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ABSTRACT

A measurement of the difference between the 17+ and m

lifetimes gave (r,/7_ -1) = 0.0056% 0.0028, while the absolute w'

lifetime was found to be 26.6+ 0.2 nsec.
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CPT invariance is a sufficient but not a rHecessary condition for

S

. the equality of the total lifetimes and masses of pai_"ffipc‘le and antiparticle.

.

An experiment has bee.n performed to check CPT -i'ﬁv‘aﬂ‘ri»ance in weak
interactions by looking for any difference .bﬂetween the total lifetimes of
positive and negative pions. This was done in such é ma‘gnher that the
absolute lifetimeé of both v{zere alsb deterrnined direc.tly.. The lifetimes
were measured by finding the fraction of surviving pions as a function

of distance in vacuum in nearly identical momentum-analyzed beams of

+ : - :
% and w mesons.

Pions were produced in collisions of the external proton beam

of the Lawrence Radiation Laboratory's 184-in. synchrocyclotron with

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

by the bending magnets, M1 and MZ’ and geometrically defined by the
collimatpr, C,‘ f_ivé thin scintil’lators, S1 to _S5, and four annular anti-
coincidence s¢intillators, A1 to A4. Aftef Sz', the entire trajecto'ry was

in vacuum except for the 36-in. -long, 2/3-'atm,. VCO‘2 Cerenkov co_untef

4loca:ted between S4 and 55 to veto electrons in the beam. .

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

parallel beam of small momentum spread (Ap/p = £0.4%) and (2) a

monitor of the intensity of that beam. ' Pions were actually selected by

a différential, liquid—hydrogen Cerenkov counter which was positioned

successively at various pomts alonor the decay path up to 17 ft past A4

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

exit end. Hydrogen was used because operatlon at CYClOthD momenta

required a refractlve mdex of about 1.1, and multiple scattering had to
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to be kept to a minimum. In the counteri_(Fig. 2), 11—de.g Cerenkov
light from paraxial par.ticl'es is focused by.the quértz doublet onto a
ring épert_ure. | In order to reject particles with off—anglé traj‘ectories,
such é.s 6-rays or de’céy muons, more efficiently, the ring aperture is
surrounded by an anticoincidence ring. The angular resolution of the
cou‘ntér was %3 deg, while the velocity resolution (AB/B) was £0.005.
'i‘he desired pions had B = 0.912, muons in the beam had 8 = 0.947, and
muoris -frori;x the decva.y of pions had a range of velocities including

B = 0.912. Howevér% these decay muons were emitted at 7 deg with
respect to,the b.eam direction, and hence were rejected.

Complete .s'<eparation of pions from decay muons is important
for éc;rrect. absolute lifetimes, 'although it shouid make no difference in
"e.stab,lishing the equality of w7 and © lifetimes. It is important,
h’c;weve"r, to ascertain (a) that therevis no change in the nature of the
rn(')nito‘r_bcrount.s with time, and that there are no important differences.
‘between a énd T Witﬁ ré_spect to (b) beémvgf‘eo‘metry, (c) momentum,
al;ld (a) Cerenkov counter ;ésponse with distance. These items are now

discussed in order.

A. Monito-r
v ' Altvhough it is h_of .necess‘ar‘y that monitor counts,
'3152835455?{67&17&.2337&4, arise. f‘rom pions alone, it is important that
~ the ffact-iqn due to piovnsv not .chan‘ge, or ét least (for relative measure-
ments) t‘ha.tv éhangeé be the éame for the_ pos_iti?e énd negative kbeam's. ‘
.“Sir}ce'the f'raction bf.e_lectrotm.s did change whép the proton beam wandered

across the Be target, an electron veto counter (of 95% efficiency) was

~c
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installed, and a split ion chamber was placed in front of the target to
pe"rmit controlling the iaréton—beam position to better than 1 mm. These_‘
kept changes in the fréctioﬁ of electrons to <0.1% for the negative beam
and <0.02% for the positiVe. The muon contamination at counter 'A4,

as determined from integria.l range curves in Cu, was 6% for bdth.:
polarities.

Fluctuations in the data could be caused by accidental coinci-
dences, as well as by changes in beam compoéition. The vlow 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 sigrﬁficagt accidental coincidence rate, caused by

particles getting by the edge of S'3 in coincidence with random counts

' 1n S3, gave a mean fraction of 0.0028 for positives and 0.0023 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 5182$3K1 coincidence, the

fraction of electrons vetoed, and the fraction of accidentals were all

monitored continuously. The distribution 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 o o o L

) Detalled beam proflles, as. shown in Flg 3, were taken w;.th .

a dlerltlzed spark chamber2 at all p051t10ns along the beam tra_]ectory

' _at Wthh data were obtamed, in order to be certam that the beam was

sufficie_ntly well contained and that the p051t1ve and negative beams were

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

 became gradually displaced along the decay path because of the small

(~3 gauss) stray cyclotron field. The centerlng and containment of the
beam was also checked at each’position by taking counts with the Cerenkov -
counter moved off center horizontally and vertically. In addition, the

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

. the counter in the horizontal and vertical planes. A substantial fraction

of the data—gathei‘ing'time was spent in this type of check.

‘,'lI‘hat no evidence was found for barticles outside the expected
beam area may be attributed to having three final anticoincidence
counters, KZ to 7314, 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 becanse they were in. a '\_racuum, and there .

were no windows between the electron veto counter and the moveable

Cerenkov counter. It is worth noting that because of the larger nt

cross section, such scattering would make the = lifetime appear

-

longer.
C. Momentum o - | o . .
. The field at the position of the gauS'smefer in each of the magnets M'i |
‘.M1 .and’ M2 -was held constant and the same for both polarities to within

.
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0.1%. In-the d.atva ‘riel;ort’ed-here_.théré were 125 1r+—1rf'-1r+ sequences,
so that any errors in ‘fiéld settingsv tended to average out. While fiélds
| in the beam-transéoft.‘magnets weré;‘eversed in order to changé polarity,
the stréy r.ﬁ“agﬁetié: field from the _cyclotron'Was'-'corista;nt...r‘Fror»n' meas .
urements of that field it is estimated that thié could havé,accounted for
a momentum difference of at most 0.1%.

Several methods were used to check for a momentum difference.
A time—of—ﬂigﬁt me.asurement as s_ured equality only to about 1%. A
range mea%urerhent %ave (<P+)/°(p_) -1) = -0.002 = 0.004. The most
accurate determination of the relative mean motnepta was provided by
measuring for each sjgh of particlé the efﬁéiency of the Cerenkov cbuﬁter
as 2 function of b‘eami ;.fn.omentum', which was varied by ch;ﬁging the

- fields in M, and -MZ.. The resulting steep-sided curves, which were

1
a fold of beam moment‘um spfead and counter response, matched ‘clo\sely
and gave ((p_'{_)/(p_) -1) = 0.001 % 0.001. ‘Another momentum comparison
was made at the end of the experiment by benaing the beams through

78 deg with an analyzing magngt placéd after counter Ay This field
was monitored by a nuclear-magnetic-resonance p‘robe throughout both
the-momentum analysis and an extensive field mapping. The entrance
and exit beam trvaje»ctorieé were detelr:mined by profiles taken with the
digitized spark 'o;:hamber at six positions. The vacuum system was ex-
tended at each position so that no multiple-écattering mat‘eri'al was
pla:céd in the beam. The positive and negative profiles were taken
alternateiy, and their centroids aﬁd shapes wefe determined with higﬁ
acc(lrécy',_- as shown in Fig. 3, pefmitting a good relative moméntum

detsrmination, ((p,)/(p_) -1) # -0.002+ 0.004. Since the chamber
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‘positions were not known with comparable accuracy, the absolute mo-

menturm, 3'1 3.2% 2.0 Ivie”\/'/c:,,' wa’s_dete:mined much less precisely. The

cofall o o“ne: wurm w.&\..n at :‘.a. £ maximam o‘ hoth beams was 2.5 MeV/c.
As an average in determining }Mfetime ratios, we have used

({p.y/{p 3 ~i) = -C.G00S % 0.000Q7. "

