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Spin-rotation parameters A and R for m. +p and n p elastic scattering from 427 to 657 Mev/c
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The spin-rotation parameters A and R and the related spin-rotation angle P have been measured for
m+p and ~ p elastic scattering using protons polarized in the scattering plane. The pion-beam momenta
are 427, 471, 547, 625, and 657 MeV//'e and the angular range is —0.9 ~cosO, ~0.3. The scattered
pion and recoil proton were detected in coincidence, using a scintillator hodoscope for the pions, and the
Large Acceptance Spectrometer combined with the JANUS polarimeter for the recoil protons. The re-
sults are compared with the four recent ~N partial wave analyses (PWA's). Our data show that the ma-
jor features of these PWA's are correct. The A and R measurements complete our program of pion-
nucleon experiments, providing full data sets at three of the above beam momenta. Such sets can be used
to test the constraints in the PWA s or to obtain a model-independent set of mN scattering amplitudes.

PACS number(s): 13.75.Gx, 13.88.+e

I. INTRODUCTION

We report the measurement of the two components of
the recoil proton polarization in the scattering plane for

and ~+ elastic scattering on a proton target that is
polarized in the scattering plane. The present data were
obtained at P&,b=427, 471, 547, 625, and 657 MeV/c.
The results are presented in terms of the Wolfenstein spin
rotation parameters A and R, as well as the spin rotation
angle P. This experiment completes a series of pion-
nucleon experiments which were performed at LAMPF
by the UCLA-ACU-GWU Collaboration. The aim is to
obtain model-independent pion-nucleon scattering ampli-
tudes. Previous measurements include der/dQ and A&
for elastic scattering, m. —p~n —

p [1—3], and, for charge
exchange, vr p +sr n [4—6—]. For the first time ever there
exists a complete set of measurements on the basic mN
system over an extended angle and momentum interval
(i.e., 471, 547, and 625 MeV/c beam momenta). Actual-
ly, the total number of measured parameters is ten and
only eight are necessary to determine fully the scattering
amplitudes at a single energy [7].

A complete data set may be used to determine directly
the mX scattering amplitudes, save for a common phase
factor. Until now, these amplitudes have been deduced
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from partial wave analysis (PWA) of incomplete n.N data
sets relying on theoretical constraints. The most recent
analyses of ~+p and m. p scattering covering an extended
energy interval in the resonance region have been made
by groups from the Virginia Polytechnic Institute (VPI)
[8], Karlsruhe-Helsinki (KH) [9], Carnegie-Mellon Uni-
versity and Lawrence Berkeley Laboratory (CL) [10],and
Leningrad (now St. Petersburg) [11]. The constraints
common to these analyses are based on unitarity, isospin
invariance and forward dispersion relations. The KH
and CL groups have obtained a unique solution by using
additional constraints that result from dispersion rela-
tions derived from the Mandelstam hypothesis that the
amplitudes are analytic functions of the variables s and t.
The four analyses dier in the treatment of electromag-
netic e6'ects, in the procedure in which the theoretical
constraints are applied, in the parametrization of the data
and in the experimental data bases. The Particle Data
Group's [12] compilation of N and 5 baryon resonances
is based on the KH and CL analyses, each of which was
last updated in 1980. The KH analysis extends to 10
GeV/c and the CL to 2.5 GeV/c. The update of the
Karlsruhe analysis to include our data and those of other
collaborations is in progress. The parametrization used
by the VPI group gives the flexibility of updating the
analysis periodically via the SAID facility in the momen-
tum region below 2.1 CxeV/c.

In the energy range of our measurements there are two
resonances: the b, (1232) (P33) and the N(1440) (P»),
sometimes called the Roper resonance. The P&& has the
same quantum numbers as the nucleon and various phe-
nomenological analyses and theoretical models disagree
on the parameters of this resonance. The KH group
gives the following values: mass M=1410+12 MeV,
width I =135+10 MeV and inelasticity g=0. 51+0.05;
the CL P%'A obtained M=1440+30 MeV, I =340+70
MeV, and q=0. 68+0.04; while the most recent VPI
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article reported two poles in the complex plane for
the Pii channel at P(I)=(1359—100i) MeV and
P(II)= ( 1410—SOi) MeV. The occurrence of multiple
poles on different Riemann sheets in the presence of cou-
pled channels has been predicted by Eden and Taylor
[13]. In this case, the P„occursbetween the opening of
the m.h and pe channels. The question arises whether
the second pole is a physically distinct state (resonance)
or is a shadow pole. Cutkosky and Wang [14] addressed
this question and concluded that "the difference in reso-
nance structure reported by CI. and VPI arises from the
different parametrization used, rather than from
differences in the data. " The phenomenon is physically
interesting since it provides a mechanism to study sha-
dow poles for an isolated resonance. An example of a
shadow pole in a nuclear system has been reported for the
J =

—,
'+ resonance in He [1S].

The theoretical calculations also differ in their predic-
tions for the P» resonance. The quark model of Karl,
Isgur, and Koniuk (KIK) [16] predicts the mass of the
Roper resonance to be M =1405 MeV. Two of the many
QCD-inspired models based on a bag-model calculation
predict the existence of a ground-state Q G hybrid with a
mass around 1400 MeV in the vicinity of the three-quark
P» resonance with M =1440 MeV [17]. The Skyrme or
chiral soliton model [1S] calculates n.X amplitudes
without the use of the underlying quark structure and
finds novel relations between the isospin —,

' and —,
' ampli-

tudes.

II. mN SCATTERING FORMALISM

A. Pion-nue1eon elastic scattering

The complete amplitude M describing the elastic
scattering of a spin-0 projectile on a spin- —, target, can be
decomposed into two independent components as a
consequence of rotational invariance and parity. These
components are usually chosen to be the spin-nonQipf (8) and the spin-fiip g (8) amplitudes. We have

M=f +ig no,

with

(f+ig) e+"~ (f+ig) .

This ambiguity can be resolved by a measurement of the
spin-rotation parameters in elastic pion scattering on pro-
tons po1arized in the scattering plane.

