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We report an improved experimental upper limit for D, the triple-correlation coeffi-
cient in polarized-neutron decay. A nonzero value for this coefficient implies a break-
down of T invariance. We find that D=~ (1.1 £1.7) X1073, consistent with T invariance.

We are reporting a new measurement of D, the
triple-correlation coefficient! in the B8 decay of
the polarized free neutron. This coefficient is re-
sponsible for a term in the decay rate equal to

D—ﬁ '(ﬁexﬁi}')/EeEiy (1)

where P is the neutron polarization and 3,, By, E,,
and Ey are the lepton momenta and energy, re-
spectively. Since this quantity is odd under time
reversal, a measurement of its coefficient D pro-
vides a test of T invariance, provided final-state
interactions and momentum-transfer-dependent
effects can be neglected. In neutron B decay the
only significant final-state interaction is the Cou-
lomb interaction, and the contribution to D from
this interaction vanishes in a pure V — A theory.?

With present measured limits on possible scalar
and tensor terms?® in the effective weak Hamilto-
nian, this contribution is at most 1073, The prin-
cipal momentum-transfer-dependent contribution
to D is due to weak magnetism and has been cal-
culated* using the conserved-vector-current hy-
pothesis to be 2x107%, A measurement of D
therefore provides a test of time-reversal invari-
ance valid at least to the level of 1073,

The precision of the best previous measure-
ment® of D was severely limited by counting sta-
tistics. A polarized-neutron beam intensity of
3x107 neutrons/sec yielded a counting rate of
only 1/min, which allowed observation of 10° de-
cay events. The resulting value of D was —0.01
+0.01.
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In the present experiment, a beam intensity of
10° neutrons/sec was achieved. Furthermore,
since the beam consisted of cold neutrons (mean
velocity #1100 m/sec) rather than the previous-
ly used thermal neutrons (2200 m/sec), a further
twofold increase in the effective source strength
was obtained. In addition, we have improved the
detection geometry, so that a counting rate of
1.5 decays/sec was observed. Based upon obser-
vation of more than 5Xx10°® events, we report the
value

=—(1.1£1.7) 1078,

where the error quoted is 1 standard deviation
and is dominated by counting statistics. This val-
ue is consistent with 7T invariance and corre-
sponds to a phase angle ¢ between the coupling
constants g, and g, given by

©=180.14%0.22°.

The experiment was performed at the high flux
reactor (central flux =1.5X%10 neutrons/cm? sec)
of the Institut Laue-Langevin in Grenoble. Figure
1 shows the arrangement of the experiment. The
beam was obtained from H14 (A4 in the figure),
one of the five curved guide tubes viewing the liq-
uid-deuterium cold-neutron moderator. The cur-
vature of this guide tube (A ouroff = 2.8 A) allowed
high transmission of cold neutrons but effectively
removed nearly all fast neutrons and y rays orig-
inating in the reactor core, which would other-
wise have constituted an intense source of back-
ground. The flux of the cold-neutron beam leav-
ing H14 was 3X10° neutrons/cm? sec. The beam
was then polarized by a magnetized curved guide
tube (B). This instrument has been described
previously.® The mean polarization of the beam

E3 Concrete
[X] Magnetic Coils

FIG. 1. Vertical section of the experimental setup:
A, curved neutron-guide tube H14; B, polarizing guide
tube; C, shielding; D, spin flipper; E, detection cham-
ber; F, beam catcher; 1, Al entrance window to vacu-
um chamber; 2, beam collimators (Li®F and Pb); 3,
gate valves; 4, detectors; 5, LiF; 6, Li°F.
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was measured to be (70+7)% using a second mag-
netized guide tube as analyzer. The polarization
measurement was performed both before and af-
ter the experiment as well as at approximately
2-week intervals during the 23-month period of
data collection. No variations in the polarization
were observed.

Upon leaving the polarizer, the beam had an in-
tensity of 10° neutrons/sec and was roughly 5 cm
high and 6 mm wide. The polarization direction,
initially vertical, was adiabatically turned into
the beam direction by means of the two coils of
the spin flipper (D). For simple spin transmis-
sion, these two coils generated parallel magnetic
fields, while spin flip was accomplished by re-
versing the current in the first coil, as suggested
by Drabkin e? al. and Hughes and Burgy.” With
the two coils thus producing opposing magnetic
fields, a region in which the combined magnetic
field rapidly reversed direction was generated
approximately midway between the coils. The
neutron beam passed this region nonadiabatically
and thereby underwent a spin flip. Depolarization
of the beam in this low-field region was prevent-
ed by surrounding the entire two-coil spin flipper
with a three-layer magnetic shield to exclude
stray fields. The spin-flipping efficiency of this
apparatus was 97%. During the experiment, the
neutron polarization was reversed every second.
The 3-G guide field in the decay region (E) was,
of course, constant both in direction and magni-
tude to minimize gain shifts of the photomulti-
plier tubes. This guide field was maintained par-
allel to the beam direction within an error of 1°.
After the decay region, the beam passed through
a drift tube into the beam catcher (F).

