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An example is a M8ssbauer transition in which
one measures the rate of absorption by a de-
tector moving at a velocity V relative to the
emitter. The absorber and emitter are in mag-
netic fields —I'{l and ﬁz, respectively; _ﬁl, ﬁz,
and ¥ are not coplanar. The equality of the
above rate with that situation in which H, — ~H,,
¥V - =V is assured by PT invariance. For this
to be a true test, the environments of the emit-
ting and absorbing nuclei should be identical.
The authors are grateful to Dr. H. Frauen-
felder for discussions of experimental aspects
and for helpful comments on the manuscript.
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We have measured the differential cross
section for 7~p elastic scattering at 180°.
We studied this fixed-angle cross section,
in steps of 100 MeV/c or less, in the region
from 1.6 to 5.3 GeV/c. The cross section
shows considerable structure which gives
information about the properties of various
N* resonances.

The experiment was done at the Argonne
zero-gradient synchrotron. The 12.5-GeV/c
internal beam of 5x 10! protons/2.25 sec
was made to impinge upon a 3.85-in. copper
target during 150 msec. This target was placed
from 3 to 5 feet back into the field of the ZGS
ring magnet. The 7~ mesons of the appropri-
ate momentum, which were produced at 0°,
were bent through 17° by this magnetic field
and made to go down the 17° beam.

The beam is shown in Fig. 1. It consists

of three quadrupole doublets acting as lenses
and two bending magnets for momentum anal-
ysis. There is an intermediate focus at the
1-in.X 1-in. beam collimator and a second
focus at the H, target. The beam had a mo-
mentum bite of Ap/p =+32% and subtended a
solid angle of 1x10~* sr. This gave the beam
particles an angular divergence of less than

3 mrad at the target. The beam intensity was
3.5%10° 7— mesons/5x 10! protons in the re-
gion 2.0-4.0 GeV/c. At higher and lower mo-
menta the intensity dropped off.

We counted the beam with 1-in. diameter,
_in. thick scintillation counters, B, B,, B,
in coincidence with a gas threshold Cherenkov
counter containing 100 psi of ethane. The
Cherenkov counter discriminated against
K~ mesons and antiprotons which comprised
only a few percent of the beam. We tuned
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FIG. 1. Experimental layout. The ZGS ring, the
17° beam, and our double spectrometer are shown.

the beam by maximizing the ratio of B,, B,,
B,, C coincidences to the internal beam in-
tensity. The second bending magnet in the
beam was calibrated using nuclear magnetic
resonance. The momentum was known to
+30 MeV.

The liquid H, target was 12 in. long by 13
in. in diameter. However, the interaction
region was defined by the 1-in. diameter beam
counters (B,, By).

Our detection system for the scattered par-
ticles was a double spectrometer in coinci-
dence. The backward-going 7~ always had
momentum around 400 MeV /c, and the forward-
going proton had momentum about 400 MeV /¢
greater than the 7~ beam. These particles
were made to pass through the 7 and p colli-
mators which were considerably oversized.
The 7~ then passed through a 30-in., large-
gap (84-in.x 14-in.) bending magnet, which
deflected the 7~ by about 15°. The positively
charged proton went through a standard 72-
in. bending magnet which deflected it by some
8°, and cleanly separated it from the 7= beam.

The 7~ and proton were detected by telescopes
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of scintillators which were optically connected
to RCA 7746 photomultiplier tubes. The sig-
nals from these counters were fed into a Chron-
etics coincidence logic system. The number

of coincidences between the two 7 counters,

the three p counters, and the four beam count-
ers (mpBC) was double scaled on TSI 100-Mc/
sec scalers. The number of beam particles
(BC) was also double scaled. The cross sec-
tion is proportional to the ratio (rpBC)/(BC).
The counters were timed in on 7p coinciden-
ces at 1.6 GeV/c where the counting rate was
high. The delays were then calculated for other
energies.

One of the interesting features of the exper-
iment was that the only physical change in
going from one incident momentum to the next
was to move the 7 counters by about an inch.
The current in the 7 magnet was increased
so that the higher momentum incident beam
still passed through the H, target. The cur-
rent in the p magnet was increased so that
the higher momentum protons still passed
through the p counters. Not having to move
the H, target, the magnets, and the p counters
removed possible systematic errors due to
misalignment.

The solid angle subtended in the center of
mass was defined by the (16-in.Xx 16-in.) 7,
counter at a distance of 200 in. from the H,
target. The p, counter (~9 in.x9 in.) was
500 in. from the H, target and was overmatched
to subtend a somewhat larger solid angle in
the center of mass. The overmatching was
calculated to allow for such things as the an-
gular divergence and momentum spread of the
beam, multiple scattering of the scattered par-
ticles, a 1% variation in the magnetic fields
of the 7 and p magnets, and the H, target size.
Because of this overmatching, no correction
to the data was necessary for these effects.

The solid angle in the center-of-mass sys-
tem, defined by the 7 counter, varied from
1.5 to 0.5 msr as we increased the energy.