The components of the proton polarization in the labo-
ratory scattering plane are defined in Fi.g. 1. The spin-
rotation parameters are defined [19) and the sign conven-
tion used [20] is such that the initial P; and final Pf po-
1arizations in the scattering plane are related by

Sf = —AL; —RS;, (6a)

Lf = —RL;+ AS; .

Experimentally, A and R can be determined by measur-
ing the components of the recoil proton polarization
along sf and If, respectively, from a target that is polar-
ized in the same plane. The final polarization, Pf, of the
recoil proton in the laboratory frame is given by

Pf = AP,.sf +Pn+RP; If, (7)

where P is the component of the recoil proton's po1ariza-
tion normal to the scattering plane. In terms of the
above scattering amplitudes, A, R, and P [21] are given
by

AI = ( ~f ~

—
~g~ )sin81 +2 Re( fg * )cos8L

RI =()f( —
(g( )cos8I —2 Re(fg*)sin8I

P= —arctan( —3 /R)+8+8I +n360

(Sa)

(Sb)

(Sc)

A +R+P =1 (9)

The validity of this relation depends only on conservation
of parity and rotational invariance. It follows from Eqs.
(Sc) and (9) that the spin-rotation angle has a singularity
when P =+1 because A and R must be zero.

where t9L is the laboratory angle of the recoil proton and
n is an integer. From their definition, it is immediately
clear that the polarization parameters A, R, and P obey
the identity

n=(k; Xkf )/~k; Xkf ~, (2)

which is the normal to the scattering plane, the o's are
the Pauli spin matrices, k; and kf are initial and final
proton momentum in the c.m. , and 8 is the c.m. scatter-
ing angle. The differential cross section is

(3)
P.

l

The transverse polarization P of the recoil proton is given
by

P =2Im(fg*)/I . (4)

When the experimental data are limited to I and P, the
two eigenstates of M have an ambiguity in their relative
phase except at 0 and 180 . This is clear as I and P are
invariant under the transformation

FICi. 1. The definition of the proton polarization components
in the laboratory scattering plane, where P; is initial and Pf
final polarization.
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B. Test of isospin invariance

Complete data sets for the ~N system can be used to
test isospin invariance of the strong interaction [22]. Iso-
spin invariance implies that the mN interaction depends
on only two isospin amplitudes (I = —,', —,'), where the
decomposition into these independent amplitudes is given
by appropriate Clebsch-Gordan coefficients. Three
different reactions can be observed in ~X elastic scatter-
ing, namely, ~+p —+~+p, ~ p~m p, and ~ p~m. n.

Figure 2, adopted from Ref. [22], shows how isospin
invariance can be tested if the differential cross section I
and transverse polarization P are measured for all three
reactions and the spin-rotation angles /3+ and P—are
measured for m. +@~++A and m p —+m p. The squares
of the magnitudes of the transversity amplitudes,
lF(+)l, are determined from the scattering observables
by

IF(+)I'=I (1+P) . (10)

The combination using the plus sign is commonly called
the transversity-up amplitude and the one with the minus
sign is called the transversity-down amplitude. The sub-
scripts used for F(+) in Fig. 2 correspond to the di6'erent
charge states of the reaction. F+(+ ) is the transversity-
up amplitude for ~+p ~m. +p, Fo(+ ) is the transversity-
up amplitude for m p ~~ n, etc. Finally, the inter-
dependence of the scattering amplitudes for the three re-
actions (shown in Fig. 2) is

P+(+)—P (+)
Po(+) =

2

forming two triangles in isospin space. Knowing the
magnitudes (determined from experimental data) of all
three of these amplitudes allows one to determine the an-
gle y(+ ) between F+ (+ ) and F (+ ). A similar deter-
mination is possible for y( —) using the transversity-
down amplitudes. The relative orientations of the two
transversity amplitudes for rr+p scattering is P+, and for
n p scattering is P, see Fig. 2. Finally, isospin invari-
ance can be tested using the relation

if I and P are known for all three reactions and P+ and
P for the elastic reactions at a given energy and angle.
The sign ambiguities are a consequence of being able to
determine only the magnitudes of F+. p from experi-
mental data. The numerical details of this test based on
these data will be presented in a separate publication.

III. THE EXPERIMENT

A. Determination of A, R, and P

(13)

where y is the Lorentz factor, OI, is the recoil proton
bend angle in the LAS, and g =5.5856 is the proton
Lande factor. To achieve Oz =90', we need 8& =50.2'/y
which is close to the nominal bend angle of 45'. The
bend angle was reduced to 42 in this experiment which is
a compromise over the range of optimal bend angles
38' —45. Therefore, the recoil proton polarization com-
ponents which were initially along If and sf are now
oriented in a plane normal to its momentum. The polar-
ization, PJ, measured by the JANUS polarimeter is relat-
ed to the recoil proton polarizations by the spin preces-
sion matrix B, which is the average precession of the pro-
ton spins traversing the magnetic fields of target and
LAS:

PJ =BPf (14a)

or

SJ b11 ~12 ~13
—

&21 &22

Sf
(14b)

In this experiment A and R are measured simultane-
ously. This is possible because we used a detection sys-
tem in which the recoil proton spin is precessed in the
plane normal to the scattering plane. We used the dipole
magnet of the Large Acceptance Spectrometer (LAS) to
bend the recoil proton upwards. The precession angle of
the proton spin relative to the momentum vector is given
by

P+ —P =+y(+ )+y( —), (12)
LJ 31 32 33 f

where SJ and NJ are polarization components measured
by the JANUS polarimeter. The target assembly was ro-
tated in the scattering plane by an angle 8H (a positive 0H
is a rotation of the target toward the LAS). The com-
ponents of the initial polarization become

S,. =P,—sinOH and I; = —P,—cosOH, (15)

FIG. 2. The scattering amplitudes in isospin space.

where P,+ is the absolute ta,rget polarization for the case
when the protons are polarized in the forward scattering
plane and P, is the opposite target polarization. The
up-down asymmetries ( GAUD

