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ABSTFtACT 

A measurement of the difference between the ;r + and ;r 

lifetimes gave (T+/r_ ,-1) = 0.0056 ± 0.0028, while the absolute 

lifetime was found to be 26.6 ±· 0.2 nsec . 

. ' 

+ 
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CPT invariance is a sufficient but not a r1}~cessary condition for 
·. -~· .' i ' 

the equality of the total lifetimes and mas ;:;es of par1\cle and antiparticle. 
. . : 

An experirr1ent has been perforr:-:ed to check CPT inva:riance in weak 

interactions by looking for any difference between the total lifetimes of 

:.,J •• 

positive and negative pions. This was done in such a ma'nner that the 

absolute lifetimes of both were also determined directly. The lifetimes 

were measured by finding the fraction of surviving pions as a function 

of distance in vacuum in nca.rly identical momentum-a11alyzed bearns of 

+ 
n and n mesons. 

Pions were produced in collisions of the external proton beam 

of the Lawrence Radiation Laboratoryts 184-in. synchrocyclotron with 

a 6 -iri. -long Be target (Fig. 1). The pion beam was momentum-analyzed 

by the bending magnets, M1 and M2, and geometrically defined by the 

collimator, C, five thin scintillators, 51 to s 5, and four annular anti­

coincidence s'cintillators, A 1 to A 4 . After 5 2 ; the entire tr9-jectory was 

in vacuum except for the 36 -in. -long, 2/3 -atm, C02 Cerenkov counter 

located between 54 and 5 5 to veto electrons in the beam. 

The counters and magnets described so far provide (1) a nearly 

parallel beam of small momentum spread (~p/p = ± 0.4o/o) and {2) a 

monitor of the intensity of that b'eam. Pions ~ere actually selected by 

a differential, liquid-hydrogen Cerenkov counter which was positioned 

successivelyat various points along the decay path up to 17 f.t pa!:lt A 4 

without the quadrupole Q, and with Q in place, up to 36 ft beyond its 

exit end. Hydrogen was used because operation at cyclotron momenta 

required a refractive index of about 1.1, and multiple scattering had to 
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to be kept to a minimum. In the counter
1 

(Fig. 2), 11-deg Cerenkov 

light from paraxial particles is focused by the quartz doublet onto a 

ring aperture. In order to reject particles with off-angle trajectories, 

such as a-rays or decay muons, more efficiently, the ring aperture is 

surrounded by an antico.incidence ring. The angular resolution of the 

counter was ± 3 deg, while the velocity resolution (~13/13) was ± 0.005. 

The desired pions had 13 = 0.912, muons in the beam had 13 = 0.94 7, and 

muon.s .froni the deca.y of pions had a range of velocities including 

13 = 0.912. However, these dec'ay muons were emitted at 7 deg with 

respect to the beam direction, and hence were rejected. 

Complete separation of pions from decay muons is important 

for correct absolute lifetimes, although it should make no difference m 

. + 
establishing the equality of n and n lifetimes. It is important, 

however, to ascertain (a) that there is no change in the nature of the 

monitor counts with time, and that there are no important differences. 

+ - . between n and n w1th respect to (b) beam geometry, (c) momentum, 

and (d) Cerenkov counter response with distance. These items are now 

discus sed in order. 

A. Monitor 

Although it is not necessary that monitor counts, 

S 1S 2S 3S4 S 5:Ae:A1:A2:A3:A4 , arise from pions alone, it is important that 

the fraction due to pions not change, or at least (for relative measure-

ments) that changes be the same for the positive and negative beams. 

_Sir;ce the fraction of electrons did change when the proton beam wandered . . . 

across the Be target, an electron veto counter (of 95% efficie1'1cy) was 

(· 
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installed, and a split ion chamber was placed in front of the target to 

permit controlling the proton-beam position to better than 1 mm. These 

kept changes in the fraction of electrons to <0.1 o/o for the negative beam 

and <0.02% for the positive. The muon contamination at counter A
4

, 

as determined from integral range curves in Cu, was 6% for both.: 

polarities. 

