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Inclusive measurements of thegpp—pn#* reaction at 420 and 500 MeV
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Inclusive measurements of the pion differential cross sections and analyzing powers have been carried out
for the pp—pna* reaction at 420 and 500 MeV using the SASP spectrometer at TRIUMF. Pion energies
from the onset of the continuum down to about 25 MeV were covered in the angular range from 23° to 100°
(lab). Total cross sections of 0.7%®.075 mb and 2.7%0.28 mb were determined for thep—pnw*
reaction at 420 and 500 MeV, respectively. The experimental results are presented and discussed within the
framework of a partial wave analysis. Theoretical predictions from a covariant one-boson-exchange model that
includes final state interactions, provide a good description of the data. The pion spectra, in the region
corresponding to low relativep energies, are also well described by a final state interaction model that uses
thepp—d=™ cross sections as input. Details of the determination of the background corrections and detector
efficiencies will be discussefiS0556-28189)03606-1

PACS numbd(s): 25.10+s, 21.45+v, 24.70+s

[. INTRODUCTION and analyzing powers have been made at 800 MeV. In addi-
tion, analyzing powers and spin correlations have been in-
The fundamental pion production reactioNdN—NN7  vestigated in a number of experiments in the energy range
have been much studied at intermediate energies since tli®m 420 to 1250 MeV[6]. These investigations were
meson factories came into operation nearly thirty years agastrongly motivated by the structure observed in spin-
These reactions play central roles in the nucleon-nucleon irdependent proton-proton scattering and their link to the pos-
teraction and in the interaction of a nucleon with a nucleussible existence of dibaryon resonances. In the energy range
However, the data on these reactions are far from completitom 350 to 500 MeV few cross section and analyzing power
in providing a comprehensive picture of the field. This isdata exist. A previous study reported inclusive measurements
certainly the case for thep—pn#w" reaction. Recent de- [7] of pion differential cross sections and analyzing powers
tailed measurements near threshold have become availatd¢ 400 and 450 MeV. These measurements covered a limited
for this reactior{ 1-3] that seek to explore the role sivave  pion energy range and suffered from limited statistics. Ear-
pion production. Such low-energy pion results make impordier measurements in this energy range are discussed in Refs.
tant connections to soft pion theorems and chiral perturba8—-11. A summary of the data sources in the literature on
tion theory. Other investigations involving kinematically NN— NN reactions up to about 1981 can be found in Ref.
complete measuremenfd,5] of differential cross sections [12]. In the present study inclusive measurements are pre-
sented of pion differential cross sections and analyzing pow-
ers at 420 and 500 MeV that span the pion energy region
*Present address: 120 Rothsay Avenue, Hamilton, ON, Canad&om the onset of the three-body continuum down to pion

L8M 3G1. energies as low as 25 Melab). The angular range covered
'Present address: #5-1665 Cotton Drive, Vancouver, B.C.extended from 23° to 100(lab). The internalnp excitation

Canada V5L 3V3. energies range from 0 to about 80 MeV; thus relatiye
*Deceased. angular momentum valuds, greater than O will be impor-
$pPresent address: Department of Physics, The George Washingttant. Onlyl,,=0 (neglecting the deuteroD statg contrib-

University, Washington, D.C. 20052. utes to thepp—d= ™ reaction. Contributions of these higher
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|np values in thep p—pn7" reaction will be explored in this TABLE I. Low-lying angular momentum states and partial
investigation. wave amplitudes in thep— pn=* reaction.

A more detailed knowledge of thep— pn«* reaction is
also important to further our understanding of the role of the pp system pn system

J7 S L sn lpn § L, Class Amp

primary NN— NN reactions in the two-boda(p,7")B
reactions. This is discussed by Fali3] in connection with a

phenomenological model of th&(p, 7= *)B reaction. Tn=0 1= 1 1 1 0 1 0 Ss a
Il. THEORY o 0 0 1 0 1 1 Sp g
. 2° 0 2 1 0 1 1 a,
There are several theoretical models of thsl— NN

reaction appropriate to the energy range presently of interest. 1- 1 1 1 0 1 2 sd a
Ideally, bothNN elastic scattering and single pion produc- 2= 1 1 1 0 1 2 a,
tion should be predicted by the same theoretical model. One 2= 1 3 1 0 1 2 as
such unitary model is that of Dubach, Kloet, and Silbi&d4]. 3= 1 3 1 0 1 2 ag

A basic feature of this model is the careful attention given to
two- and. three—bogjy unitarity. The prgdictions of this model o- 1 1 0o 1 1 1 Pp o
for a variety of spin observables are in moderate agreement 1- 1 1 o 1 1 1 c,
with experiment. Other groups have also dgveloped unitary - 1 1 o 1 1 1 Ca
models, notably Matsuyama and Lige]. In this model pro- - 1 3 o 1 1 1 c
vision is made for both the conventional meson exchange N
mechanisms and the possible dibaryonic excitations of six- 2+ 0 > o 1 1 2 pd o

guark states. More recently, Engstlal.[16] and Shyam and
Mosel[17] have carried out calculations within a framework
where the dynamics of the production process is described
by a covariant effective one-boson-exchange model

. ; ) . ot o0 0 1 2 1 1 D
(CEOBEM). The final state interaction effects are treated in 2% 0 9 1 2 1 1 P ;:7
the Watson-Migdal theory18]. In this model all the calcu- 8
lations are performed in a fully covariant manner. The model _
; 1 1 1 1 2 1 2 Dd ¢
incorporates the exchange af, p, o, and w mesons and _
; o . . 2 1 1 1 2 1 2 Cio
treats both nucleon and delta isobar excitations as intermedi- — 3 1 2 1 2 .
ate states. The propagation of the exchanged mesons and _ 1
3 1 3 1 2 1 2 Ciz

intermediate baryons is described by using the corresponding
covariant propagators. The parameters of the mddel-
pling constants and cutoff mas$ese determined by fitting
to theNN scattering data over a range of beam enerdié$
Predictions from this model for the cross section distribu-
tions for the current experiment at 420 and 500 MeV will be
presented. At the present time this model does not provide
predictions of the analyzing powers.

Tp=1 0O 1 1 0 0 0 0 Ss b

A common classification of these reactions is provided by Oi c o0 1 1 0 0 Ps B
their isospin decomposition according to Rosenféllj des- 220 2 1 1 2 0 b,
ignatedo;; . Herei is the isospin of the initiaNN system ~
andj is the isospin of the finallN system. The reactions that i1 1 1 1 0 1 Pp
shall concern us in the present study are o1 1 1 1 11

1~ 1 1 1 1 1 1
(@ p+p—d+at, ol 221 1 1 1 1 1
2” 1 3 1 1 1 1
(b) p+pﬂp+n+ 7T+, 0'10+0'11,
2+ 0 2 1 1 0 2 Pd
(c) p+p—p+p+7° oq;. 270 2 1 1 1 2
The two-body and three-body final states wherertpesys- 2 0 2 0 2 2 1 Dp

tem hasT=0 are indicated byr‘ljo and o9, respectively.

