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The p- interference patterns observed in the reactions & p r+&i n and vr+n r+7t p
are used to measure the relative phases between p and production amplitudes. The in-
terference is observed to be largely constructive (destructive) for the 77 — (77+-) induced
reaction iu both natural- and unnatural-parity exchange axuplitudes. This sign of the in-
terference agrees with that predicted from exchange-degenerate ~-J3 trajectories, but
disagrees with the corresponding prediction for the natural-parity amplitudes using ex-
change-degenerate p-A2 trajectories.

In this Letter we present results from a de-
tailed study of p-~ interference in the reactions

77 P 77 77 77/

7r d-3 r nn„

77 d- 77 77 PP, ,

(1)

(2)

at 3, 4, and 6 GeV/c. Except for the p-o7 inter-
ference term which changes sigri, the cross sec-
tions for the g - and p'-induced reactions should
be equal by isospin conservation. Consequently
the p-& interference effect can be directly iso-
lated from the difference of the reactions, yield-
ing precise information on the relative p-~ pro-
duction amplitudes. The high statistics of this ex-
periment (=6 x10' events) have permitted a de-
tailed study of p-w interference for natural- and
unnatural-parity exchange amplitudes, presenting
severe constraints on vector-meson-production
models. '

The data were obtained by using the Ar gonne
National Laboratory effective mass spectrometer. '
The trigger required a p' beam particle incident
on a 20-in. liquid hydrogen or deuterium target„
an interaction in the target producing two or
more charged particles through the spectrometer,

and no signals from the beam veto or target and
magnet veto counters. The recoil baryon was not
detected, but events were selected with appro-
priate missing-mass-squared (Mx') cuts, assum-
ing the observed particles were pions. The rms
resolution on IVY'„at 4 GeV/c for Reaction (1) was
+ 28 MeV and was essentially independent of M„„
and I,. The Fermi motion of the deuterium tar-
get had little effect on this resolution (kinematic
smearing of Mx' being roughly proportional to
v'- t) which increased to about + 40 MeV at 4 GeV/
g and It[= 0.4 GeV'. The background corrections
for Reactions (1) and (3) were comparable (= 5%)
and for Reaction (2) nearly twice as large.

The data on Reaction (2) were taken in order
to better understand the systematic differences
between Reactions (1) and (3) due to deuterium
effects. Reactions (2) and (3) have been corrected
for Glauber screening (3%) and exclusion-prin-
ciple effects. ' All data have been corrected for
event losses due to spectrometer acceptance,
veto-counter losses, final-state particle inter-
actions (=10% for H, and =15% for D,), pion de-
cays (2-10%), chamber and program inefficien-
cies (= 7%), and the effect of Mx' cuts (typically
1%). The corrected cross sections for Reactions
(1) and (2) agreed to typically better than 3%, pro-
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FIG. 1. Differential and difference cross sections at
4 GeV/c with 0.08 &t &0.2 GeV2. The curves are the
result of the fit by Eq. (5} described in the text

viding a good check of the deuterium corrections.
The overall normalization uncertainty is esti-
mated to be +13%%uo and the relative normalization
uncertainty between Reactions (1) and (3) is ap-

proximately +Bouc. However, isospin conserva-
tion requires that, except for the co mass region,
the cross sections for the p' and p reactions
should be equal. This constraint is satisfied by
the corrected cross sections to better than 5%%uo.

A sample of the corrected differential cross
sections, v=d'o/dtdM„, as a function of M„ is
presented in Fig. 1. A narrow peak is observed
at the ~ mass for the z -initiated reaction and a
dip for the p' one. The interference term be-
tween p and w production amplitudes can be ob-
tained directly from the difference between the

and z' cross sections, 6=0 -0', also shown
in Fig. 1.

Additional information can be obtained by using
the s-channel density matrix elements (p, ,) to
isolate the various exchange mechanisms4:

o„=p„c+o,/3,

(P» Px i)c+cs/3~

o'i+ = (pii + ip-x) o+ so/3

With the neglect of the small incoherent s-wave
contribution (o', = p„v), cr„asy mpt oti cally pro-
jects out the natural-parity exchange cross sec-
tion while 000 and 0, project out the unnatural-
parity exchange cross sections.

We have fitted the differential cross sections
for incident z by a first-order mass-mixing
formula, '

o;,' =f(M «) f fA, B,I'+ I~A~~ I'+ 2( I~A, A~ fRe(s' "B~,*)]+background.

Ap ~ and Bp. are the p, N production and Brelt-
Wigner decay' amplitudes, respectively, and
f(M„) is the ws kinematic factor (M, „'/q) of
Ref. 6. The strength of the decay +-m+s is re-
lated to e, where

and 5 is the mass-mixing parameter. ' The rela-
tive phase between A and A (for incident m+) is
given by

p'=p ' —p, '=V -arg(~)=V —1O5',

where 5 has been assumed to be real. ' Since the
O„are actually incoherent sums over the nucleon
spin states, the quantities IA I' are similarly
defined and the spin cohererice is accounted for
by the factor $ (0 &$ &1). The s-wave background
was adequately parametrized by a linear M„
dependence in the last term of Eg. (5).

