea) wag obtained ag the proton frequanoy

P( _

at which there was zero phasa diﬁ‘erame betwwn the early and late results,

-In the scheme of Fig, 2, T and Tl wera the delaya Bt on gat@a ItolV

for two aeparate runs at & given proton frequenoy f . The pame gat@ width
P

(_-} vas used for both runs., The prm.edum was then rapeated for a series of

values of £ ,
P
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The factors which determine the actual value of initial phase
may ba set out as fallows ;; | |

(a) The angle @ of Fig, 2.

(b) The precession frequency of the mion between the time it crﬁaaea
the /: counter and the time it comes to rest., The relation25 which glves
the frequancy%of precession, £(%¥), for a mon of total energy m-Xc2
moving perpandicular to the field lines of a uniform magnetic field H is

f(X)a;%-—Y- [1+(&2-3)X_‘7_“' o (13)

For ¥ =1, Eq. (13) reduces to Eq, (5) ap expected, Also it 1e sesn that
£(¥) < (1), Thors is an additional lovering of the initial nuon precession
frequency due to the fact that the in1£1a1 part of the mion orbit (betﬁaen
the oounter and the target) is through_a elighly lower masgnetic fileld,
Hovever this additions) effect is negligible here. |
(¢) The apparent direction of the axis of the B counter, This s
set by the § orbits in the magnetic field, It can also be influenced by
the distribution of Btopped muons -in the target. | v
- (d) The diraction of the “polarization vector" for the incident muon
beam. It may be orientated at a small angle relative to the beam direction,
(e) The relative signal delay betwsen each counter and its faet mixer

unit, This is discussed later. .

B. Approximate Theory of Symmetric Muon Stgobbgcoyg.

In order to keep the mathemstics workgble,:it is necessary to
uge simplifying approximations, It is aessumed that the finite target size
and the finite solid angle of the § counter may both be neglected here .
In Appendix 1 the effect of finite s0lid angle 18 considared in a simple

case and it is shown to be of no importance in this experiment. Ths

1Y
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- T = stroboscope period (5.nanosec) _

,.All slots I, I1, III IV, A, B, C, D are ‘57/6 wide and spaced Co/y,,
pand B fast m:bcers are exactly in phase and both are free running.
T m D,eiay, G = Gate, set on the four identical units Gate I-IV of
Fig. 2, | | ﬁ

Fig. 3, 'Timing diagram for aymmetric mion stroboscope. Notice

“that T and G are not - to scale,
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effect of the magnetic field and enérgy loss on the elsctron orbits will
als0o be neglected. We will just continue to use the distributiion of Eq.
(4). Any timing jitter existing in the system will be assumed to be small, -
1.é.<<1 nanosec, We wili assume a symmetric muon stroboscope with slot’
widths 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 G are not to soale, We congider the case in
which a x4 counter signal arrived at time x after tho start of slot I. Then
gate T w111 be triggered as indicated . "It is then assumed that a p gofe L.
counter signnl arrives at time t' after the beginning of the first A alotw:ﬂun
This slot begine at time y afte:l etart of gate ff, We wish to detemine the
total number F _of IA events comingfrom the first A slot within the gate,
for a run in which N 10 polarized muons wéré atOpped: in the térgét. We have
Nﬂfodx_ = f.btal number of muons which arrived in interval dx at x for
all I slots (since the etroboacbpe is free running).
(2 + 2nft)k total phase angle of "polarization vector" at time t after
:ax;rival (relaﬁive to axis of B counter), |
Thﬁs from Eq. (4) we obtain the number of IA events due tb muons in dx at

x of all I slots and electrons in dt at t in the first A slot within gate,
o = (N ¢ a)(AQ)[l p (®+2 ft)J( @é
F Mo‘x T + a cos +2nn e (14)

vhere AQ is ﬁhe B counter solid angle, From Fig, 3 we have t = T+y+ ¢
and Nt = i‘o(T +y+x) vwhere N' is an integer. Thus we may rewrite Eq. (14)

aé ' ‘ ' | _ | : W
=T !
dzh N, £, dx ‘%9 S 9%*{ 1 +acos [B+20(f-L )T + 2n 28121 £ x _7;

, (15)
where y{( T and y + t'<<T have boen uged, Integrating on t' and x and

using (f - £,) 2 0 (since for the range used in this experiment
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- [f - fo‘:é 107 fo) ve obtain ; -

- T/t B | '
N AQ - _
| Fo = 2 1+ Qﬁ .c.oa, VK + Zy'(f{o) T/ ..} (16)

144 w .fot .

Similarly by making the substitution t'—» t¢ + nUe in Eqe, (15) and (16)
the numbsr of IA counts, Fn s due to muons in all I slots and eleotrons

| th
in the (n + 1)  elot within gate G, is obtained,

N -(T+nto )/C '
F = & ° 22
e R _7}

(17)

Thus the total number of IA counts is given by
' N ‘ :

' -(T+n Co }/T ' T T
F=Z k,e- - {1+2§ cos [ ¢+ 2ﬂ(f-fo)('1‘+'nt'-.'7_7}'(18)

n=0

- where k = M~ and N = number of cycles within the gate G, 1,ao'

144 w f T
N = “f’c"'o . With the ‘symmetric stroboacopa being considered here, Eq. (18)

-is alao the expraemion for the II B, III C and IV D counts,

we will conaider the :1'B element of the matrix now, To obtain
its counts, L, it is merely necessary to make tha gubstitution t!' - t! v+-:-tz°

in Eq. (15) and proceéd exactly-as above, In a eimilar manner the B and

'R counts may be obtaindd, the-complete final results being summarized in

~ the following ‘equations

ey T e

=0 ke | L4 2 cos [§ + 2n(f-fo)(T+n_"Ca ) __7 }'
N ~(T+nTo), ,
Lémokﬁ B @{i_% Mn[ﬁ+2n“¢)@+nELJ}

" —_— ‘ (19)
{ -\ T+nte) /T . )
2k i qﬁ%%

L+~ NN
1l

= e coa‘n [§ + 2ﬂ'(f-.-f°)('r+n'€¢.)' _7}
- N -(T+n'C )/ : . : '
B s ey )

n=0
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From Eq. (11) we have
| S o /T

n o= B Wt'sin [+ 2t )Ty 7 ,
w ]} » | | ‘
5) e cos [ & + 2n(f«f°)('r+n‘c,,) 7

From Eq. (20) the expi’esaion»_f‘or 0 is obtained,

0 =%+ an(rr ) T+ p o | (21)
with S S |
| = Ar?{ﬁ UL R 1/ T } -
. =0 g:' ' '
. A more mﬁcpllicit exprreesioh; giving tan §, may be obtained by ﬁerfdrming

the summation of the gecmetric series above and using :_%: 2 x 100221,

ain 2n(f-f )G—.’Zn(f-f )T [e ~c08 211‘(1‘-1‘0')0 ._'7"‘:
tan p = - e o (22)

¢ : -
cos 2n(£-f0)0~e /C ~2n(f—fo)'C sin 2ﬂ(f~1’o)0 _,

Under the assumption that (f-f )T ‘and (f—f&)G are both small tha approxi-

' mate expression may bs obtained from either Eq. (21) or Eq. (22)
p=an(ff )0 - | o (23)

where ’ ' _ ‘ ' |
¢ =0 L . o

L - ; ?;57%-—'3) 7
G'is thus the weighted value of the gate width, Comparing. the values of B
obtained from chs. (22) and (23) for 0 = 2,5 x sec (as used in this experi-
7 mant) it is found that, for Values (f -f (res)) 30 Ke/sec and 60 Ko/seo,
the errors involved in using E‘.q. (23) are respectively 0.2° and 3 These
errors are much less than the corresponding statistical errors of this
experiment 60 we may use Eq. (23) and take the phase plots, 1.e. Eq. (21),

as straight lines
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e=Fran (e )24 8) . @)

It is seen that Eq. (24) 48 the relation that vas antioipated in part A
of this section. | |
An expreesion for the asymmetry ae seen with the muon atroboscOpe

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

% ZN - -n'C¢c+ 1[§+ 20(f ~£ WT4nTo) _7 7
A= 1? n=0 : . (25)
' N - To . ‘ ‘
> .7 /1:

n=0

- uaing‘-ﬁ?‘<<l agd lf"fol'” 0 agaig werbtain “
| - -0/T -6/T
@ 1 l+e . =26 . cos 2n(f-f )G

RNl )T T (1 - e/t ) N
| : ' | | o (26)

1

Hecause of its comparative insensitivity to (f-fo) no attempt was mnde'ta
use A; or any of its terms, to findlthe resonénce. ere note that the |
ﬁresent,Eqa} (24) and (26) afa to be compared with Eq. (8) and a/RR,
respectively, in reference 24, 7 For future reference, the decresase in

A at (fp-f (rea)) = 30 Kc/sec, and 60 Ke/sec was calculated. With C= 2.5 1
sec the respective drops vere 8% and 32%.

An equation aimilar to Eq. (24) may be written for both the late

gate (T to Tl + Q) and the early gate (T to T, + G). Then,gnde; the

assumption that 48 thg same_for both, we have

(8 - o) = 2n(f-f )(T)-1,) . | (27)

Whereas Eq. (24) is approximately a atraight 1ine. Eq. (27) 4e exactly a

straight 1ine. As anticipated in Section II A, we soe that f= ¢ when
o

6.~ 6, = 0, Several 1ndependent oheoka vera made to examine the constancy
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of £ and will be discuesed as they arise, Also {t will be shown in
Appendix 2 that the introductien of en additionai(time delay Z in the

signal line of the B counter changes the initial phase as:follovsv >
'§(z)'=§;znroz e (28) -

During the positive muon run a measured delay 7 = 2;51 + 0,01 nﬁnoeao was
introduced to check that the initial phase did change as oxp@ctod from
Eq. (28) (1810 * 1° Je In addition, it vas po'ee_iblé to check if there |
vas any ayatematic depandence of résomnce frequency on initial phase,

From Eq, (27) there should be no such dependence .

C. Aaymmetfi;z'Mhon Stroﬁoséopé

Because it is impossible to set all the slots of equal width and
'maintaiﬁ-thém aqual, and bacausévihe various phase ahirte cannot be done
exactly, the actual muon stroboscops will be aeymmatrid, The aaymmétrio
muon etroboscope is considered in Appendix 2 and 1t is shovn that a larga
part of any symtematia affaot due to different slot widths mny be ramOVed
by redefining tan O as follows ‘
| Ctan @ = S AR ‘  - (29)
F . p* o

ITIB x VG =

with X = ®P > 4 (nm) + (R Y+ (R
x
L = ete.
and ,
(RID)X= RTD o N,MN . &RID kID . tw
36N F N

IIA x
( ) = atg,

In the eams way we will redefine A
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.- [ R - | 50)
' ZE:K ,

' X % X  x x : .
vithZ =R + L +'F +B . The definitions given in Eqs. (29) and (30)

ara the ones used throughouﬁ the remainder of this experiment, élthough
a slight modification of Eq, (29) will later be neceseary to allow for
 background events, , | | '
From Appendix 2, and also in view of the assumptions made in

.Section IY B, it becomes quite olear we cannot prove in a simple mennor
that tha‘aarly and late phase blote Qill'crosa at the resonance ffaquency
‘even 1or an aaymmmtric muon stroboacope, The final teét of the aquipm@nﬁ_
mst be as fol]owauq if the actual muon atroboscope vere preaentad with
‘polarized muons precessing at a known frgquancy under conditions as in the
experiment, could it determine that frequency'éorfeotly? A run was made
which aimulgted muon precession at a inown frequency. Tha‘étroboacope did

in fact determine the frequency correctly. The details will be‘givnn later,

D, Estimate of total matrix counts required for e statistical acouracy
é-ﬁé!! =2x107
g/m

In all error work of this report, the symbol A\ denotes the

standard deviation in the quantity it precedes, Here we consider only the

ting statistice, the complete error treat-
rent which includes all systomatic effects is given in Section V(A). From

. Bq, (8) o o |

2
A (8) = mﬁ o A2 £12 A2 .
T m [ ()7[@%2*‘§)ff§5j (31)
P p '

~where it is acsumed (and will be shown later) that the errors in g,

o ‘ _
and ( ?2*) are much smaller than those in this experiment. No error in
P ‘
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i m ig considered as we will later obtain m in terms of mg . Now £ 18
"maasured” by statistics of Eq. (27) and fp is measured directly by
proton resonance 80 thatAfp is systemotic in nature and ie not con-

sidered here, i.e. wo set A fp = 0, From Eq, (27)

R o
fogn A%t . | (32)
[2n('r1.'re)j |

where we have also taken oy £, =0, We now wish to obtain expressions for

A6, and /\81 from Bq., (29) In the usual manner

A@ex[ 72 AR +ﬁL +(4§ F"+4§B")mne'w7.
: (14 tan - (Fx Bx)2
(33)
TIA I11B 2 ' x
with 250" = ART)* 4 L, 2w )x+ 2™y o, . the

sepurate errors in AZR etc, are considered independent. Inspsction of

Eq. (29) shows that in fact they are partially correlated, However, errors
in Nﬂ and NB need not be considered since both cancel from Eq. (29).

By rigoroualy qouaiderin_g er?or_s dus to Ni .atc"»'ng etc. in Eq, (29) 1t
is easily ghown that the corralaﬁm is such that our independence
assumption above results in a slight overestimation of the error in 6 ,

So we may px'oceed with Eq. (33), considerina a typical term dz‘ KR » for |

example A (R

AR >x=\[% Ko @D (34)

. RID RID 1
where the close approximations —— =0 and =~ = 7 have been used.

Since systematic arrora-nmst.be gﬁ‘timted later Pin the experiment there
appeared to be no point in accurately calculating all 16 values as in
Eq. (34). Instead a conservative value of\l—g—;i) etc, was chosen and
used for all 16. Only ~ 20% of the experimental values of these terms

excoeeded 1.2 (all were £ 1.3) 80 tha use of the factor 1.2 in the 16



equations like Eq. (34) w11 result in a alightly conservative accuracy
estimate, Thus from'Eq. (33) we have
12 (Rx+Lx) ¥ (F“# B) tanZo o -
( (F* - B*) sec%® ‘ |

' 'For‘the'preeont purposea we can note that even 1n the actual
x
atroboscope the relation R + L = Fx + B appeared alwaya to be eatiefied,

“an e would expect for the symm@trical atroboscope from Eq. (19), and thus

)

ve may simplify Eq. (35) tO

A’S m‘ %‘ﬁ ‘}gz_x , : | | ‘ ,:. ) (36)

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

: (s

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

' expreesion is obtained,

AD .
7~7ﬂ7~ 2% ["TI_T6“7\A! 'EET

. (37)

X X '

Assuming Zez-- 2'2_;1 » and setting (Ty - Te) = 2,9 /i 860.,, iAI = 0,22,
£ = 200 Mc/sec. (the values are shoun to Fit the conditions of this
experiment) ve Obtaiﬁ'ZZZ = 2,6 x 164. In the actual final result of
thisvexpﬂriment.zzz 34 ox 10L for‘étﬁém = 2 x 10-5, .The difference,
of course, is due to the fact that the above work 1gn6ree syestematiec
errorae. |

It is of»intereat to note what the above accuracy méane in terms
of,stability'of'§§ ., the initial phase. ﬁaing the above results we find
'Zﬁ‘ae = 2»40 80 chéngaa in  must be small cbmpared to_Z,AO. Also, from
Eq. (28) Ay = 3,3 x 10«2 nanOswc,,'so\any changes of relative delay or
slot phaae during the experiment must be amall compared with 3.3 x 10

Inanoseo. Ve investigate this later,



E. Optimum Settings
Working from Eq. (37) it ie‘boasihlé to determine the optimum

aéttings of various parameters so that the fractional:error in g/m 18 a

minimim for a given amount of'running time, Theee eettings'obtained by

agsuming rather idealized rﬁnning conditions, are discussed in Appendix 3,

26.