Fluctuations in the data could be caused by accidental coinci­

dences, as well as by changes in beam composition. The low monitor 

counting rate helped make the effect of accidentals unimportant. The 

positive flux averaged 35/sec, while the negative beam averaged 7/sec, 

the difference stemming from the quite different production cross 

sections. The only significant accidental coincidence rate, caused by 

particles getting py the edge of s3 in coincidence with random counts 

in s
3

, gave a mean fraction of 0. 0028 for positives and 0.002 3 for negatives. 

The constancy of these rates with time made it unnecessary to correct 

for them in the monitor counts. There were no measurable accidentals 

·in the pion counts (monitor-Cerenkov coincidences). 

The fraction of monitor counts per s1 s2s3A
1 

coincidence, the 

fraction of electrons vetoed, and the fraction of accider1;tals were all 

monitored continuously. The dis.tribution of each of these quantities for 

the 1200 individual readouts was Gaussian with the expected variance. 

Thus there was no indication of systematic fluctuations in the monitor 

system . 
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B •. Beam Geometry· 
..· ..... 

. . D~tail'ed bea~ profiles, as shown .in Fig. 3, were taken with 

. . 2 
a digitized spark chamber at all positions along-the beam trajectory 

at which data were obtained, in order.to be certain that the beam was 

sufficiently well contained and that the positive and negative beams were 

similar. The beams were nearly identical in shape but their centers 

became gradually displaced along the decay ,p~th. because of the small 

(-3 gauss) stray cyclotron field. The centering and containment of the 

beam was also checked at each 'position by taking counts with the Cerenkov 

counter moved off center horizont.ally and vertically. In addition, the 

angular alignment with respect to. the beam axis was tested by rotating 

the counter in the ho~izontal and vertical planes. A substantial fraction 

of the data-gathering time was spent in this type of check. 

~That no evidence was found for particles outside the expected 

beam area may be attributed to having three final anticoincidence 

counters, A 2 to A 4 , and to having very little scattering material in the 

beam. The S counters were only 0.025-in. thick, there was no edge 

wrapping on the A counters because they were in a vacuum, and there 

were no windows between the· electron veto counter and the moveable 

Cerenkov counter. It is worth noting that because of the larger 1T + 

cross section, such scattering would make the 1T lifetime appear 

longer. 

C. Momentum 

The field at the position of the gaussmeter in each of the magnets 

. M
1 

and M 2 . was held constant and the same for both polarities to within 

' .. : 
i 
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0.1%. 
+ + 

In.the data reported here there wer.e 125 1T _,. -1T sequences, 

so that any errors. in field settings tended to average out. Vlhile fields 

in the beam-transport magnets were reversed in order to change polarity, 

the stray magnetiC. field from the _cyclotron vias· constant .. 'From meas­

urements of that field it is estimated that this could have accounted for 

a momentum difference of at most· 0.1 o/o. 

Several methods were used to check for a momentum difference. 

A time-of-flight measurement assured equality only to about 1 o/o. A 

range :r..easurement ~ave (( p+)/'( p _) -1) = -0.002 ± 0.004. The most 

accurate determination of the relative mean mome11.ta was provided by 

measudng for each sign of particle the efficiency of the Cerenkov counter 

as a. function of beal'n; momentum, which was varied 'by changing the 

fields in . M:t and · M 2 • The resulting steep-sided curves, which were 

a fold of :beam momentum spread and counter response, matched closely 

and gave ((p+)/( p _) -1) = 0.001 ± 0.001. Another momentum comparison 

was made at the end of the experiment by bending the beams through 

78 deg with an analyzing magnet placed after 'counter A
4

. This field 

was monitored by a ~uclear-magnetic-resonance probe throughout both 

the· momentum analysis and an extensive field mapping. The entrance 

and exit beam trajectories were determined by profiles taken with the 

digitized :'lpark chamber at six positions. The vacuum system was ex-

tended ·at each position so that no multiple-scattering material was 

pla:ced in the beam. The positive and negative profiles were taken 

alternately, and their centroids and shapes were determined with high 

acc{lracy',. as shown in Fig. 3, permitting a good relative momentum 

determination, {(p+)/(p_) -1) ' -0~002 ± 0. 00.1. Since the chamber 
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·positions were not known. "vith comp;:.rable ·accuracy, the absolute mo-

ri.l'.:!n!:um, 3'!.1 .. 2 ± ~ .. 0 1-'leV /c.. was dete::-mined much less precisely. The 

