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u=(3-s)/2s. A preprint® of their work has re-
cently appeared and a portion of it applied to this
type-IX metric. Their qualitative picture of the
solution and ours are consistent, and they pro-
vide a corresponding numerical example; how -
ever, their techniques are entirely different
[they make no use of the Lagrangian (7) nor the
potential (8)], and they do not consider the signi-
ficance of the results for the questions of hori-
zons and the establishment of large scale homo-
geniety in the early universe.

The Lifshitz-Khalatnikov® bounce law

Biu—-u-1 (14)

is much easier to use than B, above. The two are
related by B =P,,B,P,,P,;, where the P’s are op-
erators permuting the Kasner exponents p,, p,, Ps
namely P,:u—1/u, Piu—~—(1+u), and Py u

- —u/(1+u). It appears that almost all solutions
come arbitrarily close to the values u=-1, 0, «
(s =-3,+3,0) which we recognize as the states
giving communication along the three correspond-
ing expansion axes of the universe. To see this,
start with # >1 by using the permutations to put «
in the standard interval « = 1 (one of the six per-
mutation-equivalent intervals with end points «

= -, =2, ~1,-3,0,1,). Then after a finite num-
ber of steps u —u~1, which correspond to B(2)
rattling back and forth between the walls leading
to one fixed corner of the potential, one will find
0<u <1. The permutation « - 1/u then resets u
21 again, to let 8 begin rattling in another cor-
ner. On the basis of this analysis, a countable
set of initial # values could avoid #=0 by a finite

amount; these would be fixed points of operators
P,B™pP,B"% ,...B"™*  The simplest of these
is P,, B with fixed point #s=3(1+5%2), for which
B bounces off every wall of the triangular poten-
tial in turn without ever heading toward a corner.
This behavior is unstable, however, and some of
the exponentially small terms neglected in Eq.
(9) when deriving (14) will no doubt divert the
corresponding exact solutions toward the » -0
stages which open up horizon limits.

A full account of this work will be submitted
for publication elsewhere.
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We have observed ~3000 examples of the reaction mtd— pp1r+1r—1r° and report on ~300
events in which the 77770 mass is in the ©® mass region and ~40 events in the 1’ mass
region. Differential cross sections are presented. There is evidence for a backward
peak in the overall channel. We give values for the w? density-matrix elements in the
forward direction. Our value for Repy, is negative, in disagreement with various theo-

retical models.

In an exposure of 3.65-BeV/c 7% in the Brook-
haven National Laboratory 20-in. bubble chamber
we have observed ~3000 examples of the reaction
ntd -pgpntr~n°. We report here on an analysis
of those events in which the 7*7~7° invariant
mass is in the w° or 7° regions, giving differen-
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tial cross sections for w® and 7° production and
a determination of the w° density-matrix ele-
ments. Results on the higher regions of 37 mass
can be found elsewhere.!™3 A detailed discussion
of the entire ppntn~7° channel can be found in the
work of Benson.* We define the “spectator” pro-



VoLUME 22, NUMBER 20

PHYSICAL REVIEW LETTERS

19 MAy 1969

ton (pg) to be the slower of the two protons in the
bubble chamber. All of our events have both pro-
tons visible, which limits pg to have momentum
greater than ~60 MeV/c.

Differential cross sections. —Figure 1 (unshad-
ed) shows a histogram of the 37 invariant mass
in the w° and 7° regions and indicates a fairly
small background under the peaks. We restrict
our further attention to the w°® (720-860 MeV /c?)
and 1° (530-570 MeV/c?) mass regions.

Differential cross sections for the forward re-
gion (small —t) are shown in Fig. 2(a). We have
plotted the data against the variable ¢’ =f-tp,jy in
order to compensate for the slight smearing of
the data (due to Fermi momentum of the target
neutron) that occurs in a straight ¢ plot. ¢’ is cal-
culated for each event by transforming the beam
into the outgoing 37-p c.m.-system frame. Typi-
cal values of ¢,,i, in the w° region are from 0.01
to 0.1 BeV2,

In order to relate our observed forward cross
sections to those on a free neutron, 7+
one must account for the reduction due to the
Pauli exclusion principle when the production is
on a neutron in the deuteron.*”® This effect is
pronounced only in the region —f <0.1 BeV? and
we show such a correction in the first ¢’ bin of
the w° differential cross section [Fig. 2(a)]. The
size of the correction depends on the {-dependent
ratio of spin-flip to spin-nonflip cross sections
off free neutrons, on the choice of the deuteron
form factor, and on the minimum spectator mo-
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FIG. 1. Unshaded: invariant mass of ntr—r? for
events with —¢’ <1.0 BeV?., Shaded: invariant mass of
mtr~n for events with —«’ < 0.5 BeV2, The regions of
w® and 7° selection for Fig. 2 are indicated by the
arrows. The definitions of ¢’ and %’ can be found in the
text.
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mentum visible in our chamber (~60 MeV/c), but
in any case is fairly insignificant for our data.
The correction we show is for a pure spin-flip
free-neutron cross section.

There is some evidence for a forward dip in the
1° cross section and perhaps for some leveling
off in the w® cross section. We have examined
the behavior for small ¢’ for masses other than
the w° and n°. There is no evidence for a sudden
change in slopes at these masses and in fact,
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FIG. 2. (a) Unshaded: differential cross section for

rtd—p p+(w—rtr=n’). The dotted line in the first
bin shows correction to approximate the production on
a free neutron. Shaded: d1fferentia.l cross section for
rrd—pg p+(n°—'1r+1r‘1r or ntr™y). (b) Differential
cross sectlon for ntn—n production near the backward
direction and in the w’ mass region. See text and Fig.
1 (shaded). All cross sections have been corrected for
undetected events with invisible spectator protons.
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within our statistics, the behavior at small ¢’
varies smoothly throughout the entire mass re-
gion from 500 to 2200 MeV/c?. All traces of a
forward dip vanish above the w° region but reap-
pear in the region 1250-1400 MeV/c?. At masses
above 1400 MeV/c? the cross sections fall off
somewhat more slowly with /' and tend to flatten
out above -¢'~0.6.

The behavior of the differential cross section
near the backward direction is shown in Fig. 2(b),
where we indicate the distribution of events in the
w® mass region versus u’ =u-upi,. (A typical
value of %y, i, for these events is +0.02 BeV?.)
There appears to be a small backward peaking
which, in fact, persists for the regions of higher
37 mass (not shown). In contrast to the forward
region, the backward cross section d®o/dMdu’
shows only a smooth dependence on M(37). In
other words, a plot of M (37) for various u’ slices
in the region 0 <-u’<0.5 BeV? shows no evidence
of an w° (or any other) peak above background
(see Fig. 1). There is, however, some evidence
of an w° enhancement in the 37 mass spectrum
for the region 0.5 <-u’ <1.0 BeV? (not shown).

We are limited by statistics from investigating
this backward behavior in any more detail.

Density matrix of the omega. —We proceed to
calculate the density-matrix elements p,,,, -
which describe the omega spin. The angular dis-
tribution of the normal to the omega decay plane
(defined as 7~ x 7% in the omega c.m. frame) is
given by’

2w 3 .
Ty =-8—1;{[2p00 cos?0 + (1-py,) 5in%0]-2V2 Rep,,
X sin26 cos¢-2p, _, sin®9 cos2¢ }. 1)

We define our coordinate system according to
Gottfried and Jackson.? The z axis is along the
beam in the c.m. frame of the omega. The y axis
is given by (beam direction)X @ in the lab (note y
~ =9 has the same effect as Rep,,~ -Rep,,). The
x axis is x=yX 2. The Fermi motion of the struck
neutron in the reaction 7td - w%p s gives rise to
an uncertainty as to how to calculate y. In the
spirit of the impulse approximation one should
perhaps use the direction y’ = (beam direction)
X @ in the c.m. frame of the outgoing w-p system.
With this 3’ the angle 6’ is the same as 8 above
but ¢’ varies from ¢ by about +5° on the average,
due to the small spectator momentum. This un-
certainty is negligible, compared with our er-
rors, in our determination of Rep,, and p, _,.

To determine p,, and p, _, we integrate (1) al-
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ternately over ¢ and 6 to get
dW /d(cosb) = §[2p,, c0s?0 + (1-p,,) sin?8],  (2)

aw 1
Ep-=ﬂ[1_2p‘ _,c082¢]. ®3)

These angular distributions, along with curves
corresponding to the best-fit values of p,, =0.40
+0.04 and p, _,=0.15+0.04, are shown in Figs.
3(a) and 3(b). The data were folded about cosf =0
and ¢ =180° before fitting.

In order to determine Rep,, we first fold the
distribution (1) about ¢ =180° to get AW’ /dQ
=2d*W /dS:. We then perform a subtraction:

2w’ [d"’W’ azw’ ]
an = aN (0)¢)_W(ﬂ_9’¢)
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FIG. 3. Angular distributions of decay-plane normal
for 313 events in the w’ mass region and with —¢<1.0
BeV?, (a) Events versus cosf with best-fit curve from
Eq. (2) giving py;=0.40 £0.04. (b) Events versus ¢ with
best-fit curve from Eq. (3) giving p;_;=0.15 £0.04.

(c) Subtracted distribution versus cosf with best~fit
curve from Eq. (7) giving Repy=—0.097 0,030, (d) Sub-
tracted distribution versus ¢ with best-fit curve from
Eq. (5) giving Rep;,=—0.070 +0.024,
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where 0 <cosf<1 and 0 <¢ <180°. This gives,
on integrating over 6,

awr  -2V2

dp ~ m

Rep,, cOSQ. (5)

This dW” /d¢ distribution is shown in Fig. 3(d)
along with the best fit curve which has Rep,,
=-0.070+0.024. To check this with the cosf dis-
tribution we define

dZWm B d2Wﬂ d2W”
as :[ an (97 (p)— FTe) (9,77'—(0)]
= _6ﬁReplo sin26cose, (6)

where 0< cosf <1, 0<¢<90° now.
We can integrate this over ¢ to get
14 —

%E-)-:—%/—ERW,O sin26. (7)
The distribution (7) is shown in Fig. 3(c) along
with the best-fit curve, which has Rep,,=-0.097
+0.030.

We have also determined Rep,, by taking the
average value of sin26 cos¢ over the data (i.e.,
over the distribution dW’/d2). This procedure
gives

Rep,, =z—\/%(sin29 cos@) =-0.08+0.03. (8)

The corresponding value of Rep,, for the mass
region just above the omega is —0.03+ 0.03.
Therefore we make no correction for the small
background under the omega peak. Thus all three
methods give consistent results for Rep,,.

In summary, the values of the omega density
matrix elements from this experiment are:

Poo =0.40+ 0.04,
P, _,=0.15+£0.04,
Rep,, =-0.08 + 0.025

[average value for —(beam — w) < 1.0 BeV?]. One
should interpret these values as being heavily
weighted towards low -/, since the —{ distribu-
tion [Fig. 2(a)] is strongly peaked towards low
values.

We have also calculated the rho values as a
function of —¢ (in the case of Rep,,, using the av-
eraging method only) and these results can be
found in Henyey, Kajantie, and Kane.? Other pub-
lished results on the reaction 7*d - ppw® are pre-
sented in Alitti et al.*

It seems evident from the appearance of Figs.
3(c) and 3(d) that our results support a small neg-
ative value for Rep,,. [Note that a positive value
of Rep,, flips the curves of Figs. 3(c) and 3(d)
about the abscissa.] A negative value for Rep,,
is in disagreement with various theoretical mod-
els, as has been pointed out in Ref. 9.

We are grateful to the staff at Brookhaven Na-
tional Laboratory for their competent help in ob-
taining the exposure.

*Work supported in part by the U. S. Atomic Energy
Commission.
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