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Polarization of the Deuteron in the Reaction* p+ p ~~++d
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Using 340-Mev unpolarized protons, the polarization of deuterons produced at a center-of-mass angle of
115' in the p+p —+ 71-++I reaction has been measured. The deuterons were detected in coincidence with
the mesons and were analyzed by scattering from a carbon target at 24'. In conjunction with previous ex-
periments on the reaction, this measurement completes the specification of the phenomenological parameters
of Rosenfeld and Gell-Mann and Watson. Specifically it permits the determination of the relative phases of
the several modes of meson production, which in turn are related to the p —p phase shifts at this energy.

INTRODUCTION

A S p+p~s++d is a two-body reaction, the in-
vestigation and interpretation of meson produc-

tion in nucleon-nucleon collisions through this process
are particularly simple, and thus it has received in-
tensive study. Crawford and Stevenson' have measured
the total and diGerential cross sections for the reaction
in the region near threshold from 310 to 338 Mev, and
have measured the asymmetric part of the cross section,
using polarized protons of 315 Mev. Similar experi-
ments have been performed at 437 Mev by Fields et ul. '
The results fit well with the phenomenological theory of
Rosenfeldo and Gell-Mann and Watson, which is

developed for 5- and E-wave meson production. The
theory is thus expected to hold only over a limited

energy region. Recently reported experiments by
Meshcheryakov et al. ' from 460 to 660 Mev show ex-

pected deviations in the energy dependence of the cross
section, but as yet give no indication of the presence of
higher waves.

Marshak and Messiah' have analyzed the reaction,
using polarized protons, and this analysis has been
extended by Wolfensteinv and by Mandl and Regge' to
include higher partial waves as well as a discussion of
the polarization state of the deuteron. The investiga-
tion of deuteron polarization in this reaction was first
suggested by Watson and Richman. '

Restricting consideration to S- and I'-wave meson
production, the following reactions conserve total
angular momentum and parity:

*This work was done under the auspices of the U. S. Atomic
Energy Commission.

'F. S. Crawford and M. L. Stevenson, Phys. Rev. 97, 1305
(1955).

~Fields, Fox, Kane, Stallwood, and Sutton, Phys. Rev. 95,
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where, in the notation of Gell-Mann and Watson, b()e "0
and hie'" are the ratios of the complex amplitudes of
production from S- and I'-wave protons, respectively,
to that from D-wave protons. Including the amplitude
for production from D-wave protons but neglecting the
over-all phase, there are then five quantities to be deter-
mined in the phenomenological theory. The four ex-
periments so far reported —the total cross section,
angular distribution, energy dependence of the cross
section, and the asymmetric part of the cross section
(using polarized protons) —plus the experiment de-
scribed in this paper, in which the polarization of the
outgoing deuteron is determined by use of unpolarized
protons, are sufhcient to completely specify the reaction
near threshold.

DEUTERON POLARIZATION AND CALIBRATION
OF ANALYZER

Before discussion of the experiment, it will first be
necessary to consider the description of the deuteron
polarization and the detection of this polarization with
an analyzer whose analyzing power has previously been
established by means of a double-scattering experiment
with deuterons.

The polarization state of a deuteron has been studied
by Lakin, "who shows that its complete specification
requires not only the expectation value of the spin
Ti~, but also of the second-rank tensors T~~. Explicit
forms of the tensor operators in terms of the spin
operator S are given by Lakin. He then shows that in
two successive identical scatterings of a deuteron, the
angular distribution can be written as

&(&,4) =lo(&)L&+(Too)'+2(
~
(Tti) ~' —(Tot)'}

Xcosp+2(Tss) cos2$j, (1)

where 0 and P are the polar and azimuthal angles of
scattering, Io is the unpolarized diBerential cross sec-
tion, and (Too) (Ttt) (Tst), and (Tss) are the expecta-

I W. Lakin, Phys. Rev. 98, 139 (1955).
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tion values of the tensor components of deuteron
polarization present in the beam after the first scatter-
ing. Hence four parameters are required to describe the
result of a double-. scattering experiment, in contrast to
the one parameter needed for a spin —', particle.