Much is known about$, from extensive cross section, ana-
lyzing power, and spin correlation measurements from inves- A further, more detailed, classification of the transitions
tigation of thepp—d=* reaction and its inversgl9). On  occurring in thepp— pna™ reaction is given in terms of the

the other handg g is less well known, in part because any partial wave amplitudes. An analysis of the differential cross
NN induced reaction that gives rise ¢q, is also accompa- section and analyzing power distributions to extract these
nied by o411 or og;. Thus the investigation of reactiofip)  partial wave amplitudes will be presented in Sec. V C. Table
above, involves a combination of these two isospin terms. | gives the low angular momentum states allowed in the
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FIG. 1. Momentum distributionéc.m,) for the pion differential
cross section as defined by Ed) for the transition classes given in FIG. 2. Momentum distributiongc.m) for the pion analyzing
Table I. The possible Legendre polynomial terms that modulatgpowers for the transition classes given in Table I. The possible
each of these distributions are indicated. associated Legendre polynomial terms that modulate each of these
distributions are indicated.

pp—pna? reaction. Herél',, is the isospin and,, andl ,
are the spin and orbital angular momentum of the fimal do

system, which combine to form the channel sﬁh=§pn d_pw

+ rpn. The pion orbital angular momentum is designated by
L .. The final column gives the partial wave amplitudgsn

X . . Here Q=Ty—T,, whereT, is the maximum pion kinetic
a notation which _corresponds to that of Blgnklelder andenergy andy is the pion momentum in units oh_c. The
Afnan [20] for the isoscalasy,=1 andl,,=0 final states;

, , , , expression comprises the square of the matrix element, pro-
for the isovector final states thg are the amplitudes defined portional to 72-+Q'en, and the phase space factonQ2

by Daehnick[21]. The remaining isoscalar final states are§=[m(Q+4m)]1’2/(Q+2m), andm is the mean nucleon
designated with the amplitudes. For the sake of brevity mass. The pion wave function includes the normalization
many of the partial wave amplitudes for channel sfin  factor (m_/E_)*2 Final state interactions are accounted for
=2,3 and greater have not been shown. by multiplying the above expression by the term Q/(
The shape of the pion momentum distribution is deter-+ E*). For the3S; pn nucleon stat&* is the binding en-
mined bys,,, |,n, andL,,. In particular, the final nucleon ergy of the deuterorf2.22 Me\), and for 'S, E* is the
states®S, and 'S, give rise to a pronounced final state in- energy of the antibounctbr virtual) state(0.065 Me\j.
teraction (FSI) that greatly enhances the spectrum at low Figure 1 illustrates the pion momentum distributions as
relative np energies. Following the designation used bydefined by Eq(1) for most of the transition classes given in
Rosenfeld[9], the lettersS, P, D are used to specify the Table |. These are center of magsm) distributions calcu-
orbital angular momentum statg,, ands, p, d to specify lated for 500 MeV proton bombarding energy. For conve-
the orbital angular momentum stdte . Together, these two hience and brevity, we will at times refer collectively $s
letters specify the “class” of the transition, as shown by theSp, andSdasS-class transitions, and to the othersPaslass
second last column in Table I. A general discussion of theand D-class transitions, or eveR/D-class transitions. All
anticipated contribution to the cross section of these differenthe Sclass transitions are qualitatively similar, with their
classes, based on simple physical concégépendence of pronounced enhancement at high pion momen law np
matrix element on momentum, phase space, final state inteinternal energy However, theSsclass distributions, be-
actions, etg. has been presented by Rosenfeddl Specifi- cause of the FSI, drop less rapidly with decreasing pion mo-
cally, the phenomenological pion momentum distributionmentum. The remaining transition classes, Pp, Pd, and
[9,10] can be expressed as Dp are also qualitatively similar. The c.m. momentum and

m;
chE_ 2L+ llen+ 1/2. (1)

U
En
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angular dependence of the differential cross section is given Analyzing powers, which arise from such interference
by a linear combination of the momentum distributions mul-terms between different classes, as well as from interference
tiplied by appropriate Legendre polynomial functioRs; within classes, also have associated momentum distributions
the multiplying functions that are permitted are noted in Fig.which fall into two main groups. This is illustrated in Fig. 2.

1. The expression for the cross secti@ee Sec. VCalso In parallel to that for the cross section, the expression for the
contains interference terms between the different classes 6fm. momentum and angular dependence of the analyzing
transitions. For example, there are such interference ternpower is given by a linear combination of the momentum
from theSsandSd classes. In this particular case the corre-distributions multiplied by appropriate associated Legendre
sponding shape of the momentum distribution is identical tgoolynomial functionsPﬁ; the multiplying functions that are
that for theSp transition class. More generally, interference permitted are noted in Fig. 2.

between terms in the pion angular distribution can occur only The expression for the pion angular dependence in the
if the final nucleon states are identi¢8l. This immediately pp—pn#" reaction in terms of the amplitudes defined in
rules out the possibility of interference between terms fromTable | is obtained from basic reaction thedB82] and is
opandoy;. given by

do L J o ’ n—p' 2
q0 (O Psusun=| 2 (= D'al g1 o(SuLOlIm)(S ' Lop= ' Ip)YE # (6, )[%. 2

Here ai oLs represents the partial wave amplitudas,b; , +0.53 MeV and 419.780.28+0.36 MeV. The first error
c.S andS' are the initial and final channel spins, respec-fepresents the standard deviation in the measurements, and
tively, L is the initial orbital angular momentum, ahd, the  the second the systematic error from the uncertainty in the
pion orbital angular momentum, as defined in Table I. The'eaction angle and the SASP momentum calibration.
quantization axis is in the direction of the incident proton The number of beam protoms, was measured using the
beam. Partial spin cross sections, more appropriate to th8P and a secondary emission monit¢8EM) (Refs.
present case of a transversely polarized beam, are related i123,24)), positioned upstream and downstream of the target,
simple way to the sums appearing in the above expressiomespectively. These two instruments were calibrated in pre-
The product terms of the spherical harmonics are easily revious experiments using a Faraday cup and provided inde-
interpreted in terms of the Legendre functions. Because ofendent measurements of the beam intensity. A problem was
the very large number of terms that result, the coefficients ofincovered with the SEM at very low beam intensities of
the products of the amplitudes;«|" cannot be presented ~0.1 nA; in effect, the ratio of the SEM current to the IBP
here. However, a comparison was made with the tabulatiogurrent increased at these currents by about 5%. An explana-
of Blankleider and Afnarj20] for those terms involving the tijon consistent with these observations, and later qualita-
a; amplitudes. The present formulation led to expressionsjyely verified by measurement, was the existence of an SEM
that were identical to those of RqR0] for the differential  gark current. Empirical corrections were made to account for
cross section and and the analyzing power. this. A second problem with the use of the SEM is that it is
a charge integrating device with an output rate <ofl0
pulses/s at=1 nA. Hence this device could not be used to
measure separately the proton flux for spin up and spin down
A. Polarized proton beam beam polarizations at the high spin-flip frequency of 40 Hz,
The experiment was performed in the proton hall of theSince there are insufficient pulses from the integrator for each

; eriod of spin up or spin down. Consequently, the SEM was
TRIUMF laboratory usmg_the large acceptance second a.mﬁsed to measure the total proton flux, and the IBP was used
spectromete(SASP. Polarized proton beams from the opti-

cally pumped polarized ion sourd©PPIS were extracted to determine the division of this total flux between the up and
from the TRIUMF cyclotron at energies of 500 and 420 down spin states. Several further issues related to the beam

. . . flux measurements will be discussed in a later section.
MeV, with a momentum dispersion on target of

—11 cm/%. Beam intensities ranged from approximately
0.1 to 8 nA, depending on spectrometer angle and magnetic
field setting, and the beam polarization was typically in the The target constructed for this experiment provided three
range from 70 to 75%. The beam polarizatiBrwas mea- target cells within the cryostat, one for liquid hydrogen
sured using an in-beam polarimetéBP) (Ref.[23]). (LH,), one for liquid deuterium (LB), and an empty
Energy calibration of the incident proton beam was car{dummy) cell for background measurements. In addition, a
ried out using the measured pion energies for fhe ZnS beam-viewing screen, backed with a layer of,Cias
—dn" reaction, obtained from the acceptance calibratiormounted outside of the cryostat. The actual,L&€ll con-
runs. From eleven measurements at each beam energy, thigted of two 25.4um thick stainless steel foils mounted on
latter was determined to have the values 498.8%28 a 0.5 cm thick ring, 7 cm in diameter. The absolute pressure

Ill. THE EXPERIMENT

B. Liquid hydrogen target



3212 R. G. PLEYDONet al. PRC 59

within the cell of 16.0 to 16.5 psi resulted in bulging of the 750 . . ;
foils to produce a central cell thickness of 0:98.02 cm.
Changes from one target cell to another could be accom:
plished remotely, while changes in target angle had to be
made manually.

