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Differential Cross Section of thepn — pp(1S¢)7~ Reaction Extracted from pd — pppm™
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The double differential cross section fpr — pp('So)7~ at three beam energies has been extracted
from the quasifree procegsd — pppm . A comparison is carried out with single differential cross
section measurements féHe(7~, pn)n, where the pion is thought to be absorbed ontpa'S)
“diproton” state. A significant difference is observed in the shape of the angular distribution between
the production and absorption data. This difference is ascribed to the effects éHéhauclear
environment characterizing the absorption process; however, an adequate theoretical explanation is not
available. [S0031-9007(98)06103-1]

PACS numbers: 13.75.Cs, 25.10.+s, 25.40.Qa, 25.80.Ls

The pn — ppa~ reaction is interesting because, in ad-be distinguished by analyzing power measurements using
dition to involving the isospin one channel which permitsa polarized initial state nucleon for the pion production
the formation of an intermediaféA state, it also includes reaction pn — pp('So)7~. Pontinget al.[7] carried
the nonresonant isospin zero channel whereMidestate  out such a measurement by isolating the quasifree—
is forbidden. It is common to refer to the relevant crosspp('So)7~ reaction frompd — pppa~. Although the
sections as ther;; and o, channels (the subscripts re- measured analyzing power was in qualitative agreement
ferring to the initial and finalVN isospin state) [1]. The with one of the two Piasetzlgt al. solutions, the measured
nonresonantr,; channel can be enhanced relative to theanalyzing power had a zero crossing angle which was not
resonanto;; channel by restricting the final state protonsconsistent with the minima of the absorption cross section.
of the pn — ppmr~ reaction to &@5*!L; = 'S, state [in  This inconsistency precluded any possibility of having any
the rest of the paper, thisp('S,) state is referred to as a partial wave solution based both on thée cross section
“diproton”]. Such arestriction prevents theA transitions  and thepd — pppm~ analyzing power.
from ' D, and3F3, the two nucleon initial states that domi-  The observed discrepancy could be due either to experi-
nate thero(pp — d™) process, from contributing to the mental error or to the fact that the production process and
o1 channel. Thus, the reactigm — pp(!Sy)7~ is ex-  the absorption process are two significantly different reac-
pected to be particularly sensitive to the normally weaktions. To resolve this discrepancy, we have completed a
nonresonant pion production mechanism. more extensive measurement of thé — ppp7~ reac-

Most studies ofpn — pp(1So)7~ reactions have been tion, extracting both double differential cross sections and
carried out through théHe(7 ~, pn)n reaction in a kine- analyzing powers. The experiment was similar to that of
matical regime where the pion is absorbed onto a boun&ontinget al. [7] but with improvements in technique and
diproton [2-5]. A partial wave amplitude analysis of hardware. The data were taken at three proton beam en-
T, = 62.5 MeV *He(w ", pn)n differential cross section ergies, 353, 403, and 440 MeV corresponding tajgnof
data [3] by Piasetzket al. [6] (which included onlys-  0.66, 0.92, and 1.06, respectively, wheyg = P> /M,
and p-wave pion partial waves) yielded two distinct so- and P;. is the pion momentum in thep7~ c.m. frame.
lutions. Both solutions indicate that less than 7% of theThe cross section data are reported in this Letter. The ana-
total reaction cross section arises from absorption througlyzing power data are presented separately [8].
the singles-wave pion channel (which is the only; The experiment was conducted on the 1B beam line at
transition allowed for- and p-wave pions), thus suggest- TRIUMF. The target was an upright 5 cm diameter alu-
ing that thepn — pp('Sy)7~ reaction proceeds primar- minum cylinder containing liquid deuterium. The pions
ily through the nonresonant isospin zero channel. were detected in the TRIUMF quad-quad-dipole (QQD)

The two solutions, which differ in terms of the relative spectrometer [9] operated with its front quadrupole re-
contributions of the twgp-wave pion amplitudes, could moved. Position-sensitive information was obtained from
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four wire chambers. One chamber upstream and one =250
downstream of the quadrupole provided target traceback.

The remaining two, placed after tf1@° bend dipole, pro- 500
vided information on the momentum of the particle. QQD
events were triggered by a triple coincidence between a
start scintillator (ST), located before the first wire cham- # 150
ber, and two banks of scintillators placed after the wire
chambers following the dipole. Candidate diprotons were = 100 -
detected in d m X 1 m scintillator wall (hodoscope) [2]
located 400 cm downstream of the target, centered at an
angle of10° from the beam. The wall consisted of eight
bars, each 12.5 cm square and 1 m tall equipped with
a photomultiplier (PM) at either end. Timing was ob- 0
tained from time-to-digital converters (TDC'’s) started by B
the pion firing the ST counter and stopped by protons fir-

