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Measurement of spin correlation coefficients ipp—da™
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The spin correlation coefficent combinatiohg+A,, andA,,—A,,, the spin correlation coefficients,,
and A,,, and the analyzing power were measured &5!’—>dﬂ'+ between center-of-mass angles 2%
<65° at beam energies of 350.5, 375.0, and 400.0 MeV. The experiment was carried out with a polarized
internal target and a stored, polarized beam. Nonvertical beam polarization needed for the measutement of
was obtained by the use of solenoidal spin rotators. Near threshold, only a few partial waves contribute, and
pion s and p waves dominate with a possible small admixturedoivaves. Certain combinations of the
observables reported here are a direct measure of dheages. Thed-wave contributions are found to be
negligible even at 400.0 MeV.

PACS number(s)24.70.+s,25.10.+s,29.20.Dh, 29.25.Pj

[. INTRODUCTION A parametrization in terms of partial wave amplitudes of
the pp—d«™* data from threshold to 580 MeV was carried
Over the past 50 yeatsN—NN7 reactions have re- out by Bugg 15 years agd3]. A more recent, updated
ceived considerable interest. Of thogp—d= " is probably ~ partial-wave analysis is maintained by the Virginia group
the one which has been most extensively studied. This [d4]. With only the cross section and the analyzing power as
because it is experimentally much easier to identify a twollPut, the number of free parameters is usually lowered by
particle final state. Most older measurements of this reactioieoretical input such as a constraint on the phases of the
are concentrated at higher energies where production via tRg'Plitudes which is provided by Watson’s theorfers]. In

A resonance dominates. With the advent of storage ring tecHliS réSPect, a measurement of spin correlation parameters
nology and internal targets the energy regime closer tepresents crucial new information because one can relate

threshold has become accessible. The KiNtsNNa mea-  N€S€ observables to certain combination of amplitudes with-

surements close to threshold were restricted to cross sectigHt any model assumptions.
Close to thresholds and p wave amplitudes in the pion

gnd analyzing power measuremehI&S], since polarized channel with a possible small admixture dfwaves, are
internal targets were not yet available. Measurements of SPW fficient to parametrize the data. In the following, we will

correlation coefficients close to threshold became feasibigemnonstrate that combinations of the spin correlation observ-

only recently with the availability of windowless and pure gpjes presented here are directly sensitive to the strength of
polarized targets internal to storage rifgs11]. thesed waves.

At energies well above threshold a number of measure-
ments of spin correlation coefficientspp—dx* exist. Of
these, the ones closest to threshold are measuremehts of Il. EXPERIMENTAL ARRANGEMENT
at 401 and 425 MeY12]which have been performed using

. In this paper we report measurements of spin correlation
an external beam and a polarized target.

coefficients inpp—d=* at 350.5, 375.0, and 400.0 MeV at
center-of-mass angles between 25° and 65°. The experiment
was carried out at the Indiana Cooler with the PINTEX
setup. PINTEX is located in the A region of the Indiana
ooler. In this location the dispersion almost vanishes and
the horizontal and vertical betatron functions are small, al-
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lowing the use of a narrow target cell. The target setup coriwo azimuthal angles id ¢=180°. Events between 150°
sists of an atomic beam soulds | which injects polarized <A $<210° are accepted for the final analysis. The polar
hydrogen atoms into the storage cell. angles of the pion and the deuteron are correlated such that
Vertically polarized protons from the cyclotron were the deuteron, because of its mass, exits at angles close to the
stack-injected into the ring at 197 MeV, reaching an orbitingbeam whereas pion laboratory angles as large as 180° are
current of several 10QwA within a few minutes. The beam kinematically allowed. At energies below 350.5 MeV the
was then accelerated. After typically 10 min of data takinglimited acceptance of the detector setup is caused by deuter-
the remaining beam was discarded, and the cycle was rens traveling through the central hole of the detector stack,
peated. whereas at higher energies the angular coverage is more and
The target and detector used for this experiment are theore restricted because af" missing the acceptance of
same as described i8], and a detailed account of the appa-30°. Events within 1° of the predicted correlation of the
ratus can be found ir17]. The internal polarized target con- +*-d polar scattering angles were included in the final
sisted of an open-ended 25 cm long storage cell of 12 manalysis. Since there is a kinematically allowed maximum
diameter and 25um wall thickness. The cell is coated with deuteron angle which depends on the beam energy, only
teflon to avoid depolarization of atoms colliding with thethose two-prong events were included in the final data
wall. During data taking, the target polarizat@ris changed ~sample for which the deuteron reaction angle was, 8°,
every 2 s pointing in sequence, up or downyj, left or and 9° at 350.5, 375.0, and 400.0 MeV, respectively. The
right (+x), and along or opposite to the beam directioncorrelation between the polar angles of the pion and the deu-
(+27). The magnitude of the polarization was typicei®| teron and the c;oplanarity condition unique]y det_ermine the
~0.75 and is the same within0.005 for all orientations PP—d7" reaction channel. Therefore, the inclusion of par-
[18,19]. tic[e identification gates in the analysis did not change the
The detector arrangement consists of a stack of scintills&8Pin correlation coefficients by more than a fraction of an
tors and wire chambers, covering a forward cone betwee®To" bar. Co_nsequently_, no particle identification gates were
polar angles of 5° and 30°. From the time of flight and th&!S€d in the final analysis. _ _
relative energy deposited in the layers of the detector, the Since an open-ended storage cell is used, the target is
outgoing charged particles are identified as pions, protons, gfStributed along the bea(m) axis. The resulting target den-
deuterons. The detector system was optimized for an expefilly iS roughly triangular extending from=—12 cm toz

