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THE CHARGED PION LIFETIME MEASURED IN FLIGHT
Lawrence Radiation Laboratory
University of California
Berkeley, California
ABSTRACT
The lifetime of the charged pi meson was found by determining as a
function of distance the number of Surviving pions in a narrow beam.

L + - . )
Measurements for both n and n were made along a 36-ft .decay path,

equivalent to 0.6 lifetime, using a movable pion detector. The monitor

counters defining the‘beam Weré deéigned so tha; thé measured

attenuation with distance was due solély to pion decay and not to loss
of scattered particles. Tﬁe attenuation together with the .pion velocity,
derived_from a precise time-of-flight measurément, aetermined the life-
time. The movable counter and the pion detec;or in the monitor system

were differential Cerenkov counters with a liquid hydrogen radiator.

" The lifetime measured in this experiment with pions in flight,

26.02+0.04 nsec, is in agreement with other equally precise experiments:
with positive pions at rest. Comparison of the lifetimes measured with

pions in these two states of motion is relevant to the question of

microcausality in field theory.
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I. INTRODUCTION

A. Different Experimental Methods

Since the discovery of the charged pi meson, its mean life has been

measured by a variety of‘procedufes. The most frequently used method

~

consists of stopping positive pions in a scintillator and measuring the

timing of the decay muon in the same, or an adjacent, scintillator. 1In
early experiments of this type, photographs of osqilloséopé traces were
measured by hand to determine the timing for each eﬁent. With the use of a
time-to-height cbnvérter and a multichannél, pulse-height analyzer, the
statisticai error caﬁ be easily reduced. The two.mostvprecise measure-
ments of the positive lifetime were made with sfopping pions.and employed
such electronics.

The negative iifetime can not be measured by the same teéhnique.
When a negative pion slows down in matter, it enters a Bohr orbit and
interacts with a nucleus. Capture by the.nucleus, a strong interaction,
has a rate far exceeding the rate for free decay,.a weak interaction. (In
contrast, negative muons interact weakly with nuclei, aﬁd their lifetimé
can be determined from stopping measﬁrements.) There has been recent
interest in testing CPT invariance by experiments comparing the lifetimes
of pions of both signs. 1In order to measure both lifetimes by the same
method, these experimehts used a pion beam which could be changed in sign
and compared the attenuation as a fuﬁction of distance aldng the beam path.
The measuremenfs determine the absolute lifetime in addifion_tb the life-
time rétio{

The experiment described here is of this type.1 In~§revious beam
measurements the emphasis was on the test of CPT; and becéuse of the design

of the'experiments the lifetime ratio was more free of systematic errors
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than the absolute lifetime. fhe duoted errors in the lifetime for these
earlier_beam experiments were much greater tnan the errors for expetiments
with stopping pions, and the values for the lifetime disagreed not only
with each other but with the stopping measuremente, Table I giVes the -
results for experiments of both types. '

Table I. Measurements of the chargedvpiqn lifetime. (Values are

in nanoseconds. )

Most precise experiments with stopping pions .

Eckhause et al.2 v . 26.02+0.04
Nordberg et a1.3 _ 26.04+0.05

Experiments with pions in flight

Bardon etral.é : 25.6i0.3 |
" Lobkowicz et al.’ _ = 26.6716.2&
Ayres et a1.6 o - 26.6%0.2
Petrukhin et a1.” - 2h.8x0.h
This experiment - 26.02+0.0k

Cné motivation for determining the.lifetime by a differentitechniQUe
is that all recent experiments with etopping pions ueed sucn similar
arrangements of counters and electronics. vThus, while they all shared
the advantages of this approach, they conceivably also. shared unkneWn
systematic difficulties. Systematic errots in the method can indeed be
significant. The recent Rochester meésnrement_with stoppingrpions (Ref. 3)
was motivated by an earlier eXperimentbwhich disagreed mith the William
and Mary result (Ref. 2) by'some four standardvdeviations.

This experiment and that of Ref. 6, both performed at the Lawrence

Radiation Laboratory's 184-in. cyclotron, used the same technique. The

o



—,

-

i,

-3-

author and several of the collaborators who carried out the present
experiment participated in.the earlier one. The first experimenf had an
error comparable to the other beam measurements and was just as much in
disagreeméht with the stopping measurements. Nevertﬁeless, its method
was potentially more suitable for a precise measurement of the lifetime
of 'pions in flight than were the other beam techniques. The experiénce
of the first experimenf and the increased undersfanding of the syétem
during the course of the later one enabled éystematic errors in the
technique to be discovered. It is feltvtﬁat_the difficulties in the first
experiment éfe now understobd and that the pfesent experiment has elimi-
nated or pfoperly taken into account, the major systematic limitations
of the method.

A measurement of a time inferval must be c51ibrated against some
standard of sufficient éccurécy. Experiments Qith pions at rest typically
use a high-frequency oscillétor. Calibration ofithe frequeﬁéy of the
oscillator preSentsvnb diffiéulty. In experiments ﬁith pibns in motion,
the velocity of the particles is needed to cbnvert the observations at
di fferent distances from the poiht of production to‘correspbnding times.
Because of the velocity dependence of the time-dilation factor, a more
precise value‘of the velocity is réquired to caléulate the lifetime in

the pion rest frame--the fundamental quantity--than the lifetime in the

-laboratory frame. Assuming pure exponential decéy, the probability a

pion existing at t =.0 has not decayed at time t in the laboratory is
exp(-t/yt), where T is the lifetime in the rest frame. 1In terms of x,
the distance of the pion from its position at t = 0, the exponent can be

rewritten as



he
" "The observed attenuation depenas on.the éroduct,of the momentum p and
the lifetime; thus the relative error in thé lifetime can be no smaller
than that of the momentum.. Because ﬂp/dB is large for'relativistic
pa;ticles, a given relative uncertainty in 71 requirés a much greater
precision for the velocity. |

A beam experiment can derive the 1ifétime.from the obseryed attenu-
ation with distance by determining either‘the velocity or the momentum
"of the beam. This experiment relied on a_time-of-flight méaSurement of
the beam velocity. The calibratiéﬁvofvfhe time-of-flight system.uéed a
high- frequency oscillator. Thus the fﬁndémental time standard'Wasv
essentially the same as for'expefiments with_stopping pions.

One feature all beam experiments require is a monitor system of

counters establishing a beam whose lateral extent is sharply defined over

the entire decay path. The diffefénce in the numbervof-pions at the
beginning and at the end of fhis distance must be due soiely to pérticle
decay. Any pions whiéh”miss the final detector cause the measured life-
time to be too short. Measuriﬁg the nﬁmber‘ofvsurviving pions at t&o or
mdrevpositi§ns along the decay path deterﬁines the lifetime.

It is not essential that both the moni tor system and the final -
detector be able to distinguish pions from otﬁer pérticles in the beam{v
In fact; only this experiment aqd its‘earlier-veréioh used a final
detector that distinguished pions. The other éxpe:imeﬁts idéntified'pioﬁs
at some point ahead of the decay path. Data from tHe final detector had
to bevcorrected by calculating the effect of pion decay products which
counted. The calculation is simplified‘by the fact that pions decay
primarily by a two-body mode with a single charged particle. Predicting

the effect of detecting decay muons, however, requires knowing the spatial
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distribution of pions élong the decay péth.' Tovdetermiﬁe this distribution
experimentally requires a downstream pion detectbr, Vhich is lacking in
these other experiments.

There are other‘diéadvantages in nbt being able to‘distinguish pions
from decay muons along -the deéay path. vThe maximum lateral extent, the
envelope, of the pions in the.beam can not be directly measured to test
whether this envelope is smaller than theaapérture>ofAthe downstream
counter at all positions along the decay path. Alsé, if decay muons count
in the detector, the total number of counts depends on its precise lateral
position. The nuﬁbér>of decay muons decreases with radial distance from
the beam center line. Thus, with the detector off center, the number of

counts decreases even if all pions are still intercepted. A counter which

' responds only to pions and whose effective aperture is larger than the

beam envelope is insensitive to small lateral displacéments of its

position.

In the earlier version of this experiment the‘mdnitor system did not
distinguish pions. As long as a constant fraction of the particles defined
by the monitor is pions, it is sufficient if only the final counter is a
pion detector. If the monitor réjects particles which are not pions,
however, the experiment becomes insensitive to fluctuations in the relative
intensity of these other particles.

_ The present experiment is the only one which emplqyed pion detectors
both in the monitor and along the decay path. These were differential
Cerehkov counters using either liquid hydrogen of'déuterium as the
radiafing medium. The counting rate in the experiment was high enéugh so
that statistical error was not the dominant uncertainty ih the final result. -

Systematic errors associated with the final detector were the major
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limitation. A large fraction of the running time involved investigations
of Systematicvdifficulties in this counter, and much of the subsequent

analysis was concerned with these problems.

.

2y
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B. Relation to Theory

There arevtwo featurgs of theoretical interest in the measurements
of the pion lifetime: the Qalue of the lifetime and the possible
difference between results obtained for pions at rest and for pions in
flight.” Goldberger and Treiman were able to express thevpion decay rate
in terms of the weak-inﬁeraction coup1ing constant and the pion-nucleod
coﬁpling constant. . The theory of the weak'interacﬁion had successfully
related reactions involving nucleons and leptons. It was remarkable that
the theory could be extended to include gnother strongly interacting
particle, the pidn, with the addition of a single parameter. Aithough
the Goldberger;Treiman relation was ofiginally deduced from a dispersion
relation calculation, at thé present time it can be derived within the
framework of other theories. In particular it follows from the partially
conserved axial vector current (PCAC) h?pothesis.9
From the V-A theory of the»weak interaction, the-expreésion for the

pion decay rate, calculated by the usual techniques of field theory, is

© m m 2 : m 2.
_ X . B M .
r= 8 1 2 m f2 )
m < | Tt

The rate depends on one parameter, the dimensionless coupling constant f.
- With conventions consistent with the above equation, the Coldberger-Treiman

" relation has the form

C .
e 5 I G af

M Cv g
CA/CV, ﬁhe.ratio of the A and V terms iq the weékaamiltbnian, is 1.18.
g is thé pion-nucleon coupiing constant; gg/hﬁ = 15.  The préduct of the
weak-interaction coupling constant G and the_square of the proton mass M

5

is 1.01 < 10 7. The pion lifetime determined by these values is 33 nsec.



-8-
For a calculation which involves a strong-interaction vertex, the prediction
is quite good. Nevertheless, the theoretical value is 27% too high.
Experimental measurements have a far greater precision than is needed for
testing existing theories of the deca&‘prdcéss.
The second relation of the lifetime measurements to fheory'concerns
. !
special relativity. At present no violétions of this theory have been
observed. It may be that the structure of space-time is different over
very small distances, but that expérimenté-tb date have not probed this
.region. Since high energy phenomené are required to test interactions at
small distances, experiments in high energy physics must be used for this
type of verification of special relativity. Blokhintsev haé examined the
degree to which present data . of various types'support the thedry.lo
Local field theory, which is based on microcausality, assumes that
special relativity is valid at arbitrarily small distances.f If the
theory is to be modified so that the structure of space4time‘is different
for points closer in space than some universal‘length O, this comparison
must be made in an invariant fashion. The usual invariant interval x
between the points x =‘(t nx ) and x = (t,, x ).éatisfies ¥ = (x, - %.)
1 1’ =1 2 2’ =2 1 2
= (t, - t )2 - (x, - x )2. The condition x2 ~ 0 does not ensure |x, - x_|
: 1 2 -1 =2 . =1 =2
s : . 2 .
is small since x =~ O can occur if itl'- t2|vand 151 - X,| are each small,
or lt -t | ~ lx - X | although neither is small.
1 2 -1 =2 : -
To define nearness in space for two world points it is necessary to
introduce a certain time-like unit vector n. The invariant expression
2 2 2. | L X
R™ = (nx)” - x° is formed from n and x, the difference between the vectors
describing the two points. nx is the (four-dimensional) scalar product
of n and x. 1In contrast to xg,.R2 is positive-definite, and in the
2

coordinate system for which n = (1, 0, 0, 0), R® = (51 - X, ). The nearness
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of two events is determined by compafing R with a.

wa classes éf theories can be developed. depending on how the vector
n is incorporated into the theory. It can be associated Wifh the elementary
particles or with space¥time itself. In the first case the vacuum remains
homogeneous and isotropic, and fhe.motion.of ffee particieé-Stiil obeys
Lorentz inVarianée. Within small distances from ﬁarticles, however,
causality éan be violated, and this aésumption leads to predictions
conééfning the 5cattering of.particles. Nonlinear field theory is one
example of this first class of theories.

-The comparison of lifetimes measured for particles at rest and in
flight has been treated by a theory of the second fype, in which the
vecfor n is associated with the vacuum. In such theories microcausality
is again violated. In addition, relativistic invariance is violated
because the vector singles out a particular coordinate system, - the one
in which the space-time inhomogeneities are at rest.

Expefimental'tests of the.homogeneity and isotropy of space-time
are of éeverél types.. If these symmetrieé of épaqe-time were not valid,
thé conservation laws following from them ﬁould be'viélated; Direct
tests of conservation of energy, momentum, and angular momentum have not
provided a very precise check. - Another technique is to compare the
scattering cross sections measured in two'different coordinate systems.
One is the usual system in which one particle is at rest in the laboratory;
in the other system, achieved by a colliding-beam experiment, the-cep;er
of mass.of the two particles is at rest. 1In the future this techniqué
may be é useful test.

'Rédei has noted that the form of relativity violation presented by

Blokhintsev predicts a deviation from the usual velocity dependence of
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particle lifetimes. This deviation was calculated for muons™ and pions.
» The procedure was essentially the same in both cases. Noncausality was
introduced in the weak interaction of the four fermions iavolved. For
the muon the violation occurs at the uevuve'vertex and for pions‘at the &
NﬁuV“ vertex. (Pion decay is assumed to proceed via the NN virtual state. )

. The Hamiltonian for pion decay was written in the form

ffd dby Tyt (1= 70) 7 (1% 7g) wy(x) Bl - y)

<V 9) (1= 75) 7y (14 75) v, (9).
If the form féctor F(x - y) is 8(x ; ¥)s the_y‘integration can immediétely
be performed, and the Hamiltonian reducéé to its'usuallfOrm, expressing
a pbint’interaCCion. In the calculation of Rédei F(x - y) is non-zero if
the two world points have the same time coordinate and have a épatial
separation less than the universalvlength Q. 'The comparis0n with o is

formulated with the vector n as described above.
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C. Some Mathematical Considerations

1. Statistical Accuracy

To see the relationship between the accuracy of the determination
" of Trand the statistical accuracy of the meésured aftenuatioh; consider
first the case in which measurements are médé at only'two‘positions. At
the first position the ratio of fhe number of survivihg-bibns to the
humber of:monitpr counts is Ri. At the éecohd positioﬁ, a distance X
from the first, the ratio is R2. 1f k is n timeé'the mean deéay'length
(to be denoted by xo), then R, = Ry exp(-n). Assuming that R, and R2
have the same relative error §R/R, this equation implies &n e (3R/R).
From ﬁ = x/'xo = mx/pt it follows that_&T/% = 6n/n==Jz;-(1/n)(8R/R).
In the more general case obsefvations are made at N posifions, Ri
béing measured at position xi.' One seeks the values of Ro and xo in
R, = R exp(-xi(xo) which give the best fit in tﬁe ieast-squares sense.
It isvconvénient to consider the.logérithm of the above équétion, &zRi =
»&LRO - (l/xo)xi, since the cbmputation for the linear problem y; = a+ bxi
is much simpler. ‘The lifetime is'inverselyvproportionél to the parameter

b. If all the‘yi have the same absolute error (equal weight), the best

vqlue for b is

= = where x = ¥ xi/N,

b =
2 2 2
NZT x." - (= Xi) | (1/N) = X" - X

and all sums are for 1 < i E;N; The expression in the denominator,

| (1/N) Z'xie'- * - (1/N) ¢ (xi‘~';)2, has the form of the variance of the
xi'and will‘be denoted by Gxg'v It is not a statistic, however, since the
X, are agsumed to be precisely known. ’Tb find the variance of b note that

the numerator has been written as the sum of N independent random variables

yi.: If all the y. have the variance Gy2,
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2 2

' -2
o (1/N2) T (x, - x) o g .
g = ,1 y :-—L .
b N 2 ,
g . No :
X . X,

Thus the error in b is minimized if N(_‘szi= X (Xi - §)2 is maximized.
_Least error results if’all measurements are made at the twd extreme
vpositions. In this case the.general expression for the error "can be
‘shown to reduce to the form originally found for a tﬁo-position
measurement.

For a giVen relative error in measurements of R at_tﬁb positions,
the greatér the value of n, the pumber of mean decay 1engths'befWeen
bositions, the smaller the relative error in T. (R is the ratio of

“detected pions to monitor couﬁts.) Because of the atténuation of the
coun;ing rate, hOWever,-the farther downstream the second measurement is
vmade, the longer it takes to achieve a given relative error in R. Thus,
for é fixed number of monitor cdunts M (a fixed measﬁrement time), there
is an optimum value for n. 'Deferminingbthis valﬁe makes use of the
fundamental statistical relationship_for this experimgnt:‘ Théverror in
the méasurement of the number ofvsurviving pions is dMR(l‘- R). This
expression follows from the fact that the number of piéns detected is a
binomial random variable. 1Its variance is MR(1l - R) since there are M
"trials," and R is the érobability of '"'success." Dividing;by M gives .
the absolute error in R: 8R = YR(1 - R)/M. The relativeberror is

: : ¢
5R/R = V(1 - R)/MR. | . S |

We. can now express the error in 7 if'Rl is determined from the number

of pions d cted i ts. and a
pion etected at Xy for Mllmonltor counts _»R2, X5, an M2 re

similarly related, - and (x2 - xl)/xo = n. Applying 8t/t = (1/n)(8R/R)

to each of the two positions, we find
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(ST/T)E 1 1- Ry . 1 - R, 1 1 - R1 B 1- R exp(-n)
' .2 MR, MR, 2\ MRy MR, exp(-n)
Given R1 and the constraint that M1 + M2 = a coanstant, there are unique

values for n and for the ratio M2/M1 which minimize 81/1. - In the limit
Ry = 1 (the beam is known to be entirely pioné at xl), the optimum

value of n is 1.6; Ml can be zero since it is not necessary to take any

data at xy+ For R; small, 5T/7 is minimized for m =~ 2.6 and M, /M) = 3.6.

The solution varies moﬁb;onically.for.intefmediate values of R
I1f all ekperimental error is statisﬁical, it is most efficient to

acquire data at just two points on the decay path.'vobservations at

intergediate points, hdwever, are of v;lde in deteéting systematic

errors. To test the fit to an exponential attenuatioﬁ with distance,

SR/R (rather than &R) should be the same at éach poiht, since it is &7 R

that is linear in x.' Since d3R/R = V(l - R)/MR, runs must be made>for a

different'number of monitor counts M for each'data poéition. I1f all runs

:ﬁave the same M, farther downsﬁream the stafistical'érror will be greater

since R decreases. If at each position dété is accumulaped until the

same number of pions have beén counted, MR is kept cohéfant. Again the

measurements at downstream data positions are comparatively less accurate,

" although in this case the variation is less than if M is kept constant.

| The possible presence of certain systematic errors makes it unwise

to try to make BR/R strictly the same at every data pbsition since the

data-taking time would vary greatly from positidn‘t; position. T1f data

at upstréam péints'is acquired too rapidly, fluctuationé Which might

havg averaged out over a ionger time period could contribute error. Since

M is proportional to time, if SR/R = y (1 ~ R)/MR is to be the same at each

point, the measurement time must vary as (1 - R)/R.. In our experiment
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this quantity was 3.7 times :afsezgs;ezte.'-att_?fiieésrfeéjd'ubf::théé«éé@e‘ayrpai;h‘ asiat
the start. As a compromise bétween équai statistical accuracy at each
positibn and equai datartéking time at each'ﬁosition,ba'given‘number of »
pidns were detected at each point‘(MR constant). For this choice the "
statistical accufacy at the most downstream positiop.was 16% less and

the data-taking time was 30% more than the mean values for all data

positions.

2. The Effectvof Systematic Errors

It is instructive tb consider the‘error in T intféddced by systematic
errors haViﬁg various fungtional fofmé;' Let R = Ro exp(-ﬁ), where
n = x/xo,.be the true ratio of surviving pions at x to monitor counts.

(a) Suppose thé measuréd ratio has some constant relative error:
‘(an absolute errdr{propbrtidnai to R). :Then the measured value obe
becomes R' = Ro exp(-n) + eR = (1 %‘e) Ro.exp(—n);;where € is the relative
error in R. Any error of tﬁis‘form dées not lead to an error in T at a11;
The fit to the data simply gives a different value for Ro; it is X that
determineS'the lifetime. |

There are several examples of this typé 6f Systematic effect. Suppoée
fhe movable counter, although responding only to pions, fails to detect
gvery entering pion. (In the abovg equation é would be negatiye.) As
long as this pion inefficiency is not a function of distance, there is
no error in the lifetime measurement. Similarly, suppose some constant ‘
fractioq of monitor coincidences are caused by particles other than pions. ’
If these other particles are rejected by the movable counter, the iifetime
is not éffected.

Aﬁother example concerns the muons from pions decaying immediately

in front of the movable counter. , Because the number of these muons is
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proportional to the number'of pions in fhe béam in front of the counter,
the change in R causgd by counting some fractioﬁ.of the muonsvis
proportidhal t§vR. In genera1; howevef, the number of decay.muonsb
entering the counter is nof strictly proportional to R, and sburious
counting of these pérticlgs does cause error in the lifetime. (See Sec.
VI-D. )

Since tﬁe number of acéidéntal coincidences in the monitor éystem
is some fraction of the number of monitor counts, this systematic error
is'proportional tobR. 'A similar rélation holds for accidentals in the

coincidence between the signals from the monitor systém and the movable

‘detector. (This second accidental rate is assumed not to be significantly

affected b& thé variation with distance of the rafé in the movable
detector. )

(b) Now consider the case of a constant ébsolute error in R (a
relative error inveréely.prbpoftional to R). Such an érrof does affect
the méasured lifetime. The observed value ofAR can be written R' =
Ro exp(=n) # eRo. Here ¢ is‘fhe reiétive error at x = O. If'Tvis
determined from two méasuréments n mean decay leﬁgthéuapart,

81/t = (1/n)(8R/R) ='(1/ﬁ)e exp(n) = €(1 + n/2 + ...).
Thisbdependence on n is reasorable because as x increases, the.constant
error becomes a larger fraction of the true value of R.. A systematic
effectvof this type results if the monitor coincidence includes muons
or electronsbggg these particles count in the movable deteétor.

(¢) Another classvof systematic error may be viewed as a distance-
’dependent efficiency of the final coﬁnter. Perhaps the siﬁplest example .
is R' = R, exp(-n)(1 + en). ‘This forﬁ represents some effect 1inear with

distance which causes a relative error in R of € at one mean decay length.
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The last factor may be rewritten as follows:
(1 + en) = expln(1 + en)] = explen - (en)/2 + ...]

Thus

R' = R, exp[-n(l - €) - -(en)2/2 + o ."..]‘-_'- R, f1 - ’(en)g/‘z toon] exp[ n(l-¢)].

The first~order effect of a systematic error 11near in dlstance is 51mp1y
to change the apparent lifetime. Here then is the most important argument
in favor of as long a decay path as possible. For a given statistical
acéuracy in R, the larger the value of n, the smaller the systematic |
error‘that can be detected by virtue of the apparent nen-exponential
decay it induces. (Cenversely'an ekperimenf cannot readily search for
tfue non-exbonenfial decay if the number of_decay lehgtﬁs is small.),-If
n-is too small, this type of systematic error will not ceuse significant'
deviations from an exponential fit to the'data,>ahd thle.X-2 test of goodness
of fit will not serve to indicete its presence. A "good" value ofbxg.
still ﬁas significance by implying that fluctuaﬁions are not more than
expected from counting statistics and that there are novg£g§§ aeviatiehs
ffom expohential deeay. | |
(d) Finally, consider the error caused by a counter efficiency

‘dependent oﬁ R. Although this case will be sho&n to be similar to the

- previous one, it will be treated separately since one source of experi-

mentel error, a rate dependeece of the efficiency, did in fact have this.

form. Let R' = R[1 + e(R0 - R)/ROJ. This form assumes thet the change

in efficiency from its value at x = O is 1iﬁear with R- Substituting '

R =R, exp(-n), we find R' = R exp(- )[1 + €(n - n2 + ;__)]; For a émell

‘value of n this form is identical to that descrlblng an error 11near with
d1stance with € being the relative error. Again, for small enough n,

the effect changes the apparent lifetime without noticeably altering the

quality of the fit to an exponential.
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II. THE BEAM AND ELECTRONICS
The monitor counters of the beam'transportvsystem had to meet

several requirements. The most fundamental was that the envelope of the

- particles in the monitor coincidence had to be smaller'fhan the entrance

aperture of thé movable pion detector the entire length of the decay path.

