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Analyzing Powers and Partial Wave Decomposition oprn — pp(1Sg)7~ at Low Energies
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Analyzing powers forpn — pp('Sy)~ were measured at beam energies 353, 404, and 440 MeV
by extracting the quasifree process frgpd — ppp7~. Partial wave amplitude analysis yields a
significant contribution from the isospin $;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 ofp — pp#7° cross sections at threshold. [S0031-9007(99)08633-0]

PACS numbers: 13.75.Cs, 11.80.Et, 24.70.+s, 25.10.+s

The fundamental processes of intermediate energis simpler, involving only two independent spin ampli-
physics involve theVN, N7, and NN systems. The tudes if the finalpp state is restricted to the€ S,) state
NN — NN process connects two of these systems angthe “diproton”); whereas thep « dn* process has six
provides the fundamental basis for both pion producindependent spin amplitudes. The latter requires, if pi-
tion and pion absorption. Not only does this procesnic d waves or higher are considered, measurement of
contribute to our understanding of the role of the pionmany different types of spin observables in order to un-
in nuclear physics, but it is also important for studyingravel the amplitude structure [1]; in contrast, unraveling
the onset of inelasticities in nucleon-nucleon scatteringthe amplitude structure of the former can be attempted
It is thus important to acquire an understanding of thewith only measurements of the differential cross section
amplitude structure of th&% N — NN process. and one spin observable.

The only NN <~ NN process whose amplitudes are For/, = 2, the 2 spin amplitudes decompose into five
well known is that of thepp — d#™* reaction [1]. possible partial wave amplitudes. These are listed in
The main reasons are experimental; all particles in thi§able I. The isospin channel of each amplitude is shown
reaction are charged, and both proton and deuteron targeds well. Note that the intermediaféA state is not ex-
are available. The wealth of data characterizing thigpected to contribute significantly for any of these ampli-
reaction has facilitated a great deal of theoretical studytudes. TheVA is forbidden for thery, I = 0 amplitudes,
with much progress [2] thus far. and for theo;; I = 1 amplitudes, the dominam¥ A am-

The pp < du™ reaction proceeds through a purg,  plitudes seen ipp < d7* which correspond tbD, and
channel where the subscripts refer to the initial and'F; initial NN states, are absent dueteparity considera-
final NN isospin states [3]. The other possible isospintions. Thus thepn < pp(!So)7~ reaction is expected
channels, thes;; and the o, channels, are less well to be particularly sensitive to weak nonresonant pion
known because the reactions they describe involve neutrakrocesses.
particles as well as three-body final/initial states. As The traditional approach to studying then <
a result, there are no partial wave amplitude (PWA)pp(!Sy)7~ process has been measurements of the ab-
analyses available for these channels which are extractewbrption reactionHe(s ~, pn)n [4—8], where ther ™ is
purely from experimental observables, and, consequentlassumed to be absorbed ontga('S) diproton within
theoretical understanding is much less developed. the *He nucleus. However, thtHe nuclear environment

One of the most straightforward reactions to consideis not so trivial [9]. The signature of this reaction is
for investigating theo;; and og; channels is thepn <  the angular correlation of the outgoing proton-neutron
pp(So)~ reaction which proceeds entirely through pair. Thus far, only differential cross sections have
these lesser known and weaker channels. Even thoudieen obtained. A polarization measurement of the
pn < pp('So)m~ experiments are intrinsically more dif- outgoing proton would take a prohibitive amount of time.
ficult than those ofpp — dx™, the amplitude structure Although a partial wave analysis has been attempted
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TABLE I.  Allowed transitions and amplitudes fopn —  event distribution of the calculated beam energy peaking
pp('So)m~ for I, =2. I, I; designate the initial and the at the cyclotron beam energy. The observed spectator

final stateNN isospin, respectively. momentum distribution was consistent with the expected

Transition Amplitude oL distribution based upon a Reid soft core wave function
Py — 1So5g @ o [15] of the deuteron. Thé'Sy)pp content of the data
38, — 1Sopy asj o was enhanced by a cut placed dR, the difference in the
3D, — Sop aD]p ool proton momenta in t'h?pﬂ' c.m. system. The measured
3P, — 1Sod, dpy o, Ano was, within statistical accuracy, they at AP = 0.

