PHYSICAL REVIEW

VOLUME 136, NUMBER 3B

Measurement of p+p — =*+d at High Momentum Transfers*

W. F. Baker,f E. W. JENKINS, AND A. L. READ
Brookhaven National Laboratory, Upton, New York

AND

A. D. Kriscy,i J. OrREAR, R. RuBINSTEIN, D. B. Scari, anp B. T. ULricH
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York
(Received 26 June 1964)

Three measurements of the differential cross section for p+p — =++d have been made at the Brookhaven
AGS, at incident laboratory momenta 11.6, 15.0, and 22.9 BeV/c and corresponding deuteron angles 55.7°,
43.4°, and 34.7° in the center-of-mass system. The internal proton beam was made to strike a polyethylene
target, and coincidences were taken between the outgoing pion and deuteron by placing counter telescopes
both inside and outside the AGS ring. Both particles were momentum analyzed and the deuteron was
identified by the use of a gas-filled differential Cerenkov counter. The pion was identified by time of flight.
The total number of protons incident on the target was obtained by radiochemical analysis of the Be” spalla-
tion product from carbon. Differential cross sections in the region 10735 to 1073 cm?/sr in the c.m. system
were obtained. Our cross sections are ~10* times smaller than other measurements at lower energies and
smaller angles; we conclude that this process decreases rapidly both with increasing energy and with in-
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creasing c.m. angle.

INTRODUCTION

N a recent experiment at the Brookhaven National

Laboratory alternating gradient synchrotron (AGS),

a general investigation of the proton-proton elastic

scattering at high momentum transfer has been carried

out.!'2 A by-product of this study has been the measure-

ment of the differential cross section for the two-body
process

pp—Hd

taken at three differing values of incident proton
momentum and c.m. scattering angle. All three meas-
urements involve high energies and large center-of-mass
production angles. Previous studies®=® of this process
have been carried out at lower incident momenta,
<8.9 BeV/c. At smaller energies and angles, the one-
pion exchange model*” has been used to interpret the
deuteron production data and accounts, in particular,
for the maximum observed in the cross section corre-
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sponding to the first w-N resonance. At the higher
momentum transfers involved in this experiment, there
is no reason to expect that this model will continue to
hold. In our 22.9-BeV/¢ experiment the squared four-
momentum transfer between the target proton and one
of the nucleons in the deuteron was —¢=18.5 (BeV/c)%
Our three high-energy cross sections when compared
with those at lower energies indicate a strong decrease
both with increasing energy and with increasing c.m.
angle.

EXPERIMENTAL METHOD

The experimental arrangement for the 15.0-BeV/¢
measurement is shown in Fig. 1 and is almost the same
as for one of the p-p elastic scattering measurements.!
The internal proton beam of the AGS was made to
strike a polyethylene target. The outgoing deuteron
and pion passed through collimators placed at the
appropriate laboratory angles. Both particles were
deflected by bending magnets with fields set for the
calculated momenta and both were detected by tele-
scopes consisting of three scintillation counters. The
“deuteron” channel had the further requirement that
a particle be registered by a gas-filled differential
Cerenkov counter tuned to select particles having the
velocity of the deuteron. A 50-nsec-wide slow coinci-
dence between the right (deuteron) and left (pion)
telescopes was used to gate a time-to-height converter
into which was fed the outputs of one right and one
left scintillation counter. The time-of-arrival spectrum
between the pulses from these two counters was dis-
played on a pulse-height analyzer. A peak ~2X10~°
sec wide was observed in the time distribution and
identified as p+p— w++d [Fig. 2(a)]. The position
of the peak indicated that the particle passing through
the left telescope had a $>0.99, as required for the
pion. Protons in the “pion’’ channel would have a much
lower velocity, B8<0.90. The background due to
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accidental coincidences was counted over the 50-nsec
interval and is shown as the horizontal dashed line in
Fig. 2(a). The corresponding proton-proton elastic
peak on the pulse-height analyzer would be displaced
by 14X 107* sec, as shown in Fig. 2, and this was verified
by setting the beam energy, deflecting magnets, and
timing within each telescope to that calculated for the
elastic scattering.

With the beam energy set for #+-+d production, the
geometry of the experiment was such that it was im-
possible for the two scattered protons from p-p elastic
scattering to enter both the left and right channels,
and as seen in Fig. 2, none were observed. In the 11.6-
and 22.9-BeV/c measurements, the relative timing of
the scintillation counters in the pion telescope was set
such that a proton of the same momentum as the pion
could not give a triple coincidence. Since about 809, of
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Fic. 2. Time distribution from pulse-height analyzer for the
22.9-BeV/c results. Arrow indicates time position for p-p elastic
scattering coincidences. (a) With CH, target. Accidental coinci-
dence rate indicated by dashed line. (b) With carbon target. If
the effect observed with CH, target was due to the carbon only,
the dashed line peak in (b) should have been observed.
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Fic. 1. Experimental
arrangement for the 15.0-
BeV/c measurement.

the particles were protons, this reduced the left-right
accidental coincidence rate by about a factor of 5.