The length of the path over which the measurement could be made was

. limited by this consideration.

Another requirement of the monitor was that it minimize fluctuations

"in the quantity being measuréd, the fraction of pions in the beam. Ideally,

only the statistics of particle decay should contribute to fluctuations
in;the pion fraction. The composition of the particles emerging from .the
pion production target could vary, however. In order to provide a stable

pion intensity monitor, the beam system included one detector sensitive

only to pions and one which detected electrons.

The pion detectors in thé'experiment, both the moQable one and the
oné in the monitor system, were differeﬁtial Cerenkov‘counters. For good
reéplution in these detectors it was impértant that the momentum distri-
butionvof the beam be narrow and have sﬁarp limits. 1In this way the
counters could be adjusted so that the efficiency was the same for all
pions in the beam. Stable opefation would not have been possible if the
distfibution had a "tail" of off-momentum pions which failea to count (or
counted with reduced efficieﬁcy){ The full width at half'maximum-ofvthe
momentﬁm distribution was.O.5%; Because the momentum distribution was
narrow, -the lifetime taléuiated from the obser§ed attenuation of ﬁhe beam
dépeﬁded Qﬁly'on the mean ﬁomentum. The dependende on higher moments of.
the momentum distribution was negligible. Y(Thé cé1cu1ation iﬁ'given in

Appendix A.)
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A diagram of the beam system is shown in Fig; 1..'The important
‘counters, the pién détectors,'are CM and CP. CM is the Cerenkov counﬁer
in the monitor system, éﬁa CP is the movablé counter. Figu;e-z is a
_photograph of part of the beam system, thé_decay’path, and‘CP. Pionéywére
produced’in a beryllium térgét placed in.the external‘protqnjbeam of the
‘cyclotron. Beryllium was used to reduce thé differenée ip»yield between
positive and negativé‘pions; n+ Were still produced five ti@eé mére
.copiously than . Thé magnet elements between the production target aﬁd‘
the éounter Mh——two bending magnets and two quadrupole_doublets—fwére'
symmetric about the collimator.  An image of the target'with high dispersion
was formed.at the collimator, whose slit width determined the momentuﬁ.
wid;h of the emerging beam. At Mh’ the point symmetric with the target? 
a dispersionless image was fofmed. The final magnet, a 12-in.-diameter
quadrupole triplet, focused MA to a point near the end of the decay path.
The beam thus had a "Qaist" in the middle of thé’decay path: The_létgral
dimensions of the beam Qent through a minimum between ;he quadrupole,éﬁdi
the end'of the beam line.
Particles which scattered failéd to Behavé_aédbrding tobthe beam
optics descpibed above. To»reduqe scattering in air, the beam traveled
in vacuum wherever possible. There was vacuum pipe from a point immediately
afﬁef the beryllium target up to the movable couhte%. The diameter ofjthe
vacuum pipe along the deéay patﬁ was 8 in.; the beaﬁ diameter never exceeded
6 in. _Tﬁe Qacﬁum sysfem was continuoﬁélexcept'férrair gaps provided for
CM and the scintillation coinéidence'counfers;—Ml, M2,'M3, and M), - To
minimize scattering, fhe s;intillatprs were only 1/16-in. thick and were
\

covered by thin aluminized Mylar.

The M counters were all outside the wall shielding the proton beam.

¥)
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R\

XBB 679-5660

The experimental area outside the cyclotron shielding wall. The
pipe in the center is the beam vacuum pipe. All the aparatus

in the foreground, at the end of the pipe, is part of the movable
Cerenkov counter and traveled as a unit on the tracks. The second
bending magnet and final quadrupole can be seen in the background.
The elevated platform at the left supported various lines serving
the movable counter. The house at the right contained the

electronics for the experiment.
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The high particle'background behind the wall would have prevented satis-

factory.operation of counters. Four scintillgtion‘counters in the beam
were.sufficient, however. The first benaing magnet deter@inéd the beam
moméntﬁm since the térgét; the collimator, and Ml defined a trajectpryl
through the magnet. “The entraﬁce trajectory to the sécond Eending magnet
was defined by fhé collimator and M, épd the egit by M, and M3. Requiring
a coincidence with Mh ensured thét pions traversed CM ﬁitﬁout undergoing
large-angle nuclear scattering.

Since the oBserved atﬁénuation of the Beam depended inVersely on the
product of the pion.lifetime and the beam momentum, it was essential that
this momentum be stable and reproduciBle. The momentum was determined
primarily by the twé bending magnets. The field at the center of each was
monitored by a nuclear magnetic resonance.gaussmeter which énabled setting
the fields to an accuracy of 0.005%. The quadrupole magnets were set by
means éf.current shunts and a'pbtentiometer.

fn order tovdefine a pion beamjwhose 1atera1vektent was sharply
limited, a éeries of anticoincidence counters was‘used'td electronically

eliminate particles with undesired trajectories. Each of these counters,

A, through A6’ consisted of a thick sheet of scintillator with a hole in

1

the center. Particles in the monitor coincidence had to pass through the

hole; particles striking the scintillator were vetoed. A

5 through A6’had

to veto with nearly perfect‘efficiency pions déflecte&uin Mh,vthé last
source of scattering in the beam. The‘anticoﬁhters themselves di{ not have
any material directly in the beam. Since they'were mountéd inside the beam
vacuum pipe, no 1ight-tight wrapping was needed:over the.holes. Particles

going all the way through the scintillator were readily detectéd. The

critical requirement, however, was that particles which scattered from the
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edge of one of the holés be detected effiéiently. The.idsidé'surface of
the holes had no wrapping.singé otherwise4a pafticle»éould scatter frbm
the wrapping aﬁd produce"ﬁo light. The counters which performed ﬁqst of By
the vetoing--A3, AS; and A6-%had.a'sciqtillator Viewed b& two photomulti-
pliers, one on each side of the hole. The Qutputs df the two tubes were
added before pulse-height discrimination.

There were two reasons for having a series of these anticounters.b
The overall efficiency for rejecting particlés with unéuitable trajeétoriésv
was increased since such particles‘often.passéd'through more than one: 
counter. Also, by detecting muons from pioﬁs decéying after MM’ the
counters served to increase tﬁe fraction of monitor”pafticles which were
still pions at the étart of the decay path. If there were fewer anti-’
counfers; moré muons would be missed; and this fraction would be smaller.

Electrons in the beam were ideﬁtified by the counter.Ae, a threshold
Cerenkov couﬁter, shown in Fig. 3; Its radiating medium was carbon dioxide
at é pressure of L5 psia, which provide& a threshold velocity of B = 0.999.
(Pions in the beém had B = 0.912.) Electrons produced»Cerenkov light at
about 3 deg.‘ A cylindrical mirror, 36-in. long and 5-in. in diameter,
improved the light collectién for electrons whose trajectories were
diSpiaced from the axis. The 45-deg mirror, thrqugh whigh;thé beam had
tp pasé, was made from 0.0bi-in.raluminized Mylar.. The use of a QUartz
:side window and a .quartz-faced photomultiﬁlier inereasedbtransmiséion of ¥
Cerenkov light in the ultraviolet region."Monitor parficles which might
have scat;ered froﬁ the edge of'the»eptrance aperture of Ae were vetoed
by Al' This anticounter precede@ Ae and had ayhole slightly smaller than
the entrance aperture. |

The beam setup included two important monitors of the cyclotron
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LAt RCA-C31011A
Magnetic . phototube
shielding—<
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—————{
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XBL687-3449

Fig. 3. ' The gés Cerenkov- counter, Aé, which identified electrons

in the beam. The cylindrical mirror has been shortened

in the drawing; it was 36-in. iong.
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pfoton beam. A secondary emission monitor (SEM in Fig. 1) located behind
the beryllium target measured the relative intensity of the beam. A split
ioniéation»chamberb(SIC) in front of the target rééorded the lateral
position of the beam. A small changg in beém pdéition was of‘significance 1%
since it éltered.the ratio of pions and eiectro&s in the seéondafy beam.
(fhe electrons in the beam arose from neutral pions produced at the farget{
The more tafget material the decay gamma rays traversed, the more electron
pairs were produced. ) The ionizatioh chamber permitted correcting the -
steering of the proton beam when'necessary.
During n% running, protons could scatter from the target and enter 3
the beam transport system. Tﬁey wefe_stopped by the 1iquiﬁ h?drogen in
'CM, however, and did not exist in fhé subsequent pért of the secondary
beam.
Logic signals from the many. counters weré used in a great ﬁumber of
coincidence circuits. Some‘19 aifferent coincidences were normally scaled
during data taking and others were'temporariiy set up for tests bf'thé
~beam of thé movable counter. Acfpally, the lifetime measuremenﬁ'réquifed
only two coincidenceé. Others'served as monitors 6f.the pérformance‘of
vafious counters, measured accidental coinéidences, and so on. One of
the' two primary coincidences; denoted M ("monitor"),Awas proportionai to
the'numBer of pions ét the start of the decay path. Explicitly,rthe M-
- . ' ¥

coincidence was M1M2M3MhzlzeCM CMA ZA. The bar denotes anticoincidence;

TA stands for A2A3AuA5A6. CMA is the signal from an anticoincidence : b |
system of the monitor pion detector which will be described later. A
"count" in the detector means a CM signal with none from CMA. The D .

("data") coincidence, the other essential one, identified particles which

satisfied the M coincidence and also counted in the movable detector.
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Symboiically it was M CP EEZ; CPA was.analbgbﬁs td-CMA.

The ratio of thebnumber of D coihcidenceé to M coincidences as a
function of x, the distancelofkthé'movable gbhhtef aiong the beém line,
determined thg 1ifeﬁime; D/M waé proportional tb.exp(~mx/p1). Eéch of
thése‘tWé‘iméortant coinéidences was'¢ounted'by two iﬁdependént s¢a1ers

so that mélfqnctionihg‘of any Scalér WOula_be immediately apparent.
AAThe action'of’the.anticounters, A to A6, in the electronic 1;gic
was‘critical. Fbr example, if a.piOn passéd through A6 and missed the
mov able cbunter} ﬁnlesé it was_ﬁetoed by A6 it‘wculd have the appearance
of a pipn which decayed béfore reaching the fihal Coﬁnter. To ensure
that'éyery particle with a éoincident anticoﬁnter éigna1 was properly

vetoed, each anticounter discriminator was operated in a "no dead time"

mode: Its logic output remained in effect during the recovery time of

- the unit. 1In addition, the signals from each discriminator were L0 nsec

i

1ong? so that there was no question of imperfect timing. The occasional
vetoing of acceptable pions only decreaséd the M-coincidence rate
slightly and thus had no effect on the measured lifetime.
RCA-8575‘phototubes were used for the thin cbqnteré Ml’ Mé, M3? and
Mh' Because of the low level of scintillation light, the high quantum
efficiency of these tubes was valuable. Amperex-56AVP tubes were used

for the thick anticoincidence counters.
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ITI. THE PION DETECTORS
A. Design

[}
1. Principles of Operation

The experiment used two differential Cerenkov éoﬁntefs té distinguish ¥/
.pions from other particles in the beam.lS' Basically, the counters identi-
fied pions by fespondihg only to particles traveling parallel touthe
‘beam axis and having the correct velocity. The optical system allowed
.vCéfenkov light froﬁ these éarticles to reach a phbtoﬁultiplier ﬁube.

'Ligﬁt from other pafticles was stopped by a baffle.

The choice of the»radiétiﬁgfmedium in a.Cerenkov.couﬁter‘depends on
. the fundamental relation between Cerenkov angle, index of_refraction, and
~particle velocity: cos 0 = 1/n3. If there is iittle freedom in the choice
of 6 and B, then n is constrained. Althéugh a small Cerenkov angle has
the advantage of better resolution (greater dg/dB), light output increases
with Cerenkov angle. Fof a foéusing countervsuch as ours, . however, too
great an angle would require excessively large 1ensesvand cause incréaéed
difficulty with optical aberfations. Our counters wére‘designed:for a
Céfenkov angle of about 11 deg.v THe ﬁion Qelocity was constrained because
of the importance to the experiment of a high pion flux. ' Pion produc;ion
at the cyclotron was greatest for B ébout 0.92. |

This angle and velocity féquirevan index_éf around 1.1 A gas having
_an'indgx this high must bé af high pfessure;. Beam particles would have
to pass through thick windows in order to tra?erse the radiator. Coulomb' | 2
scattering and nuclear interaction of pions make‘this appfoach unSuiﬁaﬁle
for our counter. 'Hydfogen, in liquid form, has a refractive index about
1.1.  Although hardly a convenient liquid to use,_ité Iow Z and low A

minimize scattering and interaction in the liquid.
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A diagrém of the movable counter CP is shown in Fig. 4 and the

monitor counter CM ih Fig. 5. The design .of the counters Qas similar;

CP was essentially a 1arger‘version of CM. 'The larger éounter used 5?in.,

RCA-L522 phototubes; the smaller one used 2%in., RCA-8575 Photétubes. The

fadiating liquid was contained within a flask éonstructed with thin domes

at the beam entrance and exit. The plane mirror within the liquid

(0.0005-in.-thick aluminized Mylar stretched on a frame) allowed the

'subséquent elements of the optical syétem to be out of the beam. Light

reflected from this mirror left the flask through a quaitz side window.
Immersed in the liquid, coaxial with the beam line, was a cylindrical

mirror, of diameter 7-in. in CP and 4-in. in CM. This mirror was essential

in making the counter efficiency independent of the radius at which a -

particle entered. All the light from all péfticlés which passed through
the mirror was coliécted.':Because light reflected from the mirror did

not change its angle with respect to the axis, the Cerenkov light from a

»particlé had a distribution in this angle which was independent of the

radiai’diétance of the particlevtrajectory from thé beam axis.

After leaving the liquid through the éidé wihdow, light was focused
by two lenses. The image producéd_by this doublet depended on the veiocity
ofﬁhe particle and its angle to the optic axis. ‘Cerenkov light at angle
8 _frdm.a particle traveling pafallel to the axis prqduce& a ring of 1ight
at the focal plané, The ring was centered .on the axis and had a radius
f tan 9, where f»is the focal length of the doublet. The relation‘for the -
radius of the ringvéan most easily be seen by first considering fhe effect
of the lenses on a collection of rays parallel. to one another. If the
rays are parallel to the optic axis (6 = 0), theyuafeif0cused to a poiht

(r = 0). 1If these parallel rays make an angle 0 with the axis, this point
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Fig. 4. The cryogenic and optical systems of CP, the movable Cerenkov

counter. The dotted lines show two rays of the Cerenkov light
emitted by a pion of the correct velocity. The photomultiplier

assembly was a separate, removable unit. It is shown in Fig. 6.
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is displaced>latera11y by f tan 6. By symmétry, a cone of incident light
produces a ring at the focal plane. |

The cylindrical mirror had no effect'on‘the radius at whiéh light
crossed the focal plane;'hCWever;‘it couldlalter the distribution of
light intenSity around the ring. For a particle traveling_parallel to,
but nof along, the optic axis, thé riné was not illuminated uniformly.

Oné region received 1ight from both sides of the pafticle's Cerenkdﬁ"‘
cone--from one side difeétly and from the other éfter a reflection;

If the particle tréjectory made én angle e with the optic axis, ﬁhe
ringvimage was simply displaced iatefaily by f tan 8. Actually for our
optics, this thin-lens approximatioﬁ was true only for angles less théﬁ
about 10 deg. TFor larger angles parts ofvthe image were distorted;

Discrimination agéinsﬁ particles having the wr&ng velocity was
accomplished by an opaque diaphragm ih the focal plane. 1Its riﬁg-shaéed
aperture allowed rays froﬁ particles having the right velocity to pasé.
through. Light from slower partiéles struck thé central disc; the‘¥iﬁg_
image for. faster pafticles haa too large a radius ahd misse&'thé dpening.‘
The conical mifror immediately behind the apérture "funneled'" the light
to thevphotomu1tip1ier at the exit‘of the mirror. (A‘reduCtion in area
has disadvantages: Reflections reduce light intensity, and the angles of
rays entering the phototube become greatér.> Withoéut any reduction; however,
a large radiating volume.requires a large diaméter phototube, or several |
'phototubés.) |

: Siﬁce particles having én angle with respect to the optic axis produced
a displaced ring image, much less of'their light'was able to pass through
.the‘aperture,'and such particlés_should fail to count.. If the sensitivity

of the photomultiplier was high.enough, however, it was possible that some
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aff-angle particles might count.‘ To improve the.rejection, two additional
photdmultipliers.detected light faliing within an annulus surrounding the
opaque annulus of the diaphragm. An uitraviolet-transmitting{ Lucite
light pipe conveyed the light from each half of'therannulus‘ro one of the
phototubes. The photograph of the phorOmuitipliervassembly for CP
(Fig.b6) showa‘these light pipes and the diaphragm;'.For the movable

counter the output pulses from the two tubes, CPA, and CPA2; were added

1

‘and discriminated to produce the logic signal CPA. This signal was used

“in anticoincidence with the central photomultiplier signal, CP. The

aame procedure was used for the monitor‘COﬁntar CM.‘

) Atrthis point it'is useful to be'mOré sbecific andfqdnaider.the
Cerenkov light produced by the Various barticles in tha'beameaed in
this ekparimenta Nominal values af parameters will be’used'inithe
discussion; the results'will then be'appraxiqately correcﬁifor’bath CM
ahdeP. (Thére were geometrical différences batﬁeen"tha,rwp-couaters,
and the beam Valoéity entering each.was not preéisel& thevSage.) In a
Cerenkov radiator with an index of refraction of 1.1, piaaa with B - 0;92
produced Cefenkoﬁflight'at 11 deg._ Electroas-with the same momentum as
fhe piona had B = 1 and radiated at the maximum CerenkoQ angle, 25 deg.
Muons of this momentum had B = 0.95 and radiated at 17 deg.

In addiﬁion to thé momentum-analyzed barticles, the muons from pion

decay must be considered. Their velocities ranged from 0.85 for "backward"

muons (those emitted backward in the pion rest frame) to 0.95 for "forward"

~muons. - Muons having these two limiting values were of special importance

because thev were emitted forward in the laboratory and remained in the.
beam. . Many of those with intermediate values left the beam before reaching

the movable counter. Backward muons posed no problem since their ve locity
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XBB 670-5770

The photomultiplier assembly for the movable counter. The
three parallel cylinders contain the phototubes. The light-
collecting cone and the central phototube can be seen through

the aperture, formed by a metal annulus supporting a central
disk.
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was less rhan B = 0.91; thevthreshold for producing Cerehkov iight:
ferward muons had about the ‘same velocity es beam mdods add were rejected
to the saﬁe degree. Some.decay ﬁuons had the same Velocity as pions,
although their angle with respect to the.beam line was 7 deg. In principle,
the eounter.drstidguished them from pions because too little of their |
light reached.the centrel phototdbe or because they were vetoed'bf the
enticoihcidenceiphototubes. |

"For the-couhter to have’sufficiedt resoldtion, the angular distri-
butien of radiated'light_for'each particle type had to be narrow. (The
Cerenkov angle of beam pions and muons differed by only 6 deg.) The
diistribution in angie of particle trajectories in;the Beam was necessarily
narrow, since the beam was deeiéned to travel.a long distance with limited
radial exrent.' The trajectories of particles in the monitor'coincidence

N

had engles with respect to the beam axis no greater than 1/2.deg. The
width of.the momentum distribution of the beam, O.5%, led to a variation
vof.Cerenkov angle of only 1/4 deg; "Multiple Coulomb scattering in the
radiator smeared the image of‘bion Cerenkov light about one deg. (The
rms, projected scattering angle for 25 em of liquid hydrogen, radiation
1ength'970 cm, is 1/2 deg.) The last significant effect detrimental to
counter resolution ﬁas diséer;ion in_the'radietor, by which 1light of
differenr wavelengthe was emitted at different Cerenkov angles. 1t is
mueh more difficult to estimate this effect-since»the lose of resolutien
depedds hoﬁ only on the variatidn of index of refraction with.wavelengrh5
but-on‘thebspectral response of £he phototube and the'frequency dependedce

of the light attenuation in reaching the phototube. Dispersion is mentioned

later in connection with the counting of decay muons.
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2. nyogenié Features
There were important practical problemé encountered in usiﬁg liquid

hydrogen in the Cerenkov counters. The hydrogen vessel had to be insulatéd "
‘especially well since boiling would causé/scattering.of Cerenkov light. ) ¢
Precautioné werevneeded to prevent -gradual fogging of the optical windqws

and lenses which would make the countef_efficiency deqrease with time.
‘Control of the pressufe and temperature of the liquid was neCésséry if

the index of refraction was to be constant_ahdvreproducible. Purity of the
vliquid'hyarogen was important so that repeated filling of the fIask dia

not 1eaVe:deposits on the internal.mirrors.

The cryogenic system incdrporatéd'the standérd 1aborétory déUterium_

condenser designed to condeﬁse gaseous deuferium internally by'meéns of
.a reservoir of liquid hydrogen. (This indirecf’procedure was decesséry
because availablesdeuterium Qas in.gaseous form.) The system had the
advantage that, with féw changes, runs could beiméde with eithér liquid
hydrogen or aeuterium in the Cereﬁkov couﬁtérs. Also, condensihg the:
liquid within the counter pérmittedvfiltering the gas to ensure‘thé |
purity of fhe 1iquid. |

| To reduce heat flow to the flask and fogging of optical surfaces,

the fiask and lenses were completely surrounded (excépt for opeﬁings for

the beam and outgoing Cerenkov light) by a metal structure maintainéd‘ét
liquid nitrogen temperéture, the ”liquid.nitroéen éhield” indicated in

the figures. A "liquid hydrogen shield" érouhd'the lenses was connected - , ¥
to the liquid hydrogen reservoir. The lensvregion was especially critical,

in terms of heat flow, because of the direct optical path between the.flask

and the photomultiplier assembly, which was at room temperature. Since

the'hydrogen shield was cooled before the flask was filled, the contamina-
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-tion from warmer surfaces migrated to this'shield rather than to.the
flask.’ To further reduce heat transfer; the flask was covered with 20
layers of 0. 00025 in. aluminlzed Mylar. |

The flask was ‘designed to minimize  the effect .of any b0111ng that

'dld occur. Since the cylindrical mirror was not part of the boundary

of the hydrogen volume but rather was immersed in the 11qu1d bubbles
tended to form out51de the mirror instead of inside it. In'the movable
counter bubbles originating at the ex1t of the cy11ndr1ca1 mirror were

d1rected around the outs1de of the mirror so that they did not cross

- the path of Cerenkov light.

Temperature stability of the liquid in the flask was achieved by
maintaining a constant gas pressure in the deuterium reservoir with a

self-relieving pressure regulator.: (The 1ndependent hydrogen system was

- at atmospheric pressure.) With the regulator set for 3 psig, gas

continued to enter the reservoir and condense until liquid partially
immersed the condens1ng surfaces. Whenever the pressure exceeded 3 psig,
the regulator allowed gas to escape. Operation with the deuterium
reservoir almost full made the_eduilibrium of the systemiless sensitive

to perturbations such as filling of the hydrogen reservoir. Platdnum

‘resistance thermometers, which recorded continuously on a strip chart,

were used to monitor temperatures in the flask and reservoirs. As indicated
by temperature measurements, the variation in the index of refraction of
the flask liquid was less than that corresponding to a 0.02-deg changelq
in Cerenkov angle.
To keep the internal surfaces of the flash free from deposits, the
gas used for condensing passed through a filter:(S-x molecular sieves at

liquid nitrogen temperature) trapping contaminants such as water, air,
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oil. To minimize condensation on the outside of the cold flask, the
insuléting vacuum was maintained by an ion'bump,”rathér Ehan'a diffusish
pump from which oil might_migrate to the fiask. A diffusioﬁ pump was
used only‘fOr thé initial pumping and there was a‘liquid’nitfbgén trap' , ' "
between it and the.insula#ihg vacuum. The.ion pump maintained a vacuum
of 5 X 10_8 torr. |

Slight differences in the properties of ortho-.aﬁd.bafa—hydrogen
could have caused a significant time variation_in thé index of refraction
-_of>the radiating medium. The liquid hydrogen in the counters iﬁitialiy
had the same oftho?para ratio, three to one, as.thelgas from which it wés_
condepsed. To accelerate the conversion to pure para-hy&rogen, the low-
témperature.equilibrium state, the liquid passed throuéh.é catalyst to
reach the flask. Conversion’was essentiaily'completed betweéﬁ the time

. the counter was filled and any lifetime data were taken.
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B. Photomultiplier Pulse-Height Spectrum
The fact that some pions lentering the Cerenkov counter underwent a
i

nuclear interaction before completely traversing the radiator had very

important consequences in the experiment. To illustrate the resulting

difficulty, cbhsider a typicailscintillation counter. It is desirable -

to be. abletbo "plateau'" such a counter: to make its detection efficiency

insehéitive.to small chénges in the level of the scintillation'light or

.the gain of the pﬁotomultiplier. 'This situation can be achieved if the

»bdtput of the.phototdbe élwéysvexcéeds some minimum pulse height. The

thréshold of a pulse-height discriminator can then be set below this

minimum, and an output will be generated for every particle entering the

. counter.