(&)

(@)
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T

~
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C. SASP spectrometer

Pions were detected in the SASP spectrom2b}. This
spectrometer is a quadrupole-quadrupole-digQi®D) mag-
netic system with a dispersion/magnification ratio of 4.7
cm/%. It has a solid angle exceeding 12 msr, depending or
software cuts, and a momentum acceptance, expressed i
terms of the percentage momentum deviatids=[(p 100 150 200 250 300
—Po)/ Pl X100, extending well beyond the 10 and+15 % TDC Channel
design limits. Herep, is the momentum of the central tra-
jectory. Because of the relatively short flight path of about 7 FIG. 3. Particle identification spectrum showing particle energy
m it is well suited for the detection of pions. The resolutionloss in the scintillator as a function of the output of the time to
at the design maximum central momentum of 660 Mgl  digital converte(TDC). The time scale is 0.25 ns/channel. Time of
0.02 %A p/p. A detailed account of the design and operatingflight increases to the left.
parameters of the spectrometer has been presg2é¢dt is
instrumented with a front end multiwire drift chamb&EQ bend-plane coordinat® as defined in the TRANSPORT
at the entrance to the first quadrupole, and two vertical drifconvention[28], had to be applied in order to optimize the
chambergVDC1 and VDC2 and a scintillator hodoscope, resolution. Particle trajectories extrapolated back to the tar-
comprising two layers of scintillators, at the exit of the di- get position served as the basis for making cuts for the final
pole. event selection. Representative of the target distributions are

the plots of Fig. 4, showing the positioiXy) and angle §,)
D. Data recording in the spectrometer bend plane, and the positigp) @nd

. ) . - angle (#;) in the nonbend plane. Cuts were placed on these
The event trigger was defined in terms of c0|nC|dentfour variables at +3.5 cm, +100 mr, no cuts, and

events in each of the scintillator elements and the first plang_ :

. . . . *60 mr, respectively.
of VDCL By not including the FEC in the event trigger Each event was corrected for the mean energy loss in the
considerably higher beam currents could be tolerated. Pa[-

ticle identification of the pions was obtained from particle arget, corresponding to corrections of 0.5 to 2 Me\
. . X P P the pion momentum. Because of the large acceptance of
time-of-flight (with respect to the cyclotron yfand energy . . : .

) o SASP (=43 mr in the scattering plane large kinematic
loss in the focal plane scintillator.

Each foreground run with the Liarget was accompa- spread is present. A correction was thus also applied that
nied by a bagck round run with the em?(@ummw cell Iﬁ shifted the momentum valugreserving the samep invari-
y 9 " . ant massto the value that would be observed at the central
order to cover the full momentum range of the outgoing

pions from thepp— pna reaction up to five momentum scattering angle of the spectrometer. Figure 5 shows a mo-

. . . mentum spectrum taken at an angle of 24° and 420 MeV, for

settings of the spectrometer were required. The highest mag- . : . T
. .. a field setting that includes the peak from the—dmw

mentum setting for each angle was always chosen to position

the peak from th@p—d=™" reaction atd~12%, where the

300 |

Energy Loss in Scintillator

150 |

. . 25000 T T T T 2000
acceptance of the spectrometer was still close to unity. The ]
cross sections from this reaction were used for monitoring ~ ***°[ 1500
and normalization of the data. 15000 | w00 |
10000 [
IV. ANALYSIS 5000 4 %o
A. Data reduction -'2 %% “¢ 2 o 2 4 & 200 -0 (c; 1)60 200
. 3 X; (em) 8, (mrad
The event-recorded data were analyzed with the progranms 0, o 5000 , , :
NOVA [27]. Pion events were selected on the basis of their  wo00 | * 4000 -
energy loss in the scintillator and time-of-fligifOF) Eggg [ ]
through the spectrometer. An example of this event selectior ..o [ 17
is shown in Fig. 3, where well defined groups of pions and 6000 | 1 2000 ¢
muons are identified. In some cases the TOF did not separat ;ggg I ] w00}
the two groups adequately and other means had to be used 1 ol . . o . . .
. . . - : -6 -4 -2 0 2 4 6 -200 -100 0 100 200
effect the separation. This will be discussed in Sec. IV B. Y. (cm) 4. (mrad)

The large intensity of the muon group, relative to that of the

pion group, will also be addressed there. The wire chamber FIG. 4. Reconstructed pion trajectories at the target position
information from the FEC and VDC'’s was used to recon-showing the positionX;) and angle ¢;) in the spectrometer bend
struct the particle trajectories. Aberration corrections in theplane and the positionY() and angle ¢;) in the nonbend plane.
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102 LI L LB L L L L L L L L L B ﬂWZEX[{(—mWCXLeﬁ)/(TCXpT,)].

Hererc=7.804 m, is the pion decay length. Because of the
large acceptance of SASP this effective length depends on
the central momentum setting of the magnet and on the focal
- . plane position of the event. For central trajectorieg; var-

ied from 7.6 m at 300 MeW to 8.3 m at 80 MeVe¢.

- The acceptance of the SASP spectrometer as a function of
] the percentage momentum deviatiérwas calibrated using

3.

pions from thepp—d=* reaction. Pion decay corrections,
as well as all the other corrections made in the cross section
calculations(discussed beloyy were applied.

In order to adequately account for the large variations in
esasp and 7, associated with different events, the quantity
1/(espspm ), Was calculated and stored for each event. This
event weight thus represents the yield information normal-
ized for the relative spectrometer acceptance and the pion
survival fraction.

The spin-dependent differential cross section for a given
momentum interval was calculated according to the expres-
sion

d’s/dQ dp_ [ub/(sr MeV/c)]

10-1 IIIIIIIII|IIIIII|II|!IIIIIII

140 150 160 170 180 190 200 d?a/dQ ,dp,=N_ /[ nchmiveNpN:AQ Ap,].

P, (MeV/c) HereN , is the number of events, normalized for the relative

FIG. 5. Pion momentum spectrum taken at 420 MeV and 45c,.spectrometer acceptance and the pion survival fraction, as

The three-body continuum begins 2.5 MeMselow the two-body discussed above, ard, and N, are the nur_nberzof incident
peak. protons and the number of target nuclei per-cmespec-

tively. The solid angle is given b} . and the pion mo-
mentum interval i\ p .. This expression applies to the total,
reaction. The resolution is 1.1 Me¥/(FWHM), which is  gpin up or spin down cross section, according to the selected
nearly adequate to effect a clean separation between the twgmput quantities. The background subtracted cross section

body peak and the onset of the continuum. was next calculated
A composite wire chamber efficiency was determined as
the ratio of the number of events where each of the chambers d?0/dQ dp,=d?c/dQ dp,(LH,)

(FEC and VDC'$ had one, and only one, properly decoded
track, to the number of events identified as pions, together

with a hit in one of the planes of the FEC. The VDC effi- Denoting the differential cross section of the above ex-

ciency results were tested by further calculations where Var'f)ression simply by, for brevity, the spin averaged differ-

ous combinations of 2, 3, and 4 VDC planes were conS|d-ential cross section is given by

ered. These showed the variations expected due to the

—d?0/dQ dp,.(dummy).

correlations in the hit patterns for adjacent planes, but the [P(L)a(1)+P(1)o(])]

veracity of the composite values as defined above was con- o= [P+ P(D]

firmed. The errore,, in the calculated efficiencycy, is

given by[29] Here? and| refer to the spin up and spin down direction of

the incident beam polarization, respectively. The analyzing

. - [1ch(1— nch) power is given by the expression
ch N !

o loh=o)]
TP a(D+P(Da(D]’

whereN is the number of times the efficiency condition is
evaluated.