The momentum bite of the 7 telescope was about
Ap/p=+30Y%, while for the p telescope Ap/p

was about +10%. At 1.6 GeV/c a test was run
which consisted of a p-magnet curve. When

we detuned by 10 or more the mp coincidence
rate went away. This may be regarded as ev-
idence that we were indeed seeing elastic scat-
tering.

We had two methods for studying possible
background due to accidental coincidences.
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The first method involved using two indepen-
dent 7p coincidence circuits; one (7p fast)
had a resolving time of 5 nsec and the other
(mp slow) had a resolving time of 30 nsec. Both
circuits gave essentially the same number of
coincidences. This indicated that none of the
coincidences were accidental. This was not
surprising since the single telescope rates
were very low; 7 was typically 50 counts/pulse
and p was about 1 count/pulse.

The alternative method was to feed the sig-
nals from the 74 and p, counters directly into
a time-to-amplitude converter (TAC). This
gave out a pulse whose amplitude in volts was
proportional to the overlap time of the 7, and
b, pulses. This output was fed into a TMC 400-
channel pulse-height analyzer (PHA), which
gave us a plot of number of events against the
m-p time-of-flight difference. The peak was
was typically about 3 nsec wide due to the 12-in.
length of the H, target. Any significant acci-
dental background would have shown itself as
a broad region under the peak. This could be
subtracted from the peak.

We wanted to show that there was no contam-
ination due to inelastic events of the type

T=+p—=T"+p+7°, (1)

This was done by taking data runs with a car-
bon target in place of the H, target. Suppose
our constraints on angle and momentum were
sufficiently lax that with the H, target we were
observing 7~p events that were in fact smeared
by 7° production. Then the additional smear-
ing of angle and momentum introduced by the
Fermi momentum of the protons in the carbon
nucleus would not remove the counting rate.
But if our kinematic constraints were suffi-
ciently tight that the smear of the Fermi mo-
mentum removed most of our event rate, then
we have evidence that 7° production smears
things too much to be detected much by our
double spectrometer. This is true because
the 7° production introduces a greater smear
than the Fermi momentum for any reasonable
distribution of 7° mesons. We took several
runs with a carbon target and obtained one
event. In equivalent runs with a H, target we
obtained over a hundred events. This is con-
clusive evidence for a 2% upper limit on in-
elastic contamination. It also showed that we
had no accidental events. The carbon runs
simultaneously served as empty-target runs.
The differential cross section was calculated

from the formula

do _(mpBC)/(BC)

dQ Nyt aQi/A ° 2)

The quantity N, is Avogadro’s number, 6.023

x 10%, while p is the density of liquid hydro-

gen which is taken to be 0.071. The quantity

t is the length of the H, target which was 30.5
cm, while A is the atomic weight of hydrogen,
taken to be 1.01. The quantity (1pBC)/(BC)

is the ratio of events to beam particles.

The following corrections to the above cal-
culation were made. A correction of (1.25
£2.5)% was made for the absorption of the
7 meson and the proton by the H, target, the
air, and the scintillators. A correction of (9
+5)% was necessary to allow for the decay
of the 400-MeV/c 7 mesons into u mesons
which miss the 7; counter. There is also a
(6+2)% correction for u— and e— contamina-
tion in the 7= beam. This was determined
experimentally. A (2x1)% subtraction was
made for counting losses in the beam counters.
A 29 subtraction was necessary because our
system detected interactions which occurred
in the hydrogen in the polystyrene of the B,
and B, scintillators. We also made a (1+1)%
correction for possible inelastic contamina-
tion. Combining all the errors and corrections,
we get a net correction to the raw data of 1.25
with a maximum error of +129,.

The above systematic error appears primar-
ily as a normalization uncertainty. We used
essentially the same layout in measuring the
cross section at adjacent energies. Changing
from one energy to the next consisted of mov-
ing the 7, and 7, counters only a few inches and
increasing all the magnet currents. In view
of this there should be no relative systematic
errors. Thus in Fig. 2 we plot only statistical
errors. However, in addition to the 12% nor-
malization uncertainty, there may be an ener-
gy-dependent uncertainty of 3% in going from
1.6 to 5.3 GeV/c. The statistical errors are
mostly 10 to 15%. The uncertainty in the mo-
mentum is +30 MeV. The angle subtended by
our counters goes from 179° to 180° in the cen-
ter-of-mass system.