‘The situation was quite different in oﬁr Cerenkov counters. By

design their efficiency wés’dependent on both the velocity of the enter-

ing pérticle and the angle of its trajectory with the beam line. Thus

the Cerenkov light collecte& from a pion was proportional to the distanée
it tfaveled in‘the.radiator without changing its veloéity or angle. At
any given depth in the radiatorvséme pions underwent nucléar scattering.
Sﬁch scattering changed the angle of thevpion trajectory, and--by imparting
energy to ;he proton--reduced the pioh veiocity.: For a large enough
scattering éngle, the final velocity was below,thfeshold and no further
CerenkOV'light was produced. (In 1iquid.hydrogen a pion with 8 = 0.912
scattered at a léb angle greater than 18 deg doés not radiatef) ﬁecause
some - pions interacted after penetrating pnly_a short distance into the
liquid, there wasbno minimum light level reaching the phototﬁbe and no -
minimum pulse height for fhe output. It was impossible to plateau the

counter. (Of course a single photon constitutes a minimum light level;

however, the system gain was such that tens of photons were required
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to produce a count. )

The most éonyincihg dembnstration of the validity of this description
was pulse-height analysié of the éentral'phOtomuitipliersrof'CM'and CP.
Because an output from theklasﬁ dyhode was used for analysis, the functions
of the aﬁode oﬁtput-in thé electrqnic logic did noL:have to be diéturbed.
A stretcher made the fast pulses from the phototube cbmpatible with.the
éulse-height anélyzer. The s;retqher waé gafed to ébtain fhe pulse-height
distribution only for particles satisfying a ceftéin_coincidence. 'Figure
Ta shows fbe pulse-height spectra obtained from CP under thrée différent
cénditions of gating: The curve labeled "ﬁé‘counter”lﬁésffor partiéles

which satisfied the monitor coincidence. The two lower curves were for .

particleSTWhich, in addition; counted in a 12-in.-square or 3-in.—diameter

scintillation counter immediately following CP. Of the three curves,
normalized so that their.peaks have equéi height,'fhe distribution obtaiﬁed
without an additional coincidence counter hés the most counts in the
valley. ©Note that use of the l#rger counter gave less improvementvthan

the smalle; one. The reason is that the pioné couldvnucleai scatter -and
still'intercept the downstream counter. A larger counter detécted more
pions which scattered at large angles and thus had produced iess‘usable
light.

Figure 7b gives added evidence that the‘shape of the distribution
depended gfeatly on pion interactions. The spectra oﬁtained for positive
apa_négative pions with the counter filled Witﬁ hydrogen or deutérium were
consistent with fhe cross sections for np and ﬁd scattering. The inter-
action ofipions in hydrogen was dominated by thevfirst pion-nuclebn
resonance since the pion momentum gave a”center-of-mass energy very clbse

to 1236 MeV. The n+p total cross section (195 mb) is about three times
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Fig. 7. Pulse-height spectrum of the central phototube of the movable

counter under different conditions. The distributions have
been normalized to have the same maximum value:
(a) The spectrum obtained by requiring coincidence with a

downstream counter and the spectrum with no coincidence

-requirement.

~(b) The spectra observed with the ' and 1  beam when the

counter was filled with liquid hydrogen and the spéctrum,

- for either beam, when deuterium was used.
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T p (65’ﬁb), and indeed the x" pulse—height distribution exceeded n_vin
.the valley. With deuterium the spectra were the same for plus‘and minus--
as expected from charge independence--and indicatéd more interactions than
for ﬁ+ with hydrogen—-invagreeﬁent withvthé fact that the nd cross section o
(250 mb) exceeds ﬂ+p. |

For particles satisfying the monitor coincidence there wasva great'
aifferehcé'between the pulse-height distributions obtained from the
central phototubes of CM and CP. TFor positive pions thé-éeak—to-vall¢§
ratio was around 500 for CM; while it rarély'reéchedvlo for CP. The
difference is to be eXpec;ed. The trajéctory of a»pidn in the monitor.
.Had to be éufficiently paréllel'to the Eeam axig to bass through M&vand
vthtough thé holes in.alI fhe anticounters which folloﬁea;‘ Thus pérticies'
undergoing 1arge-ang1é scattering in CM were excluded. It was jusf such
scattering in CP, however, that caused thé poor peak-to-valley ratio in
that counter.

Although operating CP in coincidence Witﬁ a downstream counter
improved the pdlSe—height spéctrum, it was notjpossible té take lifetime
data in this manner. Scattering in the.radiatog‘cauéed the beam size at
the exit of CP to be larger than the downstream counter. "If a coincidence
wés féquired with this additional counter, the detection efficiency
depended critically on the beam size entéring CP and the precise lateral
position of Cvaith respect to the beam. The dependence on the positién
of CP was‘éxaggerated because the radiator was weage-sﬁapéd (see ?ig.-h). : Y
Pions crossing the counter high in the flask traversed less absorber and
were less likely to interact before reaching thg_aownstream counter. If
coincidence withvtheil2-in.—square counter was required, the counting

rate ‘increased 2% for each inch CP was lowered. (The fact that an
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unscattered pion crossing high in the flask produced less Cerenkov light

then one low in the flask was not' of importehce' for either traJectory
the absence of’ scatterlng ensured sufficient 11ght to produceba count. )

BecauSe of the shape of the pulse-height,spectrum‘from CM or CP,
there were always pions whlch produced a photomultipller output below
the discrimination threshold and thus failed to count. The prec1se

counting eff1c1ency depended on the 1nten31ty distrlbution of the light

'reachlng the phototube, the tube gain, and the d1scr1m1nat10n level.

The few tenths of a percent @nefficiency of CM was of little consequence

" since the only effect was to reduce slightly the rate of monitor

coincidences. The smaller peak-to-valley ratio of the pulse-height

spectrum for CP made it more_éuéceptible to changes in conditionms.

‘Variation of efficiency of this counter could lead to serious systematic

errors. Four sources of error will be discussed:- (a) random fluctuations
in the tube gain and discrimihation level, (b) changes in beam size and
lateral counter position, (c) rate dependence of the tube gain, and (d)

attenuation in the cable delay between tube and discriminator.
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C. Systematic Errors in the Movable Counter

1. Fluctuations in Phototube Gain and Discrimination Level

Variation of the photomultiplief gain ér the threshold of the
associéted discriminator éaused changes‘in_the efficiency‘of CP.
Consideration of the pulse-height distribution shows that the two
effects ére essentiallybequivalent. If'tﬁe'tube gain incpeases, the
abscissa qf any point of the distribution is scaled up; thé threshold
pﬁlse ﬁeight is unchanged. 1If thevdiscrimination leyel deéreases; the
~threshold is at a smaller absciséa; the distribution islunchanged. Iﬁ
both cases the fracfidh of pulses above thfeéholdvincreases; i.e., thev
efficiency increases.

Ideally it would haQe been desirable to monitor directly the tube
gain and the disérimiﬁation level and to make aéjustments to keep fhe
counter éfficiency constant. ' This was not done, howeve}, because of the
difficulty of making sufficientlybprecise measurements of the efficiency.
-The amplitude of available light pulsers was not stable endugh,for the
purpose. Also, bécéuse of the inherent variation in fhe ‘phototube
pulse height,'a light pulser--even if perfectly stable—;mﬁst be capable.
of a high enough repetition rate. The rate must permit making statisti-
cally reliable measurements in a time shortfcombared to the time intervélv
iﬁ which the efficiency might éhahge sigﬁificantly.

In a sense the best indicafion of changes in CP efficiency was the
data itself, the ratio of pions detected at a given point downstream (D
coiﬁcidences) to pions in the monitor (M coincidences). It was éoncluded-

that fluctuation in D/M, in excess of that expected on the basis of

stalistics, was primarily due to variation of the CP efficiency. Although

erratic behavior of the monitor system could have been responsible, various

kil
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properties of the mdhitor (e.g., fraction of electrons, fracfion of
particles vetéed) showed no abnormal variation, and fluctuations in D/M
were not correlated with fluctuations in the monitor.

The counter‘Ms, a 12-in;;squafe séintillétibﬁ counterfihmediately
behindtc?, gaﬁe additional confirmation that D/M fluctuations--exceeding
‘those expected statistiéally--were céuSedvby'efficiéhcy:vafiations.’ As
“explained eérlier, the'puise-height speétrum for particles whiéh'coﬁnted
in a'downstréam countér, asrwéll as i#'CP,,had a greéter peakjto-valley
ratib tﬁan thé spectrum obtained with no coingidénce feqﬁirement.A Thus
fhe MeaSureé_fraction of monitor particlés counting both in CP’ap& in M5
(the féfio of DM5 coincidences to M coincidences).should have been less
sensitive to éain changes of the photoﬁultipliernin‘CP} Indeed it was
féﬁnd that e#céssive fluctuation in thé D coincidence was not aécompanied
by'SimilarIflgctuation in DM5.

If the variatiohs in phototube gain were sfrictly fandém and héd é
timé scale much shorter than the time'betﬁeen changes 6f data position,
they‘had a minor effect on-fhe.lifétime determination. Slow, monotonic
vdrifts in'gain'posed a more sérioﬁs»proBlem. Such a drift océurréd
following the initial application of high vbltage to the tube or when
the voltage. was removed and then reétored. In the latter case the
perturbation was espeéially_severe if the tube was exposed to light while
the voltage was off. when_it was necessary to exchange one phototube: for
another, for example, at least 12‘hoqrs were required for the_neﬁAtube to
become‘sufficiently stable. To minimize Iong-term,drifts the high voltage
was appliéé.to the tube many days before the start of a run.

2. Chénges in Beam Size and Position

Factors which would cause variation in the level of Cerenkov light



ST
reaching the phototube constituted a second class of systematic errors

that would have been absent if the pulse-height spectrum had been ideélh

LI

The principal concern was a dépendenéeibf the light level on the'position
at which a pion entered the Cerenkov’éoﬁntef;-in other wordé, a non- ¥
uniform efficiency across .the entrance apefiuré. Ih such a case data
at any position of the counter along the dééay'péth would depend on the
precise cenfering of the'countér with reépect'to:the beaﬁ. Even worsé,
~variation in beam size would cause a éystematic différence in éoﬁnter
efficiency from one position along the déday path to the next.
 One possible source bf nonuniform efficiency across the counter
apefture was the cylindrical.mirror.‘ For pions having a tfajecfory
farther from the beam axis a larger fraction of their Cerenkov light'
reflected fgom'the cylindrical mirror to reach the phototﬁbel If this
 mirror was not a peffect reflector, the light levei at the phototube
“would be a fun;tion of thé pidn entrance trajectéry. There was no
evidence, however, that the mirror did héVeAalsignificant effect on thé
efficiency. As pointed out eafiier, the:fact tﬁaf fhe radiafor.wéé‘
wedge;sﬁ;ped did‘hot cause nonuniformity of response becausebthe liéht
produced by any pion traveling even the shorfest_dimension of the
radiator was well above threshold if the particle did not interact.
The major source of nonﬁniformity ofbfeSpénse was far ffom obvious,.
aﬁd its discovery greatly increased understandiﬁg oﬁ_the perforﬁance'of
the counter. Thévproblem lay in the variation of.éfficiéncy across the 'y
face of the centfal photomultiplier of the counter. Despitevthe fact
that.part'of the Cerenkov 1ight of a particle reflected from the cylindrical
mirror and part did not, and that thé light underwent different nﬁmbers

of reflections from the conical mirror, there was still  a significant
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correlation between the entrance trajectory ofvthe particlé and the pdrtion
of the face of the phototubé illuminated by igs Cerénkév light. As a
result nénuniformity of response ééross the.phototﬁbe caused nonuniformity
of efficiency across the counter apefture.. | |

When the importance of using a phototﬁbé with a uniform response was
reéiizéd, an apparatus wasAsei up to measure theAQariéfion of efficiency
over the face of fhe tube. A light”pulser; illuminating'only a small
region df.the tube; was moved from one pbin£-£o another. A méb of the
reiative effiéiency over the face of the tﬁbe was made by observing the
émplifude of the outpuﬁ pulses with an oscilloscope. Because of the
.great variation among photomultipliers, even amdng those of the‘saﬁe
typey a 1arge'numBer were.tésted fo find the most uniform éhes available.
Theuproceduré was made more lengthy beéauée uhifbrmity depended greatly
on the Qoltage of the focusing.gfid; and different values were triéd for
each tube. 'As,might be expected, regions near the perimeter of the tube
face often showed the greatest deviation invefficiehéy.' in Qrder to make
use Bf 6n1y the central, more uniforﬁ, pbffion'of'fhé tuBe, a new conical
mirfor was constructed with an exit diametér of 3.5 in. - (The original
diameter was 4.5 in.)

These imprdvementsvgave the movable countef a more uniform response
over the central region of its aperture. The region over which it had
high effiéiéncy was feduced to a 5.5-in.Fdiameter circle, however. (The
cylindrical mirror had a 7-in. diameter.) Outside Ehe central ciré¢te
the efficiénéy was several percent lower. The gxplanation involves - the-
optics of the cylindrical mirror and leﬁses. Although the radius st
which Cerenkov light crossed the focal plane was independent of the radius

of the particle tréjectory, the angle of the light at this point was
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partially correlated. At the focal plane, light from pions with traJec—
tories farther from the axis 1nc1uded more rays w1th 1arge angles. The
new cone, because of its more acute apexfangle, less efficiently conyeyed
,1arge-ang1e light to the phototube. " Thus the counter efficiency for
pions far from axis was reduced;h

3. Rate‘DeEendence of the Phototube Gain

The_effect of random-variations in phototube,gain has been discussed.

To a large degree, measurements made overva 1ong‘period of time are not
biased by such variations; Systematic changes'invgain from one -data .
pos1tion to another could have a serious effect on the accuracy of the
exheriment. For example, when the movable counter was at the most upstream
data position, adjacent to the final'quadrupole,vthe fringe field could
impair'the phototube response. Siﬁiiarly,vdifferencee in the ambient-
magnetic field along the decay path could 1eadhto systematic-variations
in tube gain. These fields were weak, hoWever, and measuremehts indicated
that the magnetic shielding around the tube was quite adequate.

| One systematic gain variation ‘did ‘have an 1mportant effect in the
experiment. The gain of the tubevexhibited avsiight dependenCe‘on the
cOunting rate. 'Origins of such an effect are discussed in Appendix B.
In a scintillation spectrometer such a gain variation iaualways of concern,
since_the variation in oulse.height leads_directly to'errors invenergy
.measurements. On thevother'hand, a typical.scintiiiation-counter is
insensitive to small gain variations. In CP, however, any gain change
necessarily altered the counting efficiency. A rate-deoendent efficiency
wae the.type of error not readily revealed by the goodness of fit of the
data. As explained in. the Introduction,‘if the decay path‘is short, the

fit to an exponential can be good, although the measured lifetime is in
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error:> The gain of the central phofotube of CP was less at lower rates,
so_that‘thé counter efficiency monoﬁonically decreased'aé the counter was
movéd‘downstfeam. The measured beam atténuation was:tob great aﬁd‘the.

calculated lifetime too short. This rate effect is discussed further in

Analysis.

4. Attenuation in the Cable Delay
. There was another important systematic error which, like the rate-
dependent gain, had an approximately linear dependence on the distance

élong'the'decay path, so that the gdodness‘of fit of the measured beam

attenuation did not suggest ifs presence. The problem concerned the

manner in which the timing of pulses in the electronic logic was pre-

served when the position of the movable counter was changed. Suppose the

counter was at the most downstream_position, and its pulses were properly

timed with respect to signals from the monitor syStem. As the counter was
moved upstream, the delay contributed.by particle time of flight was
réduced, and'cabléedelay had to be added to fhe signals.

Initially this variable cable delay preée&ed the pulse-height

discriminator for each signal from the counter. This is the arrangement

for a ;ypical counter. The fact that the signal undergoes some degree

of attenuation in the cable is usually unimportant. Since the approximate
deiay is found.before the voltage is aajusted, the only effecf df the
attenuation is that a slightly higher volﬁage is needéd. In the case of
CP, however, fhe'delay was hot constant. By varying the atfenuation of
the phototube signals, the change in cable delay caused a systematic
ghange in counfer efficiency from one position to the next. Because the
efficiency was higher at positions‘farther downstream, the effe;t caused

the measured lifetime to be too long.
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Once thé problem waé reéognized, it waé réadilyrcorrected.__Fér each -
- phototube of the movable counter, the variable deiay was placed after the
diécriminator so that standardtlogié pulses, for whiéh the slighf changes
. in amplitude'were 1eés criticalQ traveléd'through.thé delay cable. ﬁAs
additional precaUtién the logic pulses were restandardizéd by alSECOnd
discriminator following the céble.‘ANow, és the Qoﬁntér position was
changed, the 1ength of cable Eetween the two discriminators changed,
but the length from.the phototube ;6 fhe first discriminator was consﬁanp.
In the earlier version of this'exPériment'(Ref. 6) the variable
delay preceded fhe discriminator. It is now believed that this systematic
errbr had a significant effect on the results of that.experiment; "The
measured % lifetime was anomalously long; and thg lifetime-ratio
‘calculation suggested that thern+ 1ifetime was greater than © . The
cable-delay error would cause the apparent lifetimes to be too iong_and,

because liquid hydrogen was the radiator, would affect more than nf}



C.' Opefating the Coﬁﬁtérs
Much of.thé running time wés devoted to optiﬁiziﬁg the performance
of théVCerenkov counters. Any alteraﬁion of the flask’of the parts of
the opticallsysteﬁ'which wefe inside the ya#uum jacket was a major
underfaking; Chaﬁging the ring diaphragm, the central phototube, or the
light-collecting cone was rglative1y easier; Aftéf ahy’of‘these changes,
the high vdltagé and discrimination levels for the photbtubes had to be
éarefully choseh. . |
Ong>df the‘first parameters to Be determined.was the Width of,thév
annular opening iﬁ the diaphragm. ‘If the 6§éﬁing was tbb Wiae;.the
counter resolution would decfease. Past a certain poipt; howuvgr,
narrowing the opening would only limit Ehe.admitted light without improv-
ing resolution. ‘A diaphragm wés_choseﬁ which accepted Cerenkov light
with angles + 3 deg from the central value.
One test of counter resolutipn was to measure the efficiency of the
 counter, the fraction of beam particles detected, as a fﬁnctionvof the
beam momentum; which was varied by changing éll the magnet currents from
their'horﬁal values'by some scale factor.. Sﬁéh a mﬁmehtuﬁ-response curve
for CM is shown in Fig._8. At some ldwer value éf momentum the muons in
. ‘ v » .
the beam had the correct velocity to count, and the curve shows a peak
for thése particles. At .a momentum above the opératiﬁg point, the»light
from pions was centered on the anticoincidence ring, and the efficiency
was especiaily 1owf
An increase in efficiency occurred whén the ﬁomentuﬁ was raiséd still
higher. In this -region the Cerenkov angle was so great that ba:t of the
light made a ‘spurious reflection from some surface and passed thréugh the

ring aperture; At the eentral momentum, light fromvbéam elgétrons probably
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hehaved in this manher causing a small fraction of these particles to
produce pulses in the central photomultiplier above the dis¢rimination -
1eve1;b (As explained later in this section, electrons which counted in
the Cerenkov codnters caused.negligible.error'in'the measured lifetime
because of the'efficient'operatinn of thebelectronbvetoAcounter A -)

The important feature of the pion peak was its flat top, indicating

that over a range of about 15 MeV/c the counter. eff1c1ency was 1ndependent

of momentum. (Actually, in the central region the'apparent efficiency

1ncreased slightly w1th momentum because the hlgher the ve10c1ty, the
smaller the fraction of pions whlch decayed before reachlng the counter. )

Momentum-response curves were used to determine the best operating

momentum for the beam. It was more convenient, of course, to make small

changes in the magnet currents than in the d1mens1ons of the ring diaphragms.
The dlaphragm for CP took into account the lh MeV that plons lost in
'traversing'CM. Thus the beam momentum could be optimized for both
counters simultanEOusly. | | |

The performance of the Cerenkov cbunters depended greatly on the
settings of the discriminators for the central'photomultipiier and for
the tubes of the anticoincidence ring. The'discrimination level for the
central photomultiplier‘was set according.to the following considerations.
If it was too- low, reJectlnn of- unde31red partlcles would not be
satisfactory,i If 1t was too high the counter»efficiencyfwould be more
sens1t1ve to those systematlc problems.caus1ng gain variation which have
been d1scussed

For CP the moét important of these systematic effects was the
vsriation of efficiency over the facevof the central'photomnltipiier.

The resulting variation in the efficiency of the counter over its aperture
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was gxamined by making a series of preqise'measurements of.D/M'witH CPf‘
displaced.with respect tézthe Beém line, éither.léterally or ve;tically.
One such "profile" of the’beam is shown in Fig. 9. Thé shape of the
observed curves depenaed on.both the counter and thé beam. If the extent
of the beam was well-defined and the ¢ountef'efficiénéy was uniform over
an area larger than the beam, then there would have been a range of
_diéplaceménts for which D/M was éonstaﬁt.l'A discussion Qf the‘profile
in terms of beam containment will be given later. bThe'éffect of nonuniform
cdunter effiéienéy was revéaled by'repeating'tﬁe_test With‘a diffefenf'
setting of the discrimination 1evé1-for the centr31 photomu1tip1ier. For
a 5igher-thre5hold the widfh of the (approximately) constant portion.of
the curve was reduced, indicating that the effective counter apefture
Qas smaller. The width of the curve allowed pfedicﬁing how far down the
decay path the beaﬁ Qoula be contained within this aperture. |

The counter efficiency was not sufficientiy uniforﬁ'if thg threshold
was too high. A convenient test of whether the thréshold was too low
involved the responsé of CP to éléctrons and muons. Two logic ciréuits
iqentified theéé components of tHé beam. Récéli that the monitorléoincidence
M Was‘MlMéM3MﬁK1KeCM‘EﬁK TA. Particles'satisfying‘M1M2M3MAKIAEEX had the
~ same trajectories as.the pions in M but were électrons since they‘countéd
iﬁ the threshold Cerenkov counter.Ae. Similérly, particles satisfying
M1M2M3M£K1Keaﬁ TA were muons because they‘failed to.coﬁnt in either Ae
or the éentralﬂphotétube of CM. Two additional circuits recorded those
electrons or muéns which countea in CP.

Identifiéation of muons’rélied on correctly vetoing the pions iﬁ the
beam. Note that the requirement was anticoincidence with CM rather than

with CM.CMA, the logic signal which was used in coincidence to identify
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pions. The reason was that some 0.2% of pions; which otherwise would
have satisfied the monitor coincidence, produced enough light to be

vetoed by CMA. For these pions the 1ogic‘signa1 CM CMA would be absent.

L

Thus with the alternate form of the anticoinciden¢e reduirehent; these
pions would not be vetoed.