=SJ A c., where A c is carbon
analyzing power) and left-right asymmetries
(eLR =XJ Ac. ) measured by the polarimeter for each tar-
get polarization, can be calculated by substitution of Eqs.
(6) and (15) in the first two rows of (14), and we have
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~J 11z
= b P, (—A (+ )cos8H —R (+)sin8H ]

+612%f+613,2 f b P —[R (+)cos8 + A (+)sin8H ],

I= b P [A (+)cos8H —R (+)sin8H]&J=&21 t

zz f b P*[R(+)cos8H+ 2 (+)sin8H ],+~22+f + 23 t

(16a)

(16b)
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measured by nuclear magnetic resonance (NMR) tech-
nique. The "forbidden transition" method [27] was em-
ployed to polarize the target using microwaves of a suit-
able frequency to transfer the resultant electron polariza-
tion to the hydrogen nuclei. This occurs through a
strong dipolar interaction in the 2.5 T magnetic field of
HERA at a temperature of 0.5 K. When a satisfactory
nuclear polarization was obtained (75 —85 %), the temper-
ature of the target material was lowered below 0.05 K.
At this temperature the nuclear spins are frozen and the
microwave power can be switched o6' and the magnetic
field reduced to 0.5 T. This was essential in order to
reduce the bending of the charged particles. The typical
nuclear relaxation times ranged from 100 to 700 h [28].
The relaxation times were shorter on average for m+

beams, due to increased energy deposition in the target
from the higher intensities and proton contamination.
The proton polarization direction was reversed periodi-
cally.

The gap between the Helmholtz coils of the HERA
magnet provided a horizontal opening angle of +7 and a
vertical opening of +20' (see Fig. 3). The support system
for the HERA magnet and target cryogenics was
modified to allow the rotation of the HERA axis from
—10 to +20 with respect to the incident beam so that
the scattered particles were not intercepted by the super-
conducting coils or the support assembly. Thus, the
detection of pions and protons in coincidence was possi-
ble in the center-of-mass angular range from 95' to 120'
for the "sideways" configuration (pions exit through the
side opening), and from 130' to 145' for the "backward"
configuration (recoil protons exit through the front
HERA cone and the pions through the back one).

The proton detection system included the modified
LAS [29] and the JANUS polarimeter [30] mounted on a
frame on wheels which was pivoted around the target.
Two LAS wire chambers were used to determine the tra-
jectory of the recoil proton. In the front of a second LAS
chamber a scintillator detector S1 was located. The di-
pole magnet of the LAS bent the recoil protons in the
plane normal to the scattering plane. The polarimeter
consisted of a front scintillator (FS), an upstream set of
three delay-line wire chambers, a carbon analyzer, a
downstream set of three wire chambers, and two double
ended back scintillators (BS's). The thickness of carbon
could be varied from 3.2 to 9.6 cm. The active area of
the wire chambers was 60 cmX60 cm, and the spatial
resolution was better than 1 mm.

The pion hodoscope consisted of a double array of
overlapping plastic scintillators arranged in two adjacent
planes; it was installed on a cart. The front plane consist-
ed of nine horizontal scintillators and the rear one of
seven vertical scintillators. The scintillators were 14 cm
wide and overlapped with their neighboring scintillators
by —, of their width. A horizontal and vertical resolution
of about 5 cm was achieved.

The electronics were set up in a coincidence
configuration to select pion-proton elastic scattering
events. The good event trigger was defined by a coin-
cidence between three planes of the scintillators (Sl, FS,
BS) of the recoil proton detector and the pion hodoscope.

A. Tests

Various tests and cuts were applied to obtain a clean
sample of events. The tests that have physical
significance are described below. First, each set of
chambers was checked independently to eliminate multi-
ple hits or rescattered secondary particles. This was done
by requiring the proper value for the sum of the delay-
line-end times for each chamber and by requiring the
track through a set of three chambers to lie along a
straight line. In the next stage, the good events in
JANUS were determined by checking the consistency of
the tracks recorded by two sets of chambers. The event
was rejected if the distance of closest approach between
the trajectories (DCLOSE), as determined by the front
and rear chambers, was greater than 2.5 mm or occurred
outside the carbon scatterer. That could be the case if
the front and rear chambers had recorded trajectories of
two di6'erent events or if the proton scattered more than
once in the carbon analyzer. Proton trajectories with a
scattering angle smaller than 3.4' were excluded because
they are mainly produced by multiple Coulomb scatter-
ing. Also, a test on the azimuthal scattering angle N in-
sured that for any event with a given N the possible event
with N+ m could also be accepted within the geometry of
the spectrometer. The majority of taped events were el-
iminated by these cuts. Furthermore, protons that were
accepted by the LAS were tested for correct momentum
(PMOM) and time of flight (TOF). The trajectory deter-
mined by the LAS wire chambers was traced back to the
target to ensure acceptance of particles that originated in
the target cell. Finally, kinematics (0~+8 =180') and
coplanarity tests (N~ —4 =0) were applied so that only
elastically scattered events were accepted. These tests
were also used to determine the background due to quasi-
elastic scattering as explained below. A typical example
of a coplanarity histogram is shown in Fig. 4. Markers 2
and 3 indicate the cut applied for the accepted events.

200—fh

tD

uJ

O
L
0) 100—
E
K

0 I

-200

kllWH+~

-100 0 100 200 300

Channel
FIG. 4. The coplanarity histograms and corresponding back-

ground fit between markers 1 and 4, excluding the region be-
tween markers 2 and 3.

No additional restrictions were imposed on the data
which were written to tape. The scintillators in the front
and rear of JANUS provided additional timing informa-
tion.

IV. DATA ANALYSIS
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B. The background

The largest source of background was quasifree
scattering of pions from the bound protons in the target
material and the walls of the cryostat. These events ap-
pear as a broad distribution in the coplanarity and
kinematical histograms due to the Fermi motion of the
bound protons. Some of these recoil protons were ac-
cepted, giving an unpolarized background under the peak
in Fig. 4. A polynomial was fit to the background away
from the elastic peak (i.e. , between markers 1 and 4 in
Fig. 4, excluding the region between markers 2 and 3).
The contribution of this fitted background within the ac-
ceptance was then evaluated. Backgrounds ranged from
8% to 28% with the higher values for n+p elastic scatter-

ing. The value of the background for example in Fig. 4 is
14.7%. In order not to introduce a false asymmetry
when the background is subtracted from good events it
must be shown that the background was not polarized.
The asymmetries measured for an unpolarized target
were eUD=0. 01+0.04 and eLR=O 03.+0 04 . (statistical
error only). The values GAUD

=0. 16+0.20 and

e„R= —0. 11+0.20 are the asymmetries of the back-
ground events from markers 1 to 2 and 3 to 4 for one par-
ticular point when the target was polarized. This sup-
ports our assumption that the background is unpolarized.