The computer livetime was defined gg,=latch/event,
where event is the number of events satisfying the trigger Pion decay corrections discussed previously account for
condition and latch is the number of events processed by thie loss of pion flux because of the8 m distance between
detector electronics. The error in this quantity is definedthe target and the scintillator hodoscope. Two other problems
similarly to the error inycy, above. related to pion decay were identified in this experiment. The

Corrections to the measured pion flux to account for thdirst is related to the measurement of a low cross section
decay of pions in the spectrometer system were investigatecbntinuum in the presence of a large flux of pions in the
in a Monte Carlo study. This study yielded an effective spectarget region. For example, at 500 MeV and a spectrometer
trometer length_ ¢, from which the pion survival probabil- angle of 24°, pions from th@p—d=" reaction and the
ity », was calculated using the expression early part of the continuum from thep—pnz* reaction,

B. Pion decay and muon background
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FIG. 6. Measured muon spectra, together with the Monte Carlo ) ‘e LR b
predictions(solid line), (a) 420 MeV, 55°,(b) 420 MeV, 75°,(c) . _"".-\.Jv_'_"_::; e 1
500 MeV, 24°,(d) 500 MeV, 85°. _05 [ ) ;
have momenta of~290 MeV/c and give rise to decay 10 L1 CL I R
muons with momenta of 160 to 300 Med//These muons 50 100 150 200 250 300
are strongly focussed in the direction of the original pion p, (MeV/c)

velocity. While the flux of muons at the higher momentum is )
flux, this is not the case for the 160 Ma¥muons, where the muon background for 500 MeV and 24°.
the pion continuum cross section is already much lower. Fur-

thermore, the muons, with their 2.2s lifetime suffer neg- pion center of mass frame. The positive analyzing power of
ligible decay, unlike the pions. thepp—d=™ reaction is reflected in the bump Ay, at this

A second Monte Carlo study was undertaken to investiSame momentum. The corrected analyzing power is given by

gate the transport of muons, generated between the target A —o A

and the entrance of the spectrometer, to the top end detection A=Tmm Tule

system. The pion flux generated at the target was modeled Om~— 0y

from the currently measurepp—d=" and pp—pnz*

cross sections. Fortunately, in some of the continuum meawhereo, is the measured unpolarized cross sectigp the
surements good TOF separation between pions and muomnsuon unpolarized cross section, ahd, A,,, andA , are the
was achieved, and these could be used to test the Montmrrected, measured, and muon background analyzing pow-
Carlo predictions. In Fig. 6 several such comparisons beers, respectively. For this particular angle the correction
tween the measured and predicted muon spectra are preeems to be underestimated, since the corrected spectrum for
sented. The agreement is not uniformly good, which is nothe analyzing power still exhibits a slight bump at
too surprising since the muon-generating pion flux, and its<160 MeV/c.

transport through the system, could be modeled only ap- A second effect of pion decay is the presence of long tails
proximately. However, while the intensity of the muon spec-at the base of the approximately Gaussian momentum re-
trum was subject to considerable uncertainty, the calculatedponse function of the system. The main Gaussian compo-
shape was judged to be much more reliable. In addition, theent had a typical widthfull width at half maximum
degree of separation of the muons from the pions had to béWHM)] of about 2 MeVt for 300 MeV/c pions, most
estimated in the pion identification spectrum, before the subef which is contributed by the energy loss spread in the tar-
traction could be made. Consequently, the calculated muoget. Tails on this peak arise from decay muons that have
spectrum was normalized to the experimental muon speanomenta and directions very close to those of the originating
trum and a 30% error included in the subtraction. Figure 7pions and are sufficiently similar in their TOF that they
shows the complete momentum distribution of the differen-cannot be distinguished from pions. Assuming symmetry, the
tial cross section and analyzing power for 500 MeV and 24%ail on the low-momentum side of thep—d=" reaction
before and after correction for the muon background. Sinc@eak was approximated by the measured tail on the high-
the muons have a 2.2s half life the calculated muon spec- momentum side of the peak, and directly subtracted. The
trum was divided by the pion survival fraction before carry- strength of this tail and the effect of subtraction from the
ing out the subtraction. The bump which appears atontinuum is shown in Fig. 8; typically these tails repre-
~160 MeV/c arises from the decay of pions from tipgg  sente& a 2 to 15 %background in the region where the con-
—da™ reaction, where the muon is produced at 180° in thetinuum was at its maximum. Finally, a response function for
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_deconvolunon_of the continuum. This deconvolution _resulted 80 120 160 200 240
in the subtraction of a nearly linear background varying from MeV/
6 to 13 % of the measured spectrum over the range from 8. P, (Mev/c)

t0 300 MeVk. FIG. 9. Differential cross section distributions for thgp

—pn7* reaction at 420 MeV. The errors shown on the data points
C. Results are the statistical errors only. The solid line is a fit to the data

The experimental distributions of the differential crossaccor.d'ng to Eq(6). The dashed line is a calculation from the
covariant one-boson-exchange model that includes FSI effects. The

sections and analyzing POWErsS, after corrections for th_%ot-dash line is a calculation without FSI effects.
above effects, are shown in Figs. 9—12. The curves shown in

these figures will be discussed in Secs. V and VI. An evalu-, . - . .

) o ¥ . first quantity. In addition, statistical errors arising from the

ation of the normalization uncertainties and the errors in the : . X

. ) . . muon subtraction, the subtraction of the tails on the peak,

data is presented in the following section. Here we make

several observations about the data, insights for which b and finally the deconvolution, were added in quadrature to

. : - ; he above. In Figs. 9—12 these combined statistical errors are
came apparent during detailed fitting and the extraction oL own
the partial wave amplitudes. At 420 MeV and 25.1°, as '
shown in Fig. 9, data from the highest momentum spectrom-
eter bite does not match smoothly with the data from the
second bite in the region of175 MeV/c. The problem The solid angle of the SASP spectrometer depends in a
seemed to be with the highest momentum bite data in theomplex way upon the cuts applied to the reconstructed par-
region~173-190 MeV¢t. Fortunately, the number of such ticle trajectories. Generous cuts were used in the current ex-
data points is relatively small compared with the much largeiperiment and this, together with the experience of earlier
number near the peak. The outcome of the analysis was netudies, led to an estimation of the solid angle &f)
strongly influenced by these points. At the same energy anet 13.5-4% msr. Target thickness uncertainty, noted in
at 34.9° the cross section over most of the pion momentun®ec. Il B, contributed a=2% error, and the target angle
range was considerably larger than that of any plausible fiincertainty,*=1%. Normalization of the pion yield to ac-
subsequently made; these data were considered to be unretbunt for the SASP acceptance and the pion survival frac-
able and were omitted from the fitting procedure. Whethetion, as expressed througlaspand 7. (Sec. Il A), contrib-
the problem with these data is a result of muon contaminauted a* 3% error. From the experimental calibration data of
tion, which was not properly accounted for in the back-the SEM and IBP the estimated error in the proton flux mea-
ground subtraction procedure, or some other effect, remainsurement is+ 2% for each device. For the IBP this does not
unclear. include the uncertainty in the thickness of the Obblarim-
eter target; the latter is difficult to establish, given the large
D. Normalization and errors variations in density that characterize commercially available
CH, foils. For this reason the SEM was used for the absolute
proton flux measurement. Combining the above errors yields
Statistical uncertainties were calculated for all the quanti-a normalization uncertainty from these sources in the cross
ties that enter the expressions for the cross sections and arsection data of-6%.
lyzing powerd N, nch, 7ives Np, P(T), andP(])]. Typi- However, through the use of two different Hbils in
cally these errors were very small in all, except possibly thehe IBP at each of the two beam energies it was established