%4
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111, DETAILS OF FXPHRIMENT
A+ Bemp | o
The poait{ve mason beam airanpement is shown in Fig; A.' The 215 Mev/c
beam was produced at an internal target of the Parkeley 184" aynchrocyclotron.
© The - doublet quadrupole Q1 produced a rather indistinct 1mage Just downatream
from the exit of the:collimator wheel, The beam was then bent through 25 by the
H-type bending magn§£ ML and finallyjit.was focussed at the muon target by means
vof Q 2, onth Q1 and Q 2 were B" quadfupoieé. The muon target was 1oc§ted at |
" the genﬁer of the girigap of the H magneﬁ "Orioﬁ." This magnét vas fitted with
a oirecular pole tip aeséﬁbly (see'bole) in order to produce a homogeneoué field
at the muon‘target. .Thé target cohtainerfWaa a brass box 2" i 2" x 1t with the
i aimanaion lying in the:beam dire&tion. In the case of the positive meson run
the walls of‘thelbox vere 0.005" thick, and it was filled with bromoform, With
the synchrocyclotron operating on the normal ahért duty oycle (~3%) approximate-
ly 5 x’lOﬁgmasons/minuta vare ihcident on 2" x 2" area at Orion at full‘bqam.' |
Copper absorber then stopped the pions and slowed the mons 8o that théy stoppad |
in tha targai. Tpe pion to muon ratio was approximately 10. A "eecondvdee"'ia
available for increasing the duty cycle ("stretching the beam") but {n this instance
we‘were‘uhable'to obtain satisfactory operation of thiﬁ device so that it becawe
nacessary tQ'do the positive muon work of this experiment with 1/4 full beam (bo~
cause of deaﬁtimﬁ requiremonts, see later) and the ahort duty ocycle., Scaling
rates of interest will be given in Section IV(A). _ |
| The. negative moson beam was obtained simply by reversing all magnéta.
In‘thia.éaeé.tha brass walls of the muon target were'Q.OOZ" thick and the target
vas filled with distilled vater. In this run we were able to operate the second
dee aatiafaqtdfily and the duty ecycle was improved by a factor ~ 20, About 50%
of the beam was contained in an ihitial "apike" and this was gated out. Again,

scaling rates of interest will be shown 1in Section IV(A),
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Bg Uoun_aze |
The layout of the counters is shown in Figure 5., The sizes of the

plaatio acintillatora vere as followa«-

Cognﬁgr o L Scintillaiof Siqu

1 4 x 5" x 1/2

2 S x LM x 1uv

3 2%y 2B 1/8"

4 ( &-1/2" x 4_3/41;_ x 1/8"
5 U x 2N 1/8"

6 3% x4 x M

.7‘ _ M ox AN ox 1/8"'

In each case the first dimanﬂion stated is that in the plane of Fig. 5, A stopped

muon is identifiad hy the event 1 2 3 4 5 6 where the usual coincidence-anti-

_ coinoidence notation has been used. Similarly the gmggg;gg electron is given by
‘the event 5617 4 2.» Counterg 2 and 6 were used as the'}zcounter andvthe B
counter respectively, A orossover signal was obtained from each, in a manner
describéd-inlnppendix by and Qent to the appropriate fast mixer unit. Both
‘countera uaed'l" thiék scintiilgtors>in order to‘reduée mﬁltiplier phototube
timing fluotuationso The use of counter 7 is primarily to ensure a definite lower
1imit to the output pulse from counter 6 as both fast mixer units had a pulse
“amplitude range within which they operated. This also is discuseed in the above
appendix, | ‘) | |
RL,A, Type 6810~A phototubes were used in counters 3, 4, 5 and 7
B whereas ccﬁhtera 1, R and 6 empIOyed’R.C,A. Type 7746 phototubes, The latter
pﬁototubee have been shown26 to have the faster rise time and smaller transit
- tims sproad, which are impnrtant—factoré_in counters 2 and 6. Light pipes, up
to 3 feet in length, were‘ﬁsed to remove the phqtotﬁbeﬂ to positions where they

could be shielded against the strey field of Orion, At the positions of photo-
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ﬁubesbz and 6 this stray field amounted to 1 kilogauss when the field at the
center of the magnef was 14.7 kilogauss, A system of 3 steel pipes.(éuter one
5.1/2% 0.D., 1/4" wall) and 1 inner mu metal pipe reduced thie field to 0,2 geuss.
This residual field did not seem to be 1owered by adding another inner mu metal
pipg, but it was added anyway as a "safety margin.,' Ths above residual field
could perhaps héva a very slight effect on the phototubé gain and tfansit tims
Delay curves done with the field on and with the field off showed that any

'tranSititimeféhange uaa<;2 nanogec, In thie experiment the maghstio field_ﬂ

is only swept in a rgnge <'.10.-3 H so we see that the above effects, if they exist

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

were shislded by 2 steel pipes and 2 mu metal pipes only.
- Also shown in Fig, 5 are the two proton rescnance probéa Pl and P2,

Tha probe PR provided the signal for the magnetic field regulator to be discuased

: below. Probe Pl wae used for monitoring and exploring the field. It was mounted

on a three way travel and when the target was removed it could move in & plane

midvay betwsen the counters while they were still ectually in plase,

' C, Magnetic Fiold tion and Measureme

" The complete system used with Orion is shown in Fig, 6. The ci;cular
aasembiy A A' 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 of coils was racessed

into the inner surfaces of the brass spacer as 15 indicated, In addition there

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

 pide of the aasembly;' One of these outer pairs was used eas the correcting éoil,

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

'Orion vere excited from a 250 K., geherator equipped with a current regulator

vhose stability was~1 part.in'lo'{'a The magnetic field régulator operated

ipdependently of thia'qurrent regulator'and had a correction field range of 7
gauas which was ample to cover the current excursions, ‘
The electronic block diagram of the magnetic fleld regulator and

monitor systems is shown in Fig. 7, As is shown, the re?ulator system has
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Fig. 6. Block diagram of complete system used with Orion,
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two ioopn-a fast loop which receives its error signal from the pickup coil, and
~a glow loop which receives its error signal from P2 in conjunction with a phase
detector. Both probes PL and P2 were the simple amplitude bridge typs described

217 28
’ _We will not discuse the dssign of the field regulator

by Thoma et al
any. further here, 8ince a detailed description has been giVen elsewherazga In-
 stead we shall merely note that under actual ‘operating conditions ths monitor
signal Pl seldom showed fluctuations larger than 4+ 2 parts in 106 about ite
average -position. - If the Yorion regulator amplifier" unit was allowed ~ 20

‘minutes warm,upgfihen the drift‘of average poeition seldom exceeded ) paft in 10

 during & run of 1 hour;"

D, Homogensous Magnetis Field

The 6vera11'appromch used here was to first produce a magnetie field
vhich has circular symmetry aboutrﬁhe central verticel axis. Thise field vas
then made homogeneous in the target region with the ald of pairs of circular
-ooila. The paira of rectangular coils involved in the firat egtep, together
with the coils of the second step, may be thought of ag "current ghima",

The circular pole tip aaaembly produced much of the desired symmetry.
Referring back to Fig. 6 we note that 1t consists of two outer steel plates
(24” dia;, and 2« gﬁ " thick) bolted to an inner brasa asnenbly oonaisting of
two spaced plates (24" dia, 1" thick). The braes aesembly was machined as &
unit so that its outer surfaces were accurafaly parallel, The surfaceas of each
steel plate vere also graund accurately parallel, The advantage of thisz type
of pole tip assembly in reducing field non-uniformity associated with reluctance
differences along the various flux paths through the magnst has been described
by Goodmansl. As is shoun in Fig. 6, the assembly rested on four brass wedge
jacka while four brass blocks separated its upper surface from the upper pole
tip of Orion, The height of the jacke and the thicknese of the blocks were

approximately equal,
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Thé symmetrizing procedure was to first balance {ie, R{+ X,0,0) =
H(ux,O,Q). etc,) the £i8ld on the 3 cnn§rdinate axes X, ¥, % shown on Fige 9
(Note that the present Z is not to be confused with that of Bg. (28).) The
vertical direction was done by a éombination of shif'ting ﬁh@ sesembly
vértically in the air gap (the reason why the jacks and wedgeg vers not exact .
ly the same thicknese) and by applying current in only the lower half of trim
coil 6, Fig. 8 shows the resultant symmetrical distribution (H(0,0,2) « H,)
that could be obtainea in this way. (Ho = field at origin 0, = 14,7 kilogauaa.)
Also shoun are the distributions for (H, ~ H(O,Y,O)) and (Han H(X,0,0)) before
tbeyAwere completely symmetrised, It ahpuld be notéd that the outer pointa
(relative £o 0) are aémewhat uncertain owing to the large line widths involved,
The X and Y directions waré sach balanced by applying appropriate loading to
the pole tip aswembly by means of the wedge jacks, In fact it was neoeeé&ry.to
first remove the load from the wedge jacks by means of small hydraulis jacke in
order that the former could be adjusted. In this fashion it was posaibie to
obtain, for example oh the X axis, H(X = +1) = H(X= -1) with an error of £ 3 p.p.m,
We use the notation 1 p.p.m. for "one part per million,"

Even after the fisld has been balanced on the three co-ordinate axes
a5 described above we 8till do not have circular symmetry about the 72 axis
heenuse H(X, Y, 2) # H(Y, X, 2)., The rectangular pole tips of Orion cause
this trouble. Although it is not shown on Fig. 6, we removed the normal 3" pole
tips from Orion in order to get the main exciting coils closger togayper. This
reduced the above effect by a fauctor of at least 2, the field‘still falling off
faster in the Y direction than‘in the X direction, By applying current ip trim -
coll 1 so as to obtain a reasonable line width, it was found theat in thé midplane
on a 2" radius circle the field was closely given by H(8)= H(2,0,0) + (50 p.p.m,)

2
cos © where 8 is indicated on Fig. 9 (6 not to be confused with Eq, (29)),

This field distribution ig that of a pair of rectangular 0011330 (long side of
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H=14.7 kilogauss

MU.26646
Coil Total Turne ~  Dimension 2z I amps Direction 12 Pin Plug
1 2 x 125 DIA, = A.é”(averaée) 5.9" 0,20 -7 1«7
2 2 x 100 t 6,54 " . 5,9 ’ '0032 +7 2 a8
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rectangle parallel to X aiia)'as might have been éntioipaﬁed on the bagis of
the origin of the trouble. With the aid of the 2 pairs of rectangulmr ooils,
the difference between the maximum and minimum field values oh this rame 2"
circle was £ 5 p.p.m. _

The field now had a.high degres of circular symmetry, and trim coils
1, 2 and 3 were adjusted in a rather empirical fashion to achieve the.moat homo -
geneous field in a cylinder 2" high (Z = £ 1) and 2" in diameter (X, ¥ = 1 1),

Fine adjustments of the jacks, trim coil 6 and ﬁha réctangular ¢oile could then

be made with the circular coils near their correct valuee. in ﬁhis vay it was
possible to attain a field in the cylinder such that no ﬁointa foll outside the
linits Ho + 4 p.p;m} Tka final trim coil_arinngement {s as shown in Fig., 9,
the various cufrent and field directions are those for the case of the positive
muion work, During the actual run there were small long time variations in the
above limits, There were also long time variations invtha fiﬁld'differphce
betpeeh thé monitor prqﬁe position and the target center, Eoth these effects
are considered later., It 18 suspected they had their origih in the fact that
the main exciting coils were not rigidly held down and could be heard to “creak"
as the magnet came on. Wooden chocks were hammered into the cracks in an affort
" 10 reduce this creaking. |

Finally we note that when the central field in Orion was set for 31
Me/sec (half the present value) and a plot made as in Fig. 8, it was apparent
that field fall off from the origin to & given point (expressed in p.p.m, of
Hy = T kilogauss) wae.leéa by a factor of § or more. This showvs the marked
effect of saturation around the pole tip edgea.as the field 16 increased, Some
work was aléo done with the pole tip assembly placed in the H magnet "Titan,"
The X and Y directions, in this case, were found to be almost symmetrical with-
out any current in"the rectangular colls, In fact the field along the ¥
direction fall off aliphtly leass slowly than that in the X diraotion becausa
Titan has its exciting coils close together. Thus the fiald of Titen would

probably bs a little easier to make homogeneous than that of Orion. Titan vas
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in use at the time of the present run,

E. Electronics o A ,
The'electrOnics block diagram is éhbwn in Fig. 10, Detaila of much

of the equipment are given in the ﬂadiation Laboratory Counting Handbook.
- The baaio muon atroboscOpe of Fig. 2 can be seen in the right of Fig. 10‘_.It '
is noted that a "/4910w mixer" and a "5 alow mixnr" have now bnen placnd batween
the 4 x 4 acaler matrix and the corresponding fast mixer unit in order that
certain requiremente may be demanded of both the muon and eleotron evente b?fore
they may reach the mmtr;x. As can also be aeeen, both nagative and positive
signalé woere tsken frOm_the Aa counter and the p_oounter. In each.Oase thq‘
negative and poéitive signals were aombined in a crossover network é before bé«
ing emplified by Hewlett~Packard’460 A and 460 B (1inear) amplifie}a. This -
output went to the appropriate faat mixer unit which was ‘operated by the pos1~
tive, limited part ‘of the smplified arossover pulse. The purpose of ths oross-
over p§15633'24’34 is‘tﬁ reduce timing Jitter oseoclated with pulse amplitude
variatidn; Béth the croesover netﬁork and the faet mixer units are debcribed
in detail 4in Appéndix be | o

| The four discriminators following each fast mixer unit have been
laballed according to the ala;'widths that tﬁgy determine. Thece discrimin@tor
pulses must be delayed (~500 ndnosec, of g:;§2g; to allow aufficient time for
the electronice to decide if the corraeponding requirementa have been met and,
if so, to have the corresponding slow mixer gated "on," If both the mion and
electron events do satisfy all the requiremants, then the digcriminatOr'pulsea
pasa through~thevslow mixers to the matrix, end for these events the syetem 1s
idanticélly that 6f Fig. 2 with one important g&ggg&;gn-l gafaa I, II, XII, IV
no longer determine the interval in which electroha are accepted, Inatéad thie

interval (Tg - 'y T C) i& set on gate 1 which gates on the goincidence circult Wi. -
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In this way there is no possibility that a particular channel of the ;sta&t

inixer may be favored and so rmrhape intruduce eyatematic error . The gates I,

vTI, 117, IV turned on at the L x 4 matrix about 0.2 u sec bafore any eleciron

eould posﬁibly srrive and did‘not turn off until about O.Z'Lzaec after the lat-
cut presible electron, | (¢ |

The requirements placed on the mion events are summarized ae follows:

a. 1234 E’% ~ this 1ie done invthe usual way with coincidence«

anticoincidence circuits Wl and W2. Events meating this raquirementrare scaled

by S2.

. b. no 52 event in the previous 10 k4 sec., --imposed by means of deadtime
circuit 3 (see Appendix 4) and glow coincidence circuit £€2, in order that gate

1 has sufficlent recovery time, All 7 gaie units used in this experiment had

been reworked e¢ that they were capable of a 40% dﬁty cycle within a 500 u sec

gate which repeated 60 times/second, a more exacting rate requirement than that

imposed above,

¢. no xfast mixer input in previous 3 /s sec., - imposed by deadtima cir-
cuit 1 and u.C 2. It was found that the fast mixers would operate eontinuoualy
at a repetition rate > 1 Me/sec without deterioration of the ocutput, so the
above raquirement is modest, If the abo?a three requirementa are all satisfied
by the muon event, it is scaled by aonler N and gate 2 18 triggered to gate
“on" i slow mixer, In pormal operation the "test" input to slow coincidence
oircuit by 80, 4, is not'reéuirad and the téat equipmant is not in use,

Similarly we may summarize the requirements to be met Py'the alectron

event:

(a) 567 2 4 ~ performed with W3 and W4 in\tha usual manner.

(v) occurs during intgrval Ty ““,(T§'+ G) ﬁft@r the muon arrivale~ this

is done by feed1ng.the pate 1 into one of the normal clipping line plugs of Wi,
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The gate is then d;fect coupled, with appropricte attenuétion, to one of the
actual coincidence dicdes of the coincidence'éircuitf The synchrocyclotron
gate was gimilarly introduced into VW4, although it is probably not %00 {mportant
that this be done. Events satisfying (a) and (b) are scaled by’31. . |

(¢) vo @ fast mixer inpﬁt dufing previous 3 /¢ BOC~— imposed by deadtime
clrcuit 2 and 8.0, 3 for same ressons 2s in ruon cape, | |

(@) no other $2 event (stopped mgon)-oééurm in the time 4nterval between
the triggering of gate 1 and tha errival of an electron during the gate « this
requirement 1o made in order to reduce the probability that an electron gets
aseigned to £he 1nc§rrect parent mton, Such occurronces probably'could not

‘1ntroduce aystematic.er;or, but they would result in a lowering of the aaymmetry
- A as seen by the aﬁ:obbscope‘ From Eq, (37) we are obviously interested in have
ing A as large ag'poésihle. ‘Notiqa thmﬁ nlﬁhough'tha following 82 qvent,(of
evénts), coming in{thé above time inﬁmrval, could not trigeer the gate 1 again
(bocause of deadtime circuit 3), it is atill’nnceuuary to "ehuﬁ down" the
electron detection initiated by the original S2 event,  The elactronice which
performs this operation is callad_tha "anti gate géberator for multd muoh evants,"
On the arrival of the following 52 event, a 10 4 sec anti coinoldence gate ia
sent to SC 3 The arrival of y;t more &2 evant; within this'lo psaé& gate extends
the gate 10 x4 sec beyond the last arrival. The gate is capable of baing extonded
indefinitely, The compiete daiaila of this system are given in Appendix 4.
~ Also shown in Fig, 10 is the equipment used to test the muon strobosoope.

It is seen thaﬁ after leaving the corresponding fast mixer unitas, both the
counter and 8 counter signals went to test fant mixer units, 'Each test fast
mixer unit contained just one mixing circuit, which was identical in design
with the four mixing circuita‘contaihad in the normal fest mixer units. The two
test units were driven from a veriable frequency oxeillator which operated in

, 6
a range near 200 Mc/sec and was stable in frequency to 1 part in 10 for a one
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hour run at'a.given setting in the range. The 290 Mc/sec oscillator and ths
‘variable oscillator Qére entirely independent of each othef,' During test rvns,
"tant" inpﬁts were required in béth 8,C,4 and 5.9;5. " Thut:, for example, only
the muons arriving in onebcf gI - gIv,and in g:;vweré'able'to gat'to the 4 x 4
- matrix. The elot width gT is detormined by the ratid.Nzg/ N# « It is shown

in Appendix 5 that the above test arrangement effectively praaents to the muon
.stroboaGOPe a mion preceusing with the frequency set on the Vaxiable osoillator.