Angular-distribution experiments on the double scat-
tering of deuterons from various elements have been
performed by Chamberlain et al." in the energy region
from 165 Mev to 100 Mev and will be reported in more
detail in a forthcoming paper. In these experiments,
large terms dependent on cosg were observed in the
cross sections for elastic scattering from carbon and
other elements down to an energy of about 100 Mev.
A search was made for a term dependent on cos2$ and
a change in the azimuthally independent part of the
cross section using polarized deuterons, but to within
the 4% accuracy of the experiments none were detected.
Thus (Tss) and (Tss) are consistent with zero at the
double scattering angle. For identical double scatterings
from carbon at 16' the term dependent on cosp is large
and positive, indicating that

) (Tii)) ) ) (Tsi) ~. No
further experimental means are available for the
separate determination of (Tii) and (Tsi) without, as
pointed out by Lakin, recourse to rather infeasible
magnetic deQection between the first and second
scatterer. However, theoretical calculations of deuteron
polarization from elastic scattering by Stapp" give
agreement with experiment and indicate that all second-
rank tensor components of polarization are small at the
scattering angles and energies of interest here. Specifi-
cally he finds that

~
(T»)/(T»)

~

is less than 0.15. We
shall use this as a basis for excluding (Tsi) and es-
tablishing the analyzing power of the analyzer for T».

The procedure used to calibrate the analyzer is then
as follows. The internal circulating deuteron beam is
scattered at 16' from a carbon target and brought into
the experimental area in a manner similar to that for
polarized protons. There the deuterons are scattered
again at 16' by a carbon target into a counter telescope
with the energy threshold set to accept only elastically
scattered deuterons. With (Tss)' and (Tss)' measured
to be zero and (Tsi) assumed to be negligible, the
asymmetry e& obtained gives, by Eq. (1),

i(Tii) ii
——(es/2) l =0.32&0.02

for the deuteron beam. The sign of i(Tii)ii is not deter-
mined by this experiment, but can be deduced to be
positive if the shell-model sign for the spin-orbit
potential is used. This choice of sign for the spin-orbit
potential is justi6ed by the fact that it gives the experi-
mentally determined" sign for proton polarization in
high-energy elastic scattering from complex nuclei.

"Chamberlain, Segrb, Tripp, Wiegand, and Ypsilantis, Phys.
Rev. 95, 1104 (1954).

'~ H. P. Stapp, thesis, University of California Radiation Lab-
oratory Report No. UCRL —3098, August, 1955 (unpublished).

»L. Marshall and J. Marshall, Phys. Rev. 98, 1398 (1955);
W. Heckrotte, Phys. Rev. 101, 1406 (1956).
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FIG. 1. Geometry of the p+p —+ 71-++d experiment.

sincoo sin8 cos9
P=

[(rs+X)/(Xs+X) &$+cosois A+cos'8
(2)

where P is the expectation value of the deuteron spin

The beam is then degraded to 138 Mev to correspond
to the energy of deuterons formed in the p+ p ~ w++d
reaction, and is scattered by a target consisting of two
defining counters and a carbon target between them.
The scattered deuterons are detected by a two-counter
telescope with an energy threshold set to accept only
elastically scattered deuterons. The geometrical ar-
rangement of the deuteron-defining counters, carbon
target, and analyzing counters is identical with that
used for the measurement of the asymmetry of deuterons
formed in p+p —+ s++d, and is shown as part of the
meson-production experiment illustrated in Fig. 1.