2. Systematic errors

1. Statistical errors
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according to Eq.6). The dashed line is a calculation from the
covariant one-boson-exchange model that includes FSI effects. The P, (Mev/c)

dot-dash line is a calculation without FSI effects. The 55° and 100°

data were taken without the FEC and are subject to an additional FIG. 11. Analyzing power distributions for thgp—pnz™ re-

10% normalization uncertainty. action at 420 MeV. Errors shown on the data points are the statis-
tical errors only. The solid line is a fit to the data according to Eq.

that there was an internal inconsistency of about 6% in thé7). The dashed line is an application of the FSI prediction accord-

proton flux measurements at the two energies. If it is asing to Eq.(8).

sumed that the IBP gives the correct relative proton flux

(since it depends on the well knowmp elastic cross sec-

tion), then the total charge measured by the SEM-%

low at 420 MeV, relative to that at 500 MeV. Calculated

cross sections at 420 MeV will be correspondingly high by

this amount. In anticipation of thep—d=" reaction re-

sults, discussed below, all the 420 MeV cross section dat,

were reduced by 6%.

pp—dm* cross sections with those afaiD are thus well
within the bounds of the normalization uncertainty-06%.

Also shown in this table, under the heading PPID, are
values for thepp—da* reaction calculated from a param-
etrization of the Bugg amplitudg4.9] as discussed in Falk
f‘lS] These also are in good agreement with betp and
the current experimental measurements, and are used in the
final state interaction model calculations described in the fol-

. . _ lowing section.
A measurement of the differential cross section and ana-

lyzing power of thepp—d=™" reaction was automatically
included at each of the angles for which measurements of the
pp—pna* reaction were carried out. These measurements In addition to the normalization uncertainty of 6% appli-
provided important checks on the data extraction procedurezable to thepp—d=™ reaction, several further normaliza-
and ultimately on the cross section normalization and beartion uncertainties apply to thpp—pnz™ reaction. These
polarization. The results are shown in Table Il, together witharise from the uncertainty in the muon backgrournd6@s)

the accepted values obtained fremiD [30]. Only the statis- and the uncertainty in the subtraction of the tails on the peak
tical errors are indicated for the measured data. As explaineand the deconvolution#59%). Adding these quantities re-
above, the 420 MeV cross section data have been reduced bylts in a normalization uncertainty of 10% for thepp

6%. The agreement of the measured and accepted values efpnz* reaction data.

the analyzing powers is very good at both energies, with A comparison of the present data with the data from Ref.
differences typically about 0.01. The cross sections at 5007] was made by plotting the peak cross sections as a func-
MeV tend to be lower than theaiD values by 0.81.9%, tion of the pion lab angles. Since the energies for the present
while at 420 MeV the cross sections are higher tharstkie measurements are 420 and 500 MeV, vs 400 and 450 MeV
values by 1.6 2.8%. The overall agreement of the measuredor the earlier ones, only a general observation can be made:

3. pp—da* reaction results

4. pp—pnz™ reaction results
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0.3 Here o= Vme, wherem is the average nucleon massjs
g-g the deuteron binding energy, aads the uncouple&-wave
_0:6 triplet phase shift at relative momentumThe basis for this
0.3 relationship is the observation that when a scattering wave
0.0 function is extrapolated to the bound state pole, the result is
—0.3 proportional to the bound state wave function. Hence for
‘8:? Swave proton-neutron scattering
0.0 —
-0.3 3 45.0° 2 2
3 7 a(ke+af) .
63 lim {— — e'%&“’(r)] =ga(r). @
0.0 k—»lat
-0.3 jixil"ll!a..ha..‘.,.........-J-""""‘!W‘s5.o*'
& —g.g By introducing the phase space factors for the two- and

three-body final states into the expressions for the respective

0.0 . . : . :
o3 M,,??a"" o cross sections, and making several kinematic approxima-

—0.6 i tions, they obtain
0.3
0.0 W - X
-0.3 75.2° d°o o~ p(x) \/;
-08 dadx PP P )= 0 2t D)
0.0 prpae do
-0.3 85.1° X——=(pp—dm"). )
06 dq ‘PP
0.3
0.0 —htrrer?® _ o _
—0.3 100.0° The internal excitation energy of tmzozsystemQ is related
-0.65 0 5 60 520 <50 to x through the expression=Q/e=k“/me. In the overall

c.m. frame,p(x) is the momentum of the pion in thep
P, (MeV/c) —pnz* reaction andp(—1) the momentum of the pion in
" . "
FIG. 12. Analyzing power distributions for thep—pna* re- thepp—d=™ reaction. These quantities are eyaluated at the
same c.m. energy, hence the same bombarding energy.

action at 500 MeV. Errors shown on the data points are the statis- Imolicit in the ab Ivsis is that th h b
tical errors only. The solid line is a fit to the data according to Eq. mplicit in tn€ above analysis IS that th€ guantum numbers

(7). The dashed line is an application of the FSI prediction accord-Of thenp pair are the same' a,s those of .th(.a deuteror), nqr_nely,
ing to Eq.(8). S=1 andT=0. These restrlctlons_ thus limit the applicability
of the model to ther;y cross section, and onlyn Swaves.
the two data sets appear entirely consistent in terms of thBoudard et al. [31] have applied the above model to the
magnitudes and the angular dependence of the peak croggss section data of tigp— pn=* reaction at 400 and 450
sections. MeV (Ref.[7]). Within the limited rangg) <20 MeV of the
data, and the rather large statistical errors, very good agree-
V. COMPARISON WITH MODEL CALCULATIONS ment was observed.

A. Final state interaction model We have used this model and carried out a simultaneous

While th f th . for th fit to the present data at all angles over a small range of
lle the agreement of the present experiment for &,y qjiation energy. Since the;; cross section is already sig-

+ 4 . )
pp%d”. reaction cross sections with e_xp_ected values Shificant, even at 420 MeV, this contribution was first sub-
very satisfactory, as discussed above, this is not necessarlgyacted from the experimental data. The details on dhe
sufficient confirmation for the veracity of thep—pnz* ' p

. , o . cross section are given in Sec. VB. The independent cross
reaction cross sections. This is so because of the continuu@), wtion data for thep—dm* reaction that was used in this
nature of the latter reaction and the smallness of the Cros@omparison was obtained from the parametrization PPID, as
section. An independent assessment of the cross section Negfie in connection with Table II. Results of this fitting pro-
the onset of the continuum can be made through a comparkaqure are shown in Figs. 13 and 14, at 420 MeV and 500
Ison with the two-bodypp—d=™" reaction as described be- MeV, respectively. They? values (per aegree of freedom
ow. for the fits were 3.0 and 4.2, with absolute normalizations

: . . '
For r(_aachuons such P ﬁ(pr;))fr awhere t|r|1ere ISa f|8al defined asre,,/oy,) of 0.98 and 0.96, at 420 MeV and 500
(pn) pair that can remain in a bound, as well as an unboun eV, respectively. Primarily, the largg? values appear to

state, Boudaret al. [31] _have shown that a simple relation- arise from differences in the angular distributions between
ship connects the amphtude_s for the two processes. The e experimental data and the inpp—d=* reaction val-
pression of this relationship is ues. It should be noted that the steeply rising portion of the
curves were not included in the fit. Also, for the 55° spec-
— e "M(pp—dn). trum at 500 MeV, where the FEC chamber data were miss-
oy (K2 + af) ing, a shift in the momentum scale of a few MeVis ap-
(3) parent between the experimental data and the calculated

. 2mm
M(pp—{np}7’)=—
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TABLE II. Experimental values of thgp—d=™* differential cross sections and analyzing powers, to-
gether with the predictions PPID asdiD. The cross sections are given in the lab frame. Statistical errors
only are shown; the overall normalization uncertainty-i§ %.