It is thus possible to check if indeed the early ani late phase »plqts croes

vhen the frequencies of the lwo oscillatoras are equal.

F. .,..pp._.i,m......e.x,lw |

| After the initial beam and electronioa tune-up procedurea had bean
completed, chaaka\were run on various conditions which wera_xeleVunt to the
stroboscqpé operation. The decay ourve for positive muons atoppingvin bromo~
form was tracéd out to delays T&’ as long aa_é.ﬁasec (G = 2 42 800) to investipate
baquraﬁnd conditions. Similarly a slow precession (1 Mb/aeo)iéxpariment wa.p
ferfarmed with pbaitive mions stopping in bromoform so that the asymme try a0~
_efficient obtained could be compared with that obtained at 200 Mc/sec with the
atrobosoope. Also tﬁe affect of bankground was examined by-runﬁing the slow
precession experiment at delays T as long as 6 ;ABac (C =0.2 /4 880 ), Tﬁe outw
put pulsa heighte from the i counter and B cyunter were checked to verify that
théybfall in the operation range of the faét mixer. Checke were then run with
the muon strobcacupé in operation under "beam through” condiﬁionao in which
Af, Z; 3, 6 are all remouved (alua the range and the targeﬁ) and 7 wae reQuired

in W1 rather than W3, Delay curves were rﬁn by varying the delay 7 4in the signal
line of the chEAOVer aignai coming from the B counter, and recording the matrix
counts, 'These curves were répeated two daye later to check for timing drifta.-

A typleal curve is shown in the discussion of the fast mixer circuit in Appendix 4,
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Checks vers alse made under "beam through" omai'tioﬁs to ammm if the
strobosccpo showed any apparent phase angle change 8o the output voitage of
the 200 Mb/bec oscillator, the voltage to counters 2 and 6, and the various
elot widths were deliberately varied abvut their nurmal valuaa. The meaning of
the phage angle under beam through condition is dincussed at the end of
Apperdix 5, | |

- In the poeitiva mion run the resonance was expected21 near s monitor
. probe protorn frequency f = 62,77 Mo/sec 0 the range within 30 Ke/sec of this
fraquency was swept in 10 Ke/eec. steps, As noted earlier G = 2.5 1 sec vwan
used, andvphase plats wers obtained for Ty = 0.2, 1, 5 and 3,1 u sec. 1nban
efrcrt to chock that there was no systematic dependence of resonance frequoncy
on the value of g@, These phase plote wers obtained with the B counter=delay
normal, 1.8, 2 = O, and with an extra 2,51 + 0,01 nanosec introduced, i.e.
Z = 2,51 i 0.0l., [ The suthor is indebted to Mr, C. Kerns for the construction
and cammm of this delay. ./ For most of the data taken, the following is
a typlcal sequence

0 nanoseo

(a) f’; = 62,75 Mo/sea, 7
(b) = 62,79 Mc/sec, Z = 0 nanosec f

(e) = 62,75 Mo/sec, Z = 2,51 nanosec

i

2,51 nanosec

]

() = 62.79 Mo/sec, 2

In this fashion it was hoped to minimize the effects of any drifts which could
perhaps be present, About 204 of the final data was the combined results of
Tuns spaced sevﬁral days apart, Such runs allowed checks for drift to be made.
During thu data taking frequent cheoks vere nnde on ~

(a) The high voltage aupplied to the s and B counters.

(v) Ths power enpply,vqltage of the fast mixer units,

(a) Cuiran@é in the 6 trim coils,
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(d) Delay T and gate G.
" (e) Internal check of ffequency msfef.
‘(f) Temparature in air coéled racks in which fast miier units
vwere mounted., .\ |
(g) Output éoltaga of 200 Mc/sec oacill;tora Checks (a), (b)
 and (g) vere mode with the aid of a'digita1 vQ1tma£er (Non-Lin-:

-ear Systems, Inc. Model V64),

At lese frequent intervﬁis chacks Qere.nlao méde on e
(a) Fraquency of the 200 Mc/sec oscili&torucheckéd'é@veral times,
(b) Field difference bstween the monitor probe popition and the target

conter~ checked 8 times during the run, ’
- (c) The field distribution in target region was checked before the
- TUun ahd_iwice_during the run. A 1" x 1" x 1" bloek of carbon was used to
 ,détqrmine the relative weights for each quarter of the tﬁrget,
| At the conclusion of the positive muon run the target wae
emptied and bgokground phase plots wera run for just a fou frequency
settings at each value of T, and for Z = Q only |

For the negative muon rﬁn witﬁ water, the resonance was expo¢i-
edal near f? = 62,83 Mo/eec, The range within 60 Ke/eec of this fiequenoy
was éwapt in 30 Xe steps (one point was also takén at é2,74 Mo/sec). The
- coarser steps wére.used because of the very small asymmetry in thiauruna
Phase plots were made for G = 2.5 g sac and T = 0.2 1 sec and 2,1 it BEG,
the plots being obtained only for % = O, The checks msde hers were the
some a8 in the positive muoﬁ rn. Since ﬁo efﬁort was made to finely
readjust the 6 trim coils vhon the field of Orion and the trim coil
currents vere ell reversed, the field ig not ég homoganeousvin this run,
Howavar,»thiavdcms not matter as the statistical accursoy is much less

for the negative muon vun, At the copclusion of the run, the target wus
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emptied and just one background rin made for each of Tw 0.2 and 2.1 /5 8eC,
~ the combined 1cm asymme try and low backgrmmd rate meking h. imposeible to
obtain backgrouné phate ploté,

Durinp the negative mion run \unc3are of the high rate) tha test
equlpment vas set up and phase curves veore obta{ned for T = 0.?, and 3.1 u
sec for each delay 2” = 0 ana 7* Yu o201 4 0,01 nanosee where 2 is the
additional_deiay ingerted bgtwegh‘the Lt fast mixer unit and iﬁé ﬁest 4
fast mixer uhii. The meaning of the test run pbasé nngle, GT;'hus been
diacu#sed in.Aﬁpendix 5 where it 1s shown that T is the weighted average
phase difference betwsen the muon stroboscops and the first harmonie of
'F t") for the éroup of electrons observed. FY (t”) is ihe average
probability that an alectron &ignal may got through test § fast mixer at
time t" after muon signal came through tha tast ;zfanﬁ mixer, The average
is taken over all posﬁibla_nrrianltimas, x'y of the muQnABignal in the
T

slot g, of the test 4 fast mixer,
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IV RESULTS OF EXPERIMENT

AA Im..&l Qﬂmz..ins Rates

‘_‘ These have been summarized 1n Table 1 for both the poaitivs and
negatlve ‘muon runs, In the positive maaon run 1% 18 aeen that tha atoppsd
fmon rate dropped by a factor of 4 on emptying the target nnd apparnntly
moat of the residual rate 15 due to acahtering ouﬁ of muonsg since rmmoval
of the target doea not have much effect on this rate. From the 1ouer 1ine
of Table T 4t is apparent that the ratas during the nagativa meson run uere
more than 10 times those of the positive run, The m&ximum allovable rate |
{detarmined by deadtime requirements) for the ﬂuty oyole orvthm negative
run vas only 6 1little higher than the rate of Table I. It’ié‘aﬁparént
that,removal of the water from the target doos not'havé é large sffed£ on
£he_stopped mnon_rate. Similarly removal of the targat has 1itﬁleveffeo£;
-Tha large stopped muon background probably ig due to electrons in the
nagativé beam as 18 discussed in IV(D), It should be noted that the )
"targat-empty“ and “target out" rates of Table I may hava an m‘ror of'
10% due to normalization, The matrix counting rate with empty target,
and for each éatting of T that waa'used, will be diacuaéed below,
B, _Initial Checks _ |

Study of the positive mmon decay curve showed that less than

10% background was encountered for delays T as long as 6 géaac;‘buﬁ the
background 1ncreaaad rapidly thereafter, The slow pracéanion experiment

for positive miops stopping. in bromoform gave an uncorrected yatio

FW&E.”““azlgx = 0,22
Peak + V&lley

~ with an error of ~ 10%, and this ratio also did not change appreciably

fur delays T as long as-é 4 Beg, Photographe of the outpute of the u
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and B countera.(ﬁith Orion field off) showed that they wers opsrating in
the light level range 0.9 to 1,6, Thie range would be extended to Boma =
what higher values with the field on (ourvature of the alectron orbits)

but 1t was clearly within the range for which the fast miwer units were |
designed . | o

| The results of delay ourve uork‘done’under "beam through"
bdnditiona ghowed that over a two day period any timing drift wae £1/10"

of delay (1" ='0.169 nancse.)., Because the above period was only about
half that of the positive run, the above drift wag arbitrarily doubled

to arrive at (from Eq. (28)) an estimated phase drift;EDé 2.20. Varia~
tién of the éutput vbltaga of fha 200 Mc/sec ogcillator by +0,IV and 0,08V
about its norﬁal_value (2.2 V rms) produced phase changes (end of Appendix
5) of‘<‘lo5°. During the experiment this voltage was always within 0,01 V
| of ite normal vslue. The voltage tb the 4 counter and f éountbr ng love
ered 100 V from its normal value (2200 V) to produce & phage change £ 3°,
This voltage was alvays within 4 V of its normal velue during the actual
exp@riﬁental runé. Thae widthe of the Variogs slots were,?aried 4+ 20%
about their normal values (“'iE%)‘in order to check the effect of slot
width on phase angle., By simply ﬁaing Bqe (11) 1t was found that phase
angle shifts < 1° vers produced . Use of Eq. (29) faduced these shifta,
Thus tﬁevsystem is to allargé degree "self balancing" as regarde slot
width.variationa, even with the strongly peakéd 5baam through" distribu-
tion, This would_éxplain how the actual expsrimental phase Anglea obtained
ueing Bq. (29) were never significantly different from those obtained from .

Eq. (11).

C, Positive Muon Run

The results of full target runs ere sghown in Table JI and have
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been corrected for slot width by means of Eq. (29). In typical runs
the As&mmstry parameter obtained was A = «0,22 4 0,02 which indieatea :
a value not significantly different from that obtained iﬁ thqlalog
| precession experim@nt,v Thie shows that the overall timing jitter present
18 £ 2.5 nahdaeé aé was exp@céed from the light puleer and "Baam'%hronghﬂ
tests, The results in Table IX repweaentiabout 5 days of runnﬂng undey
the positive beam conditions, —

It ie also necessary to estimate the errer in proton frequency

» fp during the experiment, Wa'hava the relation
£( 8 = f mw (t)u’(a)(‘? £ (38)

vhere

m | |
fp (t) = monitor probe (PL) proton frequency et time &

1 v ,
f( )(t) = %transfer field® at time t, i.e. the increase in protcn

frequency as the probe Pl is moved from the monitor position to tha center

of the terget.

f;g)(?7, t) = increase in proton frequency ma,tha probe Pl is

moved from the ceﬁter'of the .target to point T, at time t, ?hquugntities
:on the right hand side of Eq. (38) ars the actual msasured qﬁéntiti&@a

The time depandence will ba taken into consideration by merely 1neréaéing

the srrops appropriataly. ﬁlao we take féz)(f? g) =0 and aaaign an

"arror to gover magnatic field variation in the target region for all t,

With this scheme we have then |

£, f"‘mm (39)
P ' |

with f(l) being the constant transfer field, The contributicns to the

errors 1n each of the quantities fm ¢ f;}) and fé?) are now listed
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(again, we use the noﬁation 1 popom, = J.O"'6 fp)s
(a) ™ |
P

. (1) ‘I‘ime etability of the mgnetio field, Ae noted m Section
’ III C there were. fluctuations vhich seldom excaeded + 2 PePoits together
with a drift which seldom exceeded + 1 p.p.m, during a typical'run of one
hour, It was assumed these effects vere independent and 8o an error of
-+\f~‘p.p.m. wag aasigned for tims stability, |

| (2) Error in frequency meaaurqmsnte The Hewlett Packard
Elaotfonio Counter Model 524 B used in this expsriment was ths‘pnp vhioh
-iq used with the frequency standard at this laboratory, Duripg‘fha run
' ‘1t was cheqkéd'againat anqther'counter of the same type and the'iwo agreed
y to cloaer‘than 2 p.p.m. (the second counter waa then checked aﬁd found~to
be slightly outvor adjuatﬁént)qv At thé end of the run it was rechecked
with thé‘}reQuehcy standard, We will use the very conservative scouraoy
estimate of + 2 p.p.m, here, |
' (3) shaet3¢ of the proton resonance line of Fl due to tﬁa

addition of Fe(NO3)3 to the water sample, The simple shape was éylindri-
cal (heightvz_l.ﬁ diameter) and was formed by drilling out a polystyrens
rod, Samples of the sama shape, but with different concentrations of
Fe(N03)3g were used to obtgin e graph of reaonénoa line frequency against
concentration, at the fixed magnetic fisld of the experiment, This graph
was extrapolated to zero concentration and it waabooncluded that, for the
0.1N solution usg&, the shift vas £+.1 p.p.m, This was taken into
consideration by allowing a;further error of £ 1 popeme

Combining (1) (2).and (3) above we obtain

m
£ = Y10 p.p.m.
p : Pepom
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(B) '_f;l) ;tAfm

As noted in Section III D there were long term Variationa
associated with the transfer field and :lt vas suspscted that they may
| be aaeooiated with slight movements of tha main exciting coils. It .
was found ‘that setting f(l) = 0 withAf;l) = 4 3 p.pun, covsred the

P
extreme deviations observad during the pusitive muon run,

©)Ar®
P

The extreme deviations from the centrallfield vere determined
for‘eaoh.quartefvof the target,  Thsaé deviations Qere chosen to include
o 1ohg'tarm variations.‘ S;née the statistical acouracy of’this expariment
wae much lese ihah the field deviatione, the fiehﬁ was checkéd‘only.three
© times, for the positive mion run, and a rather coarse grid was dééd. |
v'The extreme deviations of each quaftar‘of the targét were then weighted
aaqorﬂing to the 1" x 1" x 1" carbon blcck daté, The reaﬁlta were !
measurad extrempa + 5 p.pem, |
weighted extremes 4 popums
From (A) (B) and (C) ve arrive at the final result

£ =g

p \
= V59 p.pum. o o (40)

\

 where (B) and ﬂ(C‘) errors have been oonibined in the most pessimistic
fashion as there ié a possibllity of aome oorrelat’inn ba‘ween them,
| The frequenoy of the 200 Mc/sac oacillator was checked only
a few times during t.he poaitive ‘run since 1ts acouracy vag very much
_ better than the atatistical accuracy of the exparimant, The reault of
| ~ these checks was

£ = 199.82615 4 000010 Mo/seo  (41)
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| Finally for the positive run, we ahéu'in'rab1§ 11T the data
“obtained from the empty target runs. Only the B counter delay 2 n‘0
‘was run since the low counting rate excluded the possibility of ssccurate
- phase measurements and comparisons, The average ssymmetry of this "backw
- ground" was A, = -0,12 i:.OB. It has meaning to average the values of
Ay in Table IIT as we recall from Section IT B that A decreases by only
8% for'(fp - fé(res)) = 30 kXe¢/sec. In the final column of Table IIX

.. are shown the ratios of total matrix counting rates for full target'anﬂ

empty targét (0,005“ brase walls), This ratio vae measured for each
value of T .. The matrix counting rate was redgced by a further facﬁor_
~of z‘yheh,the empty target was removed@ﬁ Part of the matrix counting
rate, with the target,éut, would be due to muons stopping in thqv.002"

P

- aluminum wrapping of counters 4y 5 and 6,
D. Negative Muop Run

The B Qqunter de1a&.waa left at Z = 0 throughout this run ss the
low decgygaeypmetry,makes accurate phase obﬁbariaonavlmpoamible. Tabla v
shows the results obtained for the full target (H,0) runs. These resulte
'represent‘“'i day of running uﬁder the negative mion beam conditions, The
shorter delay T = 2,1 4 seo was used in this case o that the error of
ﬂeach phase angle measurement could be reduced to a reasonable vulua in
vthé running time remaining'CEq. (36)). For comparison with the positive
ruh. the aaymmetf& coeffioiént.h waaléaicﬁlatéd 1n.the é?eaent 6aaa from
thé results for T = 0.2 /s 8ec and f? a_@é.so, 62,83, and 62,86 Mo/sec
_”(theae results contained more than hhlf the tétal statistics), The average /

value obtained was A = =(1,0 + 0,4) x 10~ ag ig shown (recall from Seotion

II B, and above, that it is ressonsble to take the present average).
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This valﬁe contains no corrections (other than the slot width éarfeotion
- of the counts). It appeara low uhen compared to the corrected value

-0 043 + 0 005 obtained by Ignatenko et al.13

The differenoe may not
impediately be*asaumed to have been‘caused by the ptrcﬁoscope since it
gavé‘a good asymmétry'in‘the poaitiﬁe ruen run, Unfortunataly.wé'did
. Aﬁt éarform a slow preceaaidn expsriment for negativa meeéna in Qater
’and 80 cannot make the direot compariaon a8 we oould for. the poeitive run,
Also ehown in Table IV are the ratios of total matrix counting ratea for
full target and the empty target \0 002" brass walla).. These ratioa show -
that although, for the negative muon ran, there was 1ittle effeot on the
stoppad mion rate (uz) on amptying the target, there 15 a 1arga effect
on the tptal matrix rate, This effect is even slightly mora pronouncad
than in the posit1Ve'run,faé might be oxpected since the target uaéd'hqre’
has'thihnar walls, Thia indicgtaa that thé large b&okground pvesaﬁt'in
52 rate is d;e tO'Qtabie particles (beoquse we Bee no largé'number of
eitra'aedays). It ie prébably due to scattering out of electrons, éihoe .
véxperimsntasv’Ba indicate a comparatively large electron cqntamina£i6n |
in nagaﬁive moson beams. As in the positive meson run, the removél of the
empty target decresased thg matrix:oounting rate by a factor 6? ~2 in the
presént casge, \ |

| Because the 5tatistical ucéuracy of the present, run is mmch
worse than the pnaitive run. no great effort was made to maka the mag-
netio fiald very homoganaoua again after all the currénts had been revarsad.
Also we did not both to determine the weighting fuctors of each quarter
of the targeﬁ. Thus some of the errorg are larger in the present case.,

The arrors are as followa:

(a) = VlO PoPels
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(1) 1
(B) fp s Af; ) = w(4 ¥ 5) PePello

(c) Af!(f) = 4 6 popam.