The 180° differential cross section is plotted
in Fig. 2 as a function of 7 beam momentum.
The statistical errors are shown. The line is
a freehand fit to the data. The positions of the
known! N* resonances are shown. Given below

711



VoLUME 16, NUMBER 16

PHYSICAL REVIEW LETTERS

18 ApriL 1966

T T T T

1000}~ =

400} —

- 4 BERKELEY Helland et al (160°) 7]

200 —

¢ NIMROD Duke et al (165°%)

100 -

T £ $ THIS EXPERIMENT -

] b

iz E -

2 3

—_— —

£ a0 —
/& r

. -
gk

20~ —

0= -

- —

— -

4} -

I~ -1

2k l -

1236 1518 1688 1924 2190 2360 2645 2825 3245
G 3 WR3pNR0CRTEN U2 (352, ) ((1p2, ) (3p2) (22
0 1 2 4 5
Py (GeV/e)

FIG. 2. Plot of do/dQ against P, the incident 7 laboratory momentum, for n~p elastic scattering at 180°. The
positions and properties of the N* resonances are shown. The line drawn is a freehand fit to the data. The error
bars shown are statistical. There is also a 12% normalization uncertainty.

them are the N* masses and (7, J, P). The data
are also tabulated in Table I. Other groups®
‘have measured 77p cross sections at angles
between 160° and 180° in the center-of-mass
system.

The fixed-angle cross section shows consid-
erable structure.® We believe that this struc-

ture is associated with the various N* resonances.

This method of probing resonances appears to
be more sensitive than Kycia’s method!® of look-
ing for bumps in the total cross section.

In elastic scattering each resonance shows
up as an intermediate state in the process

T 4+p=N*¥=1"+p. (3)

The amplitude for this type of elastic process
may interfere constructively or destructively
with the nonresonant elastic amplitude, or it
may not interfere at all. The dramatic destruc-
tive interference at P,=2.15 GeV/c is especial-
ly interesting. The cross section drops almost
two orders of magnitude in this region. This
is clearly associated with the N*(2190).

We are able to determine the parity of var-
ious resonances by using the idea first suggest-
ed by Ross and Heinz.!'’!? The point is to see
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whether the resonant amplitude interferes con-
structively or destructively with the nonreso-
nant amplitude. It is assumed that the nonreso-
nant amplitude does not rapidly change sign

as a function of energy. Then we can determine
the sign of the nonresonant amplitude by observ-
ing that the N*(1688) and the N*(1924) both in-
terfere constructively with it. They are known!
to have positive (+) parity. This indicates that
the N*(2190) has negative (-) parity because

it interferes destructively.

One of the more interesting features of the
experiment is the large narrow peak in the
cross section at Py=5.12 GeV/c. We believe
that this is firm evidence for the existence
of a nucleon resonance with mass 3245+ 10
MeV. This N*(3245) has a full width at half-
maximum of ['<35 MeV and rises about 4 ub/
sr above the nonresonant cross section. It
seems remarkable that such a massive parti-
cle should be so stable. The width of the par-
ticle is less than 1% of its mass.

We are especially grateful to Professor M. H.
Ross for his many suggestions in the early
stages of the experiment. We would also like
to thank Professor C. T. Coffin, Professor
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Table I. Cross sections for 7~ p elastic scattering

at 180°,
P2 S do/dQ do/dt Error

(GeV/e) (GeV)?  (ub/sr) [ub/(GeV/c)Y (%)
1.60 3.91 220 1200 7
1.70 4.10 127 643 10
1.80 4.29 89.8 424 10
2.00 4.66 15.5 64.5 12
2.10 4.85 3.15 12.4 23
2.20 5.04 3.29 12.2 23
2.30 5.22 8.04 28.3 18
2.40 5.41 21.6 72.4 11
2.50 5.60 33.3 106 9
2.60 5.79 31.9 97.4 9
2.65 5.89 36.9 110 11
2.70 5.98 41.3 121 10
2.80 6.16 42.1 118 11
2.90 6.35 40.1 108 11
2.95 6.45 27.5 72.7 12
3.00 6.54 20.8 53.9 11
3.10 6.73 23.7 59.2 10
3.15 6.82 20.1 49.3 12
3.20 6.91 15.9 38.3 11
3.30 7.10 14.5 33.7 12
3.40 7.29 13.5 30.4 12
3.50 7.48 13.0 28.3 9
3.55 7.57 12.6 27.0 15
3.60 7.66 16.9 35.6 10
3.70 7.85 14.2 29.1 11
3.80 8.04 14.0. 27.8 12
3.90 8.23 16.9 32.6 12
3.95 8.32 16.6 31.6 12
4,00 8.41 16.0 30.0 12
4.10 8.60 13.2 24,1 12
4.20 8.79 11.9 21.1 13
4.30 8.98 10.1 17.5 14
4,40 9.16 9.44 15.9 15
4.50 9.35 9.60 15.8 16
4.60 9.54 10.7 17.2 15
4.65 9.63 7.58 12.0 12
4.70 9.73 9.50 14.9 15
4.80 9.91 6.77 10.4 15
4,90 10.10 7.07 10.6 17
5.00 10.29 6.38 9.37 18
5.05 10.39 8.21 11.9 19
5.10 10.48 10.7 15.4 15
5.15 10.57 10.4 14.8 17
5.20 10.66 7.25 10.2 22
5.30 10.85 6.73 9.28 20

4The laboratory momentum P, is known to +0.03

GeV/ec.

bThe errors quoted are statistical. There is also a

maximum normalization error of +12%.
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