T, Ot do/dQ (ublsr) Ano
(MeV) (deg Exp PPID*  saD” Exp PPID? SAID®
500 23.6 670.%3.3 695.0 698.3 0.2860.006 0.239 0.262
35.0 370.%1.5 377.1 377.1 0.2390.005 0.202 0.230
45.0 201.41.4 204.3 202.8 0.1240.009 0.084 0.103
55.0 130.6 128.8 —0.013+0.007 —0.027 —0.027
65.1 114.405 116.3 115.0 0.0160.005 —0.002 —0.004
75.2 122.8-0.5 124.3 123.8 0.1640.004 0.083 0.089
85.1 136.30.7 133.0 132.9 0.1640.007 0.141 0.154
100.0 133.6 134.0 0.2120.006 0.173 0.186
420 25.1 298.90.9 292.3 297.0 0.0730.003 0.058 0.079
34.9 182.10.8 169.0 171.9 —0.013+0.004 —0.031 —0.007
45.0 93.6:0.5 93.9 92.4 —0.184+0.007 —0.209 —0.199
55.0 61.4-0.5 63.2 60.2 —0.349+0.008 —0.344 —0.367
65.1 58.10.3 56.9 55.3 —0.317+0.006 —0.294 —0.307
75.1 58.9:0.2 59.5 59.7 —0.164+0.005 —-0.167 —-0.162
85.1 63.2:0.2 62.1 63.3 —0.071+0.004 —-0.071 —0.059
100.0 60.4 61.4 0.0060.006 0.002 0.014

8From the parametrization discussed in HéaB].
From phase shift solution SP94 of RE30].

curve. Nevertheless, given that the calculation represents aveV is much lower. Values for b of 0.054 and 0.041 were
absolute independent assessment of the cross section, theed at 420 and 500 MeV, respectively.

agreement is very good. The shapes of the c.m. pion momentum distributions were
modelled from the ones given in thep— ppx° study, as
expressed by Eq(l). These are nearly symmetrical bell-
shaped functions, dropping to zero at the minimum and

An estimate of the pion production cross sections definednaximum pion momentum. Final state interaction effects at
in the introduction can be obtained from the isospin decomthe maximum pion momentum appear to be quite small
position parametrization of VerWest and Arn2]. For  above 400 MeV.
ggo, 019, andoy; the valuegin ub) are 1047, 704, and 120, From the complete specification of the c.m. differential
respectively, at 420 MeV, and 2224, 1945, and 494, respe@ross section for ther;; term, laboratory pion momentum
tively, at 500 MeV. Thus, while ther;; cross sections are distributions were generated for each of the angles of the
considerably smaller than the,, cross sections, they are not Pp—pn7 " reaction study. These results did, indeed, indi-
negligible. Moreover, the c.m. angular distribution of the dif- cate that thery; term makes a large relative contribution to
ferential cross section corresponding to thg term is quite  the spectrum, particularly for c.m. angles around 90°.
different from that for theoy term, and this may have a
large effect on the shape of the pion momentum distributions C. Partial wave amplitude analysis
in the laboratory frame.

Experimental data on the;; cross section is available
through a number of studies, and particularly the study of th
pp— ppm° reaction[33]. In the common form in which this d?o
differential cross section is generally expressed d() o« 2 4Wﬂ(9w,pw)=2 A,f(pr)Pi(cosb,). (6)
+bcogd, b~0.05 with a large uncertainty, and approxi- 0Px &
mately constant from 400 to 700 MeV. The energy depen-
dence of oy, deduced in thepp—ppn? reaction study The symboly on the pion momentum distribution function
can not be used directly in thgp— pn= ™ reaction, because f.(p,) labels the transition clager classesthat are repre-
of the difference in the masses®f and#PC. It is reasonable sented in the distributiofsee Fig. 1 Each of these momen-
to assume that the cross sections will be approximately equalim distribution functions was normalized to unity, namely,
at the same c.m. pion momenta. In this mannerdathecross  [f.(p,)dp,=1. The A,; comprise bilinear sums of the
sections at 420 and 500 MeV in thgp—pn7" reaction  products of the partial wave amplitudes Re¢;') defined in
were estimated to have values of 69 and 508, respec- Table I. In addition, they include all the angular momentum
tively. The latter value is in good agreement with the Ver-coupling terms that arise from E(R). These quantities are
West and Arndt value quoted above, while the one for 42@reated as the unknowns in the fitting procedure and their

B. Contribution of o,

The formalism introduced in Sec. Il leads to the following
eexpression for the c.m. pion differential cross section:
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FIG. 14. As above, for 500 MeV. The 55° and 100° data were
taken without the FEC and are subject to an additional 10% nor-
malization uncertainty.

FIG. 13. Final state interaction fits according to E§). to the
peak region of the momentum distributions at 420 MeV.

values extracted from the data. Knowledge of g thus 1. Cross sections

provides a measure of the strength of a particular class of gqp, fits to the cross section distributions are shown by
transitions. However, thg strength of the individual ampl"the solid lines in Figs. 9 and 10 for 420 and 500 MeV,
tudes(or product of amplitudeswithin a given class of ran-  ogpactively. With the exception of the high momentum part
sitions, cannot be .determlr)ed from this procgdgre, SINCRf the 25.1° spectrum and the 34.9° spectrum at 420 MeV
Fhere is msufﬁmgnt information avaylable. Ina §|m!Iar fash- (as explained in Sec. IViQhese curves represent generally
ion the expression for the analyzing power distribution isqqq fits to the data over the whole momentum ranges for all
given by the angles. Nevertheless, ty@ values(per degree of free-
dom) for these fits was unusually high at5. A likely ex-
planation for this lies in the difficulty of representing the
SASP acceptance and pion decay correction over the very
wide acceptance of the spectrometer. Despite the calibrations
and modeling of these effects the data at the ends of a given
momentum bite did not always match smoothly with the ad-
jacent bites. The contribution to the because of such mis-
matching is large. By adding a 3% error to each data point
thesey? were reduced to values less than 2.

What is well established from the fitting procedure are the

4 do A
WM(ew Yp’ﬂ) NO( 011' 7p’7T)

=; B.i9,(p,)P(cosd,), 7

where theB,, comprise bilinear sums of the products of the
partial wave amplitudes Inax(iaj*), andg,(p,) is the mo-  overall coefficientsAi== A, i.e., the coefficients of the
mentum distribution functioisee Fig. 2 Legendre polynomials. The results are given in Table I, and