.At‘the discriminétipn'leVel chosen for“déta téking,'CP kypiéélly
respopded to 5% of'thg eleqtrons and 0.2% of the muons. It must be
emphasiéed that these éffiéiencieé do not directly inaicate a éyStemafic
error in the éxpefiTent. Error rééultéd‘only Qhen_C? respoﬁded to av
_particle which was not a pion and this pafticle spﬁfioﬁsly Satisf{EE‘thé
monitor cdincidencé. A measurement of the Ae efficiency, using'a.time:
of—flight_idehtification of electfons, showed that less thén 1% éf the
beam electrons failed.to count in Ae. The efficiéncies.of CM‘for beam
electrons and muons were 0.5% and 0.02%, respectively. Consideration of
the abpropriate prbducts of these effiéiencieé shéws that the actuai ‘
error was negligible. The fraction_of electrbns.and mﬁons whicﬁ counted
'in‘CP wa; of sigﬁificance because if was an inaication of the fraction
of decay muoné that counted.. Becaﬁée the mohiﬁor system could not aid
in rejecting decéy muons, as in the case of electrons and beam muons, the
‘efrof'from these §afpicles was not negligible. 1The pfoblem'of decay muons
is discussed in Sec. VI-D. . |

The procedure for adjusting the anticoincidence system.of one of the
Cerenkov counters will now be described. fhe véitages app1ied to the ¥
photomultipliers which viewed each half of the énticbincidencevring were
adjusted so the tubes had equal sensitivity.as-iﬁdicated by similar

pulse-height spectra. There was only one discrimination level to set

because the outputs of the two tubes were added before discrimination.
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As Waésthe case for the central photomultiplier, the choice of threshold
was a compro@ise. If the threshold was too high, the anticoincidence ring
did not fully perform its function of vetding péfticles which were not
pions. If the rihg was made too sénsitive,vhowever, pions which should
have counted were vetoed. Pioﬂs with higher mpﬁéntum were more iikely

to counﬁ in the ring since their CerenkovvangleIWas gréater; Moment um-
response curves aided~in setting fhe'&iscriminatiqh level. An exééssively
low threshold Qas indicated by a decfease iﬁ the countgr efficiéncy for

pions with momentum above the central value.
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IV. TIH_E DATA RUNS
With all the experiﬁental apparatus perfbrhingvoptimally, a measure-
ment of the positive and negative 1ifetim¢s with sufficignt statistical
aééuracy réqﬁired_only about a week of continuous.funning.‘ There Qereb : >
some 12 months, howéver, between the installation of the beam magnets and
.the cbmplétion of the-experiment. Clearly most of the éffdrt_in the
experiment was not devoted to routine data'faking}’ﬂTuning of thg‘beaﬁ
transpoft system and the two Cérenkov counters and makihg vafious tests»b
of their performancebcbnsuméd a la;ge-pdrtioﬁ of the_runningjtimé.
Eventuaily the stége wés réached at which the best gest of the_performénce
of thg syétem was how well it made the‘deéired mea surement. Several
independent rﬁns were carried out.v_Not all ofvthese providea usablé
data, and some éhange in the'movable Cerénkovvcouﬁter.was often made
between fhese runé to improve its perfofmance; One other phase of tﬁe
experiment involved determining the velocity dﬁ the beam. vThis measure-
ment was made in two différent ways. The fifsf used a mégnetié Qpectrom—
eter techniqué: an auﬁiliéry'bending magnet and fgur spark‘chambers.
The second, a time—of—flight meaéﬁrément, pro&ea to béchévmore feliaﬁle;
‘It will be described in detail in Sec. V.
A data run consisted of fecording thevnumber of pions detected by
the movable counter (choincidehces> for some number of monitor counts -
(M céincidencgs). Measurements were maﬁe at sevenvposicions‘albﬂg the
decay path. - The distanée between each bosition was ébout six ft, the
length of the gections ffoﬁ which the beam Qacuum pipg was constructed.
Tﬁe first positién, for which thé CP was as far upsfréam‘as poésible,
was denoted DP1 (Data Position 1)f The others were similatly naﬁed, DPY

being the position about 36 ft downstream of DPl. There was a gate valve
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in the beam vacuum pipe at the start of the decay path, just after the

last monitor counter, A6 When the counter position was changed the

’gate valve was flrst closed to keep evacuated and llght tlght the sectlon

of vacuum pipe containin through A.. High voltage’could thus remain
& 6

on these counters. After the length of the beam plpe was changed and
. 2

vacuum'restored, the gate valve was opened A tran31t, situated on the

‘beam line beyond the end of the decay path was used to allgn the beam

pipe. The Cerenkov counter was allgned by means of ‘the beam-proflle
measurement previously described. This was the most reliable method since
the precise location of the flask with respect to the exterior of the

counter (the vacuum jacket) was not known. In addition, this method did

not require knowing the lateral position of the beam as a function of

distance along the decay path.

For n data the maximum intensity of the external proton beam was
used; for ﬁf this 1ntens1ty was reduced so that the rate of moni tor
coincidences was the same for both beam polarities, about 1000 per second.
(The maximum % beam was used only for tests of the beam or Cerenkov
counters. ) Data were taken for both %' and n  during the same run, the
beam polarity being changed 6 to 12 times at each position. Frequent
alternation.of polarity was of particular value in determining the life-
time ratio. While the absolute lifetime neasurement required that the
counter eff1c1ency be sufficiently constant\durlng the entlre run, the
ratio calculatlon relied only on the constancy of the ratio of the plus
and minus counter efficiencies. If the eff1c1ency varied slowly compared
to the rate of polarity reversal,dthe plus-minus ratio for sequential
measurements would not change greatly. |

In order to provide more statistical information about fluctuations,
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the contents of all scaiets were reCorded and:cleared more ffequently
than the polarity was reversed. For example, on one polarity the scalers
might be recorded four times, - each time 2QO 000 b coincidences were
reached. The great quantity of numbers generated (thete were 37 scalers)
was not a hlndrance because the scaler contents, beSLdes belng printed
out on a typewriter, were written on magnetic tape to fac111tate the
subsequent computer analysis.

.In:the course of the experiment eight sepatate data tuns were made.
There were important experimental differences between any two runs; and
the range of validity of the results varied. Five of the fUns used
1iquid deuteriumvin Cp, and-three used liquid hydrogenf The radiating
liquid inVCE uas of great significance because of the nature of them+
and L pulse-height spectra for the two different media. (See Sec. III-B
and Fig. Tb.) The effect of gain changes.was‘greater,‘the greater the V
.number cf pulses having amplitude near the discrimination'threbhold. |
With hydrogen the n+ distribution was greater:at this boint than'n;.

With deuterium the plus and minus distributions Wefe the éamé and were.
’higher at threshold‘than either of the hydtogen distributions. Because
the rate dependence of the gain of the central CP photomultipller affected
the n efficiency more than the =~ when hydrogen was the radlating .medium,
the best measurements of the llfetlme ratio were the deuterium runs, in
uhich the rate effect was the-same for x and % .

For several reasons only the hydrogen runs were con51dered for the
measurement of the absolute lifetime. Three of the systematic problems
related to pion interactions_in CP made hydrogen the preferable radiating
medium " One was the rate-dependent phototube gain. Because of the.

11m1ted data on the dependence of counter efficiency on rate, the most
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suitablé analysis'of the hydrogen funé tqok advéntagé of the faéf that
the efficienc& variation was gfeéter for ﬂ+ than for % . Such an analysis
would not have been possible for the deuterium rums. (The different
analyses are discussed in Sec. VI-A.)

The‘sécond systematic difficulty was variafion’iﬂ.thé effiéiency
of thevCP phototube from one.region'of its face to another. Because 6f
the difference in the pulse-height sbecfra,‘this ptbblem wasvmore sérioﬁs
when deuterium was the radiator than when hydroéen wés used. Nonuniformity
in the response of the counter'aéross its entranée aperture; a fesult of
this variation, was tested by Beam-profile'measurements. Tﬁevresults

presented in Fig. 9 were obtained with the x" beamydurihg the best

‘hydrogen run. Although measurements with - were not carried out, they

v o o . o
surely would have indicated an even more uniform response. In contrast,

none of the profiles obtained during deuterium runs indicated as uniform

a response as that shown in Fig. 9.
Similérly, because of the pulstheight spectra, the third systematic
problem, random gain fluctuation, was more severe when CP was filled with

deuterium. For example, the absolute lifetime calculation for one of

the best deuterium runs had a poor goodness of fit: X2 per degree of

freedom (X2/D) was 2.0. 1In contrast, for the best hydrogen run,'Xe/D

was 1.0 for n and 1.3 for T (The fact that the lifetime ratio
calculation depended less critically on the stability of the counter
efficiency was illustrated in the_above deuterium run. Despite the poor
absolute 1ifétime fit, the ratio fit had X2/D of 1.1, and this run-waé
one of three upon which the best value of the ratio was_baséd.)

In addition to these systematic difficulties with the use of deuterium,

the beam momentum for the deuterium runs was not known well enough. Since
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the index of refractlon of liquid- deuterlum is slightly higher than that
of 11qu1d hydrogen, a lower beam veloc1ty was needed to produce the same

17

Cerenkov angle. The operatlng<momentum was 312 MeV/c for liquid
hydrogen and 285 MeV/c for deuterium. dThe magnetic spectrometer measure-
ment of the deuterlum momentum surely had a large error, since it
1nd1cated a 0. 7% dlfference between p031t1ve and negatlve momenta while
all other tests showed good equality between the two beams. The best
value of the hydrogen momentum came from the time-of- fllght veloc1ty
mesurement performed at the end of the experlment Since CP had been
removed to‘increase the available flight path, no further iifetimeMdata
couid be taken. A deuterium time-of-flight measurement would’have
required condensing deuterium‘in CM solely for this purpose. By this
time it was apparent that hydrogen data were preferahle for the
ahsolute lifetime analysis, and the measurement was not made.

of the three liquid hydrogen runs, one was far superior to the other
- two, and the absolute lifetime has been derived from the data of this
brun only. One of the two unaatisfactory runs was troubled by tube-gain
instability.\ Poor‘reproducibiiity made the.problem.evident during data
taking. >The‘other run was the only one in the experiment Which used a
2-in. phototube (an RCA 8575) in CP. To use this tube the reflective
fconeAhad to have a more acute angle, and thue the effectlve diameter of
‘CP was reduced. (The relation between cone angle and the usable area of
the counter was explained in Sec. III-C-2.) |

The quality of the data from the best hydrogen run can be appreciated
by comparing the 2-in.-tube data. For n-, X2/D was worse for the latter
run, and although X2/D was comparable for both x" fits, more data points

were many standard deviations from their fitted values for the run with
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the 2-in. tube. Confidence in the validity of the best rﬁn came from
the fact that, within.statistics, the same lifetime resulted from
calculations which omitted different data positions. 1In the other vun,
however, omission of DPl made a significant difference. Finally, the
chosen run was the most complete. Data were taken at every position at
two different times. (The.order of posiﬁiops was 4, 7, 6, 5, 4, 3, 2,
1, 7, 6, 5, 3, 2, 1.) Reproducibility, which tested the stability of

the whole system, was excellent.
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III. THE TIME-OF-FLIGHT MEASUREMENT

A. The Necessary Precision; the Problem of Calibration

betermining the lifetime from the observed beam attenuation required
a measurement of the.beam momentumf—more precisely, - the product vB. The
mostvreliable valuebwas from aptime-ofrflight measurement'of the pion
velocity.

The_timefof—flight technique directly measuresvthe veiocity of a
particle by determining the time delay between the responses of two
detectors, separated a known distance, through which the partlcle passes
The d1ff1cu1ty 1n determlnlng the momentum p of a relat1v1st1c partlcle'
from lts time of fllght t is apparent from the equation

2
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The relation shows how_much smaller the reiativezerror in B must be to
achieve a given reiative error in p in prrnciple,'B can be determined
to arbltrary accuracy by maklng the fllght path suff1c1ent1y 1ong The
maJor pract1ca1 restrlctlon to this approach 1s the reductlon in couhtlng
rate from partlcle decay and beam dlvergence

The beam of this experiment was well suite&:for a time—of~flight
measurement. Its limited divergence made a long flight path possible.
Its small 1atera1 extent permitted using small timing counterSt (Precise
timing is difficult for large counters.) The flrght path had a length
which gave a pion transit time of 97vnsec. ‘Since'72 was 6.0, the equation
above Shows>that an accuracy of say, 0.1% in pvrequlres that t be known

to 0.02 nsec. At first 31ght this may appear to be an 1mp0331b1e demand

because of the many sources of time jitter_in the electronics. Eor example,

fluctuations in the secondary-electron transit time in most photomultiplier
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tubes is more than tén times the féquired tiﬁing accﬁracy: The important
point ié that our application éf thé time¥of~f1ighf te;hnique only sﬁught
to determine the mean transit time of pions in the beaﬁ, not that of
individual particles as is often doné.in-expefiménts with neutrons. If
the nature of the fluétuétions is uhderstood, the accurac& in determining
the'mean”can‘be iﬁéfeaéed by simply oﬁserVing more particles;

The basic electronic arrangemeﬁt consisted of‘a-scintillétiqh counter
at each>end of the path o§er which pérticiés were to be timed. The output
"pulées'entefed discriminatofs, which in furn drove the START aﬁdeTOP
vinputs of a time-to-amplitude converter (TAE), a device with output
émplitude'pfbportibnal to the'differénée between.arrival times 6f the
two inputs. The TAC output went to a pulée-height analyzer (PHA); by
- means of analog-to-digital conversion the ?HA memdry aécumﬁléted a
veloc.ity.hist.ogram.1

‘The limitétibn of the technique is the.precision in aeferminiﬁg the
célibrationvof the system: the relétion befween time difference and PHA
chénnel number. A sufficieht‘procedﬁre'is4to establish the time difference
correspénding toféome channei, énd secdhdly thé ”scaie factor" for the
system, the number of channels per nanosecond. Theigreat difficulty in
precise calibration is that random variatioﬁs in the performénce of the
eléctrqnics alter the calibrationvduring the éoufse of the measurement.

The humBer of channels §er nanésécond changeszith the gain of the
TAC and PHA. Equally importaht are effects which shift thebwholerscale
without changing the scale factor; in éffect the channel'corresponding
to zero time difference changes. Such a shift can result from variations
of the thresholds of either the discriminators followingvthe scintillétion

countefs or the START and STOP discrimination circuits internal to the TAC.
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(The time delay'betWeenbthe input pulae to a discriminator and the out-
put‘is a function‘of the threshold; unless the input pulse has an
infinitely'short rise time, a higher threshold causes an increaeed delay. )
bAnother,cause of shifts of the time scale is variation of the mean electron
transit time in the photomuitipliers:causea by slight'changes in the
applied voltage. A change.of one volt nroduces a éignificant change in
transit tine,»about 0.0l'nsec. | |

Despite these eiectronic fluctuatiOns an.aeeurate calibration rs
possible if it is carried out simultaneously with the primary measure-
ment. Because syétematic changes in the data are revealed by changes in
the observed ealibration, correction is possible. Fnr bne part of the
calihration'procedure, establishing a reference timevinterval, the
criterion of simultaneous meaéurement was fulfilled by recording the
time of flight of the mementum?analyzedvelectrons in the beam as well as
the pions.: To snfficient accuracy the eleetron'velocity was that:ofh
:light (11- B ~ 10'6); and “thus knoniedée ofhthe flight d}stance determined
the transit time. Variation in phototube trme delay couid-broaden the
peaks correspending to the two particles but would not affect thej
separation between them. |

An important added advantage of making use of the difference between
:plon and electron flight t1mes, rather than measuring dlrectly the total
fllght time, was that‘a greater precision in p could be obtalned with
given relative errors in the measured time 1nterva1 t and in the fllght
dlstance d. If t is the -pion time of. fllght, then B = d/ct. If instead,

t is the difference between pion and electron flight times, then

B

1/(1 + ct/d). The uncertainty in B caused by a given relative error

in t or d in the first case is larger than that in the second by the
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factor 72(1_+.B), about 11 in this expefiméﬁt. 'Uncéftainfy in the flight
distance was‘negligibié if momentum was derived from the pion-electron
difference: A 0. 1% momentum measurement rgduifed an accuracy of only
5 cm. |
':TheveffeCt of random shifts in_thé_electrqniés has to be'coﬁéideredv
'iﬁ choosing a method fér carryiﬁg out fhe sécond part of the calibrétion,
determining the number of . channels per_nanosecond; One simpie‘method
consists of delaying one of a pair'of identiéél oﬁtputs fréﬁva pulse_
generator to produce START and STOP pulses having a fixed,'alfhoﬁgh
ﬁhknown;'tiﬁe différenéé. Uéed as inputs to the TAC, these pulse pairs
‘make a.peak around séme channel of the PHA. If-én’additional known time
délay‘is"added, the positidn:of the peak changes somé number of chanpeis
cdrrespondingvtq this time»interval. The difficulty is that the tﬁo
meééﬁrements aré done at different fimeé; and any spurious shifts in
tiﬁing caﬁsé error. In.an.idealAarrangement the time.difference between‘
the two inputs to the TAC alternates fapidly to minimize the effect of
short-term changes. In éddition, the calibration as a whole is performed
continuously during acquisition of the primary data;vso that slow.changes
in calibration can’be.recofded; |
The procedure.actually used in.this experimént did not'fuily satisfy
these criteria. Thebsyéteﬁawas calibrated against the time delay in two
cables; which in turn had to be measured. :A more satisfactory direct
calibration, a modification of the setup used té measure the two cable

delays, is proposed'below;_
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"B. The Timing Counters and Electronics

The existing secintillation counters in the beam (Ml,'Mg, and

M3,
Mh) were only'l/l6-in. thick and were not suitable for timing purposeé.
A ecintillator thickness of ebout2172'in. was desired in order to produce
more photone‘and thus more photoeiectrone.’ Increééiné the humber of
photoelectrons reduces the time Jltter in two related ways. The statlstlcal
fluctuation in the secondary—electron tran51t tlme in the photomultlpller
decreases.. Secondly, because pulse—heightVVariation is reduced,vjitter
from the subsequent pulse discriminetion decreases. One.disadvantage'of
e thick scintillator was thaththe mohentum deduced'from time of tlight
had to be corrected for ionization energy:ioss ih the upstream counter.
The thicker the counter, the more accurately energy 1oss.per unit thickness
would have to be known for the SCintillator.

The first timing counter, denoted TI,'Was poéitioned just after CM.

It was undesirable to put T, anywhere in the beam ahead of CM since the

1

momentum distribution entering the Cerenkov counter would be .changed.

1

Ovaﬁ’ a 2-in. circle, so that every particle in the monitor traversed

The scintillator of T,, 2.25-in. square, was adjacent to the scintillator

Tl.' A simple, Lucite 11ght pipe coupled the sc1nt111ator to the photo—
-'multlpller. To improve photoelectron yleld an. RCA-8575 photomultiplier
.was used because of its hlgh quatum eff1c1ency.

vThe ideal second counter would have been'CP since the particles to
which it respondedeere precisely those we wiehed'to.time. It was unsuit-
able, however, because the lack of uniformit&ioflthe phototube pulses
made accurate timing:difficuit. A counter 1ike T1 placed in front of

Ccp could:have provided the timing pulse with'epprooriate logic requiring

that the particle traversing the timing counter also count in CP. The
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problem with such an arrangement ﬁas that a thick écintillator in front
df CP Qould aiter the momentum'and angdlar distribqtion of the beam
enteriﬁg'the counfer. " In addition, the use of CP,'a'réther long countef,
would Eave.significantly reduced the. flight patﬁ that could be readily"
obfained, Fof these reaséns CP was not used in the ﬁeasﬁiemeht.
2

The'downstream_counter T. was a scintillation counter identical to

T Since the movable Cerenkov counter was not to be used, it was

1
removed from the de¢ay path. .Té was mounted on the beam line 87 ft from
Ti’ about 1.1 mean decay lengths from DPl. There was a continuous vacuum

.fréﬁ.thto:Tg; Thé extended beaﬁ is shown in Fig; 10.

The:measuiemeht waé made by accumﬁlating particle data, recording
the fesults, and then calibrating the systemiwithlthe two delay cables.
’Thié p;ocgdﬁreiwasvrébeated 182tiﬁés so that the degree of internal
‘consistéﬁcy amoﬁg the data éoulq'pérmit estimating the effect of systematic
driffs.

A simplified logic diagram is shown in Fig. il. The important
feature of the setup for particleidéta‘(ihe top diagram) was that the PHA
was operated in a coihcidencg mode: Avsignal at the déta input was ignored
unless there was a 1e§e1 at the coincidence ihput. Such operation
permitted rejection .of particles which tfaversed both timing counters yet
failed to satisfy a given coincidence requirement.- The.PHA accepted
timing data only for those particles céunting in Tl andb"r2 and satisfy-
ing either the M coincidence or the cqincidence identifying electrons.

'By gating_thevPHA, rather than one of the fast logié components,
_there was less dahger of introducing a timing bias from the éoincideﬁce

requirement. Because of the 300-nsec internal-conversion delay in the

TAC, the enabling gate reached the PHA much earlier than the data signal.
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XBB 684-2314

The experimental setup for the time-of-flight measurement.
The movable Cerenkov counter has been removed and the beam
vacuum pipe extended. (Compare Fig. 2.) T,, the final timing

counter, is in the lower right corner of the photograph.
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Fig. 11. Logic diagrams for the time-of-flight measurement. To record

particle flight times, the inputs to the TAC were signalé. from

counters T1 and T2 as shown in the upper figure. To calibrater
the system, the TAC inputs were generated by the arrangement
~in the lower figure. Cables of known time delay were inserted

at point 1l or point 2. D labels discriminator modules; C,

coincidence; and GG, gate generator.
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The width of the gate was adjusted so it endedeell after the date signal.
The bottom diagram in Fig. 11 shows the setup used to calibrate the
TAC-PHA system between runs. .The pulse generator operated at a rate
compatible with the TAC and PHA (=2 kHz) and siﬁultaneously droue two

19

discriminators and a light pulser. The 1ight pulser was viewed by a
photomultiplier whose output after discriﬁination served as the STOP
input for the TAC. The purpose of the light pulser and photomultiplier
_ wes to introduceitime jitter in tne STO?rpulses{ Withoutbit.the TAC ;
pulse:height distribution fell in a single channel of the PHA, and it
was impossible tolobtain‘resolution better than one channel. With the
use of the photomultiplier, the calibration system produced'Gaussian peaks
similar to those of the time- of- fllght data.

The two discriminators driven directly by the pulse generator were
slternately inhibited by complementary outputs from a slow (z IO.HZ)
square wave generetor. Thus only one or the other sent pulses to the
ﬁiier. With no added calibration cables,.the time differencelbetween
START pulses from either discriminator and STOP pulses was approx1mately
the pion transit time. |

“The basic calibration procedure consisted of a run with a calibrated
cable at pointbl in the figure and‘a run with the same-cable at point 2f
Because of the action of the square wave generator; two peaks were
simultaneousl& acquired in the PHA during each run. One, at the approximate
location of the pion peak, resulted from START pulses which reached the
mixer without edded cable delay; the other, corresponding to a smaller{
time difference, resulted from pulses delayed by the”calibrated cable
before reaching the mixer. After each time-of-flight run, this procedure

was carried out for each of the two calibration cables. Their nominal
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delays were 10 and 20 nsec; the time-of-flight difference between

electrons and pions was about Q nsec.
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C. Analysis

1. Time-of-Flight Data

The mean chanﬁels for the electron and pion peaks in the TAC pulse-
height distribution were found by a 1eas£-squarés fit to éome function.
The variance in the contents of any channel was takenufo be the number of
counts in that channel. It was necessary -to cdnsider what fuﬁétioﬂs
éhould be used for electrons and pions, and how many channels in any
peak should be used in the fit. TFor a gfoup of particlés with a upiqhe
veiocity, the shaée'of tﬁe obserQed peak reflects just the instrumentai.
Irésblufion.v The electron peak shape‘;s expected to be Gaussiéh bebausé
timing fluctuations, principally those'in’thé photdmultipliefs, have
this éhape;

The pions have a_distributioh of velocities. Sinée this distribhtion
is determined'by.the beaﬁ transport system, eséentiéll& a mémentﬁm-aéfiningv
system, it might be expected that the pion momentum distribution?—rafher
than the Velocity distribution-—is Céussian. The observed éimeebffflight
~distribution should be an interﬁédiate case, since it results fromvthev
true velocity distribution folded into the Géussian iﬁstrumehtél resolution.
Because of these considerations tﬁe pion data wére fit assuming a Gaussian
distribution in either homentum or velocity to allow comparing the two
limiting cases. | |

For each peak only those channels whose con;énts exceeded_a given
fraction of the maximum of the fitted curve were cbnsidered. The ﬁumber
of channels used in.the‘fit'wés varied by changing this cutoff fraction.
If too few channels are uéed; the mean of the fitted curve may be in

error because of variation from one channel to the next of the effective

channel width; if more channels are used, the effect is minimized. If
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too manf channels of the peak are uséd, thé "tails" of the distribution
may receive undue weight. Far from the_mean, the system resolution _
function may not be striétiy‘GauSSiah,Iand'in addition a 1arger.fréction
of the counts may arise froﬁ some background. Fits were also made which
allowed for the possibility of a constant background.

The analysis conside?ed most meaningful was fittingba11>peaks to a
Gaussian plus constant background. Figure 12 showé thé fitted curves for .
electrons and pions for one rum.. Table II gives.thé mean numberfof
‘channels between pions and electrons for.thg 18 rﬁns és a function Qf the
cptoff fraction used for pions and that for electrons. The best value
was takenras 107.54 channels.

Table II. Mean number of channels between pions and electrons.