. >~ 0 - =+12 cm withz=0 being the location where the polarized
ment to study the spin dependencep—ppa and pp atoms are injected. The angular acceptance of the detector

—pn7" near threshold9,10]. Thepp—dw" data pre-  gepends on the origin of the event along zlz&is. Specifi-
sented here are a by-product of that experiment. ~ cq|ly the smallest detectable angle increases towards the up-
Date were taken with vertical as well as longitudinalgiream end of the cell. It was only possible to detect deuter-
beam polanzguon. To achieve nonveruca} beam_ polarlzatu_)anS which originated predominatly from the upstream part of
the proton spin was precessed by two spin-rotating solenoigige target. Since the kinematically allowed maximum deu-
Iocqted in nonad!acgnt sections of the six-sided Cooler. _Tr{%ron angle increases with energy, vertex coordinates be-
vertltzal and longitudinal components of the beam polarizagyeenz=—12 cm and 4. 6,8 cm at 350.5, 375.0, and 400.0
tion P at the target are about equal, with a small sideway®leV, respectively, were accepted into the data sample. This
component, while its magnitude was typicall)|~0.6. way, background events originating from the downstream
Since the solenoid fields are fixed in strength, the exact peell walls were suppressed.
larization direction depends on beam energy after accelera- The known spin correlation coefficients of proton-proton
tion. In alternating measurement cycles, the sign of the bea@lastic scattering20] are used to monitor beam and target
polarization is reversed. More details on the preparation gfolarization, concurrently with the acquisition pp—d=*
nonvertical beam polarization in a storage ring can be founevents. To this end, coincidences between two protons exit-
in Ref.[19]. ing near® ,,=45° are detected by two pairs of scintillators
placed behind the first wire chamber at azimuthal angles
+45° and =135°. From this measurement, the products
P,Q, andP,Q, of beam and target polarization are deduced.
For each beam polarization direction, data are acquiredalues for the products of beam and target polarization can
for all 12 possible polarization combinations of beain, ( be found in Table | of Refl11].
—) and target £x,*y,*=2z). The event trigger is such that = Background arises from reactions in the walls of the tar-
two charged particles are detected in coincidence. Then,get cell and from outgassing of the teflon coafibig]. The
minimum x? fit to the hits in each of the four wire chamber contribution arising from a- 1% impurity in the target gas
planes is performed in order to determine how well the evens$ negligible. Background, which is not rejected by the soft-
conforms with a physical two-prong event that originates irware cuts described above, manifests itself as a broad distri-
the target. Events with?<5 were included in the final data bution underlying the peak a@ ¢=180°. A measurement
sample. The information from the? fit allows us to deter- with a nitrogen target matches the shape ofAtkedistribu-
mine the polar and azimuthal angles of both charged pation seen with the H target, except for the peak at 180°. This
ticles. In the case of a two-particle final state the two parshape is used to subtract the background undek ghpeak.
ticles are coplanar and the expected difference between théithin statistics, the background shows no spin dependence

Ill. DATA ACQUISITION AND PROCESSING
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and is independent of the polar angle. The subtracted back- a,:D,—3s;, I,=1,
ground ranges from 2% to 5%.

IV. DETERMINATION OF A, Ay, A,y, AND A,, az: %P —3S;, 1,=2, 1)

The analyzing power and spin correlation coefficients
were determined using the method of diagonal scaling. Pre- a,:°P,— 3%, 1,=2,
viously, we used diagonal scaling to analyze a series of ex-
periments to measure spin correlation coefficientspielas-
tic scattering and a detailed desciption of the formalism can
be found in Ref[21].

Since we only measure th@oduct of beam and target ag:3F;—3S;, 1.=2.
polarizationP - Q, we cannot normalize beam and target ana-
lyzing power independently. Because of the identity of the Very close to threshold, on-wave pions are produced,
colliding particles, beam and target analyzing power as and a single amplitudeay) is sufficient to describe the re-
function of center-of-mass angle are related such thaaction. Slightly above threshold, thewvavea, becomes sig-
AS( 6) = _A;(lgoo_ 6), in particularAly’(90°)= —A§,(90°). nificant, while the othep wave @;) remains small and is
For Comparison with theory we use the quantityOfte.n neglected entirely._Among tllewave amplitudes, at,