Thus we have
£ =1 a4 .p;m.
p-lp AP
(42)

Af =\131 pe.pan,
p .

where‘»again. we have combined (B) and (C) in the most pasaimiétic“fanhion.
'I,‘hé 200 Me/sec oscillator wae agein monitored during the nega~
tive run, Unfortunately, it was damaged during this run and vhen repaired
it stabilized at é slightly differa,nt frequency, Thus it was necessary to
assign a frequency and error which "bridged" the gap. Tl.'xe‘ result wag

£ = 199.8275 & 0.0014 Mo /eec o (43)

Even thia error 1841 x :LO"5 £, and go is very mich less than the present

statisticel error.

E, Simuated Muon fest Bun

Table V shows the results of this test, There was sufficient
time to run only 3 points on each phase "plot." The range of % 100 Kc/seo
for the frequenoy of the variable oscillator corresponde roughly to the
proton frequency range of 30 Ko/sec used in the positive run, The
variable frequency oacillator was stable to &+ 1 p.p.m. at a given f?equancy
setting, The value of the frequency, fo' of tha 200 Mc/seo oaciliatpr as
shown in Table V is that at which it atabilized after being repaired, As
can be geen, 1t was stable to i 1/2 p.p.m. throughout this test, The
magnetic field was held at a proton frequency of 62,83 Mo/sec throughout

this run, As noted in Table IV, the value of A for negative mucns stopping
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~ 4n water wae only -l x 10"‘2 and B0 we note that its effect on the mumbsre

shown in Table V 4a < the statistical errors, Thus we may consider that

the negative muons decay isotropically in this run, In the last two

©olumns of the Table we show the oalcﬁlaf.ad phase angl_‘é 8?(}5;46 (29)) and

ite error A6 (Bq. (35)). The particular values of 657‘ shown in Table V

vers obtained by arbitrarily assuming the "asymmetry coefficient® to be

| negative in the test run (just as it ia for the actual muon decay asymnetry).,

¥
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V. CAICULATIONS

~ A. Complete Expression for Equivalent P
' Differance

Eq. (35) of Bection 11 D gave only the‘statiéticél error that ie
to be assigned to a given phase measursment. Heré ve wish to determine

the complete error which must be assigned to a determination of‘the phase

‘difference. In order to correct for background we must rewrite Eq. (29)

as follows :
tangg= " "L “Pp-Ip) R -l (44)
Fx - Bx "(Fg - Bx ) ) FO = BO
b
x : , x
- where the counts R etc. refer tv full target results and R wetc. refer to

b
‘empty target results. From Bq. (29), Eq. (30) and the fact that the

‘actual stroboscops alvays satisfied the symmetrio strobescope relation

X o .X X X
RO+ L =F + B, we have

R'- L = (Z%/2)r &y, sin @

tan 0 = (45)

: X X X _
with FwB «(Z /2) Ay cos By
: X X \j X g2 x x2
- X - -
tan Gb = Rb _I:b__ N P o= Z /i‘ and A= -2 (Rb Ih) *(Fb Bb)
Fx» Bx b } b Eix *
b b ‘ b

~ For the purposes of error estimation it is necessary to rewrite

Eq. (27) in the more general form

f =1
o

o).~ - |
©)y- (60), +2, - B, (46)
2% [Tl-'l‘af 6§ - G, 7

In this vay we obtain the following expreseion for the square of the error

4in the mon frequenc%
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6 2
b()+A(e)+§ [‘9’; (85)y 7
‘[211 (Tl-'l‘e') __7 [2ﬂ (TlaT) _7

&fb&fo+

X[AT+A2T+2A 7

iwhere use has been made of the hominal relat‘ions oe = Glia.# G and _
f;—' §i = §. e errors which ’mve‘bean considered in Eq. (47) are as
followst ' Lo |
, A 8, the at:;ﬁiétiéal error in the phase angle expression .ai‘ter
correction for background, 1i.e. Eq. (45). This error is analogous to
‘that of Eq. (35) where no background was considersd,
§D ~ the possible drif¢ ‘in initial phase = of the a.trohoscape
- during 1-1.1641.'\1!1, }.el_..\wa glléw 'Ee" %JS.%D, |
AT A’I’I,AG ~ these arve variationa of Gate ‘1 during the runs,
'l'haae Variationa could be Cauaed by setting errors and by jﬁ,ttem We note
that the efi‘aot of these errors on the expsriment can always be mada
- arbitrarily small by operating in a sufficiently NAYrow range about the
resonance {requency. In the present expsriment only the errors of the
outermost phase determimtions are increased by a few parcan‘t ﬂue to varia-
tions of Gate 1, The possible variations were aatimtad as /. A 7 +A a jl/z

=436 /T4 G / f'or both early smd 1&‘09 gates, Thua we have from Eq. (IJI)
AZ | ,

A

[211('1‘ «T) 7
(48)

vhere ¢ need be known only appréximtely:in ordax' to sptimate the lest
term in the nurﬁ%eratore |

| | It ie now r;eceasary to datm;mim Aéo from Eq. (45). Firaet Qe
will consider the error onntrilﬁtionm d'u;.e to Rx, an Fx and Exw A

typical derivative is as follows
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_é_?_g _ (F B+ %Z: AA T sin (8,~ 6)

OR* PR | (49)
(Fo ~B°) sec 6, o

with Zo mZ(la—r) and we have used Eqe. (29), (30) and the symmtrio
vstroboscépe relation R + L = F; + Bo in the secord term of the mxmerator,
which is usually a much smaller term (neglect.ing signs) than (F - B Y.
Expressions gimilar in form to Eq. (49) may be obtained for the other 3
contributions. Combining all 4 terme we obtain the ﬁ‘ollowing expreesion
for thé square of the error in 8, due to the statistics of the full ;

target data

2 f ae 8o 69
A 0 = 7;§§~) l& R ?;-~) LA 4-(é;—~—) zﬁhF -+(?;n9~) Z& n

(1.20) [(F‘Q-Bé) (Rx+ Lx) + (RG*IJD)Z(FK+ a*) __7

H.

. o)
Lo e (5
‘Fo‘ ‘Bo) sec 6, 3
The numerical factor in the numerator is from Eq. (34) ae usual., The term
of next highest 'ordar in the numerator of Eq. (50), and which has béen

neglected, is

2y o . -
(1.20) <~ L x X o
2 VEE: T hoty fﬂ(Fo“BQ)(R~L )+(RO~L0)(Dx~Fx)~7ain (0,8

An upper limit for this teim is obtained by setting sin (s -8,) =1,
and is given by (1.20) (Z:-Q-) T AB A Z ’ where the gymmetric atroboscope
relation Ro + Lo = Fo + Bo has bgen used. By also ueing this relation in
the mumerator of Eq. (50), it may be shown that the pumerator of Eq, (50)
‘ is>>_ the above upper limit. Thus the omission of the above term from
Eq. (50) is justified. We will write Eq, (50) in the more convenient

- form
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Y |

<

i —

MU-26647

- X xS , ;
R ~ L
tan 6 = ;”““;; whara 2] is the full targat phaae angle vithout backgrounﬂ

oorrection.

RE . X o o
tan ebz n.__.ﬁk.].where eb is the phaae angle assoclated with the baoka

X X
Fo =By

ground (1.e empty target). Ab 18 the oorreeponding asymmetry.

@
ll

: buokground corrected phase angle,

= background‘correoted asymme try .

o
.

Fig, 11, Vector QiAgram of background correctionk.
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Al - 1.2o\ﬁax+ )4 F5 4+ E) tan 6,
o ~5 '
(?O- BO) » Bseo Bo

(51)

The contributions of the bggkggognd errors (target empty) h:l&ﬁo will be -

considered next. From Eq. (45) ve obtain,.ueing Ro_+ Lo =F 4+ Bo .
o

Eq. (29) and Eq. (30)

(1<r)A,

r A Ay 2) 2 2 |
=L T j L {(431) | ("7(;) zein (8,-8,,) + L &, cos (6 -6)7
(52)

The aignificauoe of Eq. (52) is easily seen on the vector diagram of Fig.

11 in which the baakground is represented by a veotor r Ab ) Qu and the
background‘correotad data by (lur)Aoa 60. The sum of thess two vectors
glves the'fﬁll target vector, as i& atéted by Bq. (45). Finally the com-
plete expression for the error in 8, 1s obtained from Eq; (51) and Eq. (52)

as
2 2 .f 2 b o
Lo, =/K 8, +/¥ 8, (53)
From Eq. (48) and Eq. (53) we obtain the complete expression for

. ths equivalent error to be assigned to a'determination of the phase differ~

ence

2 ' 2 2 L2 2
A‘[(@o)l - (8), jzA(ei)a+A(e£)1+A(ez)a+A '(6:)1 + §’D2

+9x 10 ["((ea).§)~o~((@)1 $)? J (54)

Actually there will be some corrslation between errors lk(eo)e and 13(92)1
since they have the common errorZ\ Ab. However it may be shown that

Eq. (54) is actudlly a nonaarvativé statemént of the accuracy becauee of
the fact that it is the error in the difference between (8 ), and (60)e

which is inVOIVBd
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"B, Combination of Results in Positive Muog.ggn

The use of_Eq..(&B) in the error calculationa‘ia\QQuivalent

to assuming the gradients of our late-early phéae difference plqta,.i@eo

P \ T P -
m

where we have recalled that we mctually plot (8 ). = (6 ) versus £

and Eq. (39) hae been used. In the positive muon work of the precent

oxperiment, a more general procedure will be used, By the method of least.

3qumraa,39 ve will fit the atraight lires | |
(0) = (8,) =a +a X - o (56)

vhere X = 100 (fP - 62,77) and i‘:: is Mo/eac units. The values of a2 Bo

. obtained‘may be compared with tha values caloulated from Eq. (55), as a

further check of our atroboacope theory.

The camplete procedure involved in the combination of the positive
maon réaults will now be cutlined. It is designed to take into considera-
tibn, to a good apprmximation, the correlations which exist among some of
the errors, | - |

(1) The corrected phase angles 6,, ard the carrespoﬁding errorétﬁ.ei
due to full target statistics,; were calculated and are shown in Table VI,
The relevant. equationa are Fq. (45) and Bq, (51),

(2) The 6 phase difference sate wers calculated and the straight 1ine
of Eq. (56) was fitted to each set. In this work the square of the error

assigned to each phase difference measurement was given by
2 £ 2 ¢
A (8 _ ~d 2 . 2
)y + £ ©€), + 9% 10™ [((8,), - &)+ ((8,),- B

after Eq. (54). This is a very good approximetion because the last term is
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| small and so the fact that it dves not represent a random errér 48 of no
importance. The results of atraight line fitting are givon in Table VIIX
where aé 1s expresred in degrees per 10 Ke/sec (1.0, degrees per unit X),
Ve noté that the exparimentalv ;;;rac_iient .agre'e's' quite reasonably with the
oaiculatad vnlue, The 1aat-twq‘columna of ﬁhe.tablevshow Xz(rea) mﬁd
’ z&xz(res) where the subscript 3 is added to denote the X ialue appropriate’
~ to B counter delay z., We have from Fq. (27) and Bq, (56)

X, (res) = « Ei - - (57)

AS.X (res) = lX (res)l\J( -é ) +( -3 )  ; - (58)
a,

&

In Fig. 12 and Fig. 13 we show graphs of the axperimental phase difference

points and their errors (as assigned above and therefore essentially

\LZE(Qz)l +zﬁs(9§) ). The errors AX (res) are also shown horizohtally
neai the X gg;;. Dy 1nspection of the graphs for a given Z value it is eeen
that to the present axperimantal accuracy there is no dependence of reson—
ance frequancy on the valuea of T which are inVUIVad,b Thia is as axpected.
The three resulte for each 7 value wers then cOmbinsﬁ considering only the

, pia
errors A héres) The two comblned resulte had & % probmbility of 0.03,

.,bThis is low, but it will appear below (Table TY columns 3 and 6) that the

vfinal errors are ~ 504 greater than those obtained from L%};res) alonea

v’ Thus the two combined fesultu'are reasonnﬁly consistent,

(3) The background phase angle data was fitted with straight lines

‘Qhose slope was obtained from Eq, (21) end Eq, (23). This is juatifiad by
the notes below Eq. (23), and the good agreerent in slopa ahnun in Table
vVII, since the statistical error is large in the background run. The
resultant values Oﬁd(QQ - Sb) andzi.ﬁb are shown in Table VIII, Also

_ shoun are values of AO obtained by averaging several runsvfof both 2 = 0
and 2 = 2,51 % 0.01 nanosec at each delay T, 1In the last column of Table

VIII are shown thé phase angle errors due to background, ae glven by Eq.
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Plof = f T
2@ p* in GH Brg | |

| | | | a |
62.74 62.75 6276 62.77 62.78 6272 62.80

f™ (Mc/sec)

MU.26648

Z =0

* (1 1)

3.1 - 0.2 usec

Q@ (T -T)=3.1-1.5usec
1l 6

A (T .7 )=1,5-0.2 psec
17, |

Vertical error flags are

2 f 2 f ' - ' ' ‘
\/A (90)1 +\ (Go)e' + 9 x ‘lo 4 [((60)1"§)2+ ( (ao)e_ §)2 7

Fig. 12, Gréph of late-early phase difference vei-sug proton monitor

frequency for positive run vith Z = O, Horizontal flags show errors

AX_(res), (see text).
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Fig, 13. Graph of late-early phase difference vergus. proton monitor
frequency for positive run with Z = 2,51 + 0.01 nanosec., Horizontal

”flags show errorsAX (res), (see text);
z
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(52)., whera Aeb is large, the last tem of Bq. (52) 1@ wittan a8
£ Asin (85-0,) 7 % ana the oxtrons deviatdon for 4 Ay 1o used,
o uinca :only Z = O was run, the same: AG is ussd i‘or both’ the 2=0
and 2 = 2,51 4 0,01 nanosec results of Table VII, |
- (4) Ve next take into account the errors VZ)?(G ) + A(G ) and §D

in measumments of the phase difference, The first of these errors is

common to all points on both Z lines for a given value of (Tl - Ts)' but

is independent for different values of (Tl - Te)"’ The eecond _one,§n .

is common to all points on al) lines, It will apbear,beléw that resulte
from tha‘ 1ines ‘('1_’1 - Ta),- = 3,1 -« 0.2 ;z' se¢ carry ~70% bf thé ué'iéht in

" the final result, and also that §D makea.only a small contribution tn the

errors in the points of the othsr (T - T ) lines. Thus, it is 8 good

approximation to assign a gommon error §p &(9 )l (Bb) to all
points on both lineaa correaponding to the gm (T -T ) valus, but to

- assume these errors are ipdspendept for pointe on l:lnas oorreap.ondins to.
‘mw (Tl“Te) values. From Eq. _(56) ve gee that for a given value of

(T =T ). the common error to be included with both arroraAX ., i8 given

2 2, b
by A’“\[ﬁn + & (9 ) A(G ) . The procedure for combining this common
~ error and the two errors AX, (all three errors are. indspsn:lent) 1e

discussed in Appendix 6 and is given as follows,

X (res)

A”Y \ra8)

X(res) = E" ( ‘ ‘ (59)
AX (res) |

QQTD%K(G ), +Z§(a )y 2

AX(rea, final) ‘?A X(res) ) - (60)
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with X(res)
Z-Azx o) @)

‘and.élx(ras,,final) is the final er;or‘iﬁ X(raaj.' A11~of‘thavgbOVQ

work is tabula;ted in Table IX, The eerrsAX(.rafa.v' finﬁl) are thén |
ccmaidéred as independent (note on§ nbova) and the usual weighted mean
(similar to Eq. (59)) 1s taken, together with its error (similar to

Bq. (61)), These are shown on the bottom of the taﬁig. Ali-the errérs
- of Eq; (SA)vhave noﬁ been takenvinto aceount, Changing from f: to fpv
~ brings ixxl\i'(Eq. (31), Eq. (AO)) and uaing the resonance condition
Eq. (6) 1ncluﬁea the error Af_ of Eq. (48) which is the last error cone
tribution to Af, Tﬁa final result for positive muons atopping in bromo=

form is

(‘gi" ) = ,3,18336_1'0.0000? S (e2)

Strictly. Eq. (62) mpplies for £ measured in water and ¢ measured in
bromoform. However we asaummz that the muons and pratOna exparienoa
“very similar aﬁialding in bfomofarm. Thmn to the preaent experim@ntal
| accuracy Eq. (62) may he conaidermd to giva the ratio of precesaion
'frequencies for froe mions and frea protona in the same magnetiu fialq,
since the chemieal ahift of protona in brnmoform relative to pratona in

vater is only -1.8 p.p.m. (i.e. .ess shiolding in bromoform),

| C. Calculation of Initial Phage §

’fhis was calculated from the positive muon resulte for both
Z=0and 2 = 2,51 % O.Vbl nanosec, In this way ve coﬁld check to see 1if
the initisl phase changed as expected (Bq. (28)), Also ® for 2 = 0 will

be used 4in the negative muon wqu'ballou. Straight lines of the form

8 .
o = al + ﬂz X (63)
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ware {itted to the three phns@.ploﬁm for each 2 value, This is jJustified

because the ‘predominantly'atatis{ti‘.cai ei'rorVA? (G,f)' + 9 x 10.% [ B P
| adsigned to sach point is muah greater than the deviation of tho true
phase ourve from limearity (Bea notes below Eqe (23)). Since in the
positive r_pn we have fp = i‘p b § andA%are given by using in Eq. (63)

" the conditions |
X =4 0,20

(64)
X =0,
‘ The results of this work are then
Fa=0 =+0"4139)
F@=250400)=.(77°42% (65)

. . Change of® = .(178° + 4%) .

Using Eq. (28) to obtain the expected phase change we obtain ~(2n foz)

o= ~(181° + 1°) and 80 we see that the agreement is quite veasonable..

- Do Con % of Results i

The procedure used here is slightly different from that of the
positive run, In the presan§ case it is not possiblae to measure 9 (Bq.
(45)) owing to the combined low badkground (target empty) rate and 1cw
aaymmetrys Thus instead of 6, we ‘will use the phaae angle © of Eq, (29)9

and estimate the maximum effect of background from Eq. (52). No known

aubatanca gives a muon daémy asymme try coeffici@ntla 014 | which ia appreoiably
: S : A
high@r than that obtained in water 80 we will mesume KE =1, This
[¢]

almost oertainly is en overaatimata of Ab since we knaw by experiment

'that appraximately half the backgrounﬁ is due to negative muona stopping

in the brass walls of the target. Such muons suffer adﬂitional depolariza~'»
tion due to the fact that the copper nucleus has spin ( % ). - It hae been
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t?xhownl*:2 ‘!*3' that for a nucleus of Bpin I there is an additional reduction

4n muon polarization by the factor -l [ 1+

(21+1)2 A For trass this
lfaotor is ~ 0,5, Furthermore the negative muons vhich atop in the brass
guffor a large Knight shift44 (~ 0.1% = 63 Kc/eec) and hence there is a
Hfurther reduction in Ab by a factor of ~0,5, from Eq. (26) Similar .
remarks to those above also apply to the negative muons which stop in thé
aluminum wrapping of the counters. By writing the last term of Eq, (52)
vin the fornllxzrﬂin (3 - 5 ) _7 and taking the maximum variation poasibla

we obtain the estimated'maximum phase angle error due to background as

: b : .
A 8 (max) == . o (66)
The significance of Eq. (66) on the vector diagram of Fig. 11 im obvious,
A further difference between the present procedure.and that of
the positive run 1s that here we.will use tha initinl phase 3? as deiermined
jon ﬁhe positive run. .This will enable us to extract the most inforﬁation
férom our somevhat meagre negative mion statist;ca.v If the change from
| positiva run conditions to negative run conditions consisted of merely
faQeiaing all magnate, then we'wouid expect;z from CP invariance.that $
would be unchanged . .Howevqr; an‘additional change vas made in that the
mion target w&é changed from bromeform to water., We will now consider
thres corrections to be made to the positive run @ in order to teke the
target change into asccount,

(1) The average e¢nergy of the muons which stop in the target will
now be less than in the positive case. Returning to Eq. (13) we see that
this will mean a slight change in the‘precesaion frequency between the
time ‘when the muon crogses the i counter and when it stops. The initial

phasge will involve the quantity

§§1) = ~3'7¢/;?f(1) - £{y) .7 at (67)
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wvhera the integral extends from £hé tims thé'muonlérosééd-thé 1500unter-
(t = 0) to the time the mmon comes to rest. ‘The negative éigﬁ is choeen
because the moving muon will be precessing more slowly than the rotating
frams at reaénance and so it vill appear to loose a'amalllamdunt~of

. 1n1tia1 phase. Eq. (67) may be rewritten as

g”:%f\{%’fﬁ « e

where 8 is measured aiong the muon orbit from the 4 counter. We wish to
Ntimaﬁe §(l)(CHBr3) - §(1) (H,0). This was done roughly by taking the
average muon orbit (of length 8 ) as passing through the 1" scintillator
._ of-tha‘;:ccunter, the two 1/8" scintillators of counters 3 and 4, and half
of the target; In this way the y values at the ;natant of‘striking the s
- counter were estimated as 1.25 for water and 1.30 for bromoform.:.Then the
'ihtagrahd in sach cace was assumed constant, st the above maximm vélues
for the entire L In this vay 1t vas. estimated that §(1)(1120l) - §(?‘)(C:Hilr3)
< o0, | S
| (2) Dus to their lower average momentum, the muons wbich stop in the
water target will have orbits which oross the ;zaouptar.at a slightly
larger angle # (see Fig, 2) than the orbite in the positive run. This
will appear as a sliéht change of initial phase. Since (ggg) = 0-00191_
the change in initial phase of tha’%ﬁlarizution veogorf will be closely
equai to the change in the orbit direction ¢«‘_?hévchange in ¢ uas'7.
estimated using the following relation .
PN 0 A A PO

ﬂa_“gl_‘_a ﬁf”'l"‘ﬁ;‘g‘“ ,%l a8, - (69)
where we have used the suffix 1 for the bromoform case and the suffix 2
for the wéter case, It has beon assumed that to firat.order the orbita

haﬁa‘tha sams length since it will appear below that (¢2 - ﬂl) is small,
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1 The orbit vas assumed to end at the centre of the targyt in each case, o
The section of the orbiﬁ up to counter 3 was divided into 7 regions end
for each region the value of fl%fg. vas determined at the midpoint of
the region and at the end of the region, The 1ncreaae in angle of the
orbit, 1.0, -jEL~ dal, was determined for each region from an approxi—
mate orbit. From this rough numerical integration of Eq. (69) an "averago" '
value of (¢é - ¢1) was obtained (used the midpoint values of ratie above)
and an upper.limit to (¢é - ¢l) was also obtained (uaa& the maximum Valuoa
of the ratipa)‘ We list them as follows!
"Average" (2‘2 - ¢1) 3

Limit  (d, ~f;) < 5°

°
(r0)

Taking the "average" value we have for the change of initial phase due to

- this effeot
(2) A2) ‘ | 4 o
ié (uzo) - §§ (CH§§3) = 3° . | (11)

(3) There may be a range,dependencezo of the initial phase of the
“polariaétion vector." An error of # + 8° vag assigned to cover this

possibility. Combining (1), (2) ard (3) we obtain the total correction
o o
$@o0) - Rlewpry) =+ 4 r8) . (72)

It was found that the correction contained by Eq. (72) represents A
bresonance frequency shift ~20% of the final error and so thie correction
is not very important. From the first of Eq, (65) (Aince Z = 0 wae used
here) and from Eq. (72) ve arrive at the initial phise to be used in the

- negative muon run
FWo) 108 MO =+ ("2 8 . (73)
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The procedure used for the negative muon run may now be
 outlineds .
(1) The phase angles @ were calculated from Eq. (29) and'ﬂo;gch vas

assigned an errorVA29+ 9 x 10 (e -~ ) with /A8 given by EQ-'(B’I)Q
(2) Stralg!“_zt lines of the form ' | |

9"_a1+a2x° . B (74)

with X' = 100 (r‘“ 62.83), were fitted by the mothod of least squares.

Fig. 1A ehows a graph or the experimental points and bhe straight lines

- of beat £it,

(3) The mximum phage angle error due to background, A 6P (max), is

~ caloulated. fx'om Eq. (66). The effect of drift in in{tial phase is already

included from the positive rnn (1t has a negligible effect hers)., Since

A 0_(max) ie cmmnon to all points on a given phase line, it may be com

bined with the error of £ (H,0). Then we obtain X‘(res) and 1ta final

errorAX'(res, final) from the following relations
X'(res) = W

- (75)

H,0 - a
X'(res, final) = IX'(ros) _§( ) +A6 (nex) +A a1+A iz (76)

(§(nzo) - al) a4,

Since the etatistical errors Aal and Aaz are the dominant ones, we may
combine the‘ results from our two phase lines by the usual method and obtain
i?(ros) and its error A i'(ree)»._ Then using Eq. (42) wve proéeed as m‘
the positive case and obtain the final result for negative muone stopping

in water

(£) = 3.1808 4 0.0004 | o

p H20
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A the'asove'work has been tabulated {n Table X. Here ve may Bot assume

 that this ia alao the ratio for free negativa mions as vill ba diacuaeed

in the next section.v

Before we use Eq, (85 it ia'ﬁeéaaaary‘to‘correot the experimental
E ‘value of fa/Tp " 80 that_both eleqtrqn and pgotonvare in tha;sama fioia, einoce
the stated value of'tﬁe ratio is for fp taken ag the frequency of protons

" in a1stilled vater. Hutchinson et al.- obtained the corrected ratio

fé/? (both free) = 658 2107 after applying a oorrectio 45 ‘of 25,6 PePae

to allow for diamagnetic shielding of protons in water, Ho detaile are
given of the water sample used‘in the eiperimmntal dotermination of fa/fp
“and o 1t ia'not known if there is also a bulk susceptibility correction®
which must be applied.' Apparently this is the main uncertainty in the
corrected ratio and since it is at most ~ few p. p.m., for thie experiment
we may assume no error in the ratio f /T (both frea), The g/h fétio for

. positive muons (ue have assumed that thia ie the g/h ratio for ggg@ positive

muons) 1s then given directly from Eq. (8).

(£ )" = (9,6840 + 0.0002) x 10~ n 7t . o (78)

For the negative muons we mﬁat first correct fé yo obtain the frequency of

free protons. The diamagnetic correction of 25.6.§,p.m.vq111vbe used to

obtain fp(fyae). The bulk susceptibility correction duswto Fé+#f jons was
shown to be.ééi Pop.m. in Section IV‘C(B):and that due to bmlk diamagnetic

36

susceptibility of water is smaller” so we ignore both. In this way ve

obtain from Eq, (8) an equivalent g/m ratio for negative muons in water

( ﬁ ); o~ (9.6760 + 0,0013) x 207 me‘l | . (19)
2 .
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Aamming that the masses of positive and nogative mofm are equg]_, vo
cbtain for the fractional difference between the g value of free positive

~ muiona, g+, nnd:thanqu1Va16nt g value of negative muons in Qatbr; g-(Hzo)

+

-(H 0)- + | ‘
E...i..__.‘i. =-(8.3£1.4)%20%  «  (80)

As noted earlior,'g*(ﬂzo) is really the g valus for nagdtivo muons in the

oxygen in water,

Btraight lines of the form

'Ti T, _ . var :
.(e )1 - (8 )e =a, *a, f, (81)

, _ ' , T
were fitted to the data of Table V., The error assigned to each 6 ygs given

by\‘& 8% + 9 x 1074 (ST - }_T)z where for error calculations :QT may be

obtained mreiy by inspection from Table V. The usual resonance condition-
T T,

(e )1 - (6 )e = 0 was used and the two resonance frequencies found were

as follows!

. .var
2 =0, £, (res) = 199.8290 + 0,0028 Mc/rec

Z =2.27 3 0.0) £ " (res) = 199.8243 + 0.0036 Mo/sec . -

T

_ T

A common error %2 was then allowed withED = %§D= 1.1° since test run
2 .

only lasted ~1/2 day and so the arbitrary factor of 2 is not included here.
Using Appeddix 6 we obtain for the combined result
77 (ves) = 199.8272  0.0024

and we hed £ =199.82860 & 0.00010
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Thus we see that the two frequencies are in very good agreement, the srror |
present in Eovar (res) 18 ~1 part _:.nblO5 and ie only half the final erfor
of the positive muon work in this préfimsnte Furthermore the error of
£, (ves) as given above is predominantly due to lack of statistios. The
| above test shows under actual'épbrgting conditions that ﬁny unknown v
systematic effects are small cqppaf;d1uiih_the_errbr of the positive muon
work,laﬁd completely negligible in the negativa'ﬁuoﬁ:gérk;fbﬂy proceeding
in a manner similar to that described in part C of thié ssotdon, the phase
.angle change corres;onding to a Zl‘ change of 2.25 i 0,01 ﬂaﬁoséc»could be
determinad. The result Qaa | } |

Measured change = --(170o + 30)

Expeoted change Eq, (A18) = -(163-1 10),
This agraement’was coneidered reasonable because of the fact that there
will be small phasing errox;s (\f’m etc, ova’ppem(li::c 2) in the stroboscops .
A ahafp disbribuﬁion will be more sensitive to these errors. Also there
is a possibility of a systematic arrof assoclated with the delay change,
During the test run this change was made by simply inserting a short cable
’v and coupling in the signal line. The delay measured was'the increase in
delay when the same cable and coupling wers inserted in apother system, and
80 we did not measure the actual delay change experienced by the test
syotem. This is in contfaat to the 2,51 + 0,01 nancsecond delay which

vas the actual delay change made during the experiment.
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VI. DISCUSSION

A, Positive Muon Work

o | 20
Eq. (78) may be combined with the recent (g-2) experiment

vhich gave g = 2(1.001162  0,000005), In thia way we obtain the positive

mion masse value

m = (206,766 + 0.005) mo | - (83)

Recently Hutchinson= obtained the results r/f = 3,18338 i 6,00004 and
m = (206,765 + 0 003)m (13 p.p.m.) after further analyaie of the pre-
liminary report of Hutchinson et al, The CH212 and GHBrB work uaed in the '
breliminary report was discarded in the recent results, which therefore
involve only the H,0 and HC1 work. Hutohinson noted that there may be
appreciable rates for the formation of compounds in the csees of CH,I, and
CHBrB and that consequently the chemical shift corfections‘g;:Luncertéin
for these two materials, However, neither Hutchinson's CHBr3 result nor
that of the present experiment (see Eq. (62) and Eq. (83)) shows significant
deviation from the combined H,0-HC1l results. Thus it seems reaponable to
combine the present experimental result with that of Hutchinson, This
results in a mass value

Y = (206,765 + 0.002) m 12 b.p.m. : (84)

The muon mass value obtained with mesic X-rays (Section I) iz in good
agreement with Eq. (83) and Eq. (84) tut it is not as accurate as the
present results,
B, tiv on_Wo
o 46
Ford et al.” have discussed the corrections to be applied to
the g value of a free muon in order to obtain the g vglue of a negative

muon bound in a ;s mesic atom, In their notation the g v;lua of a free muon
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ie given by (g, + gl) whsre 8, = 2 (ieae Dirac” particle) and 81 i the
radiative eorrestion. Thus (8@ + g ) is our Eq° (1)9 H@ 113% the other

corrections end give the numarﬁcal valu@s for 80

(1) Binmding correction to radiative eorractions. 32

Eg (g0) = ~0.000013.

(2) Direot binding ccrr@etiong 830 This 4is the largest eorﬁection
and results from the relativistic treatment of the magne tic moment of a
‘Dirac particle in a central field

5 (g0) = <0.001204 .
g
0

(3) Nuclear polarization correction, B -

.
Ei (g0) = +0.000012 .

" (4) Electronio polarization corrsotion, B .Thia term is negligible
unless ths ground slectronic atate has fine etructural levelsa. |

(5) Diamagnetic shislding by‘ths.atomﬁﬁ electrons, g¢. This will be

very similar to the shielding experienced 5y the nuqleu%ﬁgt ia the second

largest correction considered,

g
= (g0) = -0.00032.
go

(6) Center of mase correction,'g7. It may be neglected, From the
above corrections we obtain the result |

hd <
g (g0) - -
w—§ ) g 3“14»3 b 10 4
g+

where we have taken the positive wuon as the free mon, This is to be
compared with the expsrimsntal result of ~(8.3 + 1.4) x 107 ae given in
Bg, (80) . Ford et al, feel that the agreement is reasonabls in view of



lﬁho faéta that 1t was necoqaary to make.ﬁésumpﬁions about.tho eleatronioc

sﬁate §f.tha Abmeaio atcﬁ ﬁnd alab the;e_mny be chemigal'ehifta preeqnt. ‘

‘The aﬁove'resulte indicate that the g valués-of'tree positive and negative

muons are"thevaamé to within 6 pafta»ih 104..vﬂutohinson et ul.z;'oﬁtained\

the reauit '- ‘ o ” | ‘
é“(ﬂgo) -g -4

= «(9.3 +1.0) x 10
g |

and again'it is seen that the two experiments are in quite reasonable agree-
ment. The combined result of both experiments is
v _ R - -
g (HO) ~g
o) - ¢

+
g

= (8.9 1 0.8) X 107 |
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. The experimmnt wag suggested to the author by Profeesor Kenneth
M, Crowe vho also outlined the seheme used , -
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o the 184" synchrocyclotron, The author is also indebted to Massrs. Re Beok,
B, Cairr, N. Dairiki, Tin Maung, 7. Ryzm, Go Sheldon ard R, Spencer for
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- fasﬁ-mixer503 Mro, R Brmun deaigned.and constructed an appreciable fraction
of the circuitry'used,"aa vell as performing much of the testing and éetting
up fo'the experiment, Mr. K. Lamers did most of the 200 Mc/sec oacillator
work, part of which was done by Mr, H, Ianca.stere The author is indebted
to Mr, &, Smiriga and Mr. C. Dols for their work on the field regulator
"ayatem, | '

The orew of the 184" synchfocyclotronB directed by Mr. J. Vale
and Mr, L, Ho@sarg vere of every aaéiatance.throughout‘the work, as were
also the accelerator technicians led by Mr. R. Walton and Mr. L. Sylvia,

It 48 & pl@asura to acknowledge the typing assistance of Mra, M.
Whita and Mrs, B, Bol@.

Thie work was performed under the auspices of the U. 8. Atomic

Energy Commission,
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VIII. APPENDICES

""This is done by considering the very simple 6aao shown in.
Fig. (A”sf). The P countor is assumed to be a epherical disc of radiﬁé
P ,» with half angle £€,., We assume that the polarized muons stop at 0,
the conter of Sbhem. R.efefring to Eq., (14) of text, the foilouing is
now the expression for the mumber of IA counts dLFo due to gll Y mions

in dx at x and to electrons in dt at ¢ of the first A elot in O

L ein€ df ag’ ~t/g o
AdF =N f ax Ln {l+aooae}e % . (Al)
. ®  po0 ' .

Eq. (Al) considers only the elementAS = eint A€ df' as shown in Fig, AL,

Also © is giﬁc_m by

cos © = 8in% ein ¥ sin (P + 20 ft) + coe L coe (& + 2n£t) . (A2)

Then - €o 2T
2 4 ' S
a’F = f [ dF daft de . (A3)
[ o

It 45 seen that term of 4 Fo which involves ainzf_ sin @' givm no contrie

“bution integrated on @' in Eq, (A3), and we have

azro = N/J £ dx coa(P + 2n £t)

.{L.Qﬁ....l“cé £, {1 . a(l-cos 2&)
. 4{1-cos &)

e"""" dt . (A4)
T

Comparing Eq. (AL) aﬁd Eq. (14) of text ve see that the only difference
has been the reduction of the muon asymmatry coefficient by the factor
1 (l-cos 2 €,) » ' ~ 20°
y (m . In this experimsnt it was roughly estimated that €,= 20

and eo this reduction only amounte to a few percent, The expression for
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Spherical disc .
B counter, half angle = €o .
’ radius=p

H magnetic
field '

AQ - sin ¢ de d‘¢>' |
® = initial phase of
"polarization vector"

Precession #

2w ft = angle of precession
of muons

after time t
X

MU-2665)

: Fié. Al . Spherical disc B counter for detecting deqay.@leoprong‘_

~ from polarized muons stopped at O,_the‘center of.thejgphsre,:

81,
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tan 6, Eq. (20) remains unaltered. From Eq. (A2) this will also be trus
in the more general case vwhers the counter is symmetrical vith respect |
to the change #'-» #* + 180°, |
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_Appendix 20 Asymmetric Muon Strqboaoope -

In t.hia appandix we mmstﬂ@t@ mhe @ffect dm te &h@ alota oi’
 the muon and electron fast mixers being unaqlml in width@ It is almo |
. assumed t.hat the slots are not exactly cent@md at ths quart@r oy@le posi~
- tions and that the eignal delay time batwen the B oovmter and ite faat
mixer is & time Z longer than that betwesn the ,ucounter and ite fast
mixer, The symbolﬂ QI etc. dsnote the slot widtha oi‘ I etc. mxﬂ the
symbol/a \g/ I

unit relative to quarter cycle times definsd by slot L The timing dia~

sto, denote the ahifm of tha alot cantera of § fast mixer

'gra.m iaathat, shown in F:Lg. A2, where againy it' iz not poaaiblq to drav T
~and G to scale. |
- Referring back to Eq. (11.) of text we  have now

t=T+y+ ¢ttt =2

and -
: | A1
M =f (T+y+x ~\yIA E_ & |
° 2 2

The cosine form in Eq, (15) now becomes
, . A A T
oo [ & +2n(f-£,)(T+y) + 20 £(t = 2)-2n £ (- L £ _ 8 7
Again y& T and y + t' = Z&KT may be used. Since Z is small in this
expariment, !f-fOES 103 fo may still be used as an approximation here.

The calculations prbcaed Just as in the text and we obtain

Nfanglgh X _(14nTo)
jo 4“_5 Z e-w-——%-—'-—- ; 1+W Qo8 [% + ZH(fmf )(T+nro) J}

(a5)

. where, F A refers to the counts in element IA only, as the counts in IIB,

eto. will differ slightly m‘?
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Delay =T ‘
ON wfldx _ Gate I _ ‘
OFF lI_FTl ] @] ] et p fast mixer
}sllwl hoILl LoTL]| LoX T unit
e .
| Time = t Gore 8
|
i:' To - ‘i oZ+
e :
A 18] 1c! ' ] i 1A " ,
ONW]_"F_W =¥ S5 v il _"' —Ht_at’ .
OFF A Bl | ¢ pi | A} et Y[ flal - B fast mixer
kof lofel hotd ho%d ' <+4% : unit

MU-26652

Slot centers are marked by short vertical full lines,
Z = time delay of B signal line relative to that of u signal line,

Fig., A2, Timing diagram. of asyrhmetric muon stroboscope. Notice

that T and G are not to scale.
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= §.-_a-2ﬂvf°(z QW) y - {a6)
IA : I Y
nte 2ot infogleinlnf, gy (a7)
2.2 I A
n £%¢g g '

With the subetitutiana .gI = gA = T;o/é and 2 :;\}'m = 0, Eq, (A7) reduces
te Eq. (18) aa‘ucﬁld be expected. Fron Eq., (Aé) u@ note the effsect of aaa~
ing delay Z to § counter signal line is that stated in text with Eq, (28).

Eq. (a7) indicatas how the asymmetry (as seen by the stroboaOOpe) falla

as the slot widths are increased. The factor 2. is the appropriate one

W

for the symmetric stroboscepe, a8 cah be seen by inepecting the text., Thus

with slot<Qidths of TCD/% the asymmstry is réduced ohly '%}O%a I is

useful to rewrite Eq. (A5) in terme of quantities sctually scaled during

the expsriment.

L IA w Ng- L i -nTy/T 0
_?5:. ! 22?71:;:57c) - e . cos [mﬁ +-2n(f~fo)(Tl+nT;Q ;é}
| | |  (ne)
D _ '
whmrezgu is the number of muons which arrived in elot I and Ng is the

" pumber of electrons which emﬂfped in slot A, Expressions similar in form

" to Eq. (A8) may be obtained for the other 15 elemonts of th@ matrix,

By studying Eq, (A5) or Eq. (A8) the difficulty of,\a,aymetmu

vvmnou stroboscopa (i.e. tha actual muon stroboscope) is immediately apparent~

A1l slot widths, all $ values, and all 1] values will in general be slight-
1y different and "éo’the simple expression for tan 8 (Eq. (20) of text) will
no’longer bé'trué. Apparantly part of this difficulty ia overcoms if we

redefina tan 6 by the follouing expreaaion

tan 8 = ﬁ;~2—§§— O (a9),
Fo~- ' '
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A x

RI)ZIB')x+ &%)

x
where R = (Rmv)x + (R

L = ote.

GPFoa® Ml p.m
| - 36 N P
s B

-

_JIA x
(R ) = eto.

with 'Nﬁ baing the total number of electrons detected in the run in which

Nﬂ mons were stopped., In this new scheme Eq. (A8) becomes

max N o nm' N alyv B
(r ):.'-3'% {1*‘ fotb(l-e'cfc) nzr—_ﬁ e aos [§n+ 20(fnf,)

('r/} +nCo) 7 } | (A20)

with similar expressions for the ofhar 15 elemonts of the matrix, We see
now that the first term (the larger one since 7“. involves a) will be the.
same for all elements. In addition ') A is only varying slowly with
respect to changes of I o‘r”A_ slot width a_f. slot widths near To/6, Thus
the use of Eq, (49) should largely compensate out any eystematic effects
.due to different slot widths, or to emall slot width changes during the
experiment. Actually 6 was caloulated from both Eq. (11) and Eq. (A9) to
see if there was any effeoct. It was found that the difference between the
two values of © was always <<‘1 standard deviation. From this it ie
included that the matrix is largely “eelf balancing® as regards slot width,
A given slot uidth ooccurs once in each group _Ra, 12, FB, B.a and eo there

i8 a large degree of cancellation of slot width differencee in Eq. (11).
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Appendix 3, Soms Optimum Settings

In this appendix we will examine the optimmi' v@iues' of the'
parameters involved in %ﬁml . Since 'tm allowable ra;te t‘ér atqéping
maons 18 not de pandgnt on T,, T, for this experiment it 1s relevant to
£ind optimum values from the condition that éﬂf&. =E be a minimum for
a given total number of stopped muons, & ) |

Equation (37) of text gave the rslation

E = | le.z | g__.* _2__ . All)
| 2n £(7)-T_) [A] UZ§ >y ¢ |

From E;;. (A4) and Eq. (26), for the symmetric muon atro_boscdpa near

rasonance we have
' 9a(l-cos 2 £,)

4 “2(1~cos Eo )

A= . (A12)

‘The vnlues of Z’; and Zz will be simply replaced by those ‘61‘2;1 and 2
‘ ‘ @

as given from Eq, (19) (1.e., symmetric muon stroboscope)

-T/f /T
Zx:t: 2 N/d [+] (1“005 Eo)(l-e : ) . (Alj)

9

It is noted from Eq. (412) and (A13) that a B counter of finite eolid angle

is being considered. From Egs. (All), A12) and (A13)

- 0.8 n V (Lecos £,) | Tl/t eTe/t .

. N = . + Prm—
af (T1~T Y1008 2 &,) \[(Tneda/t) /(¥ ) (N ) ()
) : “4°1 M“ e

+ = ' =
with the condition (N,u)l (N,u) o, = constant = K,
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Optimum solid angle of 8 sounter.
From Eq. (AM) wvo £ind %hat‘g iz gt & minimum when 008 f,,m 1/3

1.8, Eo= T1°, s optimum solid anglm ASZ'(op%); = %ﬁ . at«’réd. |

(ve sasums the same width in aaah ran)

- By inspection of Eq., (AM.) G ahould be as large aa pcssiblao How-n l
ever in that case the _mpetition rate vould be lovered dus to inoreased deads |
time dz‘-th!e'_ -ga}w o The value 0 = 2.5 4 sgc was chosen 80 ?.ba@th@ aiiomé.bia

repe’hitibn rate Qa.s the ’s'ame for any valus'of' Tup to~3 4 mcd In any

case the value of E doss not show much further decrease for lwgw values

. of G, as would be expscted since moat of the muions have already dsoaye&,

Optimum setting of Tg

From Bq, (Al4)

-, 7 : .y
0,8 ﬂVl«»co@f_o ee/Zt_ ~ 1 s /T

. N *
af(_lwc"@?&)*\f(_l“ﬂwﬁh)’” ST L PH

(a15)

=

where T, T1 = T Te , apd (Nu)l' will be taken as the independent
parameters. By ihgpection we want Te = 0 in order t,hét E should be es small
a8 poséiblm In pmctica the smallest value of T, that could be used was

’ .TQ = 0,2 _a'saci

 Optirmum values of (N ). ana 7°

' JE VE
These are obtained by the conditions = = 0 with the .
o 4')1 o7

results-
optimum T® = 2,6C = §,7 i see,

optimum ratio _( Z e - 7 /2T

W,)e (2")

23,7 .

The above work does not allow for fact that beckground is
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becoming'apprqciable at delays ~6 4 sec ard also th@t tho‘runming of |
such a long delay ubﬁlﬁ‘ih fact mean that thé astopping maon raté»wbulﬁ'
have to be reduced for the fl rn, In thm_ag#ual oxperimant.thé longest |
delay_uqed vas Ty = 3,1 ueec. Also the‘solié angle is determined by
the electron orbits (allowing for energy loss) in the magnetic field amd
- 4in this experim9nt 202?200. There was no way to increase &, ap@reciébly

‘and &tili retein a reaaohably eimple counter design,
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Appendix 4. Details of Electronice

A, Qroégovg; gglgg Network
The actual pulse conditiona under uhich we vished to operato

were firat determined by placing the actual ;aand 8 oountara 1n an

electron beam at the 184" aynchrocyclotron, The light level correspond-

- ing to elaqtrOna transversing the 1" thick scintillators was given a
relativevValue of 1 unit, Then in the actual experiment the muons would

be expected to give a 1light level ‘élight.ly greater than 1 unit due to

theif higher ionization, thle the electrons detected would be expacted

to give light levels in the rough range 1-3 units owing to their curved
orbits (estimate obtained by drawing orbits).. Thus 1t was decided to seek |
operatioh'in the range of levels 0.5 - 4 for aafaty; The R.C.A. Typs 7746

32 calidrated foy

'muitiplier phototubes were set up viewing a light pulser
this rdnge, and typical average outputs are shown in Fig, A3(a). These
traces were obtained with a recorder used in conjunction with a sampling
oscilloscope [rthis was constructed by the counting research group directed
by Mr. Q. Kerns, since most of the above investigation was done before
commercial models were generally availablé _7 whosq bandwidth was 700 Mc/
gsec, Clearly timing shifts ?-2 nanosec, would be oﬁtained with such a

palse height range if we attempted to standardize the pulses merely by
limiting then. “

Instead of using the usual overclipping arrangement to form a
crossover pulse, a more general arrangement was used in which both poaitiye
and negative signals were taken from the tube._ The behaviour of the
cregsover pulse may then be influenced by varying Rl and az (see Fig. AB(b)),
the relative cable delay inrerted in the signal paths, or the resistors of

the summing function, The values of these parameters were determined so

that the crossover point (positive p negative) remained steady ae the
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2V

Relative .
" light Saturation ) RCA Type 7746
levels H. =+2200V
. Load =62.58

MU_26853

Fig. A 3(a). Avérage output pulses from R,C,A, Type 7746 phototube for
four different light levels., Relative light level # 1 corresponds to
apprdximately 130 photoelectrons arriving at the first dynode of the
tube, The operating conditions are as indicated and tﬁe divider used

was similar to that shown in Fig, A 3(b), except that Rla 160 K, Rzz 220 K,

R3= 150 K 4n the present case,



- To emitter
mvu B

' Fig. A 3(b). Final arrangement used to form crossover pulse,

+2200V ~— 20 3 follower
) . 1002uf '
K Tav ”
.ooz,ul Ri3120K | RSy 400pf
axv | w7 { = $68
= Rp 2160K .OfOZT 120% Ql_ g hnd — ‘ Sumrtqing
—J junction
Ra3i130k KV 20|
‘Volmge divider
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3 100K .
] - To fast
Rvee:‘ig‘tg'rgg _ mixer through
ail 100K Hewlett- Packard
. 460A and 4608
2 68K .
130K
ki3

MU.26654
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Note that the capacitors of the voltage divider have not been shown,
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1ight level was varied (using ¢ro$sea'polarizgrs). Aotually vo are more
interested in the behafr;our of the spiked pulse (see below) vhich ie
mixed with the 200 Me/mec wave, so ‘- the parameters \?ér@ choaen M'-mininm
- its movement, Howevel, it was found tbat the behaviour of the crossover
point waé very similar to that of the apiked pulqa o« The final aystam
~arrived at, is showa in Fig. A3(b) and the timing ahift.oﬁ'»the gpiked '
pulée was £ 0,2 nano_séc as the light level was o’hangad‘ from O.,-S to 4 ‘Zh@ \
purpose of the 400 p.f, condenser at the summing funotidn was to prevent
operation of the fast mixer units by the somswhat ragged tail of the
amplified crossover pulse (see Fig, A4). As is seen from Fig. A3(b) &
sepmarate negétive pulse was taken for use in the standard coincidence oire '
| cuits, This pulse had a emall trailing positive pulse originating from
the summing function, :md it vas nacessary to remove this by & suit.ably
"biaeed emitter follower, HRecalling that t..e atroboscope 1s required to
have a'avemge timing stability ~0.01 né;nosec {Section IID) both_the 14
and 8 phototubes were supplied from the same high voltage lin:m. .In this
| vay it was estimated that a high voltage change of —~ 100 V was required to
'prodﬁca a relative u - § delay change of 0,1 nanosec. During the actual
.experimental run the high voltage variation was{( + 4V,
B. Fast Mixer Unite |

The circuit diagram of.one mixing circuit is shown in Fig. 44,

Each fast mixer unit has four of these circuits, The input amplified

erogaover pulee is sketched—in—the-upper- part of the figure. The swing
from nagatiite‘ to positive takes 3 nanosec., with the positive portion
rising in 1 nanosec and baing limited by the Hewlett-Packard 460B(linear)
‘amplifier. A fast rising pulse is then obtainast by feeding the am_plii‘iedl
crossover pulse into a groundéd base stage (2N1143, near cutoff)., Only

_the positive part of the pulse operates the input stage, After ql’ipping.



1=

Input
amplified
crossover l
pulse . - - . , .
One mixing circuit of fast mixer unit 05';‘\45\/
-~ . T3V
Amplified '
crossover ! L . \
input - 51K . S4.3K 260K
Pl i 4.3 KE, ) < 3
] L
<
:% 25 pf 'OOL
L aira 0i7-20——4 Q2i-24
A I /?)
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2O1pf * [ J sod |
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4 1 .
. ; 4 !
P2 LD_IMonilt_or Unmarked resistors ore /4w —A— = Short ieads .

NOTES: (1) xzand B fast mixer units each contain 4 mixing circuits as above, connected in

parallel at point A, .
(2) Tl-4 8:2 turn auto transformer wound on Type 102 core.
(3§ T5.8 inverting transformer (Pulse Eng., PE 2679-7).
(4) Transistors Q1 = 12 2N 1143
Q13=24 2N 501

Fig. A 4. Circuit diagram of one mixing circuit of fast mixer units.

‘b6
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a spiked pulge is obtained vhose amplitude is ~1/2 V and vhose full width
at half maximum is 1 nanoséc. This pulee vas»nohitbrod at point x‘by
removing the 12052 resistor. The spikad pulse was mixed uith zha'zoo Mb/bsé
wave in the second state (2N1143) and the ovarlap vaq integrated on the
collector capacitance and then amplified, The :::: adjust was normnlly
set 60 the output envelope was + 1.2V into 12552 load, Under light pulser
test conditions it vas found that when the following discriminato: wag sst
for a slot width of‘Co/t LEXCR triggered by 1/6 of 1nput pulssa), then ite
level was ~ 0,6 V, In the experimental run this corresponﬁing setting uaa
~0.8 V so that the aoint;llationqpuleas-may not be quita a8 fast as those
“of the light puleer. | | '
The input from the 200 Mc/sec oacillator wasg normally gat at-
2.2 V.r.m.8, and this was then atapped down to minimize loading of the
terminated line. TIn order that mixing circuit output variationa could be
associated only with relative timing it is necessary that the emplitude of
 the 200 Mc/sac wave be held constaﬁt, and that the crossover pulse be well
limited, The amplitude of 200 Mc/sec wave was regulated by means of a feed-
back circﬁit which controlled the supply voltage.of the output stage, It
was found tﬁat there were still some long time drifts present and these were
corrected mﬂhﬁally with a ﬁelipot. The fractional amplitude varlation dure
ing the experimental run was.<;i 4L x 10"3. It should be noted that because
all mixing oircuits of 4 and f fast mixer units‘are driven from the eame
200 ﬁo/eec, the effects of amplitude variation will tﬁﬁd‘tﬁ‘@ﬁﬂoet7—fTha
1imiting aotion of the croseover pulse vas examined by aetting the slot
width for Ib/é at llght leval 1 and then finding how the alot width varied
as a function of 1ight level, This is shown in Fig. AS5(a) where ve see

that the 1imiting in the range of interest (1 - 3) is very good and in fact
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Fig. A 5(a) Graph showing percent change in slot width as

relative Mght' level is varied,
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18 reasonable over the entire range (0,5~ 4). It should be moted that

this curve vas influenced by choice of series resistor in emitter of in-
put stage. | . |

Each mixing circuit was temporature compeneated as indicatod in
Fig., AL, The adjustment vas made 0 as to minimize the ohange produoed by.
a heat iamp,. In the actual run the temperature variation was only 399\
The fast mixer unite Qete symme trized as_ﬁuch}ﬁe poseible by éhoobing sete
" of L transistors with equdl delﬁy’timea fqr‘usa;aa Ql~4 and Q5-8, The de-
lay times were obtained by plugging sucqgsaivé tfanaiﬁtors into aﬁj Ql
goéket and tracing the spiked pulses. It was found that the timing distri-
bution for 2N1143 transistors had a width of ~ 0.5 nanogec while that for
- 2N501 tranéiétors was ~1 nanosec and thie is the reason behind the choice
of transistors aSIShowh on Fig. Ak Further‘symmetrization wae done by
studying, for example, the pulse haigﬁta in oﬁiputg 4 and C of B unit when
an output was received in B (used to trigger oscilloscope). .

Before the experimental run the muon stroboscope was tested 1n
a setup in which both s and B phototubes viewed the same light pulser (set
for light level —'l). The relative delay Z of the B signal relative to the
4 8lgnal was varied and a delay curve could be obtained for s given matrix
element, In Fig. A5(b) the solid line graph is the idealized curve we would
expect, the element IA being takén ae.an example; We assume the center of
‘the T and A slots are exactly aligned anq:gi_not consider. timing jitter.
Then the ordinate at relative delay Z is simbly the product of the number
of light pulses Np considered and the fractidn of a dycle during-which pulees
of relative delay Z find that pggg‘ slote I and A are turned on, The above
follous from the fact that the 200 Mc/sec oscillator and the light pulser
are operating independently of each other, (It is p:obably sasler to see
how the ‘idealized curve is obtainedlif we 1maginev£ha£ vwe leave tha‘;aahd

B pulses exactly aligned and instead vary the time diaplacement of the
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~ Fig. A 5(b). = — Solid line graph is the idealized IA delay curve for

'_Np light pulses per run.
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- Dashadv lines show deviations from the idealized curve

and were obtained in 1light pulser tests.
.+ Dotted curve is delay curve obtained with meson bean

traversing both g and B counters: ("beam. through" ).
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slot éenter#.) The dashsd sections on Fig. A 5(b) represent the devis~
tions from the idealized curve as measurad’;n the light pulser testa, Such
doviations can be explained by timing Jitter in the phototuh@é; Eypiéally
»Dl and D2 were ~ 5% Ny %;;- o Also D, droppad by a facfﬁr of 24na 2
change of 0,1 nanosec which ihdicatea the order of ths phototube jitﬁers
‘This checks reasonably with that expeoted26 in the above 6&500 Testo uero
made on the timing stability of the syatem by setting Z to obtain Np §L_;
counts (1.8, on the ateep sides) and 1ooking for counting changea ovay a
period of time, In a typical run of aeveral hours any timing shift was
<:0.0l>nanosgc, For comparison we - have also ahown on Fig. A 5(b), with
the dotted curve, a typical delay curve run duringrthe exp&rimpnt, In thie
Tun the meson beam traverses both 4 and § counters, i.e. the "beam thrdugh"
run described in text (Section II1 F), As Qould be expscted, the timing
jitter appéarg much-yorge here (Dl.and D, =~ AO%‘Np %é;,,pbnz'drbpa oy
factor 2 for 2 change A?OQB'nanosec.)a In the actual precession experiment
we may expsct that the timing jitter will be even worse because of the
" various eiectron orbits, .Timing Jitter alone cannot introduce systematic

error in the experiment but it can lower our accuracy by lowering A

the magnitude of the asymmetry as seen by the muon stroboscops.

- C. Deadtime Circuitry (This circuitry was designed and constructed by

Mr, R. Brown,)

(1) Deadtime generators l and 2

ﬁhene circuits could be wet for deadtimea in the range 1-10 16 886,

Th§y were set for 3 /¢ sec in the present work The same circult was used
for both units and is shown in Fig, 46. On receiving an input discrimina-
tor pulse it put out a positive 12 V signal provided ﬁhere had been no
previous ‘input in the preceding 3 i sec, The arrival of further inputs
during a deadtime merely extended the deadtime to 3 u sec after the last

arrival, 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 deadtime may be set in the range 1-10 u seec

by setting P.
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Fig. A 7. Anti gate geﬁerator for multimuon events, Also shown 1is S 33
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which is a slow 2-channel coincidence circuit with 1 anti-input for the

anti gate.
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pulee (we are assuming no preceding wlge) diaéhax‘geafhi So.pf capacitor
which then chargea towards + 15 V through P, The 1npd§-pu1§e alao drivea
Q5 (shaper) from saturation to cutoff, Aa»tﬁu 50 pf cabecitor charges to
near.+1‘7, Q5 is held in cu£off by the tunﬁel diode. Near +1 v the tunnel
diode switches to its high impedance state, driving Q5 into saturation,
The_éutput is then obtained by differentiation so that we obeerve only the
leading edge of the shaper collector wavei‘orm, The various propaftiaa of
the circuit are now clesr.

(2) Deadtime generaior 3 and SC 2, |

| This deadtime generator'is similar to the ones above except‘that
its range of éperaxioh was 3-35 4 sec., In this run the deadtime was set
at 10 (¢ sec, The output wéni to a slow coincidence circuit S.C.}Z aimilar
to S.C. 3 (see below). |

(3) Anti gate generator for multd ‘muon éWehts, and 3,C, 3. "The
circuit diagram is shown in Fig. A7, Its ﬁurpose is to prevent electrons
being aasighed.to the wrong muon parent as noted in the text., The incoming
stoppéd mﬁon pulse_is split, one path goes through a 25 nanoaed delay and a
10 ;4630 deadﬁima gemsrator, while the oﬁher goas to a two fold coincidenca
circuit, or 5and" gate; which.receives its otﬁeryinﬁut from the deadtime
generator as shown, For jﬁs§ one mion input there ia'no output from the
Yang" géte because of the 25 nanosec delay. But if a second muon arrives,
within 10 ;téec, it finds the "and" gate open and so triggers the flip-flop
which sehda an anticoincidence gate to S,C, 3, Then if no more muons arrive,
the f1ip flob is reset, 10 s sec after the second muon, by the tfailing
edge of the deadtime circuit output. The operation of S,C, 3 is clear, All
other slow coincidence circuits S.C, 1, S.€. 2, 8.C, 4, 5.C, 5 are similar

to S,C. 3 except that they have no antidnput,
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Appendix 5. Simlated Muon Precession

In this appendix we shall show th the test rﬁh desoribed 4in
tﬁe gg;?(Sectipn 111 E) dpasvindeéd siﬁulate mion preceasion at the fre-
quency set on the vﬁriable oacillator° ' v ‘_

| Figure A8 shows the complete timing aiagram for test operation,
" The uppef two lines réfer to the ;Aand‘ﬁ test fast mixer_unité (ﬁriven
by fzar.) and the loueritwo lines refer to the . and Q fast mixer unite

of the symmetric stroboscope (Fig. 3). The relative phase of fo and £

is dompletely random and the muons will thus enter in a random mannar with
reépect to both oscillators. Ve assume a phase differehce.¢T~between the

. and B olots in the test fast mixer units (recall there is only one slot
in each), and also a %eiative time deiay Z!‘betuéen'the stroboscope and
test 1 Tast mixer units (compared with the time delay between the correspond-
ing 8 units). |
The periodic curve Fav(t") represents the probability that an

electron signel could pet through the test 8 unit at time t" after a muon

T

signal got through test.;zunitg averaged over all arrival times x' 4n g, .

(By putting 2 = (t" + g%-f var) we see that F;v(z) will be very similar
o ‘

to the delay curves of Fig., A 5(b). The only difference between the two
cases 46 that the timing jitter will not be the same.,) We will assume that

the "pipa"-of Fav(t“) are symmetrical and so from Fourier analysis we write

<

; T var . -
Pt = 2 e cos m(g + 20 £ g) (A26)

Thua for the test fast mixer units we have —

T
Probability that x4 counter signal arrives in g/tz fvar T .
0

8/‘
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" —pu counter signa!

) . Denotes slot center ~
SR I , |
OFF | - K :
T — .
_-lsz‘;'“' |_, o Test

: fast
f3 counter mixer

A A
,_L_ fa* ' Fault" )l signal :
ON units
COFF | — 3 (o™
T n : . . e
gﬁ—-| - 1

] . Delcy=T_-_ﬁ'.T'
on (9x = i Gate I ‘
- QFF [Tl (e ] [m] [] e
pcounter. e ' ! .chizte;IG— ~ | Stroboscope
signal . ] _ E _ : fGiSt
5 mixer
ON l fo —] ey =l dt s units
ofr [ a | Jejfcljo]Je] | Jall] B J e
' L—B counter signol’
MU.26658
var ' - '
£ = frequency of variable frequency oscillatoer.
o .
, fo o= frequency .of 200 Mc/sec oscillator,
= 199.82860 + 0.00010 Mc/sec.
T .
'] = phase difference between muon and electron test fast mixer.
Fav(t") = -average probability (averaged over x!') that B gets

through 8 test unit at time t™ after u got through u
test unit,
Fig. A 8, Complete timing diagram for test operation, A typical event

var
is shown., Muons enter randomly with respect to both fo’ £ because
o]

oscillators are independent,
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Probability of a ﬁ counter- signal in dt at time t after muon - sigxml

arrivas
-t
Alj?— /c Q’{m—o amcosm[¢+2 f"“(t-z”)]} (a17)

where ‘7’? have used t" = (t-Z" ). The asymms try of the muon (negative)
decay is too small to affect the preaent work. Thus we have aammed an
isotiopic decay distribhtionu |

For the stroboscope fast mixer unita we have—
Probabiiity that /zcountef signal falls in dx ='f° dx. (note that the
averages with respéct to x* and x can be made separately‘beoaﬁse of the
fact that the relative phases of £  and rZ&r are random),
Probability that B counter signal arriving in dt gets through B fast mixer
unit = 1,

Thus the total number of IA counts in 4nterva1 dt within first

A slot of gate G is given by
2 var T -t/c <§i T
F = AS)_ o > var
dF NM fo gﬂ fo dx == ’f’{ a cosm (& + 2»n fo t)}
(A18)

vwherse gu is the number of muons stopped in the run and f? = ¢T - 2n fvar z/{g
o

We note that Eq, (118) 1s very similar to Eq. (14) the only differences

var T
being the additional factor f g eond the additional harmonice in the
[¢) s :

above case, Proceeding in the ususl way we obtain (as in Eq. 18)

N =0 (141 o) /T 2 % '
2 (T 6
F=2 2 h oln T 2nlg T 7
> 2 he S T e n L8N anle) o ) T

with ' (A19)
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‘The expressions for L, B, and R may be obtained from Eq. (A19) with the
following Bubatitutions— |
L F - FT o+ 2
5T T -
B £ - $ +
| 5T T , 3n
R 3 g g+ .
We also define the tast phage angle in the usual manner (Eq. 11)

2 oot

Ctan ol = . -  (a20)

'FS-BB

Thus we obtain

+T¢T
p : mor ® sinm /BN K 7
tani@ = - : » S — ,
N ?— o 45}52 mn/6 -nLe/iC T
e o 4a o m e cos . m 3% Ky 7

| (a21)
_ whex;e @Kn =2n (f;ar - fO)(T + ntn) and ‘we see that only the odd harmonics
enter, -’Comparihg Eq. (A21) with Eq. (20) we see that, although the early
and late.phasea.‘ plots must still be equal at fzar = fo » they may not be
closely appré»xinxated by‘at'raight lines in the present case., The first
éoafficient to complicate matters 1s aB, but it is .probably quite small

compared with a. since the frequency response of the system is already

1
falling off at 200 Mc/sec. If we assume F ,(t") "pips" are triangular,

2 2
sin®“n/2 sin” w/6
‘with ba8e¢ w~odio.. , then 85 5 7 QL‘ 5% a ";;J“L for m' in

_ m' fVar 1
range 1-2. Thif range covers the shape of the "beam through" delay curve

of Fig. A 5(b)., 7This curve will be similar to Fo(t") as noted earlier.,
(Experimﬂnt shows that F . (t") ie slightly less peaked than the "beam
through' delay curve.) In the test runs the si;atistical accuracy of |

(Fs - BB) 'and'(RB - Ls) was oply ~5% 850 we assume thﬁt‘ the higher harmonics

may be neglected. Then we have
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R oae .
n%e sin [ 3" + 20 (€17 - £)(r + 0l 7 |
tan 6T= N t " . ' _7 . (AZZ)
-n v o
‘g'e D/-Csin (§T+2ﬂ (fvar.-f T + n-c'o)_?
n=0 K (o] 0 -
Comparing with Eq.'(ﬁo) and Eq. (28) ve get the analogies
2 =z 2
242 g | . o O (a23)
'f:ar 3 f

Thus it is seen thd%’the bebgviour.of the combined muon stroboscope and
test sysiem, viewing 1sot;;5io mion decay, is the same as that of the

muon strobbscope alone viewing the precessing aaymhetric mion decay at
frevquancy -f:;al“° Re.ca‘lling Eq, (21) and Fq, (23) we Bée that OT 18 the
weighted average phase difference between the muon.stroboscope and the
first harmonic of Fav(t") for the qlectron gate in use., For the actﬁal
experimental results ﬁhe couht§ wdre corrected for slot width so that

CH was defined after Eq. (29) rather than Eq. (11).