· · As. an averag.,.~ in c.e~ern.1.ining !.i£etime :-atios, we have used 

. ((p.J..)/(p_) -'~) =· -C.(tOOS :1::0.0007. 
I 

n; C~!"enko"':: Counte:· Response· 

It is e1n lmpo~~tant fea.tu.rfl 0f ou:. :nethod th2.t the efficiency of the 

moveable Cere:,kov cot!nter neither :has to oe known nor does it have to· 

b ... f + d -e ~ne same or r. an 1T • For ;.bsolute lifetime. measurements the 

effi.c::iency :r..ust not change ove:· one sequence of c;unter positions. 

Ho"vever, for the lifetime difference it is requi!"eci only that the effi-

ciency, if it changes; do so approximately linearly over the time re-

+ + quired for one ,. --rr -:rr sequence {about 3 hours). In the data reported 

3 here, the orde!' of t:b..e ten positions along the beam was shuffled, and 

+ two or more " -11 -:r sequences we::-e taken a:: each position. 

If the count!:'r had a velocity response which was different for 

"+ rr and :r-, this couicl proG.uce an appa.re::1t lifetime difference. Such 

a systematic effect might occur because of the difference in il' + and 

1T- interactions in hydrogen a.nd their momentum dependence nea·r the 

3/2-3/2 resonar.ce. Calc.ulations show this effect to be negligible, and 

t-he measu.red equality of the momentum re~pons e of the counter to 

positive and negative beams limits such an effect to 0.1% of the lifetime 

ratio. 

Two difficulties arose in the cou~Lter operation. First, despite 

its being ~r.· vacuum, conden.sation a·ccur.•.ulated slowly on the oute:r 

. .. . ·.• , 
- + c )f t'1~ ~"'p'"'nl~e '"llO.O'" ,._,.'L·'·l·r."~-.. L w.·.-.., :::L,, 20"K.· After about 24 o:.UrAa e ( >.<:: .,,_. j:-'- - ~• ~ . 'rv, •·v ,, - ,_ 

.. 
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hours of operation, there was enough scattering of .Cerenkov light into 

the anticoincidence ring to decrease the counter effici~ncy by about 1 o/o. 

The counting rate in the ring aperture without anticoincidence was not 

changed. 

· The second difficulty was that the counter had an efficiency of 

0.6o/o for both ,/ ~nd 1T- without liquid hydroge~. The s.ource of 

counter-empty counts might have been light pr.oduced in the window by 

weak scintillation of the sapphire or by scattering from surface imper-

fections of Cerenkov radiation which should have been trapped in the 

window by total internal reflection. Rang~ measurements, be~m profiles, 

and attenuation with distance measurements all indicated that this 

counting rate was simply a constant fraction of the counter-full rate, 

and hence the correction for this effect is negligible. Another possible 

conseque:nce of light from the window ·was the appearance o:( long tails 

on the measured distribution of coun~er response as a function of mo-

mentum. 
. 6 

The data, based on 12X10 ,;:+ and 6 X 1 o6 
1T ' were analyzed 

·in two ways, both utilizing the measured quantities 

:1:: 
1T counts at position x = R:l:: {x) = 

monitor counts 

' :f::. 
is the moveable-Cerenkov-coun.ter efficie,ncy for 1T , f:l:: 

is the fraction of . . 

:1:: 
1T in the beam at x = 0, and·. m, p, and 7' are the 

mass, momentum, and lifetime of the pion. In the first method, the 

slope of a least-squares, straight-line fit to 
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. (1) 

_,_ 
gave the -.T.... absolute lifetimes, 1t beu1g reql·i.red only that the (unneces-

saryj value of €== f± be constant over one serie~ .. of counter positions. 