A cross section of one section of the decay
chamber is shown in Fig. 2. The beam direction
was perpendicular to the plane of the paper. The
decay chamber consisted of two such sections in
series, for a total of eight detectors. Since the
momentum of the neutron may be neglected, con-
servation of linear momentum allows the term (1)
to be written

D—IS ¢ (ﬁk Xﬁe)/EeEF,

where §p is the momentum of the recoil proton.
The experimental geometry maximized the triple
product by arranging the three vectors to be mu-
tually perpendicular. At the same time the sym-
metrical arrangement greatly reduced systematic
errors, as will be made clear below. Decay elec-
trons originating from the beam (1) were detected
by means of conventional plastic scintillation de-



VoLuME 33, NUMBER 1 PHYSICAL REVIEW LETTERS 1 Jury 1974
r‘_' T T T T L T T T T T T
N 40
Y 10} E
NP .
) / £
/ l \ p1 | © 5 L X I/4 i
mhii !
! : '
— [ - LN \ L |
! P2 i 0 10 30 5'o‘ T 9‘0 Channel l
! ! ) 05 10
Delay (us)
f ANROANN FIG. 3. Time-delay spectrum for coincidence pair
B2p1 for one of the two spin states. These data repre-
{ sent about two weeks of running time.
V774 A
10cm |
RXJ po | detector into another.

l
|
{

FIG. 2. Cross section of one section of decay cham-
ber: 1, polarized neutron beam; 2, high-voltage box
(20 kV); 3, proton-acceleration gap; 4, vacuum-cham-
ber wall; 5, plastic scintillation 8 detector; 6, vacuum-

evaporated 4000-A layer of NaI(T1) for proton detection;
7, magnetic shielding for photomultiplier tubes.

tectors (5) biased to accept electron energies be-
tween 100 and 500 keV. The recoil protons, after
drifting through the field-free region inside the
high-voltage box (2), were accelerated to 20 keV
in the gap (3) and were counted by scintillation
detectors (6) consisting of a vacuum-evaporated
4000-A layer of NaI(T1). The extreme thinness of
these detectors allowed reduction of background
while maintaining sensitivity. to the protons. Spe-
cial handling of the detectors was necessary be-
cause of the extremely hygroscopic character of
Nal.

The electronics was based upon a single, multi-
plexed time~to-pulse-height converter which
was started by pulses from the B detectors and
stopped by pulses from the proton detectors. The
sixteen resulting time spectra (four coincidence
pairs for each sign of the neutron spin and for
each of the two detector sections) were routed
into separate regions of the memory of a 4096-
channel analyzer. Figure 3 shows a time-delay
spectrum for the coincidence pair 82p1. The
peak at channel 31 corresponding to £=0 is caused
by background radiation being scattered from one

The broad peak at 0.4
usec is due to the recoil protons, while the flat
background is caused by accidental coincidences.
The 0.4- usec decay corresponds quite well with
calculation of the transit time of the recoil pro-
tons from the decay volume through the field-
free region and into the proton detector. The
number of true coincidences was determined by
simple subtraction of the flat background from
the integrated recoil-proton peak.

.. The data are analyzed as follows. Let N Bip; and
Ng;,; be the numbers of true coincidences between
B detector 7 and proton detector j for the two di-
rections of the polarization vector. Thus

Ngyp =C25,82,:€8:8 (1 +KPD),
Npipy =512, 5,8, (1 - KPD),

etc., where ¢ is a constant proportional to the
beam intensity, the Q’s are the solid angles sub-
tended by counters 81 and p1, and the e’s are the
detection efficiencies, where the possibility of
shifts in these efficiencies as a function of the po-
larization direction has been allowed for. K is an
instrumental coefficient, which for our apparatus
has been calculated to be 0.45+0.05.

Forming the combination

RoNoi Noyw N ooy Npgpy _(1+KPD)*

NB1p1 NBlpzN Bzmﬁﬂzpz (1 ‘KPD)4’
it will be seen that variations in counter efficien-
cies, solid angles, and beam intensity are can-
celed. The symmetrical detector arrangement
can also be shown to remove the effect of small
misalignments of the polarization axis relative
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to the beam direction. The value of D is then de-
termined from

1 R1/4 -1

P kP R
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Coulomb-nuclear interference in high-energy charged-hadron—deuteron collisions is
treated exactly within the framework of Glauber theory. Charge-distribution effects are
included. Applications are made to pd measurements below 70 GeV to extract p,, the ra-
tio of real to imaginary parts of the proton-neutron forward elastic scattering amplitude.
An alternative and earier analysis is shown to yield comparable values for p,. Both re-
sults for p, differ significantly from an earlier analysis.

Among the important quantities in particle phys-
ics are the ratios of the real to imaginary parts
of hadron-hadron forward elastic scattering am-
plitudes. At high energies this ratio p, for pro-
ton-neutron collisions is generally obtained indi-
rectly from proton-proton and proton-deuteron
measurements. Extensive pd elastic-scattering
measurements have recently been made between
10 and 70 GeV at the Serpukhov accelerator! and
between 50 and 400 GeV at the National Acceler-
ator Laboratory.? The analysis of pd measure-
ments can be done by means of the Glauber ap-
proximation. Within the framework of this ap-
proximation, additional simplifications have pre-
viously been made, such as approximating the
Coulomb phase-shift functions appearing in the
general expression by constants and treating the
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incident hadron as a point charge,? or treating the
Coulomb phase-shift functions exactly but consid-
ering both the incident hadron and the bound pro-
ton as point charges.*

We present here an exact solution for xd elas-
tic scattering in the Glauber approximation, with
both the incident charged hadron x and the bound
proton having extended charge distributions. We
then use the results to analyze recent pd mea-
surements' in order to extract p,. The values
obtained are compared with those from a previ-
ous analysis of the pd data® and with values ob-
tained from an analysis using a result derived in
Ref. 3. The latter analysis involves a rather sim-
ple expression and gives values which are com-
parable to those obtained using the full theoreti-
cal expression.