The most suitable conditions of the analyzer for
measuring deuteron polarization were established at
this time by use of the polarized deuteron beam. The
criterion used to determine the optimum analyzing-
target thickness and analyzing angle for the minimum
fractional uncertainty he, /e. in the asymmetry e,
measured with the analyzer was that O.e,' shouM be a
maximum, where n is the fraction of incident deuterons
scattered into the counter telescope. The thickness of
the carbon target chosen in this way was 0.75 inch (a
greater thickness would have resulted in some scatter-
ings at energies less than 100 Mev where the polariza-
tion is small), and a mean analyzing angle of 24'.
Under these conditions, rr= 1/1150 and the analyzing
power is given by

e.
i(T„)o —— ——0.33~0.03.

2i(Tr, )ii

The polarization of the deuterons in the p+p —+

7r++d reaction is given by
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FIG. 2. m —d coincidences es time delay in meson counter.

and is related to (T») by I'= (2i/V3)(T»). 8 is the
center-of-mass angle of meson production and 3 and
X are found by Crawford and Stevenson to be A =0.25
&0.03 (at 340 Mev) and X=0.082~0.034. With this
value of A, the maximum deuteron polarization occurs
at 0=66' and 114 or at meson laboratory angles of
8=35.5' and 66.5'. A measurement of the deuteron
polarization then determines ~0, which is related to the
phase angles 70 and r~.

EXPERIMENTAL ARRANGEMENT

The arrangement of the apparatus for the p+p —+

m++2 reaction is shown in Fig. 1.An unpolarized proton
beam of 3&&10' protons/sec entered the experimental
area through a 2-inch-diameter collimator, having
passed through a set of three strong-focusing coils
which caused almost the entire beam to be contained in
a rectangle 1 by 0.75 inch, thereby avoiding scattering
from the collimator. The beam energy, measured by a
Bragg curve, was 342.5 Mev.

The liquid-hydrogen target consisted of 1 g/cm'
hydrogen contained in a 4-mil stainless steel cylinder.
After traversing the hydrogen, the beam passed through
a helium bag to reduce scattering, a monitoring ion
chamber, and then into a cave, eliminating back-
scattering into the analyzer.

All deuterons are produced within a cone of &6'
to the beam direction, with the deuteron laboratory
angle a douhle-valued function of the center-of-mass
angle, approximately symmetrical about 90' c.m. Since
Eq. (2) is antisymmetrical about 90' c.m. , it is desirable
to detect the meson in coincidence with the deuteron
in order to measure the deuteron polarization. This
coincidence technique is also vital for rejecting the high
background resulting from counting at such a small
angle to the beam.

Elastically scattered protons at 35' were 300 times
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as numerous as mesons and would have made accidental
coincidences between meson counters and deuteron
counters prohibitively large if means were not employed
to eliminate them. Consideration was given to Cerenkov
counter detection of the meson, but at this energy the
difference in velocity between the mesons and protons
was not sufFicient to make a clean separation. Mo-
mentum analysis, however, was feasible, and mesons
produced at 35'&8' were bent by a magnetic field
through 60' and detected by a pair of 4&(10-inch
plastic scintillation counters. One-eighth-inch copper
between the meson counters was found to be effective
in reducing low-energy background without decreasing
the x—d coincidence rate.

The deuteron-detecting counters, consisting of a pair
of 2-inch by 2-inch and 2.25-inch by 2.25-inch plastic
scintillators, were placed at a distance of 10 feet from
the hydrogen target. These counters and a 0.75-inch
carbon target between them served as a target for the
elastic scattering of deuterons into the analyzing tele-
scope composed of a pair of 2-inch by 6-inch counters.

The signals from each of the six counters were
amplified by two Hewlett-Packard A amplifiers and
clipped with 4-foot shorted stubs before being fed into
four- and sixfold coincidence circuits. The ~—d co-
incidences we."e recorded in the fourfold channel, while
the sixfold coincidence required in addition that the
deuteron be scattered into the analyzing counters. The
deuteron counters were first adjusted so that their
plateau occurred with deuterons accelerated by the cy-
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clotron and were operated near the knee of the plateau
curve so that high-energy protons, which constituted the
major source of background and whose pulse heights
were one-third as high as deuterons, were counted with
reduced eKciency. Frequent checks were made to
verify that the counters were on plateau for deuterons.

