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The differential cross section for n-p elastic scattering at 801.9 MeV has been measured with high
statistical precision and good relative accuracy over the angular range 60'& 0* & 180'. The absolute
normalization is based on the simultaneously observed yield of deuterons from the np —+de. reaction
and is good to 7%. A nearly monoenergetic neutron beam, produced by proton bombardment of a
liquid-deuterium target, was directed through a liquid-hydrogen target. The angle, velocity, and
momentum of charged particles ejected from the target were measured in a magnetic spectrometer
equipped with multiwire proportional chambers and timing scintillators. The results are in good
agreement with earlier Saclay and LAMPF data and include an angular region not covered before.
The pole-extrapolation method of Chew was used to extract a value f =0.075+0.005 for the pion-
nucleon coupling constant which is in agreement with accepted values, thus providing evