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It is now known that weak interactions are
not invariant under space inversion, P, and
particle-antiparticle conjugation C. It has
also been observed that CP invariance is vi-
olated in bS =1 nonleptonic decay. '

In fact, experimental support for CPT in-
variance' of leptonic AS =0, weak interactions
is relatively poor. Tests of CPT invariance
are based on the following theorem'.

If Hwk is CPT invariant, then to all orders
in the weak interaction, particle and antipar-
ticle masses are equal, and to first order in

Hwk, the total decay rates are equal. In the
case that the final-state particles interact
only weakly, partial decay rates are also
equal. '

Earlier results in this laboratory have es-
tablished the rg, tios

~(n )/T(v ) = 1.00 + 0.08, LS = 0, semileptonic,

~( p.
+ )/7 ( p. ) = 1.000 + 0.001, AS = 0, leptonic P

Vfe have remeasured the ratio of ~ to n

lifetimes. We find

r'(v+ —p++ p )
—

)
= 1.004 + 0.007.I (7T p, +la

p.

The method is based upon the detection of
~- p. decays in flight for pion beams of -120
MeV/c extracted from the Nevis cyclotron.
The experiment arrangement is shown in
Fig. 1. The essential idea is to select a very
small and geometrically well-defined slice
in phase space from the broad spectrum of
pions deflected into the beam channel by the
cyclotron fringing field. A 2-m long decay
region is defined by carefully constructed
veto counters and filled with helium gas to
reduce to a minimum the possibility of a scat-
tering background to the m- p. counts.

Beam momenta and directions are defined
by counters S, and S, (located inside the shield-
ing enclosure to give a long time-of-flight
path), by a slit in front of dipole M, by count-
ers S, and S4, and by the circular apertures
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FIG. 1. Layout of the experimental apparatus.
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in veto counters A„A„A~, and A~. The beam
dimensions were 2 in. x2 in. as defined by count-
ers and apertures.

The beams contain varying compositions of
pions, muons, and electrons. Pions are iden-
tified by time of flight (TOF) between S, and

S, (-35 nsec for P =0.66). We define as "w"

particles which satisfy the logic requirement
S,S,S,SQ,AQQ, and whose TOF lies in a win-
dow between two fixed values. Figure 2(a)
shows a time spectrum for the negative beam,
and Fig. 2(b) shows the effects of gating with
the "v" signal.

Muons are detected in an annular array of
eight counters, W, -R', . These have axial sym-
metry and permit a check of the azimuthal
symmetry of the muon yield. A "7I p,

" event

is a prompt (20 nsec) coincidence of a "w"

and any count in 8'. The ratio of decay rates
is obtained by comparing the ratios "m p,"/"p",
after corrections, for both sign of particles.

Once the detection geometry is fixed and
invariant to ~ -~, it remains to establish
that (a) the beam momenta and spatial proper-
ties are the same; (b) the residual beam im-
purities are accounted for; (c) random coin-
cidences and backgrounds are properly sub-
tracted; (d) the "muon" counts are indeed from
n —p. decay in the prescribed region.

Possible systematic drifts in electronic de-
tection efficiencies are minimized by frequent
cycling between r+ and v runs, the crucial
magnet field M being reset with a proton res-
onance probe and regulated to 0.05%. Back-
ground and accidental events were monitored
simultaneously or after each run of a given
polarity. The data are based upon -4 @10'
pions of each sign taken at a counting rate
of the order of 3 v's/sec. We now discuss
the enumerated items in order.

(a) Beams. —To sufficient order, one only
needs to establish that the momentum distri-
butions are symmetric and that they have the
same mean momentum. This was done in
three independent ways, each involving differ-
ent systematic effects at the level of some
tenths of a percent.

(i) Pions, selected by the S,-S, TOF window,
which reached counter S5 traversed a distance
of -12 m from counter S2. The TOF (-60 nsec)
was determined to +—,

' nsec by comparing it
with the TOP of electrons present in the beam
[see Figs. 3(a) and 3(b)]. The flight path was
known to a precision of 2 in. This yielded the
result
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PEG. 2. (a} S2-84 time-of-flight spectrum. (b} ~2~4
time-of-flight spectrum of particles chosen as "7t."

(ii) Range curves were taken in both beams
at the position following A, [Figs. 4(a) and 4(b)].
Due to different end-of-range behavior these
were done in different ways: The ~ were
stopped in a -'-in. counter followed by a veto;
the Tt range was taken using successively
higher settings of the stopping counter discrim-
inator. An analysis of these curves shows the
ranges to be identical to +0.05 in. out of a range
of 2.85 in. From an analysis of proton spec-
tra from Tt carbon stars, ' it appears that the
range extension due to these is about the same
as that due to ~+ —p+. decay in the scintillator.
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FIG. 3. (a) S2-85 time-of-flight beam spectrum positive. (b) &2~5 time-of-flight beam spectrum negative.

This again yields

I(P'& -(P ) I/(P'& - o oo7

%e can also determine the absolute momentum
from these two measurements. We find p~
=122.0+0.7 MeV/c with a width of 5+2 MeV.

(iii) Beam profiles were taken at the entrance
to the magnetic field and at counter S,. Pos-
itive and nega, tive profiles were indistinguish-
able a,lthough a shift of -1 in. in peaks would
have been detected. A shift of mean momen-
tum of 1 MeV/c would correspond to &3 cm
at S,. The beam profile result yields

I(P &-(0 )I/(0 ) -o oo2.
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(b) impurities. —The residual beam impurities
are only muons unresolved in the TOP system
or pions which decay forward before counter
S,. The muon tail under the pion peak accept-
ed, obtained from an unfolding of the S2-S~
TOF spectrum, is -0.2%, and to a high order
is the same for ~+ and v

(c) Corrections. —There are two corrections
to "~"to obtain the true number of accepted
pions. (i) There is only one significant ran-
dom rate, that between S,S2 and S~-S~ due to
the high singles rates in S, and S2. The events
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FIG. 4. (a) Range curve of positive "~." (b) Range
curve of negative "7r."
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show up as a flat background in the S2-S4 TOF
spectrum and so a certain fraction are accept-
ed as "m." The correction (S,S, del) is deter-
mined by recording "~" and "7t p,

" with 100
nsec of delay in the S,S, line. (ii) Some pions
interact in counter S, (8 in. ) and a small frac-
tion have secondaries which fail to trigger
any of the subsequent vetoes. This number
is most efficiently obtained by periodically
inserting a veto counter at the aperture of
A~ ("T-in"). The data for these corrections
to "~"also provide corrections to "~p," and
these are shown in Table I.

(d) Muon Counts. —The muon counters, W,
are placed so that the only beam particles
which can reach 8' are those which undergo
scattering in the edges or wrapping of the
veto counters or which scatter or decay in:the
helium which follows A4. Since ~+ and m are
known to scatter differently at these momenta
(due to Coulomb-nuclear interference), this
is a potentially dangerous point. Consequent-
ly, the total amount of scattering material
(air, Mylar, helium) in the beam near A, was
held to 0.06 g/cm . Estimates indicate that
the resulting nuclear scatterings are negligi-
ble. These were confirmed by increasing the
amount of material near the anti counters by
a factor of 50 and measuring the resulting
"m p,'s." When the (nonlinear) multiple sca.t-
tering effect of the added material is account-
ed for, we confirm that the effects of the 0.06
g/cm' are negligible in the relative rates and
contribute -0.3% to the absolute decay rate.

The efficiency of the muon counters also

Table I. Data and subtractions in thousands of counts.

z+ =25.6~ 0.3 nsec. (2)

in Eq. (2), the error is a combination of the
0.5% statistical error with a 0.6% uncertainty
representing lack of knowledge of the absolute
geometry and a 0.6% error in absolute deter-
mination of beam momentum. Several small-
er uncertainties also enter the absolute rate
but are negligible in the comparison. This is
to be compared with recent measurements
of' the m+ lifetime. '

The authors wish to thank Dr. J. Eades and
Dr. M. Giannini for their help in the early
stages of this experiment. Two of us, E. S.
and U. D., would like to thank the Nevis Staff
for the hospitality extended to us in this lab-
oratory. We are grateful to Professor D. Cald-
well for keeping us informed about an experi-
ment with similar objectives being carried
out at Lawrence Radiation Laboratory.

depends on the radial profile of the pion beam.
Profiles permit a maximum difference of ef-
ficiency for p+ vs p, of less than 0.3% as de-
termined from a Monte Carlo program.

The results in Table I are derived from 18
alternations of sign, each lasting about 7 hours.
These give the final result presented above,
Eq. (1), and serve to confirm the TCP predic-
tion of equality of m+ and 7T lifetimes with
about 10 times the previous sensitivity.

As a final check, we can compute the abso-
lute lifetime of the positive pion, given the
spatial 2nd momentum dispersion and the ge-
ometry of the counters. A Monte Carlo pro-
gram was written to do the integrations, param-
etrized only by an unknown lifetime. This gives
the result

CC PP

S&$2 del
T-in
Total

corrected
CC pp

corrected
CC pp

S,S, del
T-in
Total

corrected
CC +~St

corrected
CC ply/CCgp

401.710
10.7
1.9

12.6

389.1
54.9
0.4
0.2

0.6

54.3
0.1397+ 0.0007

430.810
16.0
10.3

26.3

404.5
57.7
0.6
0.5

56.6
0.1403+ 0.0007
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E RRA TA

SINGLE AND DOUBLE IONIZATION GF He BY
ELECTRONS. M. H. Mittleman [Phys. Rev. Let-
ters 16, 498 (1966)].

Subsequent to the publication of this Letter,
Professor R. Novick pointed out a paper by
W. E. Lamb, Jr. , and Miriam Skinner [Phys.
Rev. 78, 539 (1950)], "The Fine Structure of
Singly Ionized Helium. " The idea of calculating
the ratio o.++/o+ by assuming that the relaxation
process was the mechanism for the second ion-
ization, which was the basis of my Letter, was
used there in an appendix.

RELATIVISTIC CORRECTIONS FOR TERRES-
TRIAL CLOCK SYNCHRONIZATION, %. J. Cocke
[Phys. Rev. Letters 16, 662 (1966)].

Change the sentence beginning in the second
line of the second column on page 663, which
reads "Drifts caused by the change in the solar
~ ~ ~ longer than a day, " to read as follows:

"Of course, drifts caused by the change in the
solar and lunar gravitational potentials across
the earth's diameter cancel to first order be-
cause the earth as a whole is in free fall. "