C. Asymmetry calculation

The polar (8) and the azimuthal (4) angles for a pro-
ton scattered in the carbon analyzer are computed at the

TABLE I. Values of the spin-rotation parameters A (+ ) and R (+ ) for a p elastic scattering.

cosO,

—0.792+0.006
—0.833+0.006
—0.868+0.006

R(+)
Pion beam momentum =427 MeV/c

116+0.15 1.02+0. 15 0.62+0. 15
0.95+0.13 0.80+0. 13 0.82+0. 13
0.59+0.13 0.68+0. 12 0.81+0.12

R( —
)

0.18+0.15
0.71+0.13
1.17+0.12

—0.360+0.011
—0.416+0.011
—0.580+0.009
—0.685+0.009
—0.722+0.008
—0.768+0.008
—0.808+0.008
—0.832+0.006
—0.870+0.006
—0.902+0.006

Pion
—0.38+0. 12

0.03+0.09
0.81+0.19
1.04+0. 15
1.10+0.12
0.98+0.11
0.79+0.11
0.53+0.09
0.42+0.08
0.44+0.08

beam momentum =471
0.29+0. 13
0.46+0. 11
0.22+0.22
0.83+0.16
0.65+0. 10
0.58+0.09
0.45+0.08
0.77+0.08
0.72+0.08
0.38+0.07

MeV/c
—0.79+0.12
—1.20+0.09
—0.68+0.19

0.14+0.15
—0.39+0.13

0.30+0. 11
0.75+0. 11
0.63+0.09
0.67+0.08
0.65+0.08

—0.53+0.13
—0.41+0.11

0.22+0.21
0.10+0.15
0.37+0.10
0.62+0.09
0.59+0.08
0.31+0.08
0.66+0.08
1.00+0.07

—0.127+0.012
—0.190+0.012
—0.385+0.011
—0.448+0.011
—0.505+0.011
—0.575+0.010
—0.631+0.010
—0.677+0.010
—0.827+0.007

Pion
—0.64+0. 12
—0.25+0. 11
—0.57+0. 10
—0.25+0.09
—0.06+0.09
—0.08+0.08

0.20+0.08
0.47+0.08
0.24+0.07

beam momentum =547
—0.94+0.10
—0.83+0.09
—0.50+0. 10
—0.46+0.09
—0.32+0.09

0.41+0.07
0.07+0.07

—0.14+0.07
0.09+0.08

MeV/c
—0.24+0. 11
—0.04+0. 11

0.09+0.10
0.06+0.09

—0.03+0.09
0.55+0.08
0.62+0.08
0.84+0.08
0.90+0.07

—0.45+0.09
—1.01+0.09
—0.48+0. 10
—0.29+0.09
—0.07+0.09

0.19+0.07
0.39+0.07
0.55+0.07
0.89+0.08

0.150+0.012
0.087+0.012

—0.026+0.012
—0.082+0.012
—0.161+0.012
—0.266+0.011
—0.333+0.011

Pion
—0.34+0. 17

0.17+0.15
—0.75+0. 10
—0.75+0. 10
—0.58+0. 10
—0.95+0.16
—0.60+0. 15

beam momentum =625
—0.26+0. 16
—0.65+0. 14
—0.53+0.08
—0.81+0.08
—1.08+0.08
—0.58+0. 15
—0.73+0.14

MeV/c
—0.37+0. 16
—0.54+0. 15
—0.28+0. 10
—0.30+0. 10
—0.33+0.10
—0.03+0.16
—0.01+0.15

—0.23+0. 15
—0.50+0. 14
—0.23+0.08
—0.27+0.08
—0.48+0.08

0.47+0. 15
0.26+0. 14

—0.395+0.011
—0.651+0.009
—0.884+0.006

—0.49+0.14
0.11+0.07

—0.03+0.07

—0.69+0.12
0.28+0.07

—0.03+0.09

0.12+0.14
0.89+0.07
0.98+0.07

0.09+0.12
1.08+0.07
0.97+0.09

—0.840+0.007
Pion beam momentum =657 MeV/c

0.16+0.14 —0.17+0.12 1.02+0. 14 0.95+0.12
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point of closest approach of the two tracks in the carbon
block. Energy-dependent p-C analyzing powers are eval-
uated as a function of the polar angle in the energy range
between 100 and 750 Me V [30,31]. The azimuthal
scattering. angle determines the up-down GAUD and left-
right eLR asymmetries, which are computed from the dis-
tribution of the events as a function of the azimuthal an-
gle [32] using the weighted-sum method [33,34]. The
weighted-sum method uses first-order terms and can

eliminate only first-order instrumental asymmetries.
Cancellation of higher-order instrumental asymmetries
should be accomplished by reversal of the target polariza-
tion direction. This follows from Eqs. (16) when the aver-
age is taken of results derived by reversing the polariza-
tion of the protons incident on the polarimeter. The ex-
periment was designed to take advantage of this cancella-
tion, since the proton polarization in the polarimeter is
reversed by reversing the target polarization. This is not

TABLE II. Values of the spin-rotation parameters A (+ ) and R (+ ) for m+p elastic scattering.

cosO, A( —) R(+) R( —)

—0.813+0.006
—0.853+0.006
—0.886+0.006

Pion beam momentum =427 MeV/c
0.83+0.11 1.23+0. 14 0.34+0. 11
0.70+0. 11 0.76+0. 14 0.93+0.11
0.25+0. 10 0.80+0. 13 0.82+0.09