In the second method, the slope of a straight -line f~t to 

R+(x) 

ln. R {x} = ln 

is simply related to the lifetime difference, (T /-r -1 ). Since 
+ -

(2) 

. . • + + 
is form~d for each 1T -1T -1T sequence, any changes in 

E f . that are approximately linear over each sequence will still keep 
± ± 

f I ~ 
E, ..LIE .1. 

T ' 
constant. 

Both analyses were done with and without the anticoincidence 

ring of the Cerenkov counter; and the values obtained for lifetime 

differences are in good agreement. Only the first method wit.h the anti-

coincidence ring yields absolute lifetimes. Since the absolute -lifetime 

analysis i.s affected by variations of Cerenkov counter efficiency due to 

condensation on the sapphire window, no data were used for which the 

counter had been filled with liquid hydrogen for more than 12 hours. 

The relative lifetime analysis is shown in Table I. Note that 

data taken with the quadrupole (Q) out (0.04 - 0.23 mean lifetime) indi-

cate T _ >·-r +' but when these are fitted together with the Q-in data 

{0.20 - 0.78 lifetime) one gets 7 >T by a greater amount than is the 
·,~ -

case for the Q -in data by itself. The Q-in data were collected over 

+ .• - + 
3 months with more than 100 1T ·!iT -1T sequences and 7 positions, 

whe :-eas the Q -out data were ta i.en in 3 days at the end of the experiment, 

utiEzing 18 sequences and 3 pos. :ions under significantly altered b"eam 
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·conditions. Thus our most reliable estimate of the lifetime difference, 

shovm in Table II, is that ziven by the Q-in data alone analyzed by the 

relative method (2) with the anticoincidence ring. The standard devi-

ation given there includes tl;c relative monwntutn error, while the sta'­

tistical and consistency errors arc the same, since x2 
per degree of 

freedom is 1.0 for over 100 data points. As a chec~k on data consistency 

over a longer period, the absolute lifetime analysis using Eq. (1) with 

the anticoincidence ring gives (T +/T _ -1) = 0.(.(1';,(' ± 0.0031 ovei" the sam~..:~ 

distance (0.20- 0.78 lifetime) .. 'The corresponding value for the rr+ 

lifetime is also shown in Table II with a standard deviation that includes 

statistical and consistency errors as well as that in the absolute momen-

tum. The latter result is in f~ir agreement with one of the two recent 

accurate determinations of T +' but not with the other. 

As shown in Table. II, the comparison of rr + and ro lifetimes 

. h h h . 4 ' 5 Th h agrees w1t t e ot er two contemporaneous expenments. e t ree 

experiments utilized quite different methods, and w.e should like to 

emphasize that the present experiment requires no corrections except 

. for the very small one for a difference in the momenta. Using the same 

method with improved beam and counters, the experiment will be re-

peated shortly with greater precision. 

We wish to thank James Vale and the cyclotron personnel for 

assistance with the apparatus and for giving us such stable operating 

conditions, E. F. McLaughlin and R. V. Schafer for cryogenic design 

. of the hydrogen Cerenkov counter, H. Weisberg for assistance with the 

digitized spark chamber, G. R. Farrar for aid in the analysis, and 

. A. C. Helmholz. and B. J .. Moyer fo'r support and 
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MacDonald for the extensive help they gave with t11e apparatus and in 

the early running of the experiment. 
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.. 
0.04 0.78 
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0.20 - 0.78 

.. 

·~ . . , 

.... 

·.:·; 

.. ~-

.· ·~ ' 

· .... ·· 

\.:· 
·····.·· 

:.· .... 

·. -~· 

' !;· 

.•, .. 

. . ' ~ 

0.0070:!: 0.0023 

- 0. 0 1 5 ± 0 • 0 0 9 

0.0058:!: 0.0024 . 

·~ . . ,. .- ~. ': ~ 

.·· .. •_:;, 

· ... ' ·. :· .... _.:· ··,:.,:· 

'•.· 

.. : 

_:_· .. 
·;_ ...... , 

,I,· 
·_; .. 

.·._. 