Electron cutoff

Pion cutoff S 0.1 0.2 . 0.3 0.4
0.1 107.58 107.59  107.59 107.59
0.2 , ©107.56 ~ 107.56 . 107.56 ~107.56
0.3 107.54 107.5h 107.54 107. 54
0.4 = 107.53 107. 54 107.54 f 107.54

vdﬁi4é33§fé‘per degreenof freédom‘averaged 1.3 for electrons and 0.8
for pions with this form of fit. If'the fité did not allow for background,
the mean separation (for cu;offsséf O.3)nwas 107.57 éhannels; goodness |
of fit wésA1;9 and .1.0 for-elgctrons and pioné, respectively. Lastly,
if the pion peaks were fit assuming their shape :esulted from a Gaussian
distribution: in momentum,‘the computed separation was 107.56; goodness
of fit ﬁas essentially unchanged. This last method of fitting was the
least realistic. The fact that the pion peaks were only 15% wider than
 the electrons shows that the width was contributed mainly by instrumental

resolution, not by the width of the momentum distribution.
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Time-of-flight spectrum for one of the 18 runs. The

vhistograms show the bbservedldistributioﬁs for electrons

and pions. The curves are 1eaét~squares}fits to a Gaussian
plus constant background. X2 per degreé of freedom is 1.2.

for the_électron peak, and 1.3 for the pion peak.
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Thé major source of uncéftainty in the nﬁmbervofcéhénnels separating
pions and'electréné waé fluctuationé in the electronicé which‘cauéed the
observed éepafétioﬁ to vary from run to run. Based on the internal
consistency of the 18 rung, the error is estimated to be 0.11 channel.

» 2. Calibration Data

- For one of the two reference cables the data‘ffom the calibration
_ érocedure consisted of the mean chanﬁels for four PHA peaks: two for
_eaéh of the positions for the cable. (Refer to Fig. 11.) The mean for
each peak was found by a least-squafes fit to a Gaussian shape. To
derive the expression used to calculate channels/nsec for the system,
define channel numbers and correéponding START-STOP time differences

for the four peaks as follows:

Low peak ,High peak
PHA channel ‘ . Cin : : CSUt
Cable at pdint 1
| time differénce o : T-1T : ‘T + AT
‘PHA’channel : ' 'C;? | ‘ Cf?t
Cable at point 2
time difference : T - T2 +AT T

For the PHA channels the superscripts indicate whether the cable

was "in"

or "out" of the position indicated by the subscript. Becauée
the cable adted to delay the START input of the.TAC,'the."loW peak"
cérres?onded to the 1ég of the network which included the cable. -fhe
inherent time.difference_between START‘pulses pfoceeding via point i and
STO? pulses was T; for poipt 2 the tiﬁe was T + AT. T1 was thé time
delay added by inserting_the cable at point 1. The same cable at point 2
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caused a delay of T2. (T1 did not precisely equal,T2 because of differences

in the response of the two input circuits of the mixer.) T and AT were

unknown quantities; T. and T, were known. If G is the ''gain' of the

1 2
. . : . - cout .in
system (channels/nsec), these quantities are related by (C2 - €] ) =
G(T1 + AT) and (C(l)Ut - C;n) = G(T2 - AT). Eliminating AT, we find
out in} . out . _in
e (g
T1 + T2v

To understand the motivation behind this method of calculating G,
consider the more>straightforward procedure of comparing the positions
of the peaks observed with and without the cable at one point in the

setup. In this case

Because C§Ut and Cin were measured in two different rﬁns, a change in
the transit time of the phototube, for example; cbuid introducé error.
The.more‘involved expreséion for G; however, consists of differencés in

vcﬂahnel numbers for peaks observed in the same run, and error from
electronic changes was minimized.

The average of the 32 separate calibrations was 12.454+0.005
channels/nsec, where the uncertainty-is based on the internal consistency
among the measurements. The 15 measurementé,usihg the '"10" nsec cable
were consistent with the 17 based on the '"20" nseé cable. The two cases
gave 12.456 and 12.453 channels/nsec, réspectively. The caiibration was
also obtained by the alternative proceduré, compafing the éeaks found with

and without a calibration cable in one leg of the setup. Although the

calculated mean was essentially the same as that obtained by the more
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involved method, the "internai conéistency éfrér" was 0.010 cﬁannels/nsec
insteéd of 0.005.

| The Qélues for the cable delays used in the calculations were 10.335
nsec fdf the "10" nsec céble in position 1 ahd>10.3u5 for positiéﬁ 2.'
The cbrreéponding values for fhe“EQO"nnsecéeébée weré 20.251 and 20.265
nsec. Eacﬁvvélue was the aQerage of soﬁe 30 independent measurements
_ whose interngl‘consiétency impliéd.an unéertainty of 0;007 msec. Thus
' the greatest relative uncertainty was that for the shorter cable; 0.07%.
It is féit that the onlj'systemaﬁic error in the cable deléys was from
nonlinearity>of the TAC.and PHA when these Qere used to éalibréte the
cabies. This error is iﬁcluded in the célculation‘of the uncertainty

in momentum given below. |

._vAdditional confidence in the values of'tﬁé éable délays'is gainea

by comparing the ratio of the time délayé éléimed for the two cables to
the ratio of the number of channels each cable shifted.the calibration
peaks during the time-of—flight measureﬁent.- During data-taking the
ratio of the shift for the "20" nsec cable to that for the "10" avefaged
1.9591. The ratio of the assumed time delay far the '"20" nsec.cable to
that of the "10" is 1.9592 (an average for the two positions in the
calibration sétup). - Because of the nature of the metﬁod used to calibrate
the cables, éystematié-error could have affected the measurement éf the
1dnger cable much more than the shorter. In view of this possibiiity,

the agreement of the above ratios is indeed encouraging.

3. Momentum Calculation
The calculated difference between the pion and electron flight times,
8.635+0.014 nsec, implies a momentum of 308.46+0.27 MeV/c. The error in

the time difference reflects the uncertainty in calibration cable delays
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(0.07%) and in the number of channels between calibration peaks (0.0k%)
and between particle peaks (0.10%). Nonlinearity of the TAC-PHA system
is estimated to contribute no more than 0.10% to the error. (Evaluation
of this nonlinearity is described below.) Calibration of the.refe;ence
cables and the time-of-flight measufement itse1f_made use of the TAC and
PHA in a siﬁilar fashion; the above nonlinearity error covers both cases.
Since the lifetime data were takep without T1 in the beam, the

approbriate momentum is higher by an amountkcérresponding to the enefgy
loss in the 1.49 cm of écintillatof. This ehergy loss was calculated

3

assuming the plasfic scintillator has a-déﬂéity of 1.02vg/cm and is
'cbmposed of hydrogen and carbon with atomic ratio of 1.10.20' Withv
sﬁopping poWers‘of h;27 and 1.86 MéV?cmg/g for hydrogen and\carbon,2
respectively, the effective'stopping power is.2.06 MeV-cmg/g; and the
energy loss is 3.13 MeV. ‘The estimated uncertainty is 5%. The atomic
stopping powers have an accuracy of order 1%.22 Oéher small éources of
error are departure from Bragg's rule (the effective ehergy loss is the
sum of the losses of the constituent elements), error in the effective
thickness of the scintillator if it was not_pfecisely perpéhdicular to
thg béam, and small energy losses in counﬁer wrépping. The calculated

- stopping power is insensitive to the hydrogen-carbon ratio; a 10% change
in thé ratio changes dE/dx only 0.5%.

- The final result, the momentum of the beam with whiéh the lifetime

was measured, is 311.89+0.32 MeV/c.
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De Systematic Errors

1.\¥Decaz Muons

Since T2 did ﬁet distingdish pions frem decay muons, a systematic‘
‘error'coeldbresult from these background pérticles. Momehtum?analyzed
_ electrohe;ehd mdoﬁs formed peaks weli:éeparated-trbm the bion peek, but
the'time-of-flight distribution df decay muons which registered in the
.”eounterﬁwaS'hidden under the pibﬁ peak. If this distribution was not
Syﬁmétric abeut the true pion peak, the observed "pion'" peak would
appear shifted in position.

. ..An‘estimate of the ﬁagnitude of.this error showed that it was
negligible. The time-of-flight diétribution for decay ﬁuons was
calculated with several simplificatidns.- The plen beam was assumed to .
'have no angular d1vergence and no lateral extent--a beellne of partlcles;
Tz‘was represented as a circle.of radids.3.5 cmé; Since the lab angle
between a decay muon trejectory and the beam axis was always small, the
transitftime between the decay poiht and the couﬁter wae compﬁted using
the,projected distance along the beam axis.

If the velocity of the decay muon‘is greater (less) than the pionﬂ
veiOcityg the effectiQe time of flight is shorter (longer) than if the
pioh had not decayed. For a given value of this'difference, there are
contrlbutlons from decays occurrlng over eome interval of the decay path.
The limits of the interval are determined by the maximum and minimum muen
lab velocity and by the requirement that the muon intercept the counter.
Ihe.kihematic relationship between the time-of-flight difference, the
lcenter—of-mass decay angle, and the distance between the decay and the
counter is‘sbown‘in ?ig. 13. The decays.corresponding to the open region

of the figure are those in which the muon misses the.counter} The
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Kinematics of the decay muons which intercept a 3.5-cm
'circleuper'pendi(:\ilar to the pion beam. FEach curve
corresponds to a given valﬁe of the difference Between
the time of arrival of the decay muon and the time the pion

would havé arrived had it not decayed. Muons decaying

forward in the pion rest frame arrive "earl . those
. p y

- decaying backward arrive "late."
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vhorizontal’line'labeiedy"o nsec" indicates decays in which the muén velocity
is the.same as the pién'velocity; this relafiohship occurs for é fixed
decay.angle. Note that for larger time differences'smaller ranges of

decay distances and decay angleé are possible. Thus the‘rééulting time-
of-flight distribution, shown iﬁ-Fig. 14, is strongly peaked.about the

mean pion time of flight. (The actual distributioﬁ'is, of course, much
bfoéder because of thé finite experimentai resolution.)

‘Thé error caused by the detectea decéy mUbns'is estimated as follows.

In the analysis of the timejof-flight data,‘the,mean of eachvpibn PHA

peék was found by fitting to channels corresponding to a time interval

of approximately.a nanosecond. The aone calculation shows khat 0.02k

of the particles arriving within this interval Were actually deéay muons.
The mean arrival time of these muons.is.0.017 nSecIearlief than pions
vwhicﬁ did not decay. The muon baékground thus causes the "pion" time of
flight to appear 0.0004 nsec foo short.. By assuming the incident'pibn

beam is a line of pérticles thisvapproximate.calculation underestimates

fhe ratip between the decay muoﬁé'and.pions'intéreeptéd.bva ;s nevertheless,
for any reasonable estimate of the aétuai'magnitude of the background,

the error is still negligible.

2. Spurious Cerenkov Light

It was essentiél that the timing counters respond in the same manner
for both pions and electrons. Although scintillation light was sufficiently
similar for both particles, the Weak Cerenkov light from particles
traversing the.thick, cylindrical part of the light pipe had different -
intensitieé for eiectrons and pions. Since the Cerenkov light:originatedi
closer to the phototube than scintillation lighf, if w;s an asymmetric

background in the time distribution of the phototube pulses. The problem
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Fig; 14. The calculated time-of-flight distribution of decay muons

2 ,
arriving in the time interval dT divided by the total

detected by counter T.. %%(T) is the number of muons

number of pions detected. - T = 0 corresponds to the mean
pion time of flight. The integral of the function over
the interval shown in 0.024, the ratio of detected muons to

- detected pions.
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affected only T,; particles counting in M, and Mﬁ could not have péssed

2 3
through the light pipe of Tl'
. I1f the threshold of the discfiminator-fdllowing T, was set exception-

2

ally 1ow,_the timé-of?flight distribufionrfor electpvons showed a small
péak ffdm Cerenkov 1ight és well.as the main séintiilation'peak. Tests
bwere made to determine if under normal déta-taking conditions Cerenkov:
light éignifiéantly altered‘the'shapé of the elecfroﬁ'beakf ”Anvadditional

scintillation counter, T3, was placed behind T.. Its scintillator over-

2
lapped the scintillator, but not the light pipe, of T2. The shape of
the peak for electrons counting in both T2 and T3 was compared to that

for electrons counting in T2

alone. No significant difference was seen.

In a more critical test, T, was used in anticoincidence with T, so that

3 2
only-paiticles.producing light in the light pipe were considére&. The
observed Cerenkov background was rélatively flat‘over the rggionloé the

desiréd light and was only 2% of the maximum of the scintillatién peak
which would have been observed without the anticoincidence fequirement.

Thus the small background héd.negligible effect on the measured position

of the scintillation peak.

3. -Dispersion in the Beam

The aréa df T2 was much smaller than the cross section of the beam.
'Dispérsion in the bgam could have caused the measured momentum to depend
on th¢ lateral position of the counter. If Qérenkov light had not been
a problem, the dispersion could have been investigated by simply

2

background during normal data taking was that the thick aluminum flange

changing the position of T,. One reason this light was such a small

for the vacuum window at the end of the beam pipe shielded the.T2 1ight'

pipe. If T2'was displaced with respect to the beam line, the effective
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shielding was altered. The magnitude of the ééfenkov background changea
greatly, obscuring any small variation in the éhape of ﬁhe peak resUlting
frbm dispersion.

"The optics of the beam transport system could have caused dispefsion
in the beam arriving at T,- The first bending magnet and quadrﬁpole
broduéed an image of the target at'the coliimator; The second bending
magnet and quadrupole then formed an‘image at Mh’ an& the thirdzédadrupble
a final focus at a point upstream of Té. Except for the effect of
chromatic éberration, thére'was no dispgrsidn at the last twd'chi.
Because of the dispersion introduced étrthe'collimatof imagé, at'the
last two foci there might have been a.correlation between the moﬁenta of
beam particles and thei? aggi;s with ?espect to:the axis. Suchvé momentum-
éngle cofrelation would céuse'a momehtum-spécé'correlation (disperéion)
in the beamvdownstréam of the fimal focus.

| Multiple Coulomb scaftering in the 1iquid hydfogen radiator 6fVCM
effectively déétroyed thevangular'correlation ana méde tﬁe moﬁéntum
grfbr‘from dispersiﬁn.at ;2 negligible.‘ The problem was analyzed by the
conventional matrik description of beam optic$.  Forba’giﬁeﬁ-momentumb
the various counters determined what portion of the phase space of particles
emitted by the production.target was accepted by7thé system (passed
'Ithrough all counters). If there were mo scattering in CM and Ié was one
inch from the true beam center line, the error in the obseryed mean
momentum would have been significant. Tﬁe tréjectory of avparticle'waSv

, if it was off-momentum 0.12%. Taking the finite

displaced one inch at T
sizes of T, and the target into account, one finds the error in the
. <

measured momentum would have been 0.09%.

To incorporate CM scattering in the phase-space calculation, a
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1argér effective size was used for each aperture déwnstréam of CM. As
an - approximation, the dimensions were increased by LAO, where L was the
distaﬁce from CM to the-counter and AG, the rms scattering angle, was‘
0.7 deg. The result was that‘thé couﬁters follo&ing CM did not limit
the transmitted phase space at all; the limits were determined by the
a?ertures ahead of CM. Thus the position of Té could not bias thé
momentumAdistribution of particles passing throughvall'thé c&upters
includingATg.
The result can be exéresSed another way. 1In the presence of
'scattering in CM, T, would have té be at léast 13 in. off center for
its position to have an effect on thevmbmentum distribution pf beam
pérticles qoﬁnting in it. There:was no beam at this radius, hdweverj
Mﬁ and A6 geoﬁetrically limited the beam‘radius to 9 in. at T2, The

difference results because the counters following CM had two distinct

effects. 1In restriéting the momentum distribution of the beam, the

effective dimensions of these counters were larger because of the

scattering in CM. On the other hand, festrictiqn on what possible
trajectories could‘pass through the cqunﬁeré was nbt affected by this
scatteringf (Scattering in CM did have the effect of reducing the rate
of monitor coincidences Because_particles with unsuitable trajectories
were vetoed. )

The ﬁixing 6f trajectories of different momentum made another possible

source of error negligible: a difference in the position at T2

befween

the positive and negative beams. The stray magnetic field of the éyclofron—-
leakage froﬁ'the return flux of the mégnét--did not change when fhe~beaﬁ
polarity was changed. ihis field, already very weak ;t such a large

distance from the machine, was reduced to less than 0.2 gauss by magnetic
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shielding around the vacuum pipe the Qhole length of the fiight path.
A field of 0.2 gaose alohg the decay path‘would cause a separation
betweeo the beams of>1.5 cm. ‘The previous arguments show that a displace-
ment of this size had no significant effect on the‘measured momentum.

k., Linearity of the System

Tests were perforﬁed to find toe iotegral linearity of tHe TAC-PHA

system: thé degree to which a linear reiationship held between PHA
‘ channel number and the ti@e difference betWeen‘sTART end STOP inputs of '
the TAC. This integral linearity'wes calculated from a measﬁrementpof
the differential linearity of the,system{’ the variation from channel to
channel of the corresponding incremental time differences. The teehnique
used wae to generate START and'SfOP pulses'havihg a randoﬁ time eeparation.
Statistically significant differences in the number oftcounts'accumuletgd
in each PHA channel indicatedvthe differential nonliﬁearity.
| Random START pulses were generated by a radloactlve source viewed
by a sc1nt111ator and photomultlpller. STOP pulses were produced by a
pulse generator whose period was greater than the maximum tlme dlfference
accepted by the TAC. (This perlod was nominally lsovnsec; the TAC ‘
prodgces anvoutput only if a STOP pulSe occurs within 110vnsec after the -
START. ) This arrahgement ensured that a random START pulse could be
followed by no more than one STOP during the time the TACIWas ready. If
two STOP pulses had'peen allowed to folloﬁ a START:within'thie time?othe
TAC output woold always correspondeto the earlier one, "and the time
distribution would be biased toward low values. |

If the’system had no differential nonlinearity, each channel would
correspond to some constant iocremental time difference ET, and tbe time

interval represented by channel C would be simply C AT + To. In practice
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the ith channel corresponded to some incremental time interval QﬁT)i‘
and the true time interval represented by channel C was of the form
C .
Y (am), + T '
. i o
i=1 .
(T and T ' are constants. )
o o A
The quantities of interest in. this experiment were differences
‘between two time intervals. The data analysis éffectively assumed the
system was linear: AT was determined for some range of channels, and
this same mean value was applied to a different interval. From the
above expressions the discrepancy between the true time difference from

'channel C, to C., and the value calculated assuming limearity is

1

o N

. (at); - (6, = ¢) AT.

¢

To illustrate the observed integral nonlinearity for our system

Fig. 15 is a plot,‘és a function of channel number C; of the quantity

C

E(C) = Z (a1), - (C = 150) AT.
i=150

The range of channels covers all the inter?als used during tﬁe time-of-
flight measurement, the associated calibrations, and the later cable
meas@:ementé. The error in the computed time difference between channels
C; éﬁd C, is given directly by E(Cl) -‘E(C2). Itvcan be seen that over
this region of the PHA the error.could have been no larger than 0.009
nsec. - The greéteét-relative error'in the data énalysis¥woﬁ1d occur for
thg smallest time interval calculated, the 8.6 néec difference between

the pion and electron times of flight. Thus it is concluded that the

relative error arising from nonlinearity was less than 0.10%.
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E. Calibration of Reference Cable Delays
The technique comnares the shift in arrival time of pulses delayed
by the cable with a shift corresponding to a known change in the period
et a nulse generator. An arrangement of fast-iogic modules extracts a
pair of sequentlal pulses from the waﬁe train of a hlgh frequency pulser,
routes the first to the START input of a TAC, and the second to STOP.

At the TAC these pulses are separated in time. by AT, = 1/v .+wcyrwhEre v

1

is the frequency of the pulse generator, and C is the 1nherent time

1

di fference between the paths from the pulser to the two inputs of the

TAC. Pulse pairs generated in'thisbnay.preduce a peak in the'pulse-neight
dietribution of tne output of the TAC.

2.' A new peak is

The generator frequency is then changed to Vv
= 1/v, + C, where C is unchanged. The

produced corresponding to AIE

time scale of the system (channels/nsec) is thus determined since the

number of channels between the peaks corresponds to a known time difference:

1/v1_~

1/v2. If, instead of changing the frequency, a cable is inserted
at some péint before the TAC, the number of channels the peak changes
determines the time delay ef the cable.

In principle; knowledge of the linearity of the TAC and PHA is not
needed. If the second frequency is varied nntil the time snift corresponds
exactly to that caused by the cable, the TAC and fHA serve merely as a
bridge circuit sensing»equality.between the two cases. Our TAC-PHA
system was sufficiently linear so that after finding a second frequency
which gave approx1mate equality, we could then calculate the cable delay
by simple proportlon. |

A simplified logic diagram is shown in Fig. 16. As previously

discussed, to make an accurate comparison it is necessary to minimize the
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Fng 16. Logic diagram for the setup used to meaéure the time delay

PHA

of the calibration cables. The timing relationships at the

points indicated in the diagram are shown below. C modules

generators. -

are coincidence units; those labeled GG are astable gate
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_delay between observations made under the two conditions. For this reason,

rather than change the frequency of one pulse generator, two similar

géneratbrs were used with a system for rapidly switching from one to the
other. The box 1ébe1ed "switching logic" consisted of modules which
effectively enabled Pulse Generator 1 and inhibited Pulsé Generator 2,

then inbibited‘l and enabled 2. The alternation rate was about 10 Hz.

Y

Since T = 1/v implies 8T = , using a high frequency minimizes

<
NE

the érror in T caused by drifts in v during the méasurement. On the other
hand the lower the frequency, the smaller the relative'chahge in frequency

that is required to measure a given time delay.. A low frequency thus

- minimizes the effect of spurious timing shifts associated with changes

in pulsing rate. The primary consideration in the circuit design was
to prevent‘such shifts.
The frequencies used were between 5 and 10 MHz (periods between

200 and 100 nsec). Since such a repetition rate far exceeded the

_ capabilities of the TAC or PHA, durihg»each cyclee of the s1ow electronics

é'system of géting ensured ﬁhe following‘éonditions.
'(a)‘vOnly oﬁe pulse reaéhed the START inpﬁt‘éf the TAC énd only one
| reached SiOPﬁ |

(b) Pulses never reached fhe TAC or PHA when the unit Qas "busy."

Depending on the state of the switching logic, the three coincidence

‘units in Fig. 16 were driven in parallel by one or the other of the high-

frequency pulse generators. The unit labeled 'slow pulser" operated at
a rate compatible with.the TAC and PHA (~ 2 kHz) and produced pulses of

width a little greater than the period of either generator. For each

'cycle of the slow pulser, at least one pulse from a fast pulser appeared

at point 3, the output of the first coincidence unit (Cl). Because the
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élow and the fast pulsers.ﬁere asynchronous, thevcoincidénce was sometimes
marginal, fesulting in jittef in the fiming of‘the outpﬁt pulsé~ Thisli
pulse was unsﬁitable for direct use with thé'TAC and was used instead to
generate a gate to pick out the next cycle of ﬁhé fést pulsef.vv. "
The two gate'geﬁérators_Were operated in é'bis£éble modgé The output
gate began when a pulse arrived at START and'lésted until one rgached
STOP. The pulse from C1 turned on the firét gatetgenerator (GG1) pfoducing
a logic level at point 4. When a pulse from tﬁe fast pulser reached the
second coincidence unit (C2), one output tufnea'off the pfeviOUS gate
generator (GGl), so that subsequent inéuts to C2 were ignored, and one
output tgrhéd on the next ééte generator (GG2). The sequence of events
at the lastvgaté generator and coincidence (C3 and GG2) was identical.
Invfacf'thié chain of modules can be extende& indefinitély with the out-
put of fhe nth éoincidénce unit in timé with the nth cycle of the fast
pulser.

)

The method for caliBrating a_cable was as follows."Ihitiaiiy ‘the
cable was not in place. The.two pﬁlse genefatofs heré set. to approximatély
the same frequency. As the sﬁitching logic alternated between-the two
generators, the TAC pulse-height distribution qppeared as peaks R and A
in the‘skétch below. Peak R servedrés a rgference'poiﬁt; the'frequenéy

of Pulse Generator 1 which produced it was nevef chénged. A run was then
made witﬁ the cable inserted in the setup. Péaké corresponding to R and

B were accumulated. Lastly the cable was removed, and the frequency of

PulsevGenerafor 2 ‘changed so that peaks R and C were observed.
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/\ /\ i

‘PHA- channel

The -pulse-height distributions were printed out, and the PHA

memory cleared after each of the three runs. In this way the reference
peak was recorded eech time. LBy using the»difference in channels between
R and the second peak (A,.B, or C),Vrether than the absolute position of
the second peak, We minimized the effect of shifts in the eiectronics.
va,the eystem was linear; the time dela& of the,eablerwas |

(Bg - B) - (R - A) o

(RC - C) - (R ) ( ) I
where Avis the meenrchannel of peak A, and_R is the mean chénnei of

A

‘the reference peak accumulated at the same time. B, RB’ C, and RC are

defined analogously. VA.is the freqnency df Puise Generator 2 during

runs A and B; VC is the frequency during the C run. (The frequency of
Pulse Generator 1 does not enter.)

To be sure that there was no frequency-dependent systematic error,
measurements were made using three separated frequency intervals. Four
runs were made at each frequency range. vFinally, topcheek_for long~term

shifts in the measured delay, the entire prbcedureIWae cerried out on
three different days. Results for ore cable are presented in Table III.
Each entry ie an average of the.four runs.

