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Analyzing Powers and Partial Wave Decomposition ofpn ! ppsss1S0dddp2 at Low Energies

H. Hahn,1 F. A. Duncan,2 J. Aclander,1 D. Ashery,1 E. G. Auld,3 D. R. Gill,4 D. A. Hutcheon,4 G. Jones,3 E. Korkmaz,5

S. Maytal-Beck,1 M. A. Moinester,1 J. A. Niskanen,6 D. Ottewell,4 A. Rahav,4 S. Ram,4 M. Sevior,7

P. L. Walden,4 and R. Weiss1
1Raymond and Beverly Sackler Faculty of Exact Sciences, School of Physics and Astronomy, Tel-Aviv University,

69978 Ramat Aviv, Israel
2Department of Physics, Queen’s University, Kingston, Ontario, Canada, K7L 3N6

3Department of Physics, University of British Columbia, Vancouver, British Columbia Canada V6T 1Z1
4TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, Canada V6T 2A3

5Department of Physics, University of Northern British Columbia, Prince George, British Columbia, Canada V2L 5P2
6Department of Physics, University of Helsinki, P.O. Box 9, FIN-00014 Helsinki, Finland

7School of Physics, University of Melbourne, Parkville, Victoria, Australia 3052
(Received 20 April 1998)

Analyzing powers for$pn ! pps1S0dp2 were measured at beam energies 353, 404, and 440 MeV
by extracting the quasifree process from$pd ! pppp2. Partial wave amplitude analysis yields a
significant contribution from the isospin 1,s-wave channel. This contribution is relatively much larger
than that expected from theoretical models which have been successful in describing the isospin 1,
s-wave channel behavior ofpp ! ppp0 cross sections at threshold. [S0031-9007(99)08633-0]
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The fundamental processes of intermediate ener
physics involve theNN, Np, and NNp systems. The
NN $ NNp process connects two of these systems a
provides the fundamental basis for both pion produ
tion and pion absorption. Not only does this proces
contribute to our understanding of the role of the pio
in nuclear physics, but it is also important for studyin
the onset of inelasticities in nucleon-nucleon scatterin
It is thus important to acquire an understanding of th
amplitude structure of theNN $ NNp process.

The only NN $ NNp process whose amplitudes are
well known is that of thepp $ dp1 reaction [1].
The main reasons are experimental; all particles in th
reaction are charged, and both proton and deuteron targ
are available. The wealth of data characterizing th
reaction has facilitated a great deal of theoretical stud
with much progress [2] thus far.

The pp $ dp1 reaction proceeds through a pures10
channel where the subscripts refer to the initial an
final NN isospin states [3]. The other possible isosp
channels, thes11 and thes01 channels, are less well
known because the reactions they describe involve neu
particles as well as three-body final/initial states. A
a result, there are no partial wave amplitude (PWA
analyses available for these channels which are extrac
purely from experimental observables, and, consequen
theoretical understanding is much less developed.

One of the most straightforward reactions to consid
for investigating thes11 and s01 channels is thepn $
pps1S0dp2 reaction which proceeds entirely through
these lesser known and weaker channels. Even thou
pn $ pps1S0dp2 experiments are intrinsically more dif-
ficult than those ofpp $ dp1, the amplitude structure
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is simpler, involving only two independent spin amp
tudes if the finalpp state is restricted to thes1S0d state
(the “diproton”); whereas thepp $ dp1 process has six
independent spin amplitudes. The latter requires, if
onic d waves or higher are considered, measuremen
many different types of spin observables in order to u
ravel the amplitude structure [1]; in contrast, unraveli
the amplitude structure of the former can be attemp
with only measurements of the differential cross sect
and one spin observable.