ing the bar PM's. Proton energy was determined by th turve is a fit to the spectrum using Gaussians for the peaks

time-of-flight obtained from the sum of the TDC's, and ynq 4 fourth order polynomial for the background. The dashed
vertical position along the bar was obtained from the dif-curves show the components. The peak at 30 MeV is events
ference between the TDC’s. Veto counters were locatedhere one proton passed through the body of the target

behind the proton bar array to reject the fast protons whiclghamber.
were able to penetrate the array. The hardware trigger re-

quired signals from at least two bars firing with no Cor'%ield using an alternative linear fit to the background was
responding veto counters, an “EXIT" counter placed ago,  The yield obtained from the fit was corrected for

the target exit window in front of the bars, and the QQD)osq of good events due to accidental fast protons firing

signal. Beam current was monitored to 4% systematic Unge associated veto counter. This correction was based
certainty with a secondary emission monitor which wasy, the veto counter rate converted to a probability that it

calibrated against a Faraday cup. Beam intensity Wagyeq for any given event. The maximum correction was
maintained between 0.1 and 0.5 nA, limited by the single;»o, \ith a possible error of 6%.

rates in the QQD wire chambers. Background measure- the \iidity of the quasifree hypothesis for pion pro-
ments were carried out with both an empty target to checgrl

vent

0 50 100
TDIF(MeV)
IG. 1. ExperimentalTy for pd — pppw~. The solid

uction from deuterium was examined by reconstructing
background from the target walls (there was none), ang,q spectator momentum distributia®s, which should

with QQD angles and magnetic field set to values incomeqagnond to that of the deuteron wave function modi-

patible with quasifree kinematics to_cheCk background;e by the acceptance of the detectors. Figure 2 shows
from the four-body reactiod(p, pppm ™) (no significant e eyperimentaPs distribution which is in good agree-
signal was detected). ment with a Monte Carlo simulation based on the Reid

In off-line analysis various cuts were imposed 044t core deuteron wave function [10]. An alternate
clean up the event sample. Cuts were placed on wire

chamber apertures, proton times-of-flight, and events
where the vertical separation in adjacent bars was 020

<10 cm. The last cut eliminated events where a pro- I
ton entered one bar and scattered into an adjacent one.

Corrections due tor — wv decays were included in 015 .
the Monte Carlo acceptance calculation. Events from
pd — pppw~ were identified by reconstructind@yg;ss, I

010 .

the energy difference between the initigl/ and final
ppp7 states. Figure 1 shows a typicBli; histogram.

It has three components, a peak near zero due to goo I
pd — pppm~ events, an additional peak at 30 MeV, © 005 |
and an underlying background. The peak near 30 MeV
is due to events where one of the protons passes through e
the body of the target chamber rather than through the °°° ;" -7 o0 50 500
window (the EXIT counter required at least one proton P (MeV/c)

to exit the window). ‘The peaks were fitted to G"juJSSIan”Iq:IG. 2. Comparison of the experimental spectator momentum

and -the backg-round to a fourth order polynomial. Thedistribution (points) with Monte Carlo simulations assuming
maximum fraction of background under the peak was 20%he spectator model (solid line) and a four-body phase space

of the peak yield, and the maximum change of the peakdashed line).

afﬁﬂrary units
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hypothesis which would yield a momentum distribution The freepn — pp 7~ differential cross section was ex-
for the “spectator” proton governed only by four-body tracted from thepd — pppa~ data using thespectator
phase space is shown as the dashed curve in Fig. 2. It wasodelwhich assumes that (1) the proton in the deuteron
found that for all spectrometer field and angle settings, thés a spectator, influencing the interaction only in terms of
experimentalPg distribution was incompatible with four- the associated Fermi motion of the bound neutron, and
body phase space suggesting that such four-body coif2) that the matrix element for quasifree pion production
tributions play a very minor role for our experimental from a bound neutron is identical to that for free pion
arrangement. production from an unbound neutron at the same two-
A cut on the relative momentum P of the two pro- body energy and momentum transfer. Both the validity
tons in thepp7 c.m. frame, AP = 75 MeV/c, was im-  of the spectator model and the calibration of the apparatus
plemented to isolate thewave diproton final state. The were checked by reconfiguring the experimental arrange-
amount of p-wave diproton contamination remaining us- ment to extract quasifrepp — d=* differential cross
ing this cut was estimated by means of a Monte Carlsections frompd — d#*n data and comparing the re-
simulation based on Handler's parametrization [11}-of sults to the well-known free differential cross sections [12].
and p-wavenp — ppm . The parametrization showed Such a comparison at several pion angles7gr= 0.66
at most a 4%p-wave diproton contamination. yielded an overall normalization error with respect to the
Ritchie parametrization [12] of3.5 = 4.9%. Thus, the
normalization error is consistent with zero and is within

80 s ey T LA ] an overall uncertainty of 10% taking2ar or 95% confi-

o 70 F ] dence level. This level of confidence should apply to the

= _ . . .