3F, — 1Sd, arg o Further details of the experimental apparatus and data
reduction are provided in the paper describing the cross
section measurements [9].
[8,10], it relies onNN scattering phase shifts [11] to fix ~ The event sample used when computing analyzing
the relative phase angles of the amplitudes (Watson’'powers had restrictive cuts placed on it to reduce back-
theorem). ground to a minimum. Agly is obtained from an event

An alternative to measurements of the absorptiorratio, elimination of some good events in suppressing the
process is extraction of then — pp('Sy)7~ production  background does not affect the result as long as the cuts
reaction from the quasifree processd — pppm~.  on both polarization directions are identical. To test the
As the deuteron is lightly bound, the nuclear envi-stability of theAy, against restrictive cuts, two indepen-
ronment complications are reduced considerably. Aslent analyses were used to extract the results. The first
polarized proton beams are available the relevant spihad relatively loose cuts and was applied to the 353 and
information can be easily extracted by measuring thel03 MeV data. The second had very restrictive cuts and
analyzing powerAyo. A pp('Sy) state can be selected was applied to the 403 and 440 MeV data. Thg at
by requiring both protons to enter a small solid angle403 MeV, calculated from both procedures, were consis-
detector with nearly the same momentum. Final statéent within the errors associated with the difference in the
interactions in thepp('Sy) state enhance the number of sample sizes.
such events. An earlier experiment based on this reaction As a test of the experimental method, the analyzing
was reported by Pontingt al. [12], describing analyzing power of pp — d#" was measured by extracting the
power measurements &, = 400 MeV. In the current quasifree process fromid — nd7" at 353 MeV. The
work, this previous experiment was repeated with arcomparison with the analyzing powers measured in the
improved apparatus al’, = 353, 403, and 440 MeV free process [16] shows good agreement (Fig. 1).
over a greater angular range and both double differential For each event, the c.m. angle between the incident
cross sections and analyzing powers were obtained. Thgroton and the outgoing pion was calculated. This vari-
analyzing powers are presented in this paper along witable has a broad range at each spectrometer setting due
the first partial wave analysis of the); ando;; channels to Fermi motion of the struck neutron. This permitted
extracted from experimental data alone. All data for thissplitting the data from each QQD setting into three mea-
PWA came from this single experiment and hence aresurements of the analyzing powey,, at three different
internally consistent. The cross section data are presentedm. angles. Although there was also a broad spread in
in a separate paper [9]. T.m. (the totalpp 7 c.m. energy minus the masses of the

The experiment was carried out at the TRIUMF Cy-pion and two protons), this was of little consequence as
clotron Laboratory using a polarized proton beam and a
liquid deuterium target. The negative pions were detected
in the quad-quad-dipole (QQD) magnetic spectrometer 0.0
[13] while the diprotons were detected inlam X 1 m
hodoscope [8]. An acceptable event required a good QQD
signal together with signals from two of the counters from °
the hodoscope. The beam polarization was typically 70% zZ
and was cycled between “up” and “down” during mea- <
surements. It was monitored by an in-beam polarimeter
[14] located upstream of the experimental area.

The hodoscope provided positional information for
the two protons while their momenta were obtained by —0.6

0 30 60 90 120150180
time-of-flight measurements. The QQD yielded both the
: D 0_(deg)

momentum and the trajectory of the~. Thus there v
was enough redundancy to determine the incident beapg 1 Quasifreepp — da* analyzing power at 353 MeV
energy as well as the spectator proton momentum anghoints) compared to the frepp — dr* analyzing power
direction. The reaction signal was identified by the(solid curve).
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the Ay displayed little dependence dh..,. Ayo wWas second zero crossing &t4°. This can happen only with
computed by a sufficient contribution from piod waves.
Yo — (V) The partial wave expansion fom — pp(!So)7~ was

7)1 - (1) constructed by modifying the procedure developed by
Py(Yz), + Pi(Yzh Gell-Mann and Watson [3]. The expansion was fitted to
The arrows indicate the polarization direction at whichP0th theAxo and the cross section [9] data and included

normalized pion yieldsy,;, and beam polarization values, all the ampl!tudes in Table I The wave amp_lltudes, .
P, were measured. The resulting analyzing powers ar Ithough quite small, can be gxtracted by th|§ analysis
shown in Fig. 2 and listed in Table Il with respect to ecause their presence is manifested through interference
the centralT, ., of the three beam energies. At all three With the dominant andp waves. .

energies, the analyzing power crosses zers@° and is Th_e fitting procedure used to extract partlal wave
sharply changing between the extreme values-ofand ~ 2MPplitudes produced more than one solution at each
+1 within an angular range of 13° of this value. These energy [17]. Some solutions were unrealistic such as one
results are consistent with those of Pontiegal.[12] WI:"Ch qult;/_?d Iarfgerl wr?ves ta)‘.t the Iovv_eSl“Chm ener?y. q
except the zero-crossing angle of Ponting’s data is largef"€ Possibility of such ambiguities in the amplitude

by 4°. TheT... 70 MeV data {,, = 440 MeV) show a analysis for this process was pointed out by Gal [18]. In
' e b order to select an appropriate physical set of solutions,

a continuity procedure was used. The total change in
each amplitude on the argand plot was calculated from