0.16+0.14
0.70+0. 13
1.09+0.12

—0.358+0.011
—0.582+0.009
—0.636+0.009
—0.685+0.009
—0.719+0.008
—0.772+0.008
—0.807+0.008
—0.832+0.006
—0.870+0.006
—0.901+0.006

Pion
0.14+0.17
1.18+0.15
1.47+0. 12
1.08+0. 12
0.63+0.18
0.70+0. 16
0.47+0. 16
0.84+0.09
0.71+0.09
0.57+0.08

beam momentum =471
—0.22+0. 19

0.81+0.17
0.81+0.14
0.92+0. 13
1.07+0.25
0.82+0.22
0.87+0.22
0.77+0.10
0.51+0.10
0.21+0.09

MeV/c
—0.68+0. 17
—0.28+0. 15
—0.07+0. 12

0.43+0. 11
—0.13+0.17

0.53+0. 15
0.76+0. 15
0.46+0.09
0.66+0.09
0.95+0.08

—1.56+0. 19
—0.33+0.17
—0.10+0.13

0.52+0. 12
0.20+0.23
0.79+0.20
0.35+0.21
0.78+0. 10
1.03+0.09
1.00+0.09

—0.122+0.012
—0.314+0.011
—0.379+0.011
—0.443+0.011
—0.416+0.011
—0.479+0.011
—0.536+0.011
—0.576+0.010
—0.621+0.010
—0.676+0.010
—0.807+0.007
—0.848+0.007
—0.882+0.007

Pion
—0.74+0. 13
—1.36+0.24
—0.52+0.21

0.61+0.20
—0.40+0. 14

0.19+0.13
0.59+0. 14
0.68+0.08
0.90+0.08
1.05+0.08
0.75+0.08
0.64+0.08
0.47+0.08

beam momentum =547
—0.47+0. 15
—0.68+0. 16
—0.38+0.14

0.14+0.14
0.27+0. 16

—0.06+0. 14
0.16+0.1S
0.77+0.09
0.71+0.08
0.44+0.09
0.67+0.07
0.21+0.07

—0.19+0.07

MeV/c
0.62+0. 13

—0.52+0.24
—0.99+0.21
—0.86+0.20
—0.98+0.15
—0.76+0. 13
—0.46+0. 14
—0.14+0.09

0.33+0.08
0.49+0.08
0.48+0.08
0.76+0.07
0.81+0.08

0.73+0. 15
—0.46+0. 16
—0.83+0. 14
—0.81+0.13
—0.72+0. 16
—0.71+0.14
—0.79+0.15
—0.28+0.09

0.17+0.08
0.47+0.09
0.63+0.07
0.74+0.06
0.93+0.07

0.156+0.012
0.089+0.012

—0.021+0.012
—0.090+0.012
—0.158+0.012
—0.804+0.006
—0.846+0.006
—0.879+0.006

Pion
0.68+0. 18
0.31+0.16
0.42+0. 17

—0.04+0. 16
—0.98+0.16

0.37+0. 17
—0.40+0. 18
—0.61+0.17

beam momentum
0.49+0.
0.18+0.
0.30+0.
0.30+0.

—0.01+0.
—0.25+0.
—0.04+0.
—0.05+0.

=625
18
17
15
14
15
10
10
10

MeV/c
0.96+0. 17
0.85+0. 15
1.03+0.17
0.87+0. 17
0.88+0. 16
0.84+0. 17
1.01+0.18
1.15+0.17

1.20+0. 18
0.84+0. 16
0.84+0. 15
0.89+0. 14
1.00+0. 15
0.77+0. 10
0.60+0. 10
0.51+0.10

0.150+0.012
0.079+0.012

—0.704+0.008
—0.755+0.008
—0.796+0.008

1.23+0.46
0.89+0.44
0.91+0.15
0.43+0. 14
0.55+0. 15

Pion beam momentum =657 MeV/c
0.99+0.47 0.31+0.19
1.33+0.44 —0.03+0. 19

—0.23+0. 15 —0.45+0. 19
—0.33+0.14 —0.90+0. 16
—0.52+0. 15 —0.78+0. 18

0.85+0. 19
1.22+0. 19
1.16+0.19
0.93+0.16
0.94+0. 18
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exactly true for this experiment due to the very small ad-
mixture of the Nf component in the calculation of spin-
rotation parameters (see Sec. III A).

D. Statistical and systematic uncertainties

The statistical uncertainties have been shown to be [34]
1/2

2 ——E2

N

The symbol e represents either e„Ror GAUD and X is the
number of events. These uncertainties were propagated
to A and R for each run using Eqs. (16), with the contri-

butions from t Lz and eUD added in quadrature. The total
statistical error was then calculated by combining the re-
sults for all runs for a given direction of target polariza-
tion. For example, this statistical uncertainty for 3, o z,
was calculated from the standard equation

1/2
1

g [I/(tr„)]'

TABLE IV. Values of the spin-rotation parameters A and R
and the spin-rotation angle P for rr+p elastic scattering.

cosL9,

TABLE III. Values of the spin-rotation parameters A and R
and the spin-rotation angle P for npelastic sc. attering.

Pion beam momentum =427 MeV/c
—0.813+0.006 1.03+0.25 0.25+0. 16
—0.853+0.006 0.73+0.18 0.82+0. 19
—0.886+0.006 0.52+0.26 0.96+0.20

57.7+5.2
25.4+4.9
14.1+4.6

Pion
—0.360+0.011
—0.416+0.011
—0.580+0.009
—0.685+0.009
—0.722+0.008
—0.768+0.008
—0.808+0.008
—0.832+0.006
—0.870+0.006
—0.902+0.006

beam momentum
—0.04+0.27

0.25+0.21
0.52+0.30
0.93+0.19
0.88+0.21
0.78+0.20
0.62+0. 19
0.65+0. 16
0.57+0. 18
0.41+0.14