Since an experimental pion momentum distribution at arepresent an average over a humber of fits where different
fixed laboratory angle represents a wide range of c.m. angle&put assumptions and constraints were used. Of the two sets
it was most convenient to transform the theoretical distribu-of results shown for 420 MeV, the first one does not include
tions, represented by Eq$6) and (7), to the laboratory aP, term in the fitting procedure. The second fit shows that
frame, rather than to transform the experimental data to thincluding aP, term alters theP, term about 10%. Only the
c.m. frame. The laboratory theoretical functions were therfitting errors are shown in the table; not included is the over-
used in a fit to the experimental data for all the angles simulall data normalization uncertainty. The total cross section is
taneously to extract, first th&,,, and subsequently thg,, . given by the coefficient oP,. Since theo 1, cross section
Typically these fits involved about 200 data points at 420was first subtracted before the fitting procedure was carried
MeV and about 350 data points at 500 MeV. out, the coefficients of 681 and 2266b represent therg
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TABLE ll. Coefficients A;=%,A,; (ub) in the Legendre Table IV also shows the associated Legendre polynomial
polynomial expansiorP, of the differential cross section for the coefficients for thepp—d#™ reaction. These were once
pp—pnm" reaction. again obtained from the paramterization PPID, and evaluated

at the bombarding energies of 420 and 500 MeV. A simple
Po P2 Pa comparison between the reactions cannot be made in this
420 MeV 665+ 7 539+ 8 a case because the analyzing power is very sensitive to any
681+ 11 604+ 42 71+ 10 ?ddlitignal te][ms that arr]e presegt in lpg:)pm;{r refaction
+ including, of course, the contribution of;;). Thus, for ex-
1047 1147 43 Pp—dm ample, thePi term at 500 MeV has opposite signs for the
500 MeV 9966:0  2103:42  6RE53 _ppﬁpm# andpp—dnw* reactions. This is not too surpris-
2300 2437 107 pp—dm ing since, for thepp—d=* reaction, contributions from the

terms Im@,;a3) and Im(@,a3) are both large and of oppo-
ap, term not included in this fit. site sign.

total cross sections. As noted in Sec. V B the formulation of o

VerWest and Arndf32] gives values of 704 and 194&b, 3. Contribution of F/D-class terms

respectively. TheP, coefficients are poorly established; at  The coefficients presented in Tables Il and IV summarize

both energies the improvement in té obtained by includ- the primary results of the present experiment for the

ing aP, term was negligible. —pns™ reaction. Fortunately, additional information, while
Also shown in Table Il are comparison results for the not at the individual amplitude level, but at the level of the

pp—dm ™ reaction. These were obtained from the parametricontribution of the different transition classes, can be ob-

zation PPID, discussed in Sec. IV D 3, evaluated at the samined. Because the momentum distribution functions fall

bombarding energy of 420 and 500 MeV. Thg and P, into two main groups, as noted in connection with Figs. 1

coefficients are observed to be comparable for both reactiorend 2, with each group comprising a different set of the

and for both energies. This reflects the dominance ofathe transition classes, the contribution of each to the cross sec-

resonant amplitude. The presence of this amplitude alongon and analyzing powers can be assessed. However, since

leads to equaP, and P, coefficients. these groups of functions do not form an orthogonal set, the
_ uncertainties in determining the contribution of each is much
2. Analyzing powers greater. This information was already contained in the earlier

Fits to the analyzing power distributions are shown by the2nalysis and is now presented in Tables V and V.
solid lines in Figs. 11 and 12 for 420 and 500 MeV, respec- We first discuss the cross section results in Table V. Two

tively. Unlike the situation for the cross section distributions,columns appear under each of the headiRgand P, rep-
here no subtraction for the;; analyzing powers was first rgsentmg the further brqudown into different fser of transi-
made to the data; these analyzing powers are only poorf{jon classes. The coefficienty represent a limited sum
established33]. Consequently the fits represent results forover y of the A,;. Thus the second column labeless

the measured experimental analyzing powers, comprising” SpP+ Sdrepresents contributions, expressed in terms of the
010 and oy, Equation(7) requires cross section input data; amplitudes of Table I, froniag|?,|ay|?,|a,|% [ag|?, etc.; the

the fitted results from the above sectigncluding o-;;) were  fourth column labeled p+ Sdrepresents contributions from
used for this. These fits, using only the statistical uncertaintaz|? . . .|ag|>, Re@ya3), and Re@,a}). Hence, the first
ties in the data points, resulted yf values close to unity. column under each of the Legendre polynomial headings in-
The extracted coefficients of the associated Legendre polycludes the transition classes where e orbital angular
nomials are given in Table IV. Once again, the table entriesnomentum state ik,,=0. For convenience we will refer to
represent an average over a number of fits where differethese collectively as-class transitions. The second column
input assumptions and constraints were used. Of the two setsider each of the Legendre polynomial headings contains all
of results shown for 420 MeV, the first used orfyclass  the remaining terms fok,,=1,2. Collectively these will be
terms in the fit. The difference between it and the secondeferred to asP/D-class transitions. Practically, the fitting
entry suggests th&/D-class terms are not important at 420 was limited toPp+ Pd+Dp in this category, as the table
MeV. indicates. Furthermore, possible cross terms of the type

TABLE IV. CoefficientsBj==,B,; (ub) in the associated Legendre polynomial expan$iprof the
analyzing power for th@ p—pn#™ reaction.

Pi P: P3 Pl
420 MeV —138.6+3.0 14.8-3.6 26.8-1.5 —3.8+1.2 a
—143.1+1.5 14.7:1.3 21.6-1.1 —3.1+1.2
-84.3 23.7 56.2 2.1 pp—dmt
500 MeV —259.2+4.8 33.1-3.8 172.6:2.2 —3.3-08
318.6 60.2 228.3 11.9 pp—dmt

8S-class only terms included in fit.
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TABLE V. CoefficientsAr, (ub) in the Legendre polynomial expansiéh of the differential cross
section for thepp—pnz* reaction.

Po P,
Sst+Sp+Sd Pp+Pd+Dp Spt+Sd Pp+Pd+Dp
420 MeV 665+-7 539+ 8 a
673+ 10 10+ 15 576+38 38+57
500 MeV 202726 239+19 1967510 182+ 510

aS-class only terms in this fit.

SsDs SsDd SpDp SdDs andSdDdthat appear in the experiment. The equivalent formulation is obtained by a
expression for the cross section were not included in thenodification of the FSI calculation, Ed5), that now be-
fitting procedure. Doing so would have resulted in a functioncomes

set that was much too large, leading to results that could not

be interpreted. A meaningful division of the, term into d’o 4

Sclass andP/D-class terms could not be made. The first dex(ppH{np}W )

entry in Table V for 420 MeV shows a fit usirclass terms

only. Comparing this result with the second entry that uses _P(=1) E(x) VX do N
both S-class and®/D-class terms suggests tiatlass terms T P(x) E(—1)2m(x+1) d—Q(pp—>d7r )-
alone are sufficient at this energy. On the other hand, at 500

MeV the P/D-class terms are important, although not very ®

large, in theP, coefficient. Large uncertainties are associ-
ated with the two terms that make up tRe coefficient.

A similar division of the coefficients of th@; for the
analyzing powers into groups involvirgclass cross terms
only, and those involvind® P-class terms, are shown in the
heading of Table VI. The first column under each of e
represents the former terms. Specifically, a term B&Sp
would include a contribution from Ina;a3), while PpPd
would include a contribution from Intpcs). The coeffi-
cientsBr, thus represent a limited sum overof the B, .
The table shows that at 420 MeV the n8rclass terms are

Here P and E are the c.m. incident proton momentum and
energy. The two reactions are now evaluated at quite differ-
ent c.m. energies, except whéhis small. This expression
should be a good approximation, to the extent that the final
pn state is3S;. Applying this expression to the calculation
of the analyzing powers leads to the results shown by the
dashed lines in Figs. 11 and 12. With the exception of the
more forward angles the analyzing powers are surprisingly
well represented by Eq@8). Even for the forward angles

generally small, with significant uncertainties. This is consisNere is good agreement in the vicinity of the highest pion

tent with the observation for the cross section that at 426“0”?‘9“3- This Ievr(]el of agtr)egmentjer;:phats)lz;s ]Ehelclose con-
MeV S-class terms alone appear to be sufficient to describ8€ction between the two-body and three-body final states.

the data. At 500 MeV the noB-class terms are clearly im-
ortant. Indeed, usin&-class terms only resulted in a ver .
Eoor fit to the analyzi?;rg power data. y y E. Covariant one-boson-exchange model
In Sec. Il a brief description was given of a covariant

one-boson-exchange modEl6,17. Predictions from this
model for the cross section distributions are shown in Figs. 9
A phenomenological interpretation of the earlipp and 10. All the parameters used in these calculations are the
—pn=" reaction study 7] made a prediction of the analyz- same as those given in Refd6,17. The dashed lines rep-
ing powers based on the analyzing powers of fp  resent the full calculations in which FSI effects are included;
—d=™" reaction. This prediction involved calculation of the the dot-dash lines are calculations without the FSI effects.
pp—d=m" analyzing powers at the pion c.m. angle and pionThe laboratory angle information in these figures applies to
momentum observed in thep— pnx* reaction. Analyzing the experimental data; the theoretical calculations were made
powers calculated in this way were in good agreement withat 5° intervals, i.e., 25°, 30°, etc. Most notable is the large

D. Phenomenological description of the analyzing powers

TABLE VI. CoefficientsBy, (ub) in the associated Legendre polynomial expanﬁﬂ)m)f the analyzing
power for thepp— pn=z™* reaction.