— (AX(6)A(6)) for which the absolute normalization de- for instance, 400 MeVgs is the largest, followed bgy,, as,
pends onP-Q and therefore is known. The final data with @1das with a factor of 20 betweess andag. This is known

a.5: 3F2—> 351, | :2,

a

their statistical errors are shown in Fig. 1. indirectly from partial-wave analys¢$3,14]of angular dis-
tributions of cross section and analyzing power. The spin
V. PARTIAL WAVES correlation data presented here offer a more direct study of

] ) the d-wave strength ipp—da*. In order to demonstrate
When one restricts the angular momentum of the pion tgyis we need to express the observables in terms of the seven
|,<2, there are seven partial waves possible, each corrgyytial-wave amplitudefEq. (1)]. This has previously been
sponding to a given initial and final state with all angulargone for the cross section and the analyzing p¢@&¥. For

momentum quantum numbers given. Using the usual nomekhe spin correlation coefficients, we find analogously
clature[22], these amplitudes are

do

a0:180—>381, Iﬂ.:l, mzﬁ

[a2+a’+a2+C;+(aZ—2V2 Rgayal)
a,:3P,—3s,, |_=0, + B+ C,)PY(cosh) + C5P3(cosh)], (2)

w
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do 1 5 5 phase shift solutions, although the agreement with SP96
ga Pt Ayy) = 7a-[—2a—2a3+C,y (overall x>=0.90) is better than with BU9Boverall y?
=1.29). As a function of energy we have?
+(—2a§+4\/§ Reagal) =0.90, 0.87, 0.99 (SP96), and x?>=1.64, 0.88, 1.50

(BU93) at 350.5, 375.0, and 400.0 MeV, respectively. This
+Cs)P3(cosh) +CePJ(cosf)], (3) indicates that the energy dependence of SP96 near threshold

is slightly closer to the data. Also shown in Fig. 1 arethe

data of Ref[12]which agree with our data.

o 1 s o The quantityA,,— A, provides a sensitive and direct test
gq (A= Tg-[-atai—a;+Ci—Cy of d-wave contributions ipp—dx*. Our data are consis-
tent with negligibled-wave contributions even at 400 MeV
+(—a3+2\2 Rgagas)+B;+C,—Cs) (see Fig. 1).
X P9(cos) +(C3— Cgq)PY(cosh)], (4) VIl SUMMARY

do 1 In summary, we have measured the analyzing power and
30 Ao Ay =76 [(B2+ C,)P3(cosd) + CgP%(cosg)],  spin correlation coefficients ipp—da*. The spin correla-

& tion coefficients allow a direct determinationdsfvave con-
(%) tributions. In particularA,,—A,, provides a sensitive test

with do/dQ being the unpolarized differential cross section.Pecause heré waves interfere with the dominaag ampli-
The observables in Eq&)—(5) are functions of the center- tudg. Our data are consistent with ngghg@wave contri-
of-mass reaction angle, and the function®"(cosé) are butions even at 400 MeV. In addition, our data are well

the usual Legendre polynomials. In the above equations, tfi¢Scribed by a partial wave solutié®P96)of the Virginia

termsB,, are caused by interference betwseandd waves group.

and are given by a sum of terms Rg(")(i=3,4,5,6),
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APPENDIX
A~ An—A,=1-7, (6)
where 5 contains onlyC, terms, i.e., onlyd-wave ampli- Since Mandl and Regd@2] introduced their nomencla-
tudes. ture to describe the reactipp—d= ", several different no-

Thus, both quantities,,—A,, and A,,—A,,—A,,—1  tations for the observables have been in use. We have been
are a direct measure dfwave contributions. Clearlyd,,  adhering to the notation of the Madison Convenf@n] for
—A,, provides a more sensitive test because Hemaves the polarization observables, i.e., analyzing powers and spin

interfere with the dominard, amplitude. correlation coefficients are labeled and A;; where i,j
=X,Y,z. The positivez axis is along the direction of momen-
VI. FINAL DATA AND COMPARISON WITH THEORY tum of the incident particle. In order to facilitate easy reading

_ and comparison with the literature, we relate our observables
We compare our data to the two newest, published phase the notation of Niskanef28]. The following equations

shift solutions, namely SP96 the published partial-wavéyave been obtained using Table | of R&B]:
analysis of the VPI group25]; range of validity 0-500

MeV, where the quoted energy is the laboratory energy of

the pion inm"d— pp; and BU93 the published partial-wave @=cos¢Ab (A1)
analysis of the VPI group and Bu@g6]; range of validity 000 '
9-256 MeV.

Numerical values for both phase shift analyses have been
obtained from thesAID interactive programil4]. As can be Jox _ —singAl, (A2)
seen from Fig. 1, our data are in good agreement with both 000
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Oyy _
o SIPpA,x+ COS Ay, (A3)
o'yx .
U—m=sm¢cos¢(Axx—Ayy), (A4)
g
U—yz =singA,,, (A5)

00
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Ozz
0__00 - Azz- (A6)

Here,o g is the unpolarized differential cross section and
¢ is the azimuthal angle of the pion. Furthermore, Niskanen
usesPg and Py for beam and target polarization where we
useP andQ, respectively.
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