D. Cerenkov Counter Response -

It is.a2n impertant feature of cur method that the efficiency of the

moveakle Cerenkov counter neither has to be known nor does it have to
; - GO : -

+ - L . . . .
be t’ne same for » and 7w . IE or absolute lifetime measurements the

.

iy : o N » . .
efficiency "r‘qu rot change over one sequence of counter positions.
However, for the lifetime difference it is required only that the effi-

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

quired for one © -w -w sequence (about 3 hours). In the data reported

R

here, ~ the order of the ten positions a2long the heam was shuffled, and

- L

two or more © -7 -7 sequences were taken at ecach position.
If the counter had a velocity response which was different for
C+ - . o ia i s s ‘ee
r and 7 , this could produce an apparent lifetime difference. Such
S p . - . L+
~a systematic effect might occur because of the difference in 7 and
m~ interactions in hydrogen and their momentum dependence near the
3/2-3/2 resonance. Calculations show this effect to be negligible, and

the measured equality of the momentum response of the counter to

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

'
2

ratio.
Two ch ficulties arose in the counter operation. First, despite
its being in vacuum, condensation accurwmiated slowly on the outer

surface of the sapphire window, which wes at 20°K.” After about 24

e

o et ey =+ xomm e i

ey



-,

slope of a least-squares, straight-line fit to
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T

°

hours of operation, th'er,evwas‘ enough scattering of Cerenkov light into..

the arﬁticoincidence'ring to decrease the counter efficiency by about 1%.

The.couhting rate in the ring aperture without anticoincidence was not
changed..
' Thé second difficulty was that the counter had an efficiency of

0.6% for both. T[+ and n~ without liquid hydrogezw;.‘ The source ofi

counter-empty counts mig}it have been light produced in the window by

weak scint_illa;ion of the sapphire or by scattering from surface imper-
fections of Cérenkov radiation which should have bee‘.n'trapped in the
window by tot\al internal reflection. Ra._ngé méasufemenfs, beam préfiles,
and attenuation with distance measurement_s. all indicated that this
'co_urlting rate was simply a constant f;;ction of Fhe countgr-full rate,

and hence the cofrection for this effect is neglig&ble.‘ Another possible
conseque":n.ce of light from the Window 'was. the 'a.lipearance_ of, ldng tails

on' fhe ‘measured di_stribution of couht_er response'.‘a.s a function of mo -
vmentum. ' : . N

'The data, based on 12X1_0§ wt and 6><1O6'-1r_, were analyzed

in two ways, both utilizing the measured quantities .

Ul counts at position x _ R - f mc
momtor counts v (x)‘ €+ exp (p'r )ix {’
where €, is the mo.veable-Cercnkov—counter efficiency for =, £,

. ‘ . £
is the fraction of w in the beam at x =0, and~m, p, and T are the

mass, momentum, and lifetime of the pion.. In.the first method, the
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InR. (x) = In(e,f,) - (._-;}.i x | )

cave the 7w . absolute lifetimes, it being reqvired only that the (unneces-

®

ary) value of e,f  be constant over one series of counter positions.

=t

n the second method, the slope of a straight-liine fit to

.V-R () B G-Lf+ fmc\l mc) I
lnrm 7= In E—:-f:- ~L('§:F7+‘(S?)_}x . - (2)

is simply related to the lifetime difference, (’r+/'r_ -1). Since
R+(X)/R_(x) is forml;;e.d foli' e-acﬁ T\'+-—‘.YT--‘_TT'+- sequence, any.changés in
€ :f . that aré approximately linear over eac‘h sequence will still keep
f,/e £ constant. ) f |

Both analys e:% were done with and w.ithout the anticoincidence
ring of the Cerenkév counter,; and fhe va‘luesvob.tained for lifetime
differences ére in good‘ agr:aement. Only the first method with the _anti-.
coincidence ring yields absolute lifetimes. Since the absolute-lifetime
analysis is affected by variatioﬁs of Cerenkov counter efficiency due to
‘condensation on the sapphire window, no data wefe used for which the
counter had been filled with liquid hydrogen for more than 12 flou:rs.