In order to further suppress the proton background,
valuable use was made of the 1.3X10 '-sec diGerence
in time of Right between the deuterons and protons.
A curve of x—d coincidences vs delay in the meson
counter is shown in Fig. 2. The time resolution was
adequate to discriminate strongly against fast protons.

Range curves were taken on both the mesons and
deuterons, and are shown in Fig. 3. Both curves agree
with the ranges and range spreads to be expected.

Accidental rates were obtained by delaying the meson
counters or deuteron-analyzing counters by one cyclo-
tron rf pulse. The beam level was such that the acci-
dental m. —d coincidences did not exceed 10% of the
eGect. Accidentals between the analyzing counters and
the x—d counters were also about 10%, and were
nearly symmetrical for left and for right scattering of
deuterons. Substitution of an empty target for the
hydrogen vessel resulted in a negligible background of
fourfold "m —d" coincidences.

The analyzing-counter apparatus was approximately
positioned optically. Then the deuteron-beam center
line was precisely located by sweeping the analyzing
counters through the deuteron beam. By this technique
the center line was located to &0.10', with a resultant
uncertainty in the asymmetry given by

d e= (d lno/d8) LB=0.17X0.10'=~0.017.

The deuteron-de6ning counters were accurately lo-
cated over the center of rotation. By shielding various
regions of the counters and observing the eGect upon
the m. —d coincidence rate, it was determined that the
illumination was approximately uniform over the entire
surface, thus assuring that the beam passed over the
center of rotation. More detailed discussion of these
alignment methods, which have been applied in other
polarization experiments, are contained in a thesis by
the author. "

Asymmetries were measured by setting the analyzing
counters alternately to 24' left and 24' right and using
the relation e= (R L)/(R+L). The—~—d coincidence
rate was used as a primary monitor, and agreement
between it and the ion chamber was within 1%. Acci-
dental coincidences of both varieties discussed previ-
ously were subtracted. The counting rates were about
30 x—d coincidences per second, and 1.5 counts per
minute in the sixfold channel recording analyzed
deuterons.

An attempt was made to measure also the polariza-
tion of the deuteron in the forward center-of-mass angle
by observing the meson at O~ = 75 degrees in coincidence.

' R. Tripp, thesis, University of California Radiation Labora-
tory Report No. UCRL-2975, April, 1955 (unpublished).
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FIG. 4. Complex 80 plane. Dashed lines indicate region of the
plane in which 80 was located by the experiments of Crawford and
Stevenson, who determined X=0.082&0.034. Shaded areas show
the limits set by this experiment.

By Eq. (2) this should reverse the polarization and
would have been a useful check on any inherent asym-
metries in the experiment. However, range discrimina-
tion against protons scattered into the meson counters
proved insuKciently positive to make the experiment
successful.

RESULTS

The asymmetry measured for deuterons produced at
a center-of-mass angle of 115'and scattered from carbon
at 24' is e=0.043&0.033. Dividing by the analyzing
power of the analyzer, we 6nd that the polarization of
the deuterons is P=0.076~0.059. For an analyzer with

~
(T»)/(T») ~

(0.15, any sensitivity of the analyzer to
(T») will not alter the value of polarization by an
amount greater than the statistical uncertainty.

The average value of sin8cos8/(A+cos'8) for this
experiment is calculated to be 0.83+0.03, yielding from
Eq. (2) a value of cue= 15.6' or 175.0'. The value &os is
related to the phase angle 70 between the two P-wave
meson states by

~
bs

~

e'"=-,'%2(1+3X)+-,'&at X(X+1))&e'"0.