C pd — pppwm~ data if there are no additional systematic

& uncertainties involved in having an extra particle in the fi-

2 nal state.

o As the Fermi motion of the target neutron spreads the

=1 effective beam energy of the interaction over a range

% of 40 MeV at the energies investigated here, the—

o pp('So)~ data were binned into 20 MeV wide bins for
each beam energy, with only the bin centered at the cen-
tral energy retained for subsequent analysis. Data cor-
responding to the wings of the beam energy distribution

£ were discarded. The resulting double differential cross

%ﬁ sections as a function of pion c.m. anglé, for the beam

> energies of this experiment are shown in Fig. 3 and listed

= in Table I. The error bars shown in the figure and the

oF table are statistical and do not include the 10% normaliza-
= tion uncertainty.

§ Also shown in Fig. 3 are théHe(7~, pn)n single dif-

K ferential cross sections fdf,, = 37 [2], 62.5 [3], and
82.8 MeV [3] scaled in order to compare shapes with the
pion production data at 353, 403, and 440 MeV, respec-

o tively. It is seen that the production data exhibit minima

E at angless°—13° smaller than those of the absorption data,

G

oF TABLE I. dza'/de‘,de,p for pn — pp('So)m~ in units

e phb(sn~!(MeV) 2. The angled: is the 7~ production angle

1; in the pp7r~ c.m. frame.

© 7, = 0.66 n, =092 n, = 1.06

0,(deg) do  0,(deq) do  0;(deg) do

_ 49.7 4.1(0.2) 47.2  12.3(1.2) 66.3 7.6(0.6)
FIG. 3. d’a/dQ,dM;, for pn — pp('So)7~ from this ex- 64.9 3.3(0.3) 606 4.8(0.2) 805  7.8(0.5)
periment (solid squares). Also shown are the/d(); results 80.3 7.8(0.6) 77.7 6.3(0.3) 95.9 20.8(1.2)

(open diamonds) fofHe(w~, pn)n scaled to compare shapes 953  18.2(1.2) 93.7 16.3(1.1) 111.4 47.1(2.4)
with the production cross sections. The curves are CCM calcu109.7  31.3(1.6) 109.7 35.1(2.7) 126.6 71.4(2.7)
lations for production (solid) and absorption (dashed) [13] also 125.3  49.3(3.5)

scaled to compare shapes with the data.
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TABLE Il. The 5,(A1/A2) ratio for 3He(z~, pn)n (abs) and It has been suggested [13] that the relatively large
pn — pp('So)m~ (prod). Al, A2, and 1), are explained in jsospin one amplitude seen in the production data could be
the text. The errors specified are statistical and include theg|ated to the large p thresholds° production total cross
correlation errors between thel and A2 fit parameters. The - : . . .
errors do not include any normalization error because suc eCtlor,‘s' Both involve the same isospin one amplitude.
errors cancel out in the ratio. Horowitz et al. [14] have used a heavy-meson exchange

(HME) mechanism of Lee and Riska [15] to explain the

s n7(A1/A2) (ab3 n(A1/A2) (prod threshold7° production behavior. Conversely Hérnandez
0.66 —0.59(0.06) —1.00(0.03) and Oset have usedwave off-shell rescattering [16] to
0.92 —0.48(0.06) -1.08(0.04)  generate a similar explanation. The HME has been used
1.06 ~0.53(0.06) ~0.95(0.06)

by Niskanen [13] in a coupled-channels model (CCM)
calculation ofr — production, with his recent results shown
(scaled) in Fig. 3 to compare with the shapes of the

depending on the ener In order to oroperlv comparS°SS sections measured in this work. Interestingly, this
b 9 9y- property Par&alculation is similar in shape with the absorption data, but

g:)emprg:jezcg??hzngaabsowg:Sgsdaﬁhﬁségzgrd%?nsgggd %?1 earlier calculation (bound diproton) for the absorption
P Mer ; P data [13] is similar to the production data. Thus, the

atT, =30, 62.5, and 82.8 MeV, havg,’s of 0.71, 0.95, theoretical situation, at the moment, is not clear.

and 1.11, respectively. These compare quite nicely with : : :
: , In summary, the shapes of the differential cross sections
the productionn’s of 0.66, 0.92, and 1.06. Thus, the of pn — pp(1Sy)m— (pion production) ands~ (pp) —

production and absorption data should be directly compa- . LN g L ;
rable as shown. It can be demonstrated from threshold b(ffr_" (pion absorption in"He) are qualitatively different

. . : . . om each other. Theory, both in regard to the isospin
havior considerations that the ratig.(A1/A2) is constant X . . .
just above threshold, whersl andA2 are the coefficients one strength and to the absorption/production difference,

. ... Is not adequate.
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