For lp # 2, the 2 spin amplitudes decompose into fi
possible partial wave amplitudes. These are listed
Table I. The isospin channel of each amplitude is sho
as well. Note that the intermediateND state is not ex-
pected to contribute significantly for any of these amp
tudes. TheND is forbidden for thes01 I ­ 0 amplitudes,
and for thes11 I ­ 1 amplitudes, the dominantND am-
plitudes seen inpp $ dp1 which correspond to1D2 and
3F3 initial NN states, are absent due toJ-parity considera-
tions. Thus thepn $ pps1S0dp2 reaction is expected
to be particularly sensitive to weak nonresonant pi
processes.

The traditional approach to studying thepn $
pps1S0dp2 process has been measurements of the
sorption reaction3Hesp2, pndn [4–8], where thep2 is
assumed to be absorbed onto apps1S0d diproton within
the 3He nucleus. However, the3He nuclear environmen
is not so trivial [9]. The signature of this reaction
the angular correlation of the outgoing proton-neutr
pair. Thus far, only differential cross sections ha
been obtained. A polarization measurement of
outgoing proton would take a prohibitive amount of tim
Although a partial wave analysis has been attemp
© 1999 The American Physical Society
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TABLE I. Allowed transitions and amplitudes forpn !
pps1S0dp2 for lp # 2. Ii , If designate the initial and the
final stateNN isospin, respectively.

Transition Amplitude sIi If

3P0 ! 1S0s0 aPs s11
3S1 ! 1S0p1 aSp s01
3D1 ! 1S0p1 aDp s01
3P2 ! 1S0d2 aPd s11
3F2 ! 1S0d2 aFd s11

[8,10], it relies onNN scattering phase shifts [11] to fix
the relative phase angles of the amplitudes (Watson
theorem).

An alternative to measurements of the absorptio
process is extraction of thepn ! pps1S0dp2 production
reaction from the quasifree processpd ! pppp2.
As the deuteron is lightly bound, the nuclear env
ronment complications are reduced considerably. A
polarized proton beams are available the relevant sp
information can be easily extracted by measuring th
analyzing power,AN0. A pps1S0d state can be selected
by requiring both protons to enter a small solid ang
detector with nearly the same momentum. Final sta
interactions in thepps1S0d state enhance the number o
such events. An earlier experiment based on this react
was reported by Pontinget al. [12], describing analyzing
power measurements atTp ­ 400 MeV. In the current
work, this previous experiment was repeated with a
improved apparatus atTp ­ 353, 403, and 440 MeV
over a greater angular range and both double different
cross sections and analyzing powers were obtained. T
analyzing powers are presented in this paper along w
the first partial wave analysis of thes01 ands11 channels
extracted from experimental data alone. All data for th
PWA came from this single experiment and hence a
internally consistent. The cross section data are presen
in a separate paper [9].

The experiment was carried out at the TRIUMF Cy
clotron Laboratory using a polarized proton beam and
liquid deuterium target. The negative pions were detect
in the quad-quad-dipole (QQD) magnetic spectromet
[13] while the diprotons were detected in a1 m 3 1 m
hodoscope [8]. An acceptable event required a good QQ
signal together with signals from two of the counters from
the hodoscope. The beam polarization was typically 70
and was cycled between “up” and “down” during mea
surements. It was monitored by an in-beam polarimet
[14] located upstream of the experimental area.

The hodoscope provided positional information fo
the two protons while their momenta were obtained b
time-of-flight measurements. The QQD yielded both th
momentum and the trajectory of thep2. Thus there
was enough redundancy to determine the incident be
energy as well as the spectator proton momentum a
direction. The reaction signal was identified by th
’s
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event distribution of the calculated beam energy peak
at the cyclotron beam energy. The observed specta
momentum distribution was consistent with the expec
distribution based upon a Reid soft core wave functi
[15] of the deuteron. Thes1S0dpp content of the data
was enhanced by a cut placed onDP, the difference in the
proton momenta in theppp c.m. system. The measure
AN0 was, within statistical accuracy, theAN0 at DP ­ 0.
Further details of the experimental apparatus and d
reduction are provided in the paper describing the cr
section measurements [9].