Ao =

1.0 35:'3 MéV ' : : energy to energy. The changes were summed to give
I T a total amplitude change for each solution set. All
05 r 8 possible solution sets were formed, and the set which
s ] had the minimum total amplitude change was chosen.
Z 0.0 This procedure assumes that there are no strong resonant
< I ] structures present.
At T..,.. = 31 MeV there was no significant improve-
—0.5 ment in the y?/v between the fit restricted to and p
waves and that allowing, p, andd waves. This indi-
-1.0 ' ' ' ' ' cated that the/-wave contribution is small as should be
10 the case at a near-threshold energy. 7At,. = 55 and
[ 403 MeV ]
0.5 1 TABLE Il. Quasifree pn — pp('So)7~ analyzing power,
L ) Apo, as a function of the center of mass production angle of the
g 0.0 T, 0, at T., =31MeV (T, =353MeV), T.n =
< : 55 MeV (T, = 403 MeV), and Tem, = 70 MeV
: (T, = 440 MeV).
—0.5 7 i Tem =31 MeV  T., =55MeV  T., =70 MeV
i 7] 0;. (de@ Apno 0:. (de@ Apno 0:. (de@ Apno
—1.0 468 —093(5 439 —084(7) 618 —0.49(7)
50.4 —0.95(5) 47.1  —0.88(7) 65.4 —0.25(7)
O v & 547 -080(6) 505 —1.00(6) 69.3  0.13(7)
r 1 61.5 —0.58(7) 56.2 —0.82(6) 76.1 0.62(7)
05 | - 66.5 0.17(7) 59.8 —0.79(6)  80.0 0.93(8)
I 72.6 0.70(7) 63.8 —0.55(6) 83.8 0.75(8)
2 77.2 1.00(3) 73.6 0.64(6) 91.9 0.47(7)
< 0.0 819  094(5) 776  098(6) 957  0.42(7)
g 1 87.4 0.80(5) 81.7 0.86(6) 99.5 0.34(7)
—05 F i 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)
10 . . . . . 101.4 0.55(5) 97.6 0.49(7) 1147 0.12(7)
-1 107.4 0.37(4) 105.6 0.45(5) 123.1 —0.09(6)
0 30 60 90 120 150 180 110.4 0.39(4) 109.8 0.36(5) 126.6 —0.16(6)
ec.m.(deg) 113.9 0.31(4) 113.6 0.46(5) 129.8 —0.17(6)
_ _ 121.9 0.25(8)
FIG. 2 Analyzing powers forpn — pp(‘So)w’ from this 125.7 0.20(8)
experiment (points). The partial wave amplitude fit for= 2 128.8 0.21(8)

from the solution set (set text) is the solid curve.
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TABLE Ill. Relative contributions for pn < pp('Sy)7~ It is apparent in Table Il that the CCM model with
from partial wave amplitude analysis (PWAA) of the data HME suggests a larger contribution from thg, ampli-
for I, =2; from partial wave amplitude analysis using y,qe than what we obtain. There does exist another solu-

Watson's theorem (WATSON) foi, = 1; and the coupled fi t which h | tributi but it sh
channel model with heavy meson exchange (HME) (Ref. [19]) 1on set which has a largerp, contribution, but it shares

and without (no HME) (Ref. [20]). ¢ wave represents the the samel.n, = 31 MeV solution and then grows siz-
combined contribution from thep,; andar, amplitudes. ably in ap, strength with energy. In contrast, the CCM

model'sap, strength is fairly stable. However, the other

solution cannot be ruled out as &t,, = 55 MeV there

31 MeVv is a large correlation uncertainty betweeg, and ap,
PWAA 0.36(2)  0.24(3) 0.40(2) 0.013(8)  which is reflected in the large uncertainties seen in these

WATSON 0.36(2) 0.25(4) 0.39(3) parameters. Thus, except fBr,,. = 31 MeV the relative

Solution aps asp app d wave

NOHmEAE 8'%20 %‘22% %'6;22 %‘%%22515 strengths of thers, andap, are still somewhat uncertain.
‘ ’ ' ' However, the relatively largep, strength is fixed by the
55 MeV Ano zero-crossing angle and the angle of the minimum in
PWAA 8'23(6) 8':23;(28) 8'25(23) 0060018é25) the cross section [9] data.
HME 1 . . .004 .
No HME 0.0067 0.95 0.74 0.0052 The hospitality of E. Vogt and the TRIUMF manage-

ment is acknowledged by the Tel Aviv University collab-
70 MeV orators. We thank W. Kellner and G. Sheffer for technical
PWAA 0.11(6) 0.57(9) 0.28(10)  0.041(29) support. This work was supported in part by the U.S.-

HME 0.11 0.22 0.67 0.0073 Israel Binational Science Foundation, Jerusalem, Israel
No HME 0.0029 0.24 0.74 0.0082 ! ! ’
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