To test for spurious timing shifts when the frequency was changed,
runs were made with Pulse Generator.l.fixed and PnlsevGenerator-2 set at

different frequencies. As required for the validity of the cable measure-
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Table III. Measured delay for one cable (nsec).

- Frequency interval (MHz)

- . 7.25 -.8.85 5.88 - 6.77 L.93 - 5.56

First day - 10.335 10.328 10.332
Second day 10.340 10.335 - 10.338
Third day ‘ - 10.338 10336 -10.3k0°

ments, the number of.channels'betWeen the reference peak and the variable
ﬁeak was linear with 1/v for frequéncies below 20 MHz. The'deviafion
observed above 20 MHz can be ﬁnderstood by-considering the timing
relationships in Fig. 16.

The coincidence at Cé is between one pulse from the.high-frequeﬁcy
generatof and é gating'signél from GGl which begins with the preceding
fast:puise. (Refer to timing sketches 1, 4, and 5.) At low ffequencies,
thévgating éignal reaches C2 almost ; full period’before the ar;ival of
the fast pulse. At high frequencies, however, the‘interﬁal deiay of thev
gate generatér (13 nsec) and the delay in connécting cables beéomés
important. As the period decreases, there is less time'between the
arrivals of ;he gate“ahd the fast puise. At very high’frequengies the
gate foiiows fhe fast pﬁlSe and fails to‘make_a cdincidéncé. Well
before this‘happens, however, there occurs a slight spurious time delay
in the output of the coincidence unit. |

This undesired timing shift did not'occﬁr in calibrating the
reference éables. The frequencies used for the tests were in a range‘
far‘remoﬁed from where the effect was first seen. Further confirmation
comes from the fact that the measurements at the three diffefent frequency
intervals ﬁere in adequéﬁe agreement. The small, apparent correlation with
frequency interval--measurements for the second intervél‘gave the lowest

values--can be attributed to nonlinearity in the TAC and PHA. This
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nonlinéarity was in fact the'priﬁary limitation to the precision of the
measurement.

The most important elemeﬁtsvin the calibration setup were the high-
freqﬁency pulse generators. ?hey were actualiy sine wave generators
whose output wasvconvertedktojlogic pulses as follows. First the sipe
wave was limited in amplitude so that it_Became:gpproximately a square
wave of reducedvamplitude. ‘This clipping was accomplished by the use.

of semiconductor diodes as shown below.

SINE
.WAVE 50 Q
GEN. 3 LOAD

The limiting effect resulted from the voltage-dépéndent forward impedance

of-thevdibdes. For small applied voltéges the -diode impedance was large
éompared to the load; most of the siﬁe wave amplitude apbearéd ét the
load. " For larger voltages the Hio&e impedance décreaéed; and the 6utput
amplitude became a smaller fraction of the inpﬁt'amplitudé} _Thé»clipped
since wave was differentiatéd to obtain puises of alternating polarity.
Finally a discriminator'servedvto produce standardized pulses of one
polarity. |

The most suitable sine wave generafér féund waé the Tektrbnix‘Model
190. its frequency.range is wide, and it is stable enough &uring the
time required for a measurement. In addition it has a largeeemonghaoutput
amplitude to permit the above clipping technique. (1f the voltage.ls too
low, the forward diode is not'driven into its nonlinear region and no
limiting occurs.) It was extremely -valuable to be able to control the

extent of the limiting by varying the amplitude of the sine wave generator.
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The greater the limiting,.the more?square the resulting waveform, the
greater the rise time of the pulses of the differentiated waveform, and
the less the time jitter in the output of the subsequent discriminator.
It was essential to have some source of time fluctuation.in order to
locate the mean of a peak to‘better than one PHA channel. Tﬁe sine Wave
amplitudes were adjusted so that each peak had a full width at half
maaimum of about three channels. The time jittef was apparently Gaussian.
Inacalculating the cable delays the mean for eaeh beak’wasvfbund by'
makingva least-squares. fit to this shape for the highest four or five -
vehanneis.

‘It should be noted that for this experiment the use of calibrated
cablee.was actually a redﬁadant middle step in calibratiﬁg the TAC-PHA
system. The setut of Fig. 16 can directiy determinevchannels/neee for
the system by stoting'in the PHA memory two peaks whose separation
corresponds.to a known time difference. The two frequeacies and the
1nterna1 delays can be chosen so that these peaks fall approxlmately at
the posxtlons of the two particle peaks of interest. Calibration cables
were used in the experiment because, unfortunately, the technique
presented 4in this section had not been perfected when the time-of-flight
data were taken.

As has been previously'pointed out, one disadvantage in using cables
is that the calibration routine can not rapidly alternate with data taking.
With this suggested method a simple system of gating can rapidly switch
the inputs of.the TAC between the scintillation counters and the
calibration network. An obvious choice of gating would be to synchronize
with the cycling of the'accelerator and calibrate during "off" timese

A second difficulty with the use of reference cables for calibrating
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a TAC-PHA system is that there is no uniquéjtime delay for a cable.
Because of attenuation and aispersion,,the effective deiay for a pulse
depends on its initial rise time and on ;he discrimination level of the
subsequent detector; thus it ié a function of the modules at each end
of the cable. TFor this reasbn care was taken that the same modules
were used both ih calibrating the system against the cables during

data taking and in calibrating the cables themselves.
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F. Comparison with the Spectrometer Measurement

We originally planned to determine the beam momentum with a maghetic
spectrometer technique. Although the measurement was éarried out, the
results were not fully satisfactory. An auxiliary bending magnet,'placed
iﬁ the beam after A6’ deflected the beam through 80 deg. TFour wireASpark
chambers with magnetostrictive’readout were used.’ Tﬁo defined the
entrance particle trajectory; and two the éxit‘tréjéctory. Because the
momentum of each particle was overdetermined, this:érrangemept would
reveal the presence of systematic érror.' Unfortﬁnately, it did just that;
The mean mqmentum‘determined from the first three chambers was consiéfently
about 0.3% highér tban from the last Eﬁree. One source of this discrepancy

could have been error in surﬁeying the positions of the chambers. There
possibly were errors in the location of certain of the fiducial wires
in the chambers. | |

Although the time-of-flight measuremeﬁt was used to derive the
lifetime ffom the beam attenuation, ﬁhe épark chamber me asurement was
stili'a valuable check. The average of eighf separate funs-;four with
each polarity--was 312.6 MeV/c. Individual runs were no more than 0.2
MeV/c higher or lower than the average. The time-of-flighﬁ measurement
was made with the beam conditions which prevailed during the lifetime
measurement. The spark chamber measurement was carfiedAout much earlier
in the éxperiment when counter Mﬁ was effectively 1/16-in. thinner. To

compensate for the additional momentum loss in Mh’ the appropriate value

for the lifetime analysis is the measuréd spark chamber momentum reduced
by 0.4 MeV/c. For each run the average of the momenta determined by the
two combinations of chambers--first three and last three--was used.

Because of the discrepancy it is felt that the uhcertainty in the momentum
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is. at least +0.15%. The spark chamber value is then 312.2i0.5 MeV/q.
It is in agreement with the tim'e-of-flight value, 311.89+0.32 MeV/c.
~In deriving the lifétime.from the measufed beém atténuation,‘there

is an important theoretical difference between using time of flight and’

_using a magnetic spectrometer. Because a function of the velocity must

be evaluated, the'lifétime derived from a momentum measurement aepends

on the pion mass. 1In practice, the pion‘mass is_known to such a precisioﬁ
that in all 1ifetime experiments to date, this source of uncertainty is
hegiigible compared to other‘erroré. Thus a velocity measurement is as
satisfactpfy as a momentum measdremént.

If both measurements are made, however, the pion mass can be

. determined, although systematic errors make it difficult to achieve as

great an accuracy as more direct experiments. Velocity and momentum

meésurements’carried out for both signs of pion, as in this experiment, .

- . o - : + -
.determine the difference between the ®# and n® masses. Measurement of

- this difference is affected by fewer systematic errors than measurement

of the mass itself. With time of fligh;, calibration of the system is
a significant source of;errof in determining an'absolute vélocity; a
measurement of a velocity difference,'however, needs only a nominal value
of channels per nanosecdnd. In a magnetic sﬁectrometer, precise
knowledge of the system geometry and magnetic field is‘far_less.necessary
for determining a momentuﬁ difference than an absolute momentum.

To evaluate the mass differénce from the data of this expériment
a convenient relation is

=

Am
m

o

AN
n

-1/2

where n = B(1 - 52) and A means the difference between the n+ and n_

values. This equation is reasonable. The two quantities on the right‘_
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hand side are equal if the masses are the'same. s m_>m and v, _ v,
tﬁenuﬁp > O‘and‘&n = 0. Lastly, if m+'> m_ and é+ =p, théh Ap = 0
and An < 0 since v, <v_. |

Four independent'pairs_of spectrometer meaSureﬁents—-a rﬁn=under
the same conditions for each beam pélarity--géVe Ap/p values (in units
of 10_4) of -0.4, 43.h;"2.51and 4.8.  Three time-of-flight'compérisoﬁs_
yielded An/n values (x 10_h) of 0.5, 0.5, énd.-5.0; With the mean |
values-Ab/p‘= (1+h) % 10-4 and.An/n

shows Am/m = (215) X 1o'h.

(-1+3) x‘lo_u the above eqﬁation

This limit on the possible mass difference has a precision comparable
to existing measurements, which imply Am/m = (2#4) x 1o’u. The earlier
result is particularly impressive.because it is derived from measurements
- of the twb masses made by»entirelyzdifferent procedures. Erom the energy
of x rays from transitions in pionic atoms, the & mass was calcuiated to
be 139.577+0.013 MeV.23 from an emulsion measurement of the momentum of
muons from pion decays, Barkas determined 139.60+0.05 MeV for the ﬂ+
mass;gu (The calculation required the value of the muon mass and assumed

the neutrino was zero. )
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VI. ANALYSIS

A.  Different Methods of Treating the Data

The data from the e#periment could be analyzed in sevéral possible
ways. If there were no &ifficulties:with:systémétic érfors,'ﬁhe lifetime
could be determined from‘either the ﬁ4 data orvthe n- data in a straight-
forward manner. One ﬁbuld eipect ﬁhe twoﬁﬁalues to be the same (within
statistical error), although;thé goodness of fit fof‘the positive life-
time might be worse since réndom gain changes in the ﬁovable counter
affecfed the n+ detectioﬁ‘efficiency more than . 'There.was an
imbortantAsystematic error, however. The decrease in efficiency with
couﬁting rate caused fhe measured lifetime to be too short. The.effect
was gfeater for n%, and thus the positive 1ifétime appéared shorter than
the negative. 1f the rate'dependence of the counter effiéiency_for ﬁ+'
and ﬂf were known'precisélf enough, the correcf 1ifetime couid still be
found ftOm:the défa for either sign of piohvby using a ﬁodifitation'of_
the driginai ﬁethod. The mefﬁod actually used in the analysis‘derivea

o L+ - :
the lifetime from the combined data for n and n , making use of known

’ properties of the rate effect. These various methods will now be discussed.

The - experimental data consist of many measurements, at each of the
positions along the decay éath, of-;be number éf D coincidences for some
number of M coincidenéeé. The quéntities to be fitted are:the ratios
D/M, to be called R, as a function of X, the distance from the first data
position. In the absence'qf‘systematic efrors, the appropriate analysis
is‘a‘simplelleast-squares fit to R(x) = A exp(-Bx) to determiné‘the
parameters A and B. The lifetime is 1/y8B. h

The efficiehcy of the monitor system fo; detecting pioﬁs does not

enter the calculation. If a pion fails to make an M coincidence and
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subsequently counts in the movable détector, no error is made; a D coinci-
dence requires a particle to count in CP and satisfy the M. coincidence.
The value 6f R = D/M observed at distance x is the broduct of the CP
efficiency aﬁd the ratio of thé number of‘surviving pions at x to the
number éf‘M coincidences. Neither of these factors has to be known. The
free pérameter A is the product of the>CP efficiency and the pion ratio
at x = O. Although the CP efficiency does not have to bé.known, this
analysis assumes it is independént'of X.

In practice the rate-dependent gain of the principal photomultiplier
of CP made the counter efficiency vary with x. .If the change in efficiency
as a function of rate is known, the measured'values‘of R can“fifst be
corrected and.then fit to R(x) = A exp(-Bx) as before. The corrected
Values'are those which would have‘been-measuredvif the efficiency at
every value of x were equal to some standard efficiéncy, that at x = O
for example. Equivalently, the.measured values of R can be fitted.without
 change to R(x) = A exp(-Bx)f(x), where £(x) is a known fuhction.of x
which takes into accounf the variatioh of efficienéy. If the change»in

-efficiency is linear with rate, a suitable expression is

R(x) = e "¥[1 - ¢(1 - & B¥)],
where A and B are again determined by a least-squares fit, but C.is
given. The factor 1 - exp(4ﬁx) is proportional to the differénce between
thé counting rate at x = O and at an arbitrary Qalue of x. The constant
C specifies the magnitude of the rate effect. With thié form‘therevis no
correction.at X = 0; in other'words, the effiéienéy at DP1 is faken as
the standard.

For the run from which the lifetime was derived the magnitude of the

rate effect was not known well enough to use the above procedure.. Only
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' iatet’in the expetiment,.when‘the impoftanceﬂof this systematic error
was fully. apprec1ated were careful measurements made of the effect.»
The magnitude of the eff1c1ency varlatlon durlng the run of 1ntetest
could not be deduced from the later inVeStigation. Because of factors
which changed from run to ruh--the Cerenkov tadiator, the‘nhototube, the
discrimination level--measurements of the rate effect were'valid'only
"for the run in which thebdata were obtainedf The later measurements
didvservedto demonstrate the 1inear relation between rate and the Change
in ‘éfficiency. During data taking the attenuatfon of the beam caused
the rate to vary by about a factor of two from one end ofvthe decay path’
to the other. The rate investigation showed that over an even greater
range, a factor of five, the change in R was. approx1mate1y 11near with
rate.

Because the constant C invthe above equation nas:not'knowndto
sufficient precision, it-mightjhe treated as a free parameter like'A
and;B. The fit then determines A (the normalization);‘ﬁ (the true
attenuation factor), and.C (the rate effect coefficient). This approach
results in a much greater statistical errot in the 1ifetime, however,

As explained in the Introduction; for a decay path which is only a fraction
of a 11fet1me, ‘a systematic error such as the rate effect can alter the
apparent lifetime" w1thout s1gn1f1cant1y 1mpa1r1ng the goodness of tlt.

The fact that the-uncertalnty in the lifetime is greatly increased if the

' magnitude of the rate effect is a free parametet is simply a resuit of‘
this situation. As illustration; for the_n- data the tw0-parameter fit
gave 25,97£O;01 nsec, while the three-parameter-fitvgaue 25f5ht0.1h nsec;
The incteased error in the lifetime is a reflection of the uncertainty

in the size of the rate effect. Indeed, the value of C determined by
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‘the fit had a relative uncertainty of 33%.

Although tﬁe magnitude of the efficiéncy change cagéed by é given
change in rate ﬁas not known very accurately for either éign of pion, the
rétio of tﬁe change in'ir+ efficiency to that for n" could be deduced from
the measured'pulse-heighf spectra;for the prindipal'phbtotube of CP. By
using this ratio and assuming that the true lifétimes of %' and 7 are
equal, anélysis of the data for both'signs of pion determines.the'
lifetime well. To illustrate the idea in a simplified exampie, suppose
the measured n+ and 7. lifetimes are T, and 1_, and the trqé lifetime
is t. 1If the systematic érrqr in the i- meagureméntvis e and_thé'rr+
error is r times as greap,‘these quantities_are»rélated by T_ =T - e
énd T+v= T - re. Since r is known, the»two equations determine the two -
pnknowns, the lifetime and the 1 error.

Tq apply this approaqh to the déta,,a single fit was made to the_

measured values of R(x) for both x and nf using the forms

R (x) = A e BX[1 - c(1 - é-BX)] for the n points and

R+(x) = A, e %1 - rC(1l - e-Bx)] for the n  points.
A, A+, B, and C were free parameters; r, the ratio of the changes in
‘the x and n .efficiencies for a small change in rate, was specified.
The '"best" values of A, A+, B, and C were those which minimized the'X2
sum formed from the observed and fitted values of both R_ and R%. The
pion lifetime was determined from B as before.' Ihe'quoted lifetime is

based upon this method of analysis.
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B. Ana1y81s of Data for One Slgn of Pion

The 1n1t1a1 evaluatlon oi the data was a 1east squares exponentlal
fit to measurements of either.n or x . Measurements at all seven data
positions gave T_ = 25. 970 nsec and T, = 25. 895 nsec with a statistical .

error of O. 013 nsec. The fit. to the 193 T p01nts had X2

187, and'forh
the 19h xt p01nts, the value 257 " The dlfference between m; and T, was
a result of the rate effect, and the poorer f1t for n reflected the
greater sensitivity to variations in phototube galn of the movable
counter efficiency for n+ compared to x . |

Figure 17 ShoWS histograms for'n- and.nf of the contributions to the
Xgisum from the individual.measurements. The distrihutions were reasonably
smooth exoeotdfor one point of each fit for which there was negligible
probahility the observed deuiation was due’SOleiy to the statistics-of
‘particle decay. These two'points were not used in the'subsequent analysis.
0m1tt1ng these points had 11tt1e effect on the calculated lifetime. The
goodness of fit 1mproved of course. X2 per degree of freedom became
0. 95 for n , and 1.28 for n+;

Although a s1mp1e exponent1a1 fit to the data for one sign of pion
did not provide a valid valuelof the lifetime because of the rate effect;
it aided in detecting systematic errors. The fit to the data at all
seven positions for 1~ and n+ had a reasonable goodness of fita Moreover
there was no indication that measurements at any one position were
inconsistent§ some points at every position_hadvlarge residuals. Because
the deoay path was only a fractlon of a 11fet1me, however, a 51ng1e fit
to all the data was not a sufficient test for certaln systematlc errors.
One such error was beam loss, surv1v1ng pions in the monitor mlSSlng the

aperture of the movable counter. If there was loss at every position,
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the error increasing With”diStance'downstream, assatisfactory fit wouldv
still be obtained. Even if the loss Was_confined to the last position,
the change in the calculatEd_lifetime caused by this systematic‘error
could exceed the statistical error yet’not be indicated by the
_statistical tests used. |

'The more revealing test of beam containment'involved making fits to
the data for various.subsets ofvthe seven_positions3 If beam was 1ost
only at the laSt_one or two positiohs,lerror;Wonld‘be lndicated by the
factvthat the 1ifetime computed from the downstream positionslalone would
be shorter than that computed.from upstream positions.

The nature of the beam de31gn ensured that any loss was confined to
the last data. p031t10ns. At DPl the beam cross sect1on was a well—
deflned circle of diameter 4 5 in., the shape of the hole in A6 Slnce
the cyllndrlcal mirror of CP had a dlameter of 7 in.,. there was certalnly
. no loss at DP1.

Because the diameter of the beam envelope was smallest around DPh
loss at the middle data positions should have been negllglble also Beyond
.DPM the beam size 1ncreased and, at_a suff1c1ently great distance downstream,
would exceed the counter aperture. | |

If pions scattered from.the edge of A6, but failed to‘produce enongh
‘scintillation llght to count, they would contrlbute to beam loss. Loss
from th1s source should also have been conflned to the last data positions.
Multiple Coulomb scattering 1s-predom1nantly at small angles.. Scattering
from the edge of A6.wou1d have the effect of slightly broadening the
angular distribution of beam particles. Although the beam envelope would
be slightly larger than that ekpected for "clean" beam optics, the overall

behavior of the beam cross section should be unchanged. Thus loss of
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scdttered'partieles should occur only.st the far do#nstream positions,
where the unscattered beam.was alresdy iarge.

Figore 18a giﬁes'evidence that there'was a‘loss_at DP?.. The point
labeled "IeY" indicates the n~ lifetime with statistical'error derived"
from a fit‘to all data. The results of fits using only the first (last)
6, 5, 4, or 3 positions are shown by_the-other'filled (opeh)vcircles.
The different ralues clearly do not agree. To estimate the magnitUde of
the loss, the fitting procedure was repeated with D/M at DP7 1ncreased
all other data unchanged Flgure 18b shows the results for a O. 2%
1ncrease; It is seen that a change in this one data pos1t10n brlngs
the various fits into égreemeht. ‘ B |

Because of the loss at DPT this position could not be used in the
lifetime calcﬁlation,_and the.consistency of DP6 was then tested'in the
same manner as DP7.. Figure i9a showsvthat fits to various combihations
of positions, none including DP7, agreehwithin stétistical error.‘ To
estlmate how - great a loss could escape notlce, fits were made with D/M
at DP6 decreased. In Figure 19b, D/M'was‘deCreased only 0.0S%, yet:
the results suggest inconsistency between upstream and downstream

measurements.
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to different combinations

of data positions. The notation "1 - 7" means all positions

errors are statistical.

(a)AbNo éhanges in the data.

(b). D/M for DP7 increased by 0.2%.

' were used, "1 - 6" exciudes>DP7, and so on. The indicated
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The n 11fet1me determlned from fits to dlfferent comblnatlons
of data positions, none including DP7.

(a) No changes in the data.

'(B)‘ D/M at DP6 decreased by 0.05%. -
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C. Containment of the Pion Beam

The procedure ofvcomparing the lifetime determined from upstream
data positions‘to‘that from downstream positions‘has'indicated'that
there was.some beam loss at DP7 and.negligible loss at Df6. More direct
evidehce'cohcerning beam conteinment was desirable; however, because
oonceivably statistical fluctuations caused the.DPT'ﬁeéeurements to
appeat low although there was no loss of.beam, or caused the DP6
meaeuremeﬁtsbtobappeef valid although there actuaiiy_was a.loss.

Measurements of D/M with CP displaced With respect to the beam line
gave information ébout the lateral distribhtion‘of the beam. - (One such
"beam prof11e" is shown in Flg. 9.) 1If the oountervefficiency had been
perfectly constant within some radlus and zero beyond this radlus, the
extent of the beam could be found by determlnlng the largest interval
over whlth CP. could be dlsplaced without changing D/M. The width of the
beam would simply be the effectlve diameter of CP minus the interval of
uniform response. In praotice the-oouhter efficiency was hot‘constant
over its aperture, and the ohser?ed profileldepended on both the beam
distribution end the Variation:in coﬁntet efficienoft

For small displacements the observed variation in D/M was priﬁarily
an effect of the counter. For exampie; some‘deuterium runs showed a
roughly linear variation of D/M (some 3% per inch of lateral displacement).
The fact that other runs--with essentlally the same beam but with changes
in the counter--showed a more uniform response indiceted-thet the asymmetry
was in the counter and not in the beam. The sharp‘decrease in'D/M for
displacementS»exceeding two inches:marked the point at Whioh the'envelope
of the beam'begah;to exceed the aperture of-the counter.

As a test of beam confinement the profile technique had its limitations.
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It could not be uséd to.determine tﬁe last datarpositioﬁ at.which-no beam
was lost. At such a position .the maximum beam"d'.i_mensio'n j'ust"e'qualed the
effective.CP aperturé, and the profile had ﬁo flat central regign. Thus
the profiie had tﬁé same éppearancé as at a pOéitidn where beam was lost,
and the two cases‘could'ﬁot:be distinguished. Anothéfvlimitatibn was
that an approxiﬁately uniform béckgroundzbf pions>outside>thé main'ﬁeam
'céuld not Eé detected. As the counter was displéqed;:it would_géinias
mény particles from one side.as it lost from‘tﬁe bthér, and thus D/M
w&uld'rémain unchanged, just as if there were n§ background.

Tovlook fdr pions outside the main beaﬁ'én additional; thin
scintillationvqountér, one-inch.sduare, was mountéd jusf in front of CP.
This counter, called M6’ moved along with CP as the Cefénkovicoﬁntef
was displaced. A particle'satisfying a DM6 coincidence had a known
frajectory since it passed through M6’ and was presuﬁably‘a-pion since
it counted in CP. Profiles of the beam_ﬁeasuréd using this technique: .
_sﬁéwéd a sharp deérease‘in the beam density aftef'a'distancé.whiéh was
in égreement with the D/M pfofiles;. Beyona.thié distance,'ho&ever, the
abpérent pidn déhsity did not go to zero§vthe pértiéle density was
several tenthé of a percent of that at the center of the beam.

Decay muons had a distributidn éxtending beyond the pion beém and
v providedvan expianation for the observation. AngMM6 coincidence ¢ou1d:
occﬁr’if a pign satisfied M;‘and its decay muon counted in M6. If this
muon spuriously counted in CP, the DM6 coincidence would be satisfied.

‘A range measurement indicated that indeed the pérticles outside the pion
beam werevmuons. It thus appears that the absence of one systematic
error, poor beam containment, can be defended only by acknowledging tﬁe

presence of another, poor rejection of decay muons by CP. This systematic
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érror isvdiscussed in the next section.