=471 MeV/c
—0.66+0.21
—0.81+0.31
—0.23+0.38

0.12+0.17
—0.01+0.28

0.45+0. 18
0.67+0. 15
0.47+0. 19
0.66+0. 15
0.82+0. 19

Pion
—0.127+0.012
—0.190+0.012
—0.385+0.011
—0.448+0.011
—0.505+0.011
—0.575+0.010
—0.631+0.010
—0.677+0.010
—0.827+0.007

beam momentum
—0.79+0.21
—0.54+0.26
—0.54+0. 15
—0.37+0.16
—0.19+0.17

0.16+0.22
0.13+0.15
0.16+0.26
0.16+0.15

=547 MeV/c
—0.35+0.16
—0.53+0.37
—0.20+0.25
—0.13+0.18
—0.05+0. 14

0.37+0.18
0.50+0. 16
0.69+0.18
0.90+0.15

Pion
0.150+0.012
0.087+0.012

—0.026+0.012
—0.082+0.012
—0.161+0.012
—0.266+0.011
—0.333+0.011
—0.395+0.011
—0.651+0.009
—0.884+0.006

beam momentum
—0.29+0. 18
—0.24+0. 32
—0.64+0. 16
—0.77+0. 15
—0.83+0.23
—0.77+0.20
—0.66+0. 18
—0.59+0. 17

0.19+0.15
—0.03+0.14

=625 MeV/c
—0.30+0.18
—0.52+0. 17
—0.26+0. 15
—0.29+0. 15
—0.41+0.15

0.22+0.23
0.13+0.18
0.10+0.16
0.98+0.16
0.97+0. 15

Pion beam momentum =657 MeV/c—0.840+0.007 —0.01+0.21 0.98+0. 17

cosO,

Pion beam momentum =427 MeV/c
—0.792+0.006 1.09+0.22 0.40+0.22
—0.833+0.006 0.88+0. 19 0.77+0. 18
—0.868+0.006 0.64+0. 17 1.00+0.21

50.4+6. 1

31.3+5.3
17.1+5.0

147.1+5.2
128.7+4.2
85.5+8.2
58.1+6.1

67.7+4.6
39.0+4. 1

23.9+3.9
36.6+3.5
25.2+3.2
13.1+3.2

203.0+4.3
184.3+4. 1

214.1+4.0
217.0+3.6
223.0+3.7
354.7+3.2
347.9+3. 1

348.1+3.2
352.2+3.0

172.5+6.5
154.7+5.8
201.7+3.8
204.6+3.7
201.0+3.7
246.3+6.3
243 ~ 8+5.8
244.3+5.4
344.5+3.0
343.3+3.3

341.9+8.0

Pion
—0.358+0.011
—0.582+0.009
—0.636+0.009
—0.685+0.009
—0.719+0.008
—0.772+0.008
—C.807+0.008
—0.832+0.006
—0.870+0.006
—0.901+0.006

Pion
—0.122+0.012
—0.314+0.011
—0.379+0.011
—0.443+0.011
—0.416+0.011
—0.479+0.011
—0.536+0.011
—0.576+0.010
—0.621+0.010
—0.676+0.010
—0.807+0.007
—0.848+0.007
—0.882+0.007

Pion
0.156+0.012
0.089+0.012

—0.021+0.012
—0.090+0.012
—0.158+0.012
—0.804+0.006
—0.846+0.006
—0.879+0.006

Pion
0.150+0.012
0.079+0.012

—0.704+0.008
—0.755+0.008
—0.796+0.008

beam momentum
—0.03+0.21

1.00+0.22
1.14+0.27
1.00+0. 16
0.85+0.24
0.76+0. 19
0.67+0.21
0.80+0. 17
0.61+0.16
0.39+0.18

beam momentum
—0.61+0.20
—1.03+0.33
—0.47+0. 18

0.38+0.26
—0.06+0.29

0.07+0. 19
0.38+0.22
0.73+0.15
0.81+0.16
0.75+0.26
0.71+0.15
0.43+0.21
0.14+0.26

beam momentum
0.58+0.21
0.24+0. 18
0.36+0.18
0.13+0.18

—0.50+0.35
0.06+0.26

—0.22+0. 18
—0.33+0.25

beam momentum
0.65+0.31
0.66+0.52

—0.34+0. 18
—0.61+0.26
—0.65+0.20

=471 MeV/c
—1.13+0.41
—0.31+0.17
—0.08+0. 16

0.48+0. 16
0.04+0.21
0.67+0. 19
0.56+0.22
0.62+0. 19
0.84+0.20
0.98+0. 16

=547 MeV/c
0.67+0. 19

—0.50+0.20
—0.92+0. 19
—0.85+0. 18
—0.86+0. 18
—0.74+0. 17
—0.63+0.19
—0.22+0. 15

0.24+0. 15
0.48+0. 15
0.56+0. 15
0.75+0. 15
0.87+0. 16

=625 MeV/c
1.08+0.25
0.85+0. 19
0.94+0. 19
0.88+0. 18
0.94+0. 18
0.81+0.18
0.81+0.23
0.83+0.28

=657 MeV/c
1.04+0.30
1.05+0.28
1.03+0.20
0.68+0.23
0.74+0.23

145.6+7.3
78.6+6.3
67.3+5.0
40.0+4.9
64.5+8.3
28.0+7.4
31.3+7.5

34.6+3.8
20.3+3.8

8.3+3.5

274.0+5.7
206.2+8.2
171.8+7. 1

122.6+7.0
149.6+6. 1

142.4+5.4
118.3+5.9
77.5+3.5
46.4+3.3
32.3+3.5
32.5+3. 1

12.6+2.9
—5.7+3.0

336.3+7.2
326.1+6.6
334.0+6.4
323.6+6.3
289.3+6.4
344.6+5. 5

327.6+5.9
322.9+5.8

340.0+ 14
342.3+14
317.3+7.0
295 ~ 8+6.2
298.6+6.7
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where 0.
& is the uncertainty for the ith run. The total

l

statistical uncertainties for the experiment are such that
they contribute from 0.05 to 0.10 to the final uncertain-
ties for 3 and R.

The total systematic error was calculated again by
propagating each systematic error to the final 3 and R
values using Eqs. (16) and then the corresponding uncer-
tainties were added in quadrature. The uncertainties in
the determination of the target angle were +0.5', target
polarization +0.03, and background +2.0% to +4.5%.
The uncertainty in the carbon analyzing power (2—S%%uo)

was calculated from the fit used. The uncertainty of the
spin precession matrix 8 was estimated to be well within
+1% and was not included in the error calculation.

V. RESULTS

TABLE VI. The analyzing power [2j Az and polarization
vector magnitude PVM for m+p elastic scattering.

cosO, PVM

A. Tabulation

The acceptance angle of the spectrometer in the hor-
izontal plane was about 9'. It was divided into three
separate angle bins, as the momentum, the differential
cross section, and the analyzing power can change con-
siderably in a 9 wide angular region. Tables I and II

TABLE V. The analyzing power [2] A~ and polarization
vector magnitude PVM for m p elastic scattering.

Pion beam momentum =427 MeV/c
—0.813+0.006 —0.10+0.05
—0.853+0.006 —0.08+0.05
—0.886+0.006 —0.07+0.05

1.07+0.23
1 ~ 10+0.19
1.09+0.24

Pion
—0.360+0.011
—0.416+0.011
—0.580+0.009
—0.685+0.009
—0.722+0.008
—0.768+0.008
—0.808+0.008
—0.832+0.006
—0.870+0.006
—0.902+0.006

beam rnornentum =471 MeV/c
0.45+0. 10
0.58+0. 10
0.78+0. 10
0.72+0. 10
0.68+0. 10
0.60+0. 10
0.52+0. 10
0.46+0. 10
0.37+0.10
0.29+0. 10

Pion
—0.127+0.012
—0.190+0.012
—0.385+0.011
—0.448+0.011
—0.505+0.011
—0.575+0.010
—0.631+0.010
—0.677+0.010
—0.827+0.007

beam momentum =547 MeV/c
—0.22+0. 10

0.01+0.10
0.83+0.10
0.96+0.10
0.99+0.10
0.93+0.15
0.84+0. 15
0.74+0. 15
0.43+0.05

Pion
0.150+0.012
0.087+0.012

—0.026+0.012
—0.082+0.012
—0.161+0.012
—0.266+0.011
—0.333+0.011
—0.395+0.011
—0.651+0.009
—0.884+0.006

beam momentum =625 MeV/c
—0.78+0.08
—0.74+0.08
—0.58+0. 10
—0.45+0. 10
—0.17+0.10

0.36+0.10
0.65+0. 10
0.75+0. 10
0.23+0.05

—0.03+0.05

Pion beam momentum =657 MeV/c—0.840+0.007 —0.17+0.20

cosO,

Pion beam momentum =427 MeV/c
—0.792+0.006 0.22+0.06
—0.833+0.006 0.18+0.06
—0.868+0.006 0.14+0.06

PVM

1.18+0.24
1.18+0.20
1.19+0.21

0.80+0.21
1.03+0.32
0.96+0.31
1.19+0.18
1.11+0.19
1.08+0.21
1.05+0. 18
0.93+0.19
0.95+0.17
0.96+0.18

0.89+0.21
0.76+0.40
1.01+0.17
1.04+0. 14
1.01+0.12
1.02+0.21
0.98+0.19
1.03+0.23
1.01+0.10

0.89+0.15
0.93+0.20
0.91+0.16
0.94+0.14
0.94+0.22
0.88+0.22
0.93+0.17
0.96+0. 16
1.03+0.12
0.98+0.08

1.00+0. 14

Pion
—0.358+0.011
—0.582+0.009
—0.636+0.009
—0.685+0.009
—0.719+0.008
—0.772+0.008
—0.807+0.008
—0.832+0.006
—0.870+0.006
—0.901+0.006

beam momentum =471 MeV/c
0.05+0.06

—0.18+0.05
—0.19+0.05
—0.19+0.05
—0.19+0.05
—0.17+0.05
—0.15+0.05
—0.14+0.05
—0.11+0.05
—0.09+0.05

Pion beam
—0.122+0.012
—0.314+0.011
—0.379+0.011
—0.443+0.011
—0.416+0.011
—0.479+0.011
—0.536+0.011
—0.576+0.010
—0.621+0.010
—0.676+0.010
—0.807+0.007
—0.848+0.007
—0.882+0.007

momentum =547 MeV/c
0.13+0.10

—0.11+0.07
—0.26+0.07
—0.37+0.07
—0.33+0.05
—0.41+0.05
—0.43+0.05
—0.43+0.05
—0.41+0.05
—0.38+0.05
—0.30+0.05
—0.27+0.05
—0.24+0.05

Pion
0.156+0.012
0.089+0.012

—0.021+0.012
—0.090+0.012
—0.158+0.012
—0.804+0.006—0.846+0.006
—0.879+0.006

Pion
0.150+0.012
0.079+0.012

—0.704+0.008—0.755+0.008—0.796+0.008

beam momentum =657 MeV/c
—0.36+0.20
—0.33+0.20
—0.33+0.20
—0.27+0.20
—0.22+0.20

beam momentum =625 MeV/e
—0.02+0.05
—0.03+0.05
—0.05+0.10
—0.07+0. 10
—0.11+0.10
—0.34+0. 15—0.31+0.15
—0.30+0. 15

1.13+0.40
1.06+0.21
l.16+0.25
1.12+0.14
0.87+0.21
1.03+0.20
0.89+0.25
1.02+0. 18
1.05+0. 18
1.06+0. 14

0.92+0.22
1.15+0.34
1.06+0.20
1.00+0.22
0.93+0.15
0.85+0. 13
0.86+0.21
0.88+0. 11
0.94+0. 13
0.97+0.22
0.95+0.11
0.90+0.15
0.91+0.13

1.23+0.26
0.88+0. 17
1.00+0. 18
0.90+0.14
1.07+0.27
0.88+0. 18
0.90+0.26
0.94+0.34

1.28+0.42
1.29+0.51
1.14+0.23
0.95+0.33
1.01+0.28
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FIG. 5. 8 for m p~m p at 427 MeV/c. FIG. 7. A for ~ p~w p at 471 MeV/c.

present our results for the spin-rotation parameters ob-
tained independently for each target polarization:
A (+ ), A ( —), R (+ ), and R ( —) [see Eq. (16)]. The er-
rors are statistical ones only.