The event sample used when computing analyz
powers had restrictive cuts placed on it to reduce ba
ground to a minimum. AsAN0 is obtained from an event
ratio, elimination of some good events in suppressing
background does not affect the result as long as the c
on both polarization directions are identical. To test t
stability of theAN0 against restrictive cuts, two indepen
dent analyses were used to extract the results. The
had relatively loose cuts and was applied to the 353 a
403 MeV data. The second had very restrictive cuts a
was applied to the 403 and 440 MeV data. TheAN0 at
403 MeV, calculated from both procedures, were cons
tent within the errors associated with the difference in t
sample sizes.

As a test of the experimental method, the analyzi
power of $pp ! dp1 was measured by extracting th
quasifree process from$pd ! ndp1 at 353 MeV. The
comparison with the analyzing powers measured in
free process [16] shows good agreement (Fig. 1).

For each event, the c.m. angle between the incid
proton and the outgoing pion was calculated. This va
able has a broad range at each spectrometer setting
to Fermi motion of the struck neutron. This permitte
splitting the data from each QQD setting into three me
surements of the analyzing powerAN0 at three different
c.m. angles. Although there was also a broad spread
Tc.m. (the totalppp c.m. energy minus the masses of th
pion and two protons), this was of little consequence

FIG. 1. Quasifreepp ! dp1 analyzing power at 353 MeV
(points) compared to the freepp ! dp1 analyzing power
(solid curve).
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the AN0 displayed little dependence onTc.m.. AN0 was
computed by

AN0 ­
sYp d" 2 sYp d#

P"sYp d# 1 P#sYp d"

. (1)

The arrows indicate the polarization direction at whic
normalized pion yields,Yp , and beam polarization values
P, were measured. The resulting analyzing powers
shown in Fig. 2 and listed in Table II with respect t
the centralTc.m. of the three beam energies. At all thre
energies, the analyzing power crosses zero atø67± and is
sharply changing between the extreme values of21 and
11 within an angular range of613± of this value. These
results are consistent with those of Pontinget al. [12]
except the zero-crossing angle of Ponting’s data is lar
by 4±. The Tc.m. 70 MeV data (Tp ­ 440 MeV) show a

FIG. 2 Analyzing powers forpn ! pps1S0dp2 from this
experiment (points). The partial wave amplitude fit forlp # 2
from the solution set (set text) is the solid curve.
2260
h
,
are
o
e

ger

second zero crossing at114±. This can happen only with
a sufficient contribution from piond waves.

The partial wave expansion forpn ! pps1S0dp2 was
constructed by modifying the procedure developed b
Gell-Mann and Watson [3]. The expansion was fitted t
both theAN0 and the cross section [9] data and include
all the amplitudes in Table I. Thed wave amplitudes,
although quite small, can be extracted by this analys
because their presence is manifested through interferen
with the dominants andp waves.

The fitting procedure used to extract partial wav
amplitudes produced more than one solution at ea
energy [17]. Some solutions were unrealistic such as o
which involved larged waves at the lowestTc.m. energy.
The possibility of such ambiguities in the amplitude
analysis for this process was pointed out by Gal [18]. I
order to select an appropriate physical set of solution
a continuity procedure was used. The total change
each amplitude on the argand plot was calculated fro
energy to energy. The changes were summed to gi
a total amplitude change for each solution set. A
possible solution sets were formed, and the set whic
had the minimum total amplitude change was chose
This procedure assumes that there are no strong reson
structures present.

At Tc.m. ­ 31 MeV there was no significant improve-
ment in thex2yn between the fit restricted tos and p
waves and that allowings, p, and d waves. This indi-
cated that thed-wave contribution is small as should be
the case at a near-threshold energy. AtTc.m. ­ 55 and

TABLE II. Quasifree pn ! pps1S0dp2 analyzing power,
AN0, as a function of the center of mass production angle of th
p2, up

p , at Tc.m. ­ 31 MeV (Tp ­ 353 MeV), Tc.m. ­
55 MeV (Tp ­ 403 MeV), and Tc.m. ­ 70 MeV
(Tp ­ 440 MeV).

Tc.m. ­ 31 MeV Tc.m. ­ 55 MeV Tc.m. ­ 70 MeV
up

p sdegd AN0 up
p sdegd AN0 up

p sdegd AN0

46.8 20.93s5d 43.9 20.84s7d 61.8 20.49s7d
50.4 20.95s5d 47.1 20.88s7d 65.4 20.25s7d
54.7 20.80s6d 50.5 21.00s6d 69.3 0.13(7)
61.5 20.58s7d 56.2 20.82s6d 76.1 0.62(7)
66.5 0.17(7) 59.8 20.79s6d 80.0 0.93(8)
72.6 0.70(7) 63.8 20.55s6d 83.8 0.75(8)
77.2 1.00(3) 73.6 0.64(6) 91.9 0.47(7)
81.9 0.94(5) 77.6 0.98(6) 95.7 0.42(7)
87.4 0.80(5) 81.7 0.86(6) 99.5 0.34(7)
92.1 0.66(4) 89.4 0.73(7) 107.0 0.07(7)
96.4 0.60(5) 93.6 0.64(7) 110.9 0.03(7)

101.4 0.55(5) 97.6 0.49(7) 114.7 0.12(7
107.4 0.37(4) 105.6 0.45(5) 123.1 20.09s6d
110.4 0.39(4) 109.8 0.36(5) 126.6 20.16s6d
113.9 0.31(4) 113.6 0.46(5) 129.8 20.17s6d

121.9 0.25(8)
125.7 0.20(8)
128.8 0.21(8)
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TABLE III. Relative contributions for pn $ pps1S0dp2

from partial wave amplitude analysis (PWAA) of the dat
for lp # 2; from partial wave amplitude analysis using
Watson’s theorem (WATSON) forlp # 1; and the coupled
channel model with heavy meson exchange (HME) (Ref. [19
and without (no HME) (Ref. [20]). d wave represents the
combined contribution from theaPd andaFd amplitudes.

Solution aPs aSp aDp d wave

31 MeV
PWAA 0.36(2) 0.24(3) 0.40(2) 0.013(8)

WATSON 0.36(2) 0.25(4) 0.39(3)
HME 0.15 0.23 0.62 0.0021

No HME 0.020 0.26 0.72 0.0025

55 MeV
PWAA 0.23(6) 0.37(28) 0.38(23) 0.018(25)
HME 0.12 0.22 0.66 0.0046

No HME 0.0067 0.25 0.74 0.0052

70 MeV
PWAA 0.11(6) 0.57(9) 0.28(10) 0.041(29)
HME 0.11 0.22 0.67 0.0073

No HME 0.0029 0.24 0.74 0.0082

70 MeV d waves were required to fit the data. This sug
gested an alternative procedure to pick the most like
solution set. Calculate the change in each amplitude
the argand plot at each energy between the solution
and thes- and p-wave solution and choose the set wit
the minimum total summed amplitude change. This pr
cedure picked the same solution set as did the continu
procedure described above.

As a check on the physical reality of the chosen solutio
set, an additionals andp wave fit only atTc.m. ­ 31 MeV
was further constrained byNN scattering phases (Watson’s
theorem) using the method of Piasetzkyet al. [10]. It can
be argued that at this near-threshold energy Watson’s th
rem should be valid. The lowest energy member of t
chosen solution set matched this constrained fit in both a
plitude and phase (see WATSON in Table III).

The resulting partial wave solution set is shown in Fig.
as the solid lines. The fraction of the total cross secti
contributed by each partial wave is presented in Table
for the three energies studied here. The errors are giv
within the brackets. The sizable strength of thes-wave
pion channel indicates that short-range effects have to
included in the theoretical understanding of the proce
However, present models such as the coupled chann
model (CCM) [19,20] still fail to provide sufficients-wave
strength even when heavy meson exchange (HME) [21,
is included. It is noted that HME or another mechanis
such as off-shell rescattering [23] has been success
in describing the isospin 1,s-wave channel behavior of
pp ! ppp0 cross sections at threshold [24].
a

])

-
ly
on
set
h
o-
ity

n

eo-
he
m-

2
on
III
en

be
ss.
els

22]
m
ful

It is apparent in Table III that the CCM model with
HME suggests a larger contribution from theaDp ampli-
tude than what we obtain. There does exist another so
tion set which has a largeraDp contribution, but it shares
the sameTc.m. ­ 31 MeV solution and then grows siz-
ably in aDp strength with energy. In contrast, the CCM
model’saDp strength is fairly stable. However, the othe
solution cannot be ruled out as atTc.m. ­ 55 MeV there
is a large correlation uncertainty betweenaSp and aDp

which is reflected in the large uncertainties seen in the
parameters. Thus, except forTc.m. ­ 31 MeV the relative
strengths of theaSp andaDp are still somewhat uncertain.
However, the relatively largeaPs strength is fixed by the
AN0 zero-crossing angle and the angle of the minimum
the cross section [9] data.

The hospitality of E. Vogt and the TRIUMF manage
ment is acknowledged by the Tel Aviv University collab
orators. We thank W. Kellner and G. Sheffer for technica
support. This work was supported in part by the U.S
Israel Binational Science Foundation, Jerusalem, Israel.

[1] C. H. Oh et al., Phys. Rev. C56, 635 (1997).
[2] pNN Systems,edited by H. Garcilazo and T. Mitzutani,

(World Scientific, Singapore, 1990).
[3] M. Gell-Mann and K. M. Watson, Annu. Rev. Nucl. Sci.

4, 219 (1954).
[4] K. A. Aniol et al., Phys. Rev. C33, 1714 (1986).
[5] L. C. Smith et al., in Proceedings of PANIC XI, Kyoto,

Japan(North-Holland, Amsterdam, 1987), p. 338.
[6] P. Weberet al., Nucl. Phys.A501, 765 (1989).
[7] S. Mukhopadhyay et al., Phys. Rev. C 43, 957

(1991).
[8] H. Hahnet al., Phys. Rev. C53, 1074 (1996).
[9] F. Duncanet al., Phys. Rev. Lett.80, 4390 (1998).

[10] E. Piasetzkyet al., Phys. Rev. Lett.57, 2135 (1986).
[11] R. A. Arndt et al., Phys. Rev. C56, 3005 (1997).
[12] C. Pontinget al., Phys. Rev. Lett.63, 1792 (1989).
[13] R. J. Sobieet al., Nucl. Instrum. Methods Phys. Res.,

Sect. A219, 501 (1984).
[14] L. G. Greeniauset al., Nucl. Phys.A322, 308 (1979).
[15] R. V. Reid, Ann. Phys. (N.Y.)50, 411 (1968).
[16] E. L. Mathieet al., Nucl. Phys.A397, 469 (1983).
[17] http: //publish.aps.org/eprint /gateway/eplist /

aps1998feb190_01
[18] A. Gal, Few-Body Syst.9, 89 (1990).
[19] J. A. Niskanen, Phys. Rev. C49, 1285 (1994).
[20] J. A. Niskanen, Phys. Rev. C43, 36 (1991).
[21] C. J. Horowitzet al., Phys. Rev. C49, 1337 (1994).
[22] T. S. H. Lee and D. O. Riska, Phys. Rev. Lett.70, 2237

(1993).
[23] E. Hérnandez and E. Oset, Phys. Lett. B350, 158

(1995).
[24] H. O. Meyeret al., Nucl. Phys.A539, 633 (1992).
2261