The most elaborate study. of the beam.was a méasuremeﬁt of the beam
distributién af each daté position usihg a wire spark chamber with a
useful aréé lé-ih. squafe;' The chamber had fdur‘pianes, two'gfounded
and two at high voltage,'eaéh with a magnetoétrictive,readout'syétem.
Spark position data were digitizéd and stored on magnetic tape ﬁsing an
on-linevPDPQS c§mputer aé a buffer. (With three other chambérs ﬁhis

system had been used for the beam momentum measurement. ) Since the

. detector was in effect two separate spark chambers, one immediately

behind the othér, spurious sparks in either half could be identified.

The subsequent off-line analysis ignored any spark in one gap which was

‘not accompanied by a spark in the other gap dispiaced lateraiiy by less

than'O.E in. There Were‘spurious sparké in anbthef sénse, however. The

chamber wés triggeréd for»particies satiéfy&ngttheﬁM coincidence and

.countiﬁg in a large scintillator immédiately behind the chamber. Just

as in the>§ase of the MM6 coincidénée3 a monitor pion could decay and

thé muon pass thrbugh thé scintiliq;éf with correct fiming to make a

cqincidenée. A second. source of béckground arose from pafticles which

may not even have satisfied the M coincidence or counted in the écintillator,

but which traversed the chamber &uring its long sensitive time (25 usec)..
Although there was this background‘bf undesirediparticles;'events

were mainly monitor piéns and thevchamber aata provided gfvaluable

comparison of the beam at different positions along‘the beamﬂiiﬁe. Figure

20 shows thé distribﬁtions at DP6 and DP7. Each piot contains‘more than

21 000 points. A circlévof.the same diameter as the CP cylindrical

mirror (7 in.) is shown for comparison.

In considering the question of containment of the pion beam, it~pro§ed



Fig. 20.

<115

XBB 692-1409

Distribution of particles detected by a spark chamber
at DP6 and DP7. Each scale division is one inch. A
circle of the same diameter as the CP cylindrical mirror

(7 in.) has been added.
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useful to display the spark chamber.data at each.positioh in.terms of
contour plots indicating constant particle densityh(number of partieles
' per unit area). Such plots for the last six‘positions'are showh in
Fig. 21. The innermost contour is at 90% of the maximum dens1ty and the
outer contour 1$ at 10%. The contour interval is 10%. (The contours
for DP4 are more ragged than for the other positions because only 2300
particles were recorded at DPM but at other positiohs at 1east 9500. )

' The signi ficant featdre of_the.contour piots-ie'that,_for every
data Position, the spacing between the outermostbcontour intervals'is
approximately constant. In other words the partiCle density decreased
linearly with radius. The M6 profiles also 1nd1cated this behav1or.
Both technlques however, showed partlcles beyond the p01nt at whlch the
density should have gone to zero if a 11near decrease with radius
continued to'hold,'

vTherevwouid be a serious systematic error in the.lifetime measure-
mentvif a;significant fraction of the particles at large radii were pions
in the monitor coincidence. A possible cause of pions-outside the main
beam would be particles which were scattered by A6’ the last antlcounter,
but were not vetoed by this counter. Figure 21 gives evidence that there
was little scattering of the beam. . If there had been significant
éeattering, the variation of particle deneity across the beam would have
been roughly Gauss1an, rather than trape201da1 as observed. At the last
data p031t10ns espec1a11y,-scatter1ng would be revealed by a greater
interval between the 10% and 20% contours than between other adjacent
contours. |

In thermaih beam--the region‘for which contours were made--the

-particles recorded in thelchamber were primarily pions in the monitor



-116-.

1

XBL 692-260

Fig. 21. Contours of constant particle density for the distribution
of particles detected in the spark chamber. Each scale

division is one inch.
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coincidence. = Because of this fact phe outermost eontbhrSICah be used to
deducevthe envelope of monitor pions. The envelope.shouldrhave been a
"0% contour' paralleling the 10% line with a»spacing‘the.same as that
between the 10% and 20% contours. With this interpretation of the spark.
chamber data, all particles recorded outside this curve were from
spurious sources such as decay muons.

These various measurements ofvthe beam can now be'put.togefher to
find the_effective aperture of CP and to show that at all data positions
except DP7 the beam was Well contained within the cbunter.‘ M6 profites,
extrapolated linearly to zero beam density,.indicated'that the diameter
efvthe beam at DP4 was 3.5 inches. The D/M:profiles at this position
(Flg 9) showed that the counter could be moved laterally or vertlcally
over a range of at least 2.5 inches without a significant change 1n
-efficiencyl Thus the counter had uniform efficiency over avcircle of
diameter at least 6 anches. M6 profiles at_DP7 showed a beam diameter
of 6 inches; thus DP7 wae just at the limit of Containmenb.. At DP6 the
beam diameter was at least an inch smaller, and there should have been
ho loss.

bBetween the time of the spark chamber measurements and the good data
run, the anticoincidence counters in the mohitor were modified. The
changes had the effect of making the beam narrower. For this reason beam
dlmen31ons determined by M6 proflles,vrather than the spark chamber data,

were used in the above argument. Note thatvthe'cpntour plot for DP6
indicates that it was a satisfactory position with the origihal, larger
beam. Wifh the.smaller beam during the data‘run, there was even less

question of beam loss.
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D. Counting of Decay Muons

The error in the measured lifetime caused by the counfing of decay
muons depended on two factors: - the efficiency of CP for counting decay
" muons and the variation fromvone data position to the.nexﬁ of thé‘rétio
of decay muons to pions entering the counter. Note that if the monitor
counters were infinitely far upstream of CP, no error occurs even if all
the decay muéns which enter CP count.. The.feasbn is thgt in this case
the spurious increasevin D/M is-stricﬁly prbportionallfo the pion
contribution to D/M. There is no error ih the'calculated lifétime since
the relative change of D/M with distaﬁce’is the'same. Error reéﬁlts only
if ﬁhe muon-pion ratio variesvfrom position tb position. A similar
argumeht was previously applied to the CP efficiency fof pions; The
éalqulatea lifetimevis ihdepehdent of fhis efficieﬁéy if it does not véry
with distancé.

The detection efficiency of CP for decay muons was difficuiﬁ to
dgfermine. No'direct testbwas péssible. In cohtrast, the efficiency
with which CP séﬁriqusly responded to beam elecﬁrons and beam'muons was
monitored by appfopriate cbincidehce ciréuits. (SééASec. Iif—D.)'
Counting‘of decay muons was more‘complicated Since fhese particles had
a.range of velécities and angles, and the efficiency of CP depended on
both of thesé parameters. The efficiency as a function of velocity for
paraxialvparticlés was indicated by a momentﬁm-résponse curve, such éé
the one for CM shown,in Fig. 8. The variation as.d:function of angle for
particles Qf the correct Velocity was tested by rotating the counter
about an axis perpendicular to the beam line. |

The momentum-response curve and the measﬁred efficiency for beam muons

showed the rejection of off-velocity particles to be good. The rejection

*»
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of off-angle particles was less effective. One test with CP rotated
6.2 deg (the largest angle used) showed the efficiency to be 80% of thaﬁ
with no rotation.. (This.tést was not made during the good data‘run; the
resuits depend somewhat on the_getting of the CP discrimination level
during the particular run. ) Muoﬁé emitted around 7 deg in the lab have
the same velocity as pions. EXﬁ}apolation to 7 deé of the da£é>with CcP
rotated in&icatéd that at this ang1é thé‘coﬁnter ﬁbuld’sti11>have more
than 50%‘of full efficiency.
| Forward muons and 7-deg muons were 1imiting cases in the sense
:-fhatvthe_fdrﬁer héd correct angle and wrong velocity, while the latter
Ead-correct velocity and wrong angle;v Large;angle muons were poﬁentially
- more a source of error becéuse they were numeroﬁs (half fhe decay muons
“had ahgles greater than 5‘deg)’and bécause‘CP had'imperfgct rejection
of‘off;anglevparticles. On the other hand;'fhe relative increase in D/M
caused by. these muons tended to be ééualiét a11'positions,\sinée'muons
from deca&s far from the couﬁter‘éould not ﬁave'large angles and still
enter its aperture. Muoné‘having a.smallbangle in the lab, although
less humerohs, had the diéadvantage of femaining in the beam and making
a relatively iarger increase in D/M at positions farther downstream.
These muoné, however, were rejected well by/CP. Thpée-émitted forward in

the pion rest frame apparently counted with negiigiblé efficiency, and
those emitted backward had a-velocit§ below Cérenkov~thresﬁbld. )
The best determin#tibn of the efficiency of‘CP-for'decay‘mﬁqns'came
from the beam studies with the one-inch-square scintiilationvcounﬁer M6
used  in con§un;tion with CP. If all the'particies passing through M6

were known»tb be decay muons, the efficiency was simply the ratio of MM6

coincidences to DM6 coincidences. " In the center of the beam most particles
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were pions; far from.center it»bas been argued_that'any MM6 coincidence
‘arose from a pion which counted in M with‘its'deeay,muen.counting in M6;
In accord with this interpretation, MM6/DM6 shaﬁid have been iarge'bn
.the beam‘cenper line (approximately D/M), and decreased with raaial
distance from center, reaching a coastant at a‘distanee beyond the
envelope of mpnitof pions. The ebserVed fatio had this‘general_behaVior.
Measurements at DP2 at radii beginning near the limits of the pioabbeam
apd increaaing in sfeps of O.8>in.‘gave Q;7h, 0415; 0.14, aad O¢12 on.
one side of the beam and 0.h1, 6.11 and 0.06 on ﬁhé other. The first
measurement of each of these serles was clearly at a ‘radius where there
was av51gn1flcant fraction of pions. The welghted average of the-.
.-femaining values was 0.1l. The statistical accuracy of each meaaurement
was not great.. For iOO OOQ M coincidences, MM6 and bM6 were typically
100 and 10, respectively.

The major uncertainty in the measured decay-ﬁuon efficiency was
systematic, not statistical. If'some of the‘partieles:faf‘froﬁ.beam
center were 1ndeed pions, then the measured efficiency would be too hlgh.
The dlfferencebetween.the veloc1ty—angle dlstrlbutlen of muoas faf from
center and that for muons which actually entered CP during data taking
could also cause the M6 measurement.fo be high.- Closer to beam center
there were relatively more small-angle ﬁuons which CP rejected better
than muons at large angles.” With a conservative estimate of the
ﬁncerﬁainty the muon efficiency was taken to>be.b.1lio;05.

- The variation with distance of the fatio of muons to pions entering
the counter will now be considered. Two independent factors caused the
ratio to differ at the various data positions. First there was the

finite distance between the data positions and the monitor coincidence



-121-
counters. A muon from: a pionedecayingfafter CM could conplete aD
coincidence, but if the decay?occurred before CM there would be no M
coincidence (and thus no possibility of a D coincidence). For data :
positidns fafther doWnstream there uas'a longer distance over whlcn pions
could decay and’send ﬁuons into CP;.thus the muon-oion ratio was greater.

The actionfof the anticoincidence counters in'the monitor--the
scintillators with holes in the center--also caused the ratio tofincrease
.. with distancel'»Thelcounters uetoed some decay muons'whicn otherwise
couldvhave'entered CP‘and counted. The variation in the muon-pion
ratio fesulted because the.counters'had 1ess effectdfor data positions
farther downstream. At such positions most muons enterlng CP arose from
decays occurring gftgz the antlcounterS° for these muons the counters.
had'no~effect. Muons originating before the last anticounter and
entering CP at the far data positions necessarily.had a small angle with
respect to the beam line and were unlikely to intercept an anticounter.
The effect of the countefs was almost entlrely conflned to DP1 and DP2.

" The muon-pion ratlo was calculated from the decay ‘kinematics and
counter geometry. For 31mp11c1ty ‘the pfon beam was 1n1t1a11y assumed to
have no 1atera1 extent. If the finite distance between CM and DP1
(650 cm) is taken into account and the effect of the‘antfcounters is
ignored, tne calculated ratio of decay muons -entering Cf to pions varied
from 6.7% at DP1 to 6.9% at.DP6. The ratio was almost constant because
most muons enterlng CP arose from decays 1mmedlate1y in front of the
counter. For example, all muons from decays closer than 70 cm entered;
such muons were 0.6 of the total. For distances between 70 cm and 650. cm
a constant fraction of the decay muons entered dP at all data positions.

Because so few muons from decays at distances greater than 650 cm could
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. have entered ‘the anerture, the finite distance between CM and DP1 din
not.cause a greatlﬁariation in the ratio from pOSition to -position.

A greater effect was caused by the anticounters, partlcularly A,
wh1ch was only 40 cm from CP at DP1. Only this one anticounter was
considered. If the.effect of A6 was taken into account; the variation
in the'ratio.was much greater} At DP1 the ratio.became_6.2%,.versus
6.9% at DPG. |

The caiculation Was then carried out with a more realistic model
of the pion beam, one with a constant c1rcu1ar cross section the 31ze
of the hole in A6 Because more muons nere VetOed b? A6; the ratio for
_each_p051t10n was smaller: 5. 7% at DP1 and 6. 5% at’ DP6. Note that the
difference between the values at DP1 and DP6 - was greater. For a plon
'traJectory ‘parallel to the beam center 11ne, the greater the radial
distance from center, the greater the probability its decay muon could
enter CP.at DP1 or DP2 yet be vetoed by A6; Thus the'calcukated
difference between the ratio at downstream and upstream p031t10ns.was
greater for the 1argerrbeam. - .

| The countlng'of decay muons was taken into'accountlinvthe Iifetime
analysis b? correcting the observed valueS'of R, the ratio.of D
coincidences to M coincidences; before making'the-fit. Con31der1ng R
as a sum of contrlbutions from plons and decay muons, one can mrite
b R = eﬂf + e“pf, where e% and eu are the efficiencies of CP for pions
and decay muons. For each data position”f‘is theffraction of M coincidences
for which pions reach the counter nithOut decaying, and p is the ratio
of muons to pions entering. The determination of eu'and p has been
discussed.‘ The CP efficiency for x andvn+.mas deduced from an analysis

of pulse-height distributions presented in the next section. The pion
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contribution to R could be expressed in terms of known qdaﬁtities:

e R
7

eﬁf'= zz——:—gjgj .
‘ m H .

Precise values of the ﬁ-‘and ﬂ+:effiéienciés were not needed. If
the muon ratio did not VaryIWith édsition,fthellifetime:caiéulatién would
not;need these efficiendies:at ail., They ;rovided the cbrrect'relative‘

normalization of the‘muoh.and pion contribution to R." (Since - the w
efficiency was less than n , the muon error. for 5’ was slightly greafer.)
The dependencé of the calculated lifeﬁime on the‘pion efficiencieé.was
slight because the muon error itself was small.

' With a muon éfficiency‘ofno.ll'and values of é caiculated.from the
modél of the:pion beam haviﬁg a constant gifcuiar cross section, the
muon correction reduced the driginally célculated lifetimebﬁy 0.032
nséc. Thefevwere severa1'soufces of‘uncertaintf in this value. The
corréction dépended on the phése-space distribution assumed for ‘the pion
beam; It was concluded that ﬁhevsimple model used far the‘calcula;ion
was sufficiently representative of fﬁe true beam siﬁce the much less
reaiistic mbdel‘initially used--a béam wiﬁh'nb 1atéra1 extent;-yielded
a correction differiﬁgg by4on1y 0.006’nsec. The primary uncertainfy in
geometry was the -distance between'A6'and the cylindrical mirror of CP.

I1f the value of 40 cm were in error by>10 cﬁ, however, the corréctién
woul&.change by only 0.005 nsec. The major source of Uncgrtaiﬁty.was the
muon efficiéhcy, O.11iO;O5. In tefms of the lifetime the error in |
efficiency corresponds to 0.015 nsec, the value/to be used in the error 
analysis of the lifetime. |

We had hoéed the rejecgion of decay'muoﬁs by.the movable counter.

would be more effective. The optical system was capable of better
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rejection. With sharp epough imaging of the Cerenkov light, fhe annular
opening - in the diaphragm could have been nafrowéf and the énticoincidence
ring more sensitiQe without impairing'the reéponsébof the couhfers for
pions.‘ Dispersion in the Cerenkov radiator was apbarently the soufce of
difficulty. It was perhaps unfortunate that the two quartz.Windowsband
the éhtrance window of the RCA-4522 phétotube extendéd thévresponse to
Cerenkov iight.in the'uitraviolét region;. |

The movable counter rejected undesired particles in two Wayé.
The particle could fail to count in CP (the central bhototube).or; if it
did cdunt,'it could be vetoed by CPA (the anticoihcidencevfing). The
data from two of the secondary coincidenées, simultaneously scaled during
;ché expefiment, gave indirect,informationvabOu: the rejection>of beam
muoﬁs and decay mﬁons. One of these coincidences was M CP,.equivalent
to the D coincidence without the CPA:signal. Thé other, denoted T, was
the same as the monitor coincidence M without the CMVEﬁK signal. Table
IV shows: the iifetime cgltulated usiﬁg different scaler ratios: ‘D or M CP
as a numerator and M or T as denominator. (The methodvof‘analysis is
that described in Sec. VI-F with no correction .for the counting of decay
muons. ) One feature oflfhe four calculgted lifetimes is that the effects
.of the anticoincidence ring and the monitor Cereﬁkov cbunter Qére apparently
independent. (The nuﬁbers in each row differ byv0.028,'and thevnumbers
in each column by 0.008.) “

Table IV. The pion lifetime calculated using different
coincidences (msec).

Movable counter coincidence

Ménitor Coincidence . D M CP
M _ : 26.057 26.085

T ~ : 26.065 26.093




-125-

Because the monitor Cerenkov counter»efficiently.rejected.beam muons,
removing this:counter fme thé monitbf coincidence revealed. the effect
of beam muons which‘spuribusiy coﬁhted in CP. The different lifetime fits
imply that‘béam muons were primérily:rejected"by théir failure'ﬁo count
in the central photétube:. The 1ifétime.ca1§ulated usingvT? instead of
M, was greater by 0.008 nséc, whether thé CPA>signal wés used or not.
The increase in lifetime'ié'éonsistent with the rélati?e number of
mbmentum;aﬁalyzed muons  and pioﬁs in fhe beam and the ﬁeasured efficiency
of CP for theée muons.

- The calculated lifetime is‘greater by 0.028 nsec when the M CP
coiﬁcidenée is:used’in piace of D. Because the anticoincidence ring had
little éffeét on whe;her beam mﬁénsbcounted, we conclude that this increase
is dqe to decay muons. The calculation in this section showed that an
.11% efficiéncy for decay muons increéses the apparent lifefime by 0.032
nsec.. If rejection of decay muons had been primarily the result of‘
vetoing by CPA, omitting this anticoincidence requirement would have
greatly increased the decay-muon detection efficiency and increased the
calculated lifetime by‘many times 0.032 nsec. The fact that thé life~
time changed oniy 0.028 nsec indicated that most decay muons, like beam

muons, were rejected by their failure to count in the central phototube.

\
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E; Analysis of the PulseeHeight Disttibution

The method of treating the data giving the ﬁost accurate value of
the lifetime required knowledge of the ratio'of the relative changes in
ﬂ+ and . efficiencies for a given changelin counting rate.' This ratio
(the parameter r introduced in Sec. VI-A) was determined from pulsee'
height spectra of the CP central phototube measured for ﬁf and n_}'.Thev
spectra also.enabled the absolute efficiency of CP to be calculated.

' To make use of the spectrun its origin must bebunderstood. The =
pions contributing to the’spectrum consisted of‘two'classes: tnose.
which traversed the entite radiator withcut interacting and.those which
did interact. In the absence ofAstatistical fluCtuation, the‘ncninteract-
ing pions would have produced a narrow peak at.one pulse height vaecause
pulse height was proportional to the depth at which interaction occurred
and the number of interactions at a given depth was approx1mate1y constant,

1nteract1ng pions produced an almost uniform pulse height dlstribution

extending from zero to the pulse height of noninteracting pions. Actually

the exponentlal attenuation of the pion 1nten31ty with depth caused the
dlstrlbution to decrease slightly w1th pulse helght |

Statistical fluctuation caused a broadening of this nypothetical
distfibution. Variation in the number of photoelectrons liberated by a’
given number of incident photons was the principal source of fluctuation.
Variation‘in the number of photons reaching tne'photocathoae and in the
number of secondary electrons'emitted at each dynode also contributed to
the broadening; When statistical fluctuation isvtaken'into account, the
'delta functionlin_pulse height contributed by noninteracting pions |
becomes a Gaussian distribution.

Figure 22 shows the pulse-height distributions for interacting pions

.
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Fig. 22. Predicted pulse-height distributions for positive pions which

interact before completely traversing the radiator. The
statistical fluctﬁations were determined by a binomial
distribution assuming a quantum efficiency of 0.3 and either
15 photoelectrons (curve A) or 35 (curve B). Curve C would

result if the collision length were vefy large and there were.

no fluctuations. The three distributions have the same

normalization.
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predictéd by a simple aodel in whicﬁvstatistical fluctuation results

only from phdtOelectron production. ‘The number of photoelectron§
liberated was determinéd by a'binomial.distributidn Qith,é‘pfobability

Qf "success," the quantum effiéiency, of 0.3. The ﬁumber.of phoﬁoelectrons
produced by a'gomplete traversal of the radiator was,iS for curve A and
35 for B. The ﬁion atténuation a;sumed a collision'iéngth of 120 cm.
‘(abpropriatg for n+).and a radiator 1ength of. 25 ém." The twé curves
have the'samé‘normélization as the recténgular'distriﬁution C which would
result if thé number of pions interaétiﬁg was independent of depth -
(large collision length) and there were no fluctuations.

| Other factors affected the distributions actually obtained dufing

running. The pulse-height aﬁalyzer was normally gated to record CP
pulses corresponding to either'a D or M coincidence. Since a D
coincidgnce could result only if the CP pulse height exceeded a discrim-
ination level, a‘D spectrﬁm was zerovbelow this minimum pulse'height.

An M spectrum extended below the threshold pulsé héight and for this
reason ihcludéd pu1ses other than thoseAproduCed by pioﬁs. Decéy'muéns
were n;t‘excluded by theAmethod of gating. 1If a pion méde anuM |
coincidence and decayed before reaching the movable counter, the muon had
the proper timing to be analyzed. Most of the pﬁlse-ﬁeight distribution
for these muons was below threshold,-aﬁ& did not appeaf in abD speétrum.
Abové the discrimination level the portion of'the‘distribution contributed
by muons was small becauée far moreapions eﬁteredﬂthe counter thén muons
and only a fraction of entering muons counfed. |

An M spectrum obtained for positive pions is shown in Fig; 23. To

illustrate the origin of the distribution a six-pafameter fit was made to

the observed points. The distribution was represented as a sum of three
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Pulse-height distribution for CP observed with the positive
beam and M-coincidence gating. (For clarity only every other
channel is shown.) The fitted distribution is the sum of the
three labeled curves: aiGauésiah term.G, an exponential

term E, and a diétribution_describing interacting pions I.
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terms. The first was a Gaussian contribution for noninteracting pions;
the width, mean, and normalization were free barametersr The second
was the contributien.from interacting pioas. The5relative=magnitude‘of
this term-was the only:parameter;'the shape was that shown in Fig. 22
for 35 photoelectrons. (The results were not:very different if 15
 photoe1ectrpns’were assumed.) To simplify the computatioa, the discrete
distributionrcalcelatedsfrom the medel Was'appreximatedfby~a'centinuous
function of the channel number C having the‘form

iexéKC/A) .
1 + exp[(C - CO)/B]

'Cé is the channel that, in the‘absence of fluctuatiohs, correspéh&s to
the.pulse_height from nOninteracting pions. A and B- are constants whieh
best approximated-the desired distribhtion. 1The third term was'the
centributionvfrom sources other than pions;‘such as decay muons and
acc1denta1 c01nc1dences with tube noise. pulses. Although the exact shape
of thls part of the dlstrlbutlon was not known, it had the general
behav1or of a decaylng exponent1a1 The normallzatlon and decay constaht
for this term were free parameters.

Flgure 23 shows the experlmental _points used in the fit, the fltted
curve, and the three contrlbutlons whose sum is the fitted curve. The

goodness of fit was satisfactory: There were 89 points and the X2 sum

®

“was T1. Of equal 51gn1f1cance the descrlptlon was phys1ca11y reasonable.
The implied fractlon of pions interacting, 29%, was in adequate agreement
“with the'known total cross section. (The fractlon could not be predlcted

with great prec1s1on because of the ‘nonuni form geometry of the radiating

volume--a dome at one end and slanting boundary at the other--ahdvbecause

of uncertainty in the true zero channel of the PHA.) The nature of the
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exponential term was also reasonable. It was ésséntially zero above the
threshold pulse'héight, in agreement with the fact that relétively few
D coincidences were ffom;decay muons and accidental coincidences.