Figure 4 shows 60 plotted in the complex plane. The
dashed lines indicate the region of the plane in which
bo is located by the experiments of Crawford and Steven-
son, and the shaded areas show the additional limits
set by this experiment. The area near the origin corre-
sponds to meson creation, predominantly from the
'Ds p —p state, and is to be preferred to creation from
the 'Se p —p state for a strong meson-nucleon interaction
in the state with isotopic spin 3/2, total angular mo-
mentum 3/2. Using meson theory, Aitkin el a/."have
calculated the enhancement resulting from the (3/2, 3/2)
interaction to be about 2. Including the statistical
factor of 5 their calculations then give a ratio of P-wave
meson production from the 'Ds p —p state to that from
'Se p —p state of about 10. Experimentally we find for
the preferred solution 8s-' ——10. (See TaMe I.)

"Aitkin, Mahmoud, Henley, Ruderman, and Watson, Phys.
Rev. 93, 1349 (1954).
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90 i i «& & s & I 1 I I I I l I I TABLE I. The possible values of coo, 80, T'p, and r1. The 6rst
set corresponds to a dominant interaction in the initial 'D2 p —p
state.
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From the asymmetry in meson-deuteron production
using polarized protons, Crawford and Stevenson obtain
sin(P —r&) =0.70&0.14, where P is given by the relation
hs+sv2= ~be+-', u2~e'&. The determination of lt thereby
establishes r~. Table I lists the four possible values of
7-~ associated with the two values of ~p, 8p, and 7-p, the
ambiguities arise from the fact that the experiments
determine not the angles themselves but trigonometric
functions of the angles.

Gell-Mann and Watson state" that 7 p and r~ are
related to the p —p phase shifts by

r p n(rS p) n—(—'Ds)+n—s,
rr ——n('Et) —n('Ds)+ (n'+-,') s

A phase-shift analysis" of the various p —p scattering
and polarization experiments'~ at 315 Mev provide an
independent means of determining v-p and 7~. Figure 5
is a plot of rs ss rt containing the four p+p ~ s.++8
solutions with their statistical errors. The dots show the
values of rs and rt for 28 solutions of the p —p phase

"Fermi's Varenna lecture notes LNuovo cimento 11, Suppl. 2,
54 (1955)j show the general approach to these relationships
through the unitarity and symmetry of the S matrix.

"Tom J. Ypsilantis, thesis, University of California Radiation
Laboratory Report No. UCRL-3047, June, 1955 (unpublished).
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FIG. 5. The four possible p+p ~ x++8 solutions are shown
with their statistical errors (standard deviations). The related
error in Tp and r& arises from this experiment while the independent
error in v1 comes from the polarization experiment of Crawford
and Stevenson. The dots indicate 28 solutions of the p —p scatter-
ing experiments, and the point indicated by a superposed cross is
the one to be preferred according to more recent triple-scattering
experiments.

shifts obtained from single-, double-, and triple-scatter-
ing experiments. Additional experimental information
can, however, give a unique set. About half of these 28
solutions can be discarded, since they do not give the
observed destructive interference between Coulomb
and nuclear scattering at small angles. Of the remainder,
the six best fits have been compared with the recent
triple-scattering experiment of Simmons' involving a
rotation of the spin into t'he direction of motion of the
proton between the first and second scattering. Only
one solution is compatible with that experiment, and
this solution is indicated by a cross in Fig. 5. Its value
of Tp= 143.1' and r& ——79.3' is in good agreement with
the first of the above four solutions given by the
p+ p —+ s++1 experiments.

1Vote added in proof. Arecodin—g of the p—p scatter-
ing experiments has recently been done with the inclu-
sion of small angle scattering data and Simmon's triple
scattering experiment. G and H waves were introduced
and Coulomb eGects included. Three distinct solutions
have been obtained, ' one of which is substantially the
same as the preferred solution of Fig. 5. The other
two are in equally good agreement with the same
p+~rr++D solution. Since none of the three elastic

p—p solutions is compatible with the second set of
phase angles in Table I, this provides strong evidence
for the Fermi type (ss, ss) rr —P interaction.
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