As can be seen from the tabulation, for several points
there are significant discrepancies between the results for
the two target polarization directions, well outside the
systematic error from sources discussed in Sec. IVD.
The discrepancy is presumably due to the higher-order
asymmetries which are expected to cancel (see Sec. IV C).
We checked this premise by applying pulse height cuts on
one of the trigger scintillators in the analyzer software
and in that way inducing an artificial asymmetry. For a
typical case the values for 3 =0.59+0.07,
A (+)=0.60+0.09 A ( —)=0.57+0. 10 and
R =0.58+0.07, R (+)=0.58+0.09, R ( —)=0.58+0. 10
(statistical errors only), changed to A =0.58+0.07,
A (+ ) =0.74+0.09 A (

—) =0.42+0. 10 and
R =0.59+0.07, R ( + ) =0.78+0.09, R ( —) =0.40+0. 10
for a cut applied to the upper-left scintillator of the four
scintillators positioned at the rear of JANUS (BS). The
average values A and R agree well, while the results for
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FIG. 8. R for m p~~ p at 471 MeV/c.
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FIG. 6. R for m p ~~ p at 427 MeV/c. FIG. 9. A for m. p ~~ p at 547 MeV/c.
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FIG. 10. R for m p ~m. p at 547 MeV/c. FIG. 12. R for m p ~~ p at 625 MeV/c.

A (+) and R (+) changed considerably. An optimistic
evaluation of the error would neglect the instrumental
uncertainties since the final result is obtained by averag-
ing results from opposite target polarizations. We adopt-
ed a more conservative approach. Two standard devia-
tions were calculated, one for the results from all runs
combined and one from each group of runs taken from
the two target polarizations. When the reproducibility of
the results was poor, these standard deviations tended to
be higher than the corresponding statistical error. For
such cases the average of these two standard deviations
mas used instead of the statistical error and added in
quadrature to the total systematic errors described in Sec.
IV D. Also, a weighted root mean square (rms) deviation
of A (+ ) and R (+ ) values from the mean values A. and R
was calculated. The weighting took into account the in-
creased errors for points which had signi6cant differences
between the two target polarizations. The rms deviation
ranged from 0.10 (in R for m+ scattering) to 0.17 (in A
for n.+ scattering). An average value of 0.13 was used as
an overall systematic uncertainty and added in quadra-
ture to the final results. This step more than doubled the
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FIG. 13. A for m p~m p at 657 MeV/c.
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FIG. 11. A for ~ p ~~ p at 625 MeV/c. FIG. 14. R for m p~m p at 657 MeV/c.
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FIG. 15. A for m. +p ~m+p at 427 MeV/c. FIG. 17. A for m+p ~~+p at 471 MeV/c.

uncertainties for points which had high statistics and ex-
hibited good consistency of results and had little effect on
points whose errors had already been increased due to
poor reproducibility of the results.

Our final results for the spin rotation parameters A
and R and spin-rotation angle P are presented in Tables
III and IV. As P is given by the ratio of A and R, most
of the systematic uncertainties cancel, and its error is
effectively the statistical error. The values of polarization
vector magnitude, PVM=(A +R +P )'~, are calcu-
lated by using Eq. (9), where Az=P (see Sec. IIIA).
They are listed in Tables V and VI along with the Atted
values for the analyzing power A~ measured in a previ-
ous experiment [2]. Plots of the results for A and R pa-
rameters for the full angular acceptance have already
been published [35].

B. Comparison to partial-wave analyses

The results are illustrated in Figs. 5 —24 and compared
with P%'A predictions from the VPI, KH, CL, and Len-
ingrad groups. None of these PWCA's include our experi-
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FIG. 18. R for n.+p —+m. p at 471 MeV/c.
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FIG. 16. R for m. +p~m+p at 427 MeV/c. FIG. 19. A for ~+p~a. +p at 547 MeV/c.
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FIG. 20. R for m+p~m+p at 547 MeV/c. FIG. 22. R for m. +p ~m. +p at 625 MeV/c.

mental results in their data bases. The only other data on
A and R are from the Leningrad group [36]. They are at
different beam momenta and the results therefore cannot
be compared with ours.

657 MeV/c 7T+p ~ 7r+p

C. Conclusion

The data show good continuity between adjacent or
overlapping spectrometer angles, particularly for the R
parameter. The R parameter is more sensitive to the in-
strumental asymmetry in the horizontal plane (left-right).
The continuity indicates that binning has not introduced
additional asymmetry. The overall consistency of the
measurements and normalizations can be tested by
checking the polarization vector magnitude (PVM) (see
Tables Vand VI). The mean PVM value for all the data is
0.99+0.15 and less than 15% of the points deviate more
than one standard deviation from one. However, for ~+p
at 547 MeV/c and n p at 625 MeV/c the PVM's values
are systematically lower than the expected value of one.
The consistency between the A (+ ) and A (

—
) and be-

tween R (+ ) and R (
—

) results for two target polariza-
tion directions give a fair estimate of the JANUS instru-
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FIG. 23. A for ~+p ~~+p at 657 MeV/c.
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FIG. 21. A for ~+p~m+p at 625 MeV/c. FIG. 24. R for m+p ~m+p at 657 MeV/c.
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mental asymmetries. For some points inconsistencies are
significant, but should cancel once their values are aver-
aged. Nevertheless, we adopted a conservative estimate
of the experimental errors to account for discrepancies in
measurements for the two target polarizations.

Results from the present experiment show qualitative
agreement with the gross features of the recent mN
PWA's up to 657 MeV/ c. Some deviation outside the ex-
perimental errors indicate the need for a new round of
PWA's. When incorporated in new PWA's, these results
should provide some insight in the nature of the Roper
resonance. Complete data sets now exist at single ener-
gies for the first time. Amplitude analyses or single-
energy partial-wave analyses can be performed at these
energies in order to test the theoretical constraints used
in energy-dependent partial-wave analyses. An ampli-
tude analysis can also test the consistency of the data
with the assumption of isospin invariance in the mN sys-
tem.
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