P1 P P3
SsSp-SpSd PpPd SsSdSdSd PpPp SpSd PpPd

420 MeV —137x24 -7x11 2018 —11+6 35+6 —14+6

500 MeV 122+ 85 —382+40 60+ 57 —79*+13 188+7 —16*=17
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difference between the two calculations in the vicinity of the  TABLE VII. Contribution to thepp— pnw* cross sectiongb)
highest pion momenta. Without the FSI the calculationsof the amplitudes; and (g +a5).

greatly underpredict the cross sections in this region. The
general shape of the theoretical curves with the FSI follows Exp Daehnick  pp—dm*®
the shape of experimental data very wgll over most of the420 MeV a 193+5 288 78
momentum range. However, the experimental data have a

stronger angular dependence; thus while the larger angles are 20t a, A4TLes 318 907
fit rather well, at forward angles the data are quite a bit .
higher. The total cross sections given by this model are 0.68300 MeV a 193+ 14 650 55

and 2.532 mb for the energies of 420 and 500 MeV, respec- dota; 1831+14 1092 1910

tively. This compares with the experimental va!ues OfaExtrapolated from the low energy results of Daehr{i2k].
0.750+0.075 and 2.720.28 mb at these two energies, re- bcajcylated from the parametrization PPILS].

spectively.

energies can attain values as high as 50 and 85 MeV at the
VI. SUMMARY AND CONCLUSIONS lowest measured pion energies, for bombarding energies of
420 and 500 MeV, respectively. Thus it is not surprising that
Differential cross sections and analyzing powers havehere should be contributions from transitions involving
been measured for thep—pnw" reaction over the pion >0. Perhaps surprising is the observation that such contri-
angular range from 24° to 10Q%ab) at 420 and 500 MeV. butions appear to be so small at 420 MeV.
The inclusive measurements in this single arm experiment The shapes of the pion momentum distribution functions
covered pion(lab) energies from the onset of the three bodyare quite different for th&sandSp class transitions because
continuum to energies as low as 25 MeV. The tgpgd  of FSI effects, as shown in Fig. 1. Thus for this case alone it
—pnw" reaction cross sections extracted from the analysiss possible to make some statement about the contributions to
were 0.75@0.075 and 2.720.28 mb at these two ener- the cross section of the individual amplitudags and a,
gies, respectively. These values include the contributions of-a,. Table VIl indicates these contributions as obtained
bothT=0 andT=1 final isospin state§i.e., oip ando;).  from the analysis of Sec. V C. At energies from threshold to
Values foro; could not be separately ascertained, but were330 MeV the contributions of these amplitudes has been pre-
fixed at values of 69 and 502b, respectively, deduced sented by Daehnick21]. A power law dependence of the
from the pp— pp=® reaction. The errors shown above aresquare of these amplitudes is indicatddy|?e= 5*° and
dominated by the overall normalization uncertainty of|a,|2=7*4 with the same dependence fay as fora,. Ex-
+10%. A summary of the earlier data for tipgp—pn7*  trapolating from these lower-energy data to the energies of
reaction is presented in Fig. 16 of RE2Z]. The results from 420 and 500 MeV results in the cross section contributions
this experiment are consistent with these earlier data bugshown in the second last column of Table VII. The strong
have error bars which are much smaller. Calculations frontlisagreement of these values with those from the present
the parametrization of VerWest and Arn@2] (a curve for  experiment indicates that such an extrapolation is not valid.
which is also shown in the above figiiread to values of Indeed, at these higher energies the magnitud@gf has
0.82 and 2.44 mb, respectively, at these two energies. Préeveled off, while|a,|? is increasing at a rate more rapid than
dictions from the one-boson-exchange modeith FSI) »*4 Simple phase space considerati¢8$ predict depen-
[16,17] are 0.681 and 2.532 mb for these two energies, redenciess? and »* compared with the values of 2.9 and 4.4.
spectively. Both are a bit smaller but within 10% of the Table VII also gives the contributions of these amplitudes to
results of this experiment. the pp—d= ™" reaction cross sections. For further compari-
The coefficientsAy and A, in the Legendre expansion of son we note that tha; contribution to this reaction actually
the differential cross section are well established from thedrops from 420 to 500 MeV, while for thep—pnw* reac-
present analysis, as shown in Table Ill. Howew&s,has a tion it remains constant. The; amplitude contribution
somewhat greater uncertainty because it is not independedbminates the cross section in thp— pna* reaction up to
of the value of theA, coefficient. The latter was not well 330 MeV[21], decreasing to about 7% at 500 MeV.
established in this analysis. Also of note is the fact that the The results presented in Tables V, VI and VIl, and the
ratio A,/Ay is approximately unity for both thepp  related discussions, clearly depend on the momentum distri-
—pnwt andpp—dax* reactions for both of the energies. bution functions(Figs. 1 and 2that were used in the analy-
This is consistent with the dominance of the resonant sis. How the various conclusions would be modified with a
amplitude. different set of distribution functions is not easy to assess,
Table IV shows that the coefficienB in the associated short of a complete reanalysis using different input assump-
Legendre expansion of the analyzing powers are well estaliions. Unfortunately, there are no other theoretical predic-
lished from the present analysis, with small uncertainties fotions for these distribution functions appropriate to this en-
the dominant terms. ergy range. The above concerns do not apply to the results
An effort to further subdivide the coefficients and B, presented in Tables Il and 1V; the coefficients in these tables
into S-class and nors-class terms was presented in Tables Vwere quite insensitive to a range of fitting attempts where
and VI. The evidence is not compelling that the latter termdifferent constraints were imposed.
are necessary at 420 MeV. However, they are essential at The predictions of the covariant one-boson-exchange
500 MeV, where the analyzing powers in particular, couldmodel, with the inclusion of FSI effects, provide a very good
not be fit usingS-class terms only. The internap excitation  fit to the experimental data, in general. However, the experi-
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mental data show a stronger angular dependence. Calcula- The CEOBEM introduces some new elements in the phe-

tions from this model without FSI effects greatly underpre-nomenological analysis of the present reaction as compared

dict the cross sections at the higher pion momentum valuego earlier such models. It highlights the importance of per-

Thus in this region of low relativepn energies FSI effects forming the calculations in a fully covariant way which was

are very pronounced and must be included in any model dfacking in the previous mode[44,15,34—3® It is possible

this reaction. Total cross section predictions of the CEOBEMo describe the production of both™ and #° in pp colli-

model are somewhat lower, but within 10% of the currentsions near the kinematical threshold within one consistent

experiment. picture within this model. At the same time, there is not
In the present form of the CEOBEM model, the rescatter-unrestricted freedom to choose the parameters of the model

ing among the final particles is considered to be independersto as to fit the pion data.

of the primary pion production process. Inherent therein is
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