I T B 116)
we set gﬁ z Fver we may write Eq, (A 16) in the form

-1 T T -
Fav(t") =2 YA +a cos (f + 2n fzdrt") _/

3

(A24)
+

M

~ 8 cosm (¢@ + 2qn £Vor L")
2 m ) o

T .
where a = 6‘al is the test run "asymmetry coefficient" analogous to that
: refated :

of Eq, (4), Ve see that it 1s reaited to the coefficient of the first

. " T l
harmonic of qu(t")' If ve also set 8/4: g sVar then.thg counting rate

for test operation will be only 1/36 that for Rormal operation eince the
- muon and-electron signale each have a probability of 1/6 to get through

their respective test circﬁits.
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" 'Note on "Bea ough" 0 1)

The matrix counts NZ"G (e-¢0 _7 are considerad a funotion ot
averagé electron—muon phaee difference, B(G-AQ, in uhich we neglect
multiples of 2 n, Thus we consider that we'have four pointa- F8 corres-
ponding to G(e—pﬂ , 18 oorrasponding to O(e-pﬂ = q/2, etc., and £it

| the curve (by least Bquares or Fouriar analysia)

N[B(e-u) .7 =a, [1 + bo coe_(e(e-u) +9) 7 . (A25)
R -L
It can be shown that*an ¢ FB v and 80 we have the eignificance of the

"phase angle" under "beam through® conditions,
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 Appendix 6, Partially Correlated Errors |
| Ve consider two measurements, x, and x,, of‘a quantity x. The
errors in these two measuremsnts are considered to te made up of & random
erroxi with standard deviations 61 and 82 respectively, toéether with an
error of standard deviationAo which is comontdboth xl and xé. ' It:in

considered that 5. and 5, and QD yore all indepandent (N omay be random

1

or systematic) and that ve desire to determine the weighted mean of x, and

x, together with its standard deviation, Tt may be shmml'o that theae

quantities are given réspagtively by

=, 52

= i=1,2 |
x= = i (426)
Er 3 -
and
- (_2+ i
x= \ S o = 1 (A27)
\ 151,25 2 S
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at

B Ao
A,B;C;Dy

I,11,11I,1V

A

fp(‘i-‘,t)

(1)

P
(1)
£,7(¢)

(3)
fp (th)

IX, DEFINITIONS OF SYMBOLS

'expemmntal- asymietyy coefficient

theoretical asymmetry coefficient
voefficients of straight line fitted by leésst sqphres

slots of § (aleétron) fast mixer unit
slots of p (mwn) fast mixer unit

muon decay asymmetry as seen by stroboscope

background asymmetry as seen by strobogcope

'> muon decay asymmetry after background subtraction
" veltelty of light

alactron charge

fractional error in g/m
muon precession frequency.
aladtran pracesgion freguency

proton precession frequency in weter

energy averaged angular distribution of electrons from

muon decay (relative to muon epin)

energyIQVeraged angular distribution of electrpns from

muon decay (relative to "polarization vector")
frequency of 200 Mc/sec oscillator

frequency set on varieble frequency oscillator
proton fraequency (water) at ¥ at time t.

monitoxr probe proton frequency (water) at time t

transfer proton frequency (water) at time ¢

110,

proton fraquency (water) inorease between target centre and

point ¥ at time t



T (t)

Fnetc _
F,L,B,R
¥°,18,8°,5°

FD("Lx,Bx‘R)C

BB

backgroumi U,
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'mbabiuty that electron ge't.a' through test P \mit at’

time t." after muon got throush tast i unit, a.verased over

. aryivel times of mucn in alct or test u unit

z’orward counts \etc dus to e]._a_ctrona in the (n:t'].)_t"h -

contributing elot within gate

forwaxd, left, back, right counts

sum of four forward scalers, ete, of m_ﬁ.tﬁx

aum‘or four'forward s.c&lers , ete of ma"trix after each
has been eorrected f‘ox slot width

sum of Tour forwsrd acalers y ate, of matrix during

Bath scaler has been corr%ected for slot

width.
FoL,,B R, (F* - F) ete.
8 mion g value
gp proton g velue
g, electrén 2 velue
gA,gB,gc,gD slot widths of [ fast mixer unit
31 gn IH IV glot widths of u fast mixer unit
G width of gate set on Gate 1L
H magnetic field
k Y
1l o £ of
n muon mess
ny proton 'maaa
mé electron mass |
N | number of cycles of ieOO'Mc/sec oscillator within gate
_N’ an integer .
N

number of stopped muons
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- pumber of dqmw_oloe‘emnd -

-number of muons syriving in §lot I ete, .

numbaer 'of electrons arriving in alot _‘A' atey

wa trix counts coxia'idar;ec_i aa function of ﬁvaragc elestron
muon phase a1fference (1.1;”‘vuh1¢h muiti’plna of 2x are not
conpideréd) | '. | M )

rntid of matrix.cbunting rétea for. empty target and full

 target runs

muon polarization at decay

. time after muon stops

: time after start of A slot

early gate set on Gate 1
late 3&%@ sat on Gate 1
any gate set on Gaté 1

time after start of I slot

frequency scale used for fitting'reéults of positive run

frequency sealekuséd for fitting results of”nagative run
time between start of gate and first A slot
relative delay of /5 counter signal lins

relative delay between stroboscope and tast u feet mixer

wnite

fine structure constant

elactron

muon total energy = mrea
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statistical errors in x, x,

comuon eryor in both xl and x2

element ot aclid angle

in error discussions 1t denotes the standard dsviatlon of
the quantity it precedes.

angulaxr coordinate of finite solid angle p counter
phase of muon in rotating frame

phase of muon in rotating frame after Cctrectién for
slot width and background R

phase of background in rotating freme .

eqﬁiv&lent phase for test rw’

average electron~muon phase difference neglecting

“multiples of 2n

engle belween muon spin end direction of electron emission
engle between muon "polerization vector” end direction
of electron emiasion

muon

~gun of ¥, L, B, R

- sum of Fa, Ls, Bg, R® ie. totel matrix counta

sum of Fx, Lx, Bx, K ie. totel matrix counts after

correction for slot widih )

sum of ¥ *, BY, B* te. total background matrix counts
W O Fys Lys By K, e -

after correction for eslot width

sum of Fb, L., Bé’Ro ig. totel matyix counts after

Q
correction for slot width an& subtraction of background
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] - muon mean life (2.2 1 aec)

1# | period of 200 Mc/sas oscillator

¢ angle between muon orbit end exis of B counter at
ingtant muon crosses counter / |

i’ angulur coordinste of finite solid angle £ counter

phase difference between y and § test fest mixer units

eguivelent initial phese under besm through conditions

e-o‘& '%

initisl phase of muon "polarization vectox"

Q(CHBrB) “initial phess in positive run with‘Z = O_.
®(H,0) .  4nitiel phase in negative run with Z = 0
@D Carify of initial phase |

1A N

17 ate delay of centra of A élot relative to centre of I slot, etc.
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X. TABLES

Table I. Wc&l‘éounﬁng rates.

" o . L .. | ) _. y . : 'wna
Baan Terget Stopped. Muons/min. (82) ~ |2 =02 see
“Targat Tavget | darget | Target
_ Pull Bupty _ Out Full
Positive _ ' ‘ ' B
1/ Fall Beem | e : - .« 103 | 3
Suort Duty Cyels | CHBF3 | 9:0 % 193 2:0x10> | 1.8 x 109 60
s Been 1 w0 1.5%10° | 1.0x10° | 7.8x 10" | 720

? = Delay of Qate 1 (width of gate Q = 2.5 B gec).

£ = Total 4 x & mtrix counts.’
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Toble II. Data obtained from full target runp with positive muons.
Counts shown are obtained from ectusl counts with Bg. (29).
B fg B z." o ' ,! A = 231 & O.dl nandsss
u Bec Nc/seo ¥ B R i gl & |

0.2 62,7 762 | 1114 | 1088 | M4 1151 | 885 | o1r | 1mh
15 107711318 | 1370 | 9 283 | 1770 | 2086 | 2673
7% ] 11h2 | 1426 | 1256 | 926 1189 %g 1016 | 1267
T7 ] 3238 | 3943 | 3313 | 2523 2589 | 2 2742 | 33h2
78 1071 | 1310 | 1037 | 804 165 | o7 | 1296 | 1852
19 1336 | 122 | 1026 959 1240 | 1085 | 1429.| 1605
80 1044 | 1122 8ho 795 834 7% | 1123 | 117k
1.5 | 62.7% a1 | o6 | 1an |l 986 | o8| sou| wye ] 6m
, 75 g 617 | chEL | s | 598
76 | 237 33| 332 | e 3L | 263 | 287 { 367
i 0 | A3 | 36 | 215 871 695 | 936 | 1097
13 340 6| 2l 255 heo 365 k95 555
79 , 485 | S22 | 763 | TAS
- 80 Y 636 472 600 - hék 590 674 591
3.1 6274 196 200 275 280 349 405 %1 258
75 166 | 569 | 1311 | 1053 437 | 36T | 3@2 | 3M6
76 536 | 132 | 192 | 595 678 | 568 | 509 | 6k
77 335 | BOO | 39h | 258 TH9 | 533 | 643 | 81k
78 By | 160 | ST9 | ST+ 572 | 547 | 723 | 67
g9 g26 | 6y5 | 535 | 697 320 | 313 | U435 ] 359
0 697 513 5ol 68L 308 338 | 386 205

Typlcal awsymmelry A =

-1

Y PR xa")f'2

£

= Delay of P counter

= Delay of Gate 1 (gate width G = 2.5 p sec)

= Proton resonance freguency of monitoy probe
PL in Mc/sec
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Tsble III. Data obtained from empty ta.rg@t Fung with msmﬁw m|Ons o
’ Thaamunwrdslay&NOmamﬁa
IE I | 8| | ,A.bu.o %xm >
u sec | Mc/sec | B S R o :
0.2 | 627 | 108 | 19| 135 | 97 | -L.5 o8 |
17 125 10 136 96 «1 8 0.7 0.112
80 138 | 137 51 19 | -0.9 0,7 | 20,007
1.5 T4 67 70 8 T2 wlo3 1.0 0,135
80 91 87 ™1 9 «0,9 0.9 204610
3l 7)4 37 l&3 by 11»3 «0,9 143 0,139 |-
' Bo 35 by 31 35 -1.5 1.9 £0.,013
AVD‘ =12 0e3
T = Daley of Gate 1 (geté Width G = 2.5 p seg.)
1"; = Proton resonsnes frequency of monitor probe Fl.
2 Vg -5 -
by = 5 f
b
1,20
e to " Tt A —
o X 4
Va/2
Target empty ?%/bewn moni tor
Y =
Target full & foeam monitor
£ ,-*Zi; = Total metrix counts cormcied for slot width Eq. 29.
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Table IV, Data cbtained from full target (H,0) yuno with negative
muones HNotation 4is same as that of Tebles IX and IIZ.

T | &

O IR R O o B
TR-1-1 He/sec
D.2. 2.4 | 2510 2339 2h32 2309
Tt 10079 10179 1042k 1 10017
80 22210 | 22129 2227 22072 0,080
83 | 10357 | 1011 | 10239 | 10177 | 20.008
86 28884 26850 2Baht | 28524
89 13041 12862 12694 | 12873
2.1 i S70L o770 9817 9768
80 2k 36 2hrh 2524 ahgz |
83 2638 2592 2670 2599 Del2
5 2hbg | 2518 2393 2526 £0.,0L
By | 7us8 7540 572 | 7550

B counter dalay Z = O

-’c.’-lvi(ﬁx* Lx)'a +' (F~- Bx)e"

CAvarage asymmetry A =

m -(1.0 & 04) x 107% (see text)

T = Dalay of Gate 1 {gute width G = 2.5 u sec)



Table V. Resulis pf pimulated muon test rune -

119.

L* ete. obtained from actual counis by BEq. 29,

£, = 19982860 £ 0,000L0 Mc/sec.

oF =

is obtainad from Bg. 3

.z“, ‘1‘ fg@ . x Rx ..T o .
nanosec | u see | Mofssc | ¥ L v 0 o
o o2 {199.73 {511 | 199 | = 85 | + 77 | 2.3°
83 | 506 16 | 3 266 | 1164 | 2.2
| 93 | 199 1 | k2 | 42 | #1596 | 2.5
3.1 199.73 20 | 359 206‘ 1 | -27.5 | 2.7
- 83 | 209 8 | 0.1128 | 199 3.5
_ . 23 2 68 | T | 112 | +262:1 | 2.9
2 | o | 199013 2 | o | 357 | 81 | -89 | 2.6
. | 83 5 | 299 | 319 3 | -51.7 |26
93 85 | 481 | 229 2 | ~16.7 | 25
3.1 199,73 36 1] es | aze | -185.2 | kA
83 1 65 80 1 « 510 5.3
93 | 104 23 0 38 | +98.2 | 5.1
zM = eaditional delay placed between normal and test muon
fast mixers.
T = delay of Gute 1 (gate width G = 2.5 i sec,)
fzarm fregquency eet on varisble frequency oscillaetor.
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Teble VI. Positive muon phase angles after correction for dackground.

T = 1.5 psec

7 f!; T ﬂAB-ol usea
 {nanosec ' ' T £ ' ; £
Mc/sec 8, a8, ?O . o8 8, ,AQO
o 62474 43,0 6.7° 1 w9607 7.5 | -aam® | 13.6°
75} =352 T.2 - - 95k | 6,0
6 | 2.6 ) 7.0 =429 J12.2 | «57.8 | 9.0
T - 21 ] b2 + 0,6 | 9.7 e 133 9.1
» 78 +* ‘402 ' 6;6 "'26-6 1‘807 + 500? 91!7
T9 +35.2 6.4 . . ‘9‘ 93‘6 6;7
- Bo - +32.4 | 8.3 +81.5 | 10,1 | 4139 10.2
2,51 Th -21k.5 | 8.2 26705 | 11,3 | -3e2.3 ] 12,2
*.a 75 | -zced | 5.0 | -2voa | 204 | -3 | 15,9
() ~200.9 | 7.3 -198.3 | 17.3 ~24L.1 | 13.9
7 -171.6 o2 «170.1 T8 -196.9 9.0
78 "1.6602 6«2 “15901 llvo -l’40»9 9n?
19 1 =159.5 [ 6.9 -125.3 | 7.6 | ~207.7 | 15.6
80 | -143.5 | 6.5 - 90,0 | 2.2 | - 55.4 | 21.3
HO ig dﬁtained from Bq. 45
Aﬂg is obtained from Fg. 51
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‘Teble VII. Regults of fitting streight lines, Eq. 56, to
 positive muon phase difference data., 8, 10
expressed in degrees por 10 Kefsec, -

2 'Tl - '1‘@‘ &, | — Expeximental Kgis‘%) &z(“ﬂ)
nengsece | - usec Bge 55 e, azaa 8y Aal . o
0 3¢l = 0.2 | 33.2 | 32,512 ~1 1N 40,02 . 0413
032 -1.5 (8% [15.9 3.5 +27 | -0 Olh
1.5 -0.2 g [ 177 [ 2.7 ~306 [40.35 | 0.33
1251 (3 -0.2 [ 332 [ 37| 3.3 -26]5 |0 016
CoE W01} 3 ; f ; : _
: o [ 33145 184 18,31 3.7 «16 16 | +0.87 | 0.39
15 -02 W [t fes | oo s | s0nr | 0.7




122,

~ Table VIII. Tabulation of phese angle error Ads

due to background in positive muon run,

P N b

: A | e~a A8 a6°
 sec o] o b b | .
0.2 | -0.24 % 0,01 10° - 18° 1.1°
1.5 | -0.eh £ c.02 - ® O 2,6°
3.1 w026 & 0,02 6o° B 1e7°, aa9°

% = 0 in background run.

/\Gz is glven by Bq. 52.



v. T&bl@ IX.

Final results for positive muon Funs

123,

The freq,u&my ratio

for frea positive mwons and free mmns may also be

assumed to be glven by (f/f ),

PR VaB(eP) + o3P ) 0 &
1 e | o 1 ] -
n.see: X(xoe) M‘mm) a, |(res; final)

3,1 = 0.2 | 40,20 | 0.10 005k 0.067 0,15

30l = 1.5 | 40,45 0,29 0.23 0.13 0+39
F(ies) = +0,20 oX(res) = 0,13

f (133) 3 ar fres) = 62,7720 £ 0,0003 Mc/sec
;/21"“ oo )
Af‘p(xas) S VN p(res) + A fp
Ai‘p = 1.8 x 107" Me/sec
: Bge 40
£ = £
U P

Q.n 7 ; i e ¥ -
v fp(rea) Afp(ras)

i

62,7720 £ 0.00L4 Me/sec

'y

A\
= fo + mfo

"
o

T =

f
P

.\
(f/fp)

= 199.82615 £ 0,00000 Me/sec.

]

3.18336 %

0,00007

positive muon frequency in bromoform

proton frequency in wmtexr
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Table X. Final results £or negative muon run.

: e Experimental : .

T ° | 8"(max) | x'(xe) | X
peec | Bqo 24 [ e, |da, e | Aa . | (res, final)
0,2 | 139 (.o | 3.0 | +6° | ® | 4.8° -0.79. 1eah
c2a | 35.7 [32.5 | 8.0 | 426° | 35° | 7.9° 065 | 113

i'(ms) w «0,72

vﬁ'(mﬁ);m 00&

62,8228 + 0,0084 Mc/sec

#

g m
fp(res) + Afp(res)

Ai:?(rea) = ‘VA fg(x‘eg) PN fp
: - o,
oy = 7.2 x 107 Mc/sec
| . Eq. hp
. A
d = fm ~ 2.5 %10
r P 5

A fp(res) + .Afp(ras) = 62.823 & 0,008
f = fo t AfO = 199.8275 & 0.001h

p
t{;..) = 3.1808 £ 0.0004
p/HO

s

f = negative muon frequency in water.

fp = proton frequency in water.
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