··'.'" ... 
''·· 

·'.\• , .. 
..... · 

";•· 

_:.· 

'. 
'· ... · ... 

. .· 
·, 

:•' 

., 
;', 

. · 

.· .. ' 

0.0074 ± 0.0025 

-0.024 ± 0.016 

0.0056 ± 0.0028 

\ 

\ 

'.', 

. .. 

. ···: 

. ~' . 

•. 
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Table II . 
+ 

Comparison of ;r lifetime values and 

.,.,.+;.,.,.-" .. lifetime rati.os in recent experiments. 

Reference 

a 
Ashkin et al. 

b 
Eckhous e et al. 

K . . 1 c 1nsey et a . 

4 
Bardon .et al. 

Lobkowicz et al. 
5 

This experiment 

., ., 

T (nsec) + . 

25.46 ± 0.32 

26.02 ± 0.04 

26.40 ± 0.08 

25.6 ± 0.3 

• 
26.67± 0.24 

26.6 ± 0.2 

0.0040 ± 0.007 

{
0.0040 ± 0.0018 
0.0023 ± 0.0040 

0.0056 ± 0.0028 

a .. J. Ash~in,. T· .. Fazzi.ni, G. Fidecaro, Y. Goldschmidt-Clermont, 

N. H. Lipman, A. W. Merrison, and H. Paul, Nuovo Cimento 16, 

490 (1960). 

b. M. Eckhouse, R. J; Harris, Jr., W. B. Shuler, R. T. Siegel, and 

R. E. Welsh, Phys. Letters 19, 348 (1965). The numbers quoted 

differ from the published values in accordance with a communication 

of the authors to A. H. Rosenfeld. 

c. K. F. Kinsey, F. L. Lobkowicz, and M. E. Nordberg, Jr., Phys. 

Rev .. 144, 1132 (1966). 

·~ .. 
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FIGURE LEGENDS 

Fig. 1. Experimental arrangement. EPB: 732-MeV external proton 

beam; SIC: Split ion chamber; T: 6-in. Be target; M
1

: 9- by 

12 -in. C magnet; C :. 1-1/2 -in. -diam. Pb collimator; M
2

: 12- by 
' . 

36-in. C magnet;. Q: 16- by 32- by 16-in. quadrupole triplet; 

s
1

- S 5 : 0.02-in. -t~ickscintillators; A 1 through A4 : Ring anti­

coincidence scintillato.rs; A : 36-in. -long C02 -gas Cerenkov e . 

counter {10 psia); LH2 <;: Moveable liquid-hydrogen Cerenkov 

counter. 

Fig. 2. Schematic dre3:wing of the liquid-hydrogen differential Cerenkov 

counter. Not'e that the diameter of the ring focus depends on the 

angle of emission of the Cerenkov light {and hence the velocity of 
. . . . . 

the particle), while the lateral position of the ring focus with 

respect to the ring aperture depends on the direction of the parti-

cle. The optically coaxial cylindrical mirror provides full 

efficiency across the 4-in. diameter of the radiator. LH
2

: 4- by 

8-in. -long liquid-hydrogen radiator; S: 1/4-in. sapphire window; 

M: 4S..:.deg mirror; .L
1

, L
2

: quartz lenses; Q: quartz vacuum 

·window; A: ring aperture; LP: anticoincidence ring light pipes; 
(), 

C: coincidence photomultiplier; AR' AL: anticoincidence photo-

multipliers; CM: cylindrical mirror. 

Fig. 3. Beai? profiles taken with a digitized spark chamber. Data were 

taken in 0.1-in. intervals, but pairs of channels have been added 

·' . 
together here for clarity. {a) Profiles at the end of the 36-ft 

de, cay pa.th for . -rr + and -rr-, showing the simi.larity in their beam 
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shapes.;· ."The. I'elative 1:o:dzontal s·cale ·has been· shifted to permit 

easie.>.~ con;parisor.. Not~ that the tails of the pro.files, which are 

the s?..me fc;: positives andnegativcs, are not due to pions, since 
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This report was prepared a~ an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

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

B. Assumes any liabilities with res~ect to the use of, 
or for damages resul'ti~g from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

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