The variation in efficiency caused by a change in codnting rate was
equivalent to a change‘in the discrimination lével. From run to run the
diécrimination'léﬁel was not-at the éame point of the pulse-height
diStfibution, and thé disﬁribution itself was’altered‘if, for example,

a different phototube ﬁés used. Thus the calcﬁlatidn'éf changesAin.
efficiency had to be carried out with the distributions obtained.during
the‘one run of iﬁteresf. These were D Spectra mééSured at DP1l for both
n+ énd i and an M speétrum for ﬂ+.' The calculation was made more
invol&ed by the 1aék of a M sbectrum.

If thé discriminaﬁor had a perfect stepffunétion responée--never an
‘output if the input level waé less than threshold and aiQays one if the
input was greater--then a D spectrum would have been sufficient fof the
calculatioh. .The decrease in efficied&y.for a émall iﬁérease in the
discrimination level would simply be pfoportional to the height of the
disﬁributioﬁ just above threshold. Aétually thére was a range of pulse
height, corresponding tovaboutllo channels, for which the diécriminator
sometimes produced an output. The observed number of counts in any
channel was the product of the discriminator response for the corrésponding .
pulse height and the number of'pulses having that amplitude. This
discriminator response function was found by compafing the M énd D spectra
for ﬂ+. | |

‘Calculation of changes in the efficiency required aﬁ M distri=-.
bution for x . This spectrum was deduced ffqm the available spectra as

follows. First the two D spectra were normalized to correspond to the
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same number ova coincidences. This step could be done accurately because
the ratio of D.and M c01nc1dences for ' and . was we11 known from the
scaler data. (It was the basic data of the 1ifetine'measurement.)' The
correct nofmaliéation was'such thet tne integral of.tne n+'spectfum was
0.927 times the x integral. For the same number of M coincidences there
were fewer D coincidenceS-for ﬂ+.‘ The next step ‘made use of the fact
that the difference between the two D distrlbutions was 1ndependent of
thefcontributions from decay muons “and poseible‘accidental coincidences.
For a given numbetiof‘M coincidences the same nunber'of decay muons
entered the counte; for either sign of pion;:accidentals were the same
since’the M rates were kept equai._'The difference distribution was then
e'function only of the spectrum fof pions. Noninterécting pions
contributed e Gaussian term. (The difference.betWeen two Gaussians with
the same ﬁean and width is another Gaussian.) Interacting pions gave
rise to a term approximately like the distribution for 1nteract1ng plons
of elther sign. A fit was made to the difference distribution; the free
parameters_belng the‘mean, width, and normallzatlon of the Gaussian term
and the normalization of. thevterm descrlblng 1nterect1ng pions. ‘The
purpose of the fit was to extrapolate~the difference distribution below
the.point at which the D spectra went to zero. The final step was to
Aextend the 5' D spectrum below threshold--thus genereting the desired
_ T M spectrum--by using the measured 7 M spectrum and the fitted
.difference distribution. |

Figure 24 shows the obserued D spectra for n*-éhd T with the correct
relative normalization. The ﬂ+ disttibution hae‘fewer counts at 1arge
pulse height and more counts at low pulse height than the n distribution.

The dotted lines show the expected distribution below the discrimination
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level. For n the extension was determined ffom the observed M spectrum.

The n extension was calculated as desc;ibed'above.v
The M spectra for % and 1 were used to fidd the paraﬁeter-r, the

ratio of the relative changes in the g+ and T efficienéieé for the same
change in'discrimination level.: For a'pérticular valué of the diécriminé¥

tion levei, the éfficiency was prdportiénal to the sum df the cbﬁteﬁts

of the chaﬁnels in the M spectfum ébove some threshold chénnel. Mbre.
:accurately, since the &isc;iminator response was not a siep fuﬁction,

the efficiency was proportional to the sum, for ali channels, of the
product'of the.channel contents and the discrimiﬁator-resbbhse fpr the
channel. The experimental spectra were measured at DPl. At other data
positions the counting rate was lower, aﬁd'the tﬁbe géin'wasv1ess. To
calcuiate the chénge in effiéiency the discriminatbf response function
Was.shifted one or-more channels higher with reépect to the M distributions.
For a one-channel iﬁcrease‘in the2513criminaﬁioﬁ level, the relative -
decrease in efficiency was 0.56% for n+_and'0.23 for”n-; thus r was
0.56/0.23 = 2.k. |

' Thg calculated value of r depended‘to é degfee on fhe magnitude.of
the assumed change in threshold. TFor a larger incfeésé in discrimination -
level, r was slightly lower. (Because the plus and minus diSfributions
‘were more similarlin.shape at larger pulse height, the fétio éf the -
changes’in efficiency was closer to unity.) The desired value of r is
that calculéted for a change in discrimination level cbrresponding to
thé.gain change which occurred in the experiment. vThe final analysis
will show that the relativé chénge in n-'efficiency between DP1 énd_DP6
was 0. 127, gquivalent to a change in threshold of less than a channel.

Thus the value of r calculated above for a one-channel change was appropriate.
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Note that the method of.calculating the lifetime using r treats this
parameter as a constant, independent of x, the distance along the decay
path. Actually it was a function of x because the chahge in efficiency
increased with x. This simplification was permissible, however. The
variation Qf r was a higher order effect on the efficiency since the
correction itself was_small.'

For eecheeign of pion the D and M spectra were used to caiculete
the CP efficiehcy. 1f, for a given number of M coincidences, thernumber
of pions which entered the counter at any position had been known, the
efficiency could be found by simply:dividing the numbeér of D coincidences
by fhe humber'of pions. Eveh at D?l; however, for every Mtcoincideﬁce a
vﬁion did not enter. A pion could make an M coincidence.and then decay -
at some point afeef Mh' To an extect the eﬁticoiﬁcidence scintillators
eliminatedvsuchvevents from:the monitor cqincidence: If e_muon from a
~pion whichvdecayed after Mﬁ counted in one, the eventswas vetoed. |
Nevertﬁeless it was poesible for a muon to miss the anticouﬁters, in which
case there would be an M ccincidence, yet co bionvwcpld reach the decay‘
path.

In terms of the pulse-height distrieutions, the efficiency was the
ratio of the integrals of the D spectrum (almost entirely piens) and the
pion contribution to the M spectruﬁ. For low pulse height the M spectrum
included contributions from extraneous sources such as decay muons. The
pion contribution was deduced using the predicted distribution for inter-
acting pioﬁs, which had been discussed. The n efficiency was foupd.to
be 0.952 and «', 0.873.

One check of the analyeis wae to derive the'true pion fraction in

the beam at DP1, the fraction of M coincidences which resulted in a pion
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'ehtéring the counter..'TBis ffaction waéjtﬁé'dbsérved Vqlué of D/M
divided'by the calﬁulated'éfficiency.' At,DPI_the ﬂ-vfrééfionngs
0.678/0.952 - 0.712 and x" was 0.629/0.873 = 0.721. The ratio of the
7 ahd . fractions, 1.013, is to be compéred,fd 1.022; the ﬁal&é
.deaucéd ffomvrﬁns'withfthe éounter'filled with iiqdidAdeuterium. ‘With
this‘radiéfér'the piué'and minusvefficiencies ﬁerejfhe same; and thus
thé ratio of D/Mifor plus and minus gave directly the ratio of the pion
vfractibns. The agreement with the deuterium'value waé satisfactory;
" the émali differenée was consistent wiﬁh unéertainty in the true zero

of the pulse-height distribution, tHé 1OWef limit of the integrals.
: The‘reason the pion fractions for plus and minu$ weré.not éqdal was that
some pions couhtedbin M),. and interacted just beforeiémefging. écatteted
positive.pions often intercepted a subseduent anticounter and were
vetoed. Negative pions, however, could charge exchangé; the emerging
neutral pion could noﬁvbe similarly vefbed., ThUS_the.positive beam

'had.a slightly higher fraction of pions.
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F. Simultaneous Fit to the x and ® Data

The results of the preceding five sectiohs were applied to the data
from the good hydrogen run. The measured ratios R = D/M were first
corrected for the counting of decay muons. If R ﬁas the observed value,
the corrected value was |

eﬂR
en + er
The ratio p of decay muons to pions entering the counter at a given
data position was calculated fromvkinematics aﬁd counter geometry. The
-averdge efficiency for counting decay muoﬁs eu was deduced from'data
taken with CP displaced from the beam center line. For -each sign of
pion the efficiency e Was derived_from analysis of the CP pulse-height
spectrum. . |

The corrected ratios for the data at distance x were fit to

A__e-Bx [1 - ¢(1 - e-BX)] for =«
and '

Ae -BX{I - rC(1 -‘é-BX)]for x
These expressions assume that n+ and © have the'same lifetime and that
the CP efficiency is some constant (different for n+ and‘n-) plus a term
lineaf with rate. The magnitude of the rate-dependent term is r times
as great for j+ as for x . The value of r, 2.4, was determined from
pulse-height spectra. IThe parameters A_,.A+, 3, and C were varied to
minimize ﬁhe X2 sum for both sets of data.

Only data at the first six data positions, where the pion beam was

well contained within the counter aperture, were used. Each readout-of

the scalers provided a data point, the ratio of the numbers of D and M
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coincidences accumulated since the previous readout. Two points with
unreasonably large deviations from their fitted values were omitted.
There remained 331 pointc, corresponding to a total of 130 x 1O6 M
coincidenceé. X2 for the fit was 316. To 111ustrate the fit the welghted
average and statlstical error were found for the 12 to 24 data points
obtained each of the two times the movable counter was at each position.
The re31duals for these average values are shown in Fig. 25

The lifetime was computed from T = 1/yBB. The D/M fit determined
B and the time-of-flight measurement provided 76;' There were only'three
significant sources of uncertainty in‘the lifetime. AThe statistical
error was 0.031 nsec. The experimental error in 76.corresponds to
0;027 nsec in T. LaStly; it was shown»that uncertainty in the correction
for the counting of decay muons was 0.015 nsec. With these three errors
the lifetime is 26.02+0.04 nsec (26.02&10‘.'0&& nsec before rounding).
Other poséible sourcee‘of error, which proved to be negligible, will
be discussed. |

Uncertalnty in the position of CP along the decay path was not
31gn1f1cant The movable counter was p031t10ned'by aligning its carriage
with respect to marks on the tracks on which it traveled. The calculated
lifetime depended primarily‘on the distance between DP1l and DP6. A O.l%
error in 7T corresponded to an error of.O.9 cm in this distance. The
distances between positioning marks were known to much greater precision.

Accidental coincidences were not a problem. The greatest fraction of
accidentals was in the coincidence between CM and the pulse for coincidence
of all the remaining'monitor counters. ‘The coincidence rate with_the
CM signal delayed 51 nsec (the fine-structure period of the cyclotron)

was less than 0.1% of the rate with CM in time. Not only was this
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Position T was not used in the fit. The indicated errors are

statistical.
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>accidenta1 rate 1ow,.hut as eXplained in the Introduction, an ‘accidental
rate strictly proportlonal to the monitor rate causes no error in the : ~
llfetlme.

The Values of the five free parameters determined by the fit were &
a function of the ccnstant r;b Figure 26 shows the uariation with T cf
quantities proportional to two of these parameters.’ One, determlned by
B, is the lifetime; the other, determined by C, is the relatlve decrease
in the x eff1c1ency of Cp for a given reduction 1n countlng‘rate.‘
(From the definition of r the 7 decrease is r times as great. ) The
derived value of r changed if the assumed pulse-helght distribution for
1nteract1ng plons wasvvarled The resultlng error in the 1ifetime.was
negligible, however. The'uncertainty in r was less than 0}1; such a
change altered T only 0.004 nsec. |

Two features of the magn1tude of the rate effect determlned by the
fit should be noted. Like the 11fet1me, the value was not strongly
dependent onvthebparameter r. Secondly, the predicted rate dependence
‘of the efficiencies for n_ and n¥ was not unreasonable. Agreement w1th
the rough measurements made durlng the run was not as good as expected
hOWever. For comparlson, all data were expressed as the relatlve‘
decrease in eff1c1ency for a 50% decrease in countlng rate.‘ With r = 2.4
the lifetime fit predicted an effect of O. 15% for x and O. 37% for n . e
Three measurements for n' made during the run--0. 12%, 0. 09%, and 0.22%--

9

were a11 1ower than the predicted value. k

There is a possiblevexplanation for the highvpredicted value. ‘The
fit to the lifetime data assumed that the variation in efficiency as the
counter was moved from one pcsition to another depended only on the D rate,

the rate at which surviving pions in the monitor entered the movable
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Fig. 26. The dependence.on r of two quantities determined by the
simultaneous fit to the plus and miﬁus data;, T is the lifetime-
and AR_/R_ is the relative decrease in the‘ﬁ-'efficiency of the
movable counter for a 50% reduction in counting rate. The

dotted lines indicate the statistical error in the fitted value.
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cdounter. Because of the origin of the rate effect, efficiency variation
was correlated with the total flux of Cerenkov 11ght reachlng the CP ~
phototube, not Just that from pions whlch had satisfied the monitor
coincidence; In fact most partlcles phys1ca11y in the beam were not
moni tor pions. The rate of pulses from CP which exceeded threshold (CP
in coincidence with no other counters) was about five times the ﬁ rate
(cP in coincidence with the monitor signal.)
.At upstresm data p051t10nsumnyof the plons entering the counter
had been vetoed by the beam-deflnlng antlcounters. These plons were
vetoed because it was likely that they would mlSS the counter at the
downstream positions. Thus, as the counter was moved downstream, the
effectlve decrease in rate was due not only to decay of plons, but also
to the reduction in the relative number of those pions.which entered‘the
counter and were not in the monitor. The functional form describing
theefficiency variation omitted this.second sonrce of rate Vsriation,
and the‘fit, by attributing an excessively large effect to the first
source; yielded-a high value for the'parameter c.
. The fraction of pions which entered CP yet'Were-not in the monitor
‘decreased monotonically with distance, as did the fraction of monitor |
pions entering. The precise‘distance'dependence of this omitted source
of efficiency variation was surely not the same.as'the exponentialv ' a
dependence assumed in the lifetime calculstion. To test the effect on
the derived lifetime caused by the functional form used for theAefficiency,
the calculation was repeated assuming the relative decrease in effibiency
was linear with distance, rather than exponential. The calculated 1life-
time differed from the original value by only 0.005 nsec. Because the

decay path was only a fraction of a mean decay length, there was negligible
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difference between an exponential and a 1iﬁea¥ dependenée on distance.
For once, the short length of the decay path was an advantage!

In the analysis of the exberimental data the'largest correctionvto
the calculated lifetime was fof tﬂe Qariation of CP efficiency with
distance; Fitting the D/M data for one sign of pion to A exp(-Bx)
neglects this effect. With the final daté selection:(i.e., DP7 omitted)

. = o .
such an analysis gave * and x lifetimes shorter than the corrected

lifetime by 0.05 and 0.13 nsec, respectively. In comparison, the muon

correction was only 0.03 nsec. Because of the magnitude of the

efficiency-variation correction, it was fortunate that the two essential

assumptions of the correction were well established: the equality of

C s s + - ' . X .
.the lifetimes of ®x and m , and the constant ratio between changes in

S ) . _
the = and n efficiencies of CP caused by gain variation.
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VII. DISCUSSION

The result of this experiment, T = 26.02%0.04 nsec, can be compared
with others shown in Table I. Our measurement is by far the most precise
among thoee ﬁsing pions in flight and is in good agreemen; with the recent ¥
measurementé with stoﬁping pions.” The.test'of special relativity
calculated by Rédei consists of comparing ehe lifetimes measured with
pions in these two states of motion. In Rédei's model the 1ifetime
measured in the laboratory frame of reference for. pions of mementum p
Cis g7l + (ap/ﬁ)e/S], where 7 is the lifetime in the pion rest frame and
« is the fundamental length. In terms of A = #i/me, the pion Compfen'
wavelength divided by 2w, the expression is ytll + (Bya/%)g/é]. With no
violation of relativity, o = O.and the measured 1ifetime is yt. If the
deviation between fhe‘obeerved lifetime and that expected from'the‘usual-

time-dilation formula is no greater than AT, then

n

',oz2 <

\J1

|

-'llg

A
_ 527

w

An upéer limit en Q can be determined from this experiment and_that of

Eckhause . et al.2 . The difference between the two measurements of T is

0.00%0.06 nsec. With AT = 0.06 nsec and values of B and y corresponding

to our momentum of 312 MeV/c, the above inequality gives a < 3 x 10_15 cm.
For the type of relativity vioIationvoriginally proposed by

Blokhintsev,lo this experiﬁent is the most stringent test of the existence

of ‘a fundamental length. Inhomogeneify of space-time should also lead

to violations of the conservation 1aWS of energy and momentum. = Present

data are not at high enough energy and lack the precision to give a limit

smaller than that found in this experiment.9
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It is hoped that future experiments can place an eveh‘smaiier limit
on the fundamental length. An appropriate goal is the characteristic
length of the weak interaction VG/fic =~ 6 x 10-17 cm, since the particles
‘ﬁhose lifetimes can be measgred by a beam technique are those which decay
via this interaction. The above rélation between @ and At/t shows that
a stronger limit on O can be obtained if thevbrecisién in the tw@ life-
tiﬁe measufements'is-greater (smallef'Ax/T) or if the parﬁiéle energy
in the beam méaéuremenf is greater (larger B and 75. Uﬁfortunately
théée appfoaches are coptradictory to an extent. Recall thét the relatdve
effqrAin'a beam measﬁremént of the lifetime is inversely Proportional
. to:the huﬁber of mean.decéy iéngths'ovér which the measurement is:made.
Sinée:the'decay iength is 7Bc1,.for:a givennﬁeésdrement distance AT/%‘ -
increases as yB increases. Also, the higher the'moméntum, thé less suitable
is the time-of-flight-technique fof'méasuring ¥B.

Measurements with kaéns, instead of pibns;'ﬁigﬁt provide a stronger
test of relati&ity._ Because of the shorter lifetime and greater mass,

. the mean.deCay 1ength for a kaén is 0.13 times that for a pion of the

éamg momeﬁtum. Thus the use of a beaﬁ with high momentum is.lessrdetri—
mental to the precision of the lifetime measurement. The theoretical
interpretation of the experimehtal results is more difficult for kaons
because the decay interaétion is less well understood. '(Rédei has applied
his,model of relativity violation only to pions and muons. ) The results
of. the most precise,experiments with kaons are as follows:

25 12.443+0. 038 nsec

Fitch et al. . '
o6 stopping kaons

Boyarski et al. "~ 12.31%0.11 nsec:

Lobkowicz et al.=! 12.27240.036 nsec

Ford et a1.%° 12.21#0.11 nsec } kaons in flight
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The most precise measurements of each type are in serious dlsagreement
mith each other. 1If only one of these two experiments is con51dered
(Ref. 25 compared with RefQ 28, or 26 with 27),uthe discrepaney is less
significant. In any eVent the results do not indicate a violation of
relativityvof the type described in Rédei's theor&,»for the lifetime
measured in flight is shbrter, not ldnger, than tnat measured at rest;.

Measurements w1th pions are perhaps best for thlS test of
relat1v1ty. In any future experiment slmllar to ours, the problem of
rate- dependent eff1c1ency of the movable detector can presumably be
av01ded. In the data analys1s of this experiment, this systematic error
was'properly taken into aecount by virtue of the difference in its effect
on ﬂ+ and T . (For this reason it was no loss that a contemplated-high-
statistics run with one beam polarity was not carried out or that the
beam momentum for the deuterium runs was not known sufflclently well.)
The validity of tne result of this experiment reqnires that the difference
between D/M for ﬂ+ and % arose as assumed~--via the rate- dependent gaim
and.the'difference in «' and x pulse helght dlstributlons--and not, for
example, because of someé difference in the momenta.or spatial distributlons
of the two beams. The analysis assumed %' and T -have the same lifetime,

2
in accord with the CPT theorem. It was fortunate that a parallel goal

- of this experiment was to test this equality. Analysis of the deuterium

)

data showed T /1_ = 1.00055+0. 00071. * The fact that the deuterium runs
indicated equality showed tnat the origin of the apparent lifetime

- difference in the hydrngen runs was indeed the result ef tne different
'pulse-height spectra and that there were ‘no other significantvplus-minus
Biases.

It is doubtful that a simple solution will be found for the other
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1imitétion of the movable counter, the counting of decay muons. An
improved teqhnique for measuring the efficiency for such sburious counting
would be of value. Subséquent.expefiments, however, may beiof the type
ﬁsing é'deteqtor which does not distinguish between these muons and pions.

No matter what novel experimental method is émployed, the beam momentum

must be known. Unless refined techniques for determining particle

momenta are developed, this requirement will be a limitation on the

precision of any future lifetime experiment using particles in flight.

]
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APPENDICES

A.. The Effects of the Width of the Momentum Distribution
Since pions having:a lower momentum'haﬁe mbre‘time to decay before
t?aveliﬁg a given distance, the momentum distribution of thé‘beam at
any downstream position is skewed td&ard higﬁer values comparedvto the
-initial:distribution. This fact has twovconsequences relevant to ghis
éxperimént; 1f the width Qf the beam momentum distribution is’suffiéiently
gfeét,'momentﬁﬁ analysis at ajdownétream point must Be correéted'to find
the distribution existing at the start of the decay path. In addition,
the attenuation of the pion beam With diétancé will differ frqm that
expgcted for a beam with;a unique momentum.
| ‘Assume‘that thg normélized moméntum'distribution function at the

start of the decay path (x ='0) is

1 2 .
£(q) = = exp_-ﬂ?) ,
of2n _20

*. where q = p -'po and po'is the mean momentum at x = O. Because the number
of pions having momentum p decreases with x as exp(-mx/pt), the distribution

fo; arbitrary x is proportional to

f(q) exp {-TE;EET;YF) .
To firstforder in the small quantity qipo{ thé normalized distribution at
X is f(q)(i + nq/po), where n = mx/poT. The change in méan momentum after
n decay lengths is then (q) = J q £(q)(1 + nq/po) dq = ncz/po. In this
experiment the time-df—flight momentum defgrmination was carried out at
n = 1.1&, By compa;ing the widths of the'elgctron and‘pién distribﬁtions
it is estimated that o =~ 6.8 MeV/c. With P, = 312 MeV/c the increase in

the mean momentum over the flight path is 0.002 MeV/c, an. insignificant
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The second effect of the spread in beém«momenté is even less serious.
If the momentum distribution at x = O is-f(d), thé fraction of surviving
~pioh5‘at‘diStance x is | ' .
R(x) = | £(p - p_) exp ( PT)dp
A Changing the variable of integration to q = p - po.and expanding the

+

exponent1a1 we have

I £(q) exp(-n) [i + n: 3— —12—:—22 3— + ...]dq

R(x)

" with n = mx/poT as before. Assumlng the 31mp1e Gau551an form for

f(q), we find S o

- ‘ | | | 2

R(x) mexp(-n)[l - 2laz 2] ]
. o

Since n_i 0.5 for our data, the width of the momentum distribution caused

-6 .

a relative increase in the attenuation of no more than 2 x 10
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B.. Sources'of Rate—Deﬁendent-Bhotomultiplier Gain

Variations of phototube gain associated with changes in counting

rate c¢an arise from several sources. The most well-known and most

rﬁprqdﬁéible factor céusing cﬁanges in gain involves -shifts in the

vbitége 1evéls applied to the?dynodes’of the tube. Moré'sﬁbtle'are

‘the changes occurring inside the'tube which lead to "fatique"; gain

changes"from these sour¢es‘depénd-upon'the prgvious operating conditioms
of the. tube, as well as the pﬁesent'circumstancés.

In a typicai photQmuLtipLier bése afVOltage-divider network allows

a.single power_supply‘to p:oddce the voltage levels for;ailbdynodés.

‘Prdblems arise from the fact that the current in the divider string,
:not’onlj provides the resistive voltage drop which generates the dynode:

' voltages, but also serves as the current source for the secondary

electrdns produced at each dynode. As the average sééondaryéelectron

_current increases, the current remaining to continue down the divider

string decreases, and the inter-dynode voltages in the last stages

decrease. The gain of a stagé is diminished because the secondary-

emission ‘ratio is lower at a lower voltage.

The greatest internal current is that from the last dynode to the

anode, and it is this dynode-énode voltage ﬁhich is most affected by

ratgfchanges. This'last stage providés no additional gain: The anode
simply collects the secondaries émitted by, the 1ast‘dynodé» :Aﬁ‘high'
fate,ﬂhowever,_this stage can diminish the overall tube gain. As the

voltage between the last dynode and the andde'décreasés, the anode

current becomes space-charge limited, and. pulse amplitude decreases.

The change in voltage between last dynode and anode can not be

considered alone, for a decrease in this voltage must be-accompaniéd by
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