The relative 1ife‘timé analysis is shown in Table I. Note that
data taken with the quadrt;,pole (Q) out (0.04 - 0.23 .mean lifetime) indi-
cate 'r_>"r+, but when these are fitted t;ngether with the Q-in data
(0.20 - 0.78 lifetime) one gets T ‘>7’__ 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 Tf+-.5rr;-1r+ sequences and 7 ‘positibz_w.s, N

whereas the Q-out data were taien in 3 days at thé end of the experiment,

utilizing 18 sequences and 3 pos.:ions under significantly altered beam
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"ICOﬁC1iinI’;S. Thus. ouf most '1‘e'liab‘le'es_timate of the lifetime differe.n{:e,

' _éhow'n m Taﬁle II, is th‘ét given by the Q-in data alone analyzed b) the
relative 'rrﬁ.eth‘od (2) with the anticoincideﬁce r_ing; ‘The stanciard .d.ev-i—f'
‘ation éiVéxl there includes the relativé'mbmentum error, while the ‘sta'—'»'

) . .' - ! ‘ - ) . . 2 )
tistical and consistency errors arc the same, since X per degree of

fre.edom'visvi.'o for over 100 data points. As a check on data consistency

6'(/_6_1‘ a longer pe.fiod, the absolute lifetime analysis using Eq. (1) with

vt,he anticoincidence ring gives (7 JT 1) = 0.0050 % 0.0031 over the séme

+ -

" distance (0.20 - 0.78 lifetime). * The corresponding value for the ot

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 fair agreement with one of the two recent

o but not with the other.

accurate determinations of 'r+

As shown in Table II, the comparison of w' and w  lifetirmes
. »" . ! ’ . . B . . . . 4’ 5 - )
agrees with the other two contemporaneous experiments. -~ The three

experiments utilized quite diffe_rent methods, and we should like to

emphasize that the present experiment requires no corrections except
for the 've'ry: small one for a difference in the momenta. Using the same
: methbd_ 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. _McLaughlih 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 for support and .-
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~ encouragement. Pé.rticularly we want to thank R. D. Eandi and B.
MacDonald for the extensive help they gave with the apparatus and in

‘the early running of the experiment.
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The optical systém is the same as that described by D. A. Hill,
D. O. Ca.ldwell,JD. H. Frisch, L. S. Osborne, D. M. Ritson, and

R. A. Schiuter, Rev. Sci. Instr. 22_, 144 (1961). Further details -

- of this counter are .given' by D. O. Caldwell, R. W. Kenney, E. F.
‘McILaughlin, W. L. Pope, R. V. Schafer, and B. F. Stearns,

presented at the 1966 International Conference on Instrumentation

for High Energy Physics, Stanford; L.awrence Radiation Laboratoryl
report UCRL-17129, November 1966.

H. Weisberg and V. Perez-Mendez, Lawrence Radiation Laboratory
Report UCRL-16704, February 15, 1966 and Nucl. Instr.‘. and

Methods (to be published).

.D‘atva reported by D. S. Ayres, R. D. Eandi, A. J. Greenberg,

" R. W. Kenney, R. J. Kurz, B. MacDonald, in Proceedings of the

Williamsburg Conference on Intermediate Energy Physics, February

10-12, 1966, (College of William and Mary, Williamsburg, Va., 1966),

Vol. 1, p. 419 are not included here, although the results are quite
similar, because counter Ag was not installed. Data. reported by
R. J.;Kﬁrz; D. S. Ayres, R. D. Eandi, A. J. Greenberg, R. W.

Kenney, B. MacDonald,' D. O. Caildwevll,'



,'.."f.a.ndB F Stearns, Bull' Am..Phys Soc 1'1, 309 (1'96_6)-ir>i’clu\d¢:.
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| only a small pa.rt of the data used here |

M Bardon, U Dore, D Dorfan, M Krleger, L Lederman, andvv'.._
E Schwarz, Phys Rev. Let ers: 16 775 (1966) o |
F Lobkow1cz, ':A C Mehssmos, Y Nagashlma, S Tewks oervy,
H “von Brlesen, Jr., and.T D Fox, Phys. Rev Letters 17, 5483"‘
(1 966)‘ The two values given for 11fet1me dlfference arise from

"-:':__' differ'ent methods of avera.gmg the data. |
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hfetlme ratlo analysm.;

TebleI. Tx /1r

-Data - .. D sfance ra.nae

“selection - \r‘ﬁe..n hfetlrnes) A T AN
BRI ¥ No a.ntl..o incidence ring - With anticoincidence ring

AL 0.04.-0.78 0 ,o'.o’o?o'i 6.0023; T 0.0074 % 0.0025

”,.,,_-o 015 +0, 009 .