A reduction factor of several hundred in the acci-
dental coincidences was obtained by using the gas-filled
Cerenkov counter,® whose AB/S resolution was set at
1.2)X107%. The counter was adjusted to select deuterons,
which were present in the right-hand channel to only
about 1 in 104, by counting protons having half the
momentum of the deuterons. These protons possessed
the same B as the deuterons and required the same
Cerenkov gas pressure. Cerenkov resolution and count-
ing efficiency for the deuterons were determined by
measuring the resolution and efficiency for these protons
with the same 8. An example of a Cerenkov resolution
curve is given in Fig. 3. This was used to determine the
efficiency for counting protons of one-half the deuteron
momentum. The main reason for the low “deuteron”
efficiency of ~509, is that the 59, momentum resolu-
tion of this beam gave a AB/B somewhat worse than
the value for which the Cerenkov counter was set.

Accurate setting of kinematic parameters for
p+p — wt+d was possible by extrapolating from those
for the p-p elastic scattering at the same laboratory
angles, which had a much higher cross section. With
this technique, the beam energy and the deflecting
magnet field strengths could be set to =+0.59%, and
timing within each telescope and between the R and L
telescopes could be set to 0.5 nsec by making the
calculated changes of a few percent from the empirically
determined values for proton-proton elastic scattering.

The solid angle for #*+-d production was defined by
one of the counters in the deuteron telescope; the solid
angles subtended by the pion telescope counters were
made larger to allow for uncertainties in incident
momentum, magnetic fields, and multiple scattering in
target and air. All solid angles, momentum resolutions,
target assembly, and beam spill were similar to those
in the proton-proton elastic experiment.!:2

The background contribution from carbon in the CH,
target was measured directly by using a carbon target

8T. F. Kycia and E. W. Jenkins, Nucl. Electronics 1, 63 (1962)
[Proceedings of the International Atomic Energy Agency Confer-
ence on Nuclear Electronics, Belgrade, Yugoslavia, 19617, p. 724.
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in place of the CH, target in the case of the lowest cross
section reported (the 22.9-BeV/c¢ measurement), and
as seen in Fig. 2(b) no background was observed within
the limited statistics. This implied that all coincidences
were due to interactions with hydrogen in the poly-
ethylene. This result was verified in the equivalent
proton-proton elastic scattering measurements, where
the background due to carbon was found to be less
than 29, as would be expected due to the Fermi motion
of the protons in carbon.

In order to obtain an absolute cross section, a
monitor telescope was used (M1, M2, M3 in Fig. 1).
It was calibrated in terms of the number of incident
protons passing through the target by counting the
0.48-MeV gamma ray following the decay of the Be”
spallation product from carbon. We used the value
9.5 mb for the Be’ spallation cross section® and 10.329,
for the branching ratio to the 0.48-MeV gamma ray.!

RESULTS

The results of the experiment are listed in Table I
and are plotted in Fig. 4, together with some of the
data obtained in other experiments at lower energies.
Statistical errors on all three measurements are 4=309,.
Errors due to uncertainties in momenta, counter align-
ment, and geometry are estimated to be 4109, —09,.
The Cerenkov counter efficiency for detecting deuterons
was measured indirectly using protons of the same
velocity, but with poorer momentum resolution than
the deuterons. Because of this discrepancy in momen-
tum resolutions, the Cerenkov counter efficiency for
deuterons may be higher than that measured for protons
of the same velocity. This is taken into account by
assigning an upper limit of 809, for the Cerenkov
counter efficiency for the 11.6-BeV/c measurement,
and 909, for the other two measurements.

In addition to correcting for Cerenkov counter
efficiency, counting rates were corrected for the fraction
of deuterons removed from the beam by scattering,
absorption, and stripping reactions in the CO; gas of
the Cerenkov counter. Since no high-intensity deuteron
beam was available, this fraction was calculated from

TasLE I. The p+p — nr4-d cross sections
measured in this experiment.

Deuteron _

Py Oom. E.mtotsl absorption Cerenkov (do/dw)e.m.
(BeV/c) (deg) (BeV) factor efficiency (cm?/sr)
11.6= 55.7> 4.85 41410 040,704 (1.1 051 X1073
15.0 434 5.48 23404 0.6_0.,M2 (1.1_05M1)X1073
229 347 670 1.70.1 0.6_0.1M2 (9.7_57%)X1073%

a All internal beam momenta Po, have an error of +1%,.
b All center-of-mass scattering angles have an error of 40.2°.

® J. B. Cumming, J. Hudis, A. M. Poskanzer, and S. Kaufman,
Phys. Rev. 128, 2392 (1962).
10 J. G. V. Taylor and J. S. Merritt, Can. J. Phys. 40, 926 (1962).
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Fic. 3. Cerenkov counter pressure curve
for the 11.6-BeV/c measurement.

the fraction of protons removed from the beam. In the
worst case, the 11.6-BeV/c¢ experiment, proton loss
amounted to 439, at a CO, pressure of 605 1b/in?, or
30 g/cm? of CO; in the beam. The proton loss was
determined by measuring Ri23/R;» as a function of the
gas pressure, and was checked with the result expected
from known proton-nuclear total cross sections.

We would expect the effective deuteron loss factor
to be significantly worse since the cross section for
deuterons on carbon and oxygen is larger than for
protons. From deuteron-carbon stripping data at
620 MeV,"! and from the known proton-carbon cross
sections, V. Franco has computed the deuteron-carbon
total cross section to be approximately 860 mb.!? This
compares with a proton-carbon total cross section of
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F16. 4. Results. E* is the total energy in the c.m. system.
Angles are in the c.m. system.
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285 mb at the same nucleon energy. However, not all
of the deuteron total cross section contributes in our
geometry, since some of the stripped protons continue
on through our telescope. Using the results of Franco,?
we estimate that the mean free path for deuterons in
CO; is 0.54-0.1 times the mean free path for protons in
the same gas for the 11.6-BeV/c measurement. For this
measurement the combined absorption factor for all
material in the beam is 4.1. The over-all correction
factor for the 11.6-BeV/¢c measurement which includes
the efficiency of the gas Cerenkov for deuterons of this
velocity comes to 10.8.

The final cross-section values, given in Table I,
have an estimated overall uncertainty of --1009,

—509.
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Differential cross sections in the region 1073 to 103
cm?/sr in the c.m. system were obtained, which repre-
sent a decrease over previous experimental values by a
factor of ~10% The differential cross section is strongly
dependent on the c.m. scattering angle, and upon the
total energy involved in the interaction.
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The coupling constant sum rules for the decay of an octet, icosuplet and 27-plet to the two octets are de-

rived in the broken SU(3) symmetry scheme.

I. INTRODUCTION

E have recently given sum rules for the coupling
constants of the unitary decuplet to two unitary

octets for the broken SU(3) symmetry.! As one of these
sum rules was entirely in terms of the observed decay
widths of N*(1238) — N, ¥1*(1385) — Ar and Zm,
2*(1530) — Em, it could be checked against experi-
mental data. The agreement was very good. Apart from
qualitative predictions? about multiplet structure and
spin-parity assignments, this result and the mass sum
rules® are the only quantitative results in the broken
SU(3) symmetry* which have had experimental con-
firmation. This makes one have more confidence in
SU(3) symmetry with the usual breaking term, i.e.,
the one having transformation properties of the /=0,
Y=0 component of a unitary octet. As in the domain
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of Technology, Pasadena, California.
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of coupling constant sum rules, there are further
obvious possibilities of deriving useful results, we
extend our previous work here. Since, experimentally,
the most interesting case is the one in which, out of
three multiplets involved, the two are octets. We only
consider this case in the present paper.

The following cases of interest arise:

(a) B*(8) — B(8)+M (8), where B* B, and M refer
to meson-baryon resonance; baryon and meson octets,
respectively.

(b) Icosuplet — octet+octet, where the two octets
are different in general.

(c) B*(27)— B(8)+M (8) and also the case of a
meson 27-plet, M (27) — M (8)+ M’ (8).

In all the calculations we treat the I=0, V=0
breaking term to first order only. Further, we use the
‘“spurion octet” technique (outlined in Ref. 1) and
de Swart’s tables® for the SU(3) Clebsch-Gordan
coefficients throughout the paper.

II. SUM RULES FOR B*(8) — B(8)+P(8)

The coupling-constant sum rules for the particular
case when the two of the three octets are the same have
already been given by Glashow and Muraskin.® We
generalize their results to the case when all the three

% J. J. deSwart, Rev. Mod. Phys. 35, 916 (1963).
6 M. Muraskin and S. L. Glashow, Phys. Rev. 132, 482 (1963).