The g' and z cross sections were fitted simul-
taneously, ' with the resonance parameters con-

strained to rpg =0.765+0.005 QeV, I' =0.150
+0.010 QeV, m =0.783 QeV, Q and I" =0.010
+ 0.002 QeV. To allow for any residual normaliza-
tion error, a relative p' to g normalization
parameter was included in the fit. Typically this
parameter differed from unity by less than 3%.
Since the fits were generally consistent with $
=1, this value was assumed. The difference
cross sections ~«and h„are presented in Fig.
2 together with the results of this fit.

In Fig. 3 the relative production phase obtained
from Eq. (7) is presented for all cross sections
showing significant p-w interference. If exchange-
degenerate (EXD) s and B trajectories dominate
the unnatural-parity exchange amplitudes, "then

A„+/Az ' ~ —itanas n(t).

With n(t) &0 in the region of interest, the phase
p' is then predicted to be 90'. For v«we find an
average value for this phase of 122'+6, with

506



Vol.vME 33, NvMsER 8 PHYSICAL RK VIEW LKTTKRS 19 AvGvsT 1974

12—

8—
C9

4C
EO

0
«Q

-4—

3 GeV/c

I

(a)

—2.2—

I [ I

4 GeV/c

I
I

I

(b) —I.e —e eeV/c

—l.2

0

I
I

I

(c} —o.e — 4 eev/c

—0.6—

0.6—
I

(
I

0,4—
CP
CQ

E
+

-2—

I

0.6 0.7

—-0.4—I, I -0.8
0.8 0.9 0.6 0.7

0

—-03—

I i I -0.6
0.8 0.9 0.6

M„,(eev)

—02—

0

0.7 0.8 0,9 0.6

e I,

I I I I I

0.7 0.8 0.9

FIG. 2. Difference cross sections bee and &&+ at 3, 4, and 6 GeV/c for (a) 0.0&-t &0.08 GeV, (b) and (c) 0.08
&-t&0.2 GeV2, and (d) 0.2& t&-0.4 GeV~. The curves are the result of the fit by Eq. (8).

little s or t dependence, in qualitative agreement
with this prediction. Our phase for 0, agrees
weil with the EXD prediction, the average value
being p' = 96'+ 9'.

If the natural-parity exchange amplitude were
dominated by EXD p and A, trajectories, Etl. (6)
would predict p'= —90' for —t & 0.6 GeV'. This
value is contradicted by our data, which show a
variation from about + 90' at small —t to 0' near
—t= 0.3 QeV' and little s dependence within the
errors. This effect has been explained qualita-
tively by Estabrooks, Martin, and Michael" who
assume that at small —t, 0„for p production is
dominated by z cut with A, exchange becoming
more important at larger —t and s. For co pro-
duction only p exchange was considered, which
predicts a variation in p' from =40' at small —t
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FIG. 3 The relative production phases, p~-pj's, rnea-
sured for 0.00, &~, and 0~+ as a function of t for those
cases with a significant p- interference effect.

and s to -90' for large —t and s. An extension
of this model by Irving and Michael" yields some-
what better quantitative agreement for (xy at
low —t.

Earlier work"" on p-w interference has been
limited in statistics and consequently the phases
have been given mainly for the differential cross
section 0. The previous results in our energy
region are consistent with our phase for o (P'
=90'+10 at -t=0.2 GeV').

With data for both Reactions (1) and (3) we can
in principle extract the IeA~~P term from the
sum of the two mass spectra, allowing indepen-
dent determination of $. In practice this term is
small and a precise. measurement is difficult and
highly correlated with the relative p' to p nor-
malization. However, the shapes of the mass
spectra are generally consistent with $

= 1.0 and
yield a branching ratio for Id —m7I' of 8 =1%. A

more complete determination of $ and R is be-
yond the scope of this Letter and will be discussed
in a future publication.

We would like to thank I. Ambats, A. Lesnik,
D. R. Rust, C. E. W. Ward, and D. Yovanovitch
for their assistance in the design and construc-
tion of the spectrometer. We are also indebted
to R. Diaz, L. Filips, E. Walschon, and the en-
tire staff of the Argonne National Laboratory
zero-gradient synchrotron for making this experi-
ment possible.

Note added in Proof. —After submitting this Let-
ter for publication we received a preprint" on p-
up interference measurements at 17.2 GeV/c. As
expected, ""the pion-cut contribution to ay is
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relatively less important at higher energies, the
phase of o„being closer to the EXD prediction
for p and A, exchange. This observation is sup-
ported by the results of Ratcliff et al." However,
the unnatural-parity phases at 17.2 GeV/c are
unexpectedly lower than our phases for l t I

~ 0.2
GeV'.
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Pion charge exchange within the nucleus is shown to be an important effect in antiproton
absorption experiments. It must be incorporated into any analysis which attempts to use
absorption data to deduce the relative abundance of neutrons and protons at the annihila-
tion site.

There have been several attempts to verify
experimentally the unconfirmed, albeit reason-
able, conjecture that in the periphery of heavy
nuclei there is a preponderance of neutrons over
protons which exceeds the N-to-Z ratio for that
element. ' The most recent attempt to track the
elusive neutron halo is that of Bugg et al. ,

' who

use the numbers of charged pions resulting from
absorption of antiprotons in C, Ti, Ta, and Pb
to deduce that such halos are present in medium
and heavy nuclei. We find, however, that inclu-
sion of the hitherto neglected effects of pion
charge exchange within the nucleus eliminates
any need to invoke a neutron halo to explain their
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