Quad. out - 0.04 1 -0.024 £0.016

 Quad. in0.20-0.787 . 0.0058 % 0. ooz4 10,0056 0.0028
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Table II. Compafiéon of ~.r+ lifefi_me values and

T g . . .
T /TT lifetime ratios in recent experiments.

Reference : B T, (nsec)’ v ' 'T+/T‘_ -1
Ashkin et al. ' 25.46+ 0.32 ———
Eckhouse et al.? 26.02%0.04 . ool
Kinsey et al. 26.40%0.08 -
Bardon et al. | ' 25.6 % 0.3 0.0040 % 0.007
.5 . | 0.0040 % 0.0018
Lobkowicz et al. R v 26.67% 0.24 {0_0023 : 0.0040

This experiment 26.6 +0.2 © 0.0056 + 0.0028 -

a..J. Ashkin,.T. Fazzini, G. Fidecaro, Y. Goldschmidt-Clermont,
N. H. Lipman, A. W. Merzl'is‘on, 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 2 communication

of the authors to A. H. Rosenfeldf

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

Rev. 144, 1132 (1966).

L
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' FIGURE LEGENDS = -

o

Fig. 1 Experimenté.l arrangement. E'PB: 732-MeV external protonA

“ beam; -SIC: Split ion‘:cl-zarhberi;. T: 6-in. Be target; Mi: 9- by
12-in. C magnet; C:' 1-_1/2-in._ -diam. Pb collimator; MZ: 12- by
_ 36-in. C magnet;. Q: 16- by 32- by 16-in. quadrupole triplet;

S, - SS: 0.02-~in. -thick scintiilators; A1 through A4: Ring anti-

1
_ coincidence“scintillato_rs; At 3‘6‘-in. -long COZ-gas Cerenkov
. counter (1Q psia); LHZ.C,? Moveable' liquid-hydr.ogen Cerenkov
'countgr. o | :

Fig. 2. 'Schemati;: drawing of the liq‘uid-hyd_régen.‘_differe_ntial Cerenkov
counter.. Nétie thatl the diameter of the riﬁg focus depends on the
angle of emission of t%ze C_erenkbv light (and hence the velocity of
the particle), while the lateral pési;ioh of the ring focus with ’
.r;aépec;t to the ring aperture dépénds on the direction of the parti-
cle. The optically coaxial cylindrical mirror provides full
efficiency across the 4-in. dia.met,er. of the radiator. LHZ: 4- by
8-in. -long liquid—hydrogeh radiator; S: 1/4-:_111. sapphire window;
M: 45:deg mifror; ‘L, Ly quartz lenses; Q: quartz vacuum
‘window; A: ri.ng-"ape'rttire;. LP: anticoincidenéé ring iight pipes;
C: coinCQdénce pho;omuitiplier; Aps AL: anticoincidence photo-

multipliers; -CM: cylindricél mirror.

Fig, 3 Beam profiles taken with a. digitized spark chamber. Data were

| t.;a.ke.n ir‘1 0.1-in. intervals; but pairs of channels have been added

together here for clarity. (a) Profiles at the end of the 36-ft

déc_ay path for '.Tl'+ and T, showing the similarity in their beam



-

The.relative horizontal scale has been shifted to permit = = - !

casiex comparison. Note that the tails of the profiles, which are =~ =~
" the same for positives and negatives, are not due to pions, since

~the Cerenkov counter gives no ccunts in those regions; (b) profiles

12 £t beyond a 78-deg bend, showing the similarity in central :
. “momentum and momentum spread for the: 7 - and w beams. ;

.
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This report was prepared as 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 respect to the use of,
or for damages resulting from the use of any infor-

mation, apparatus, method, or process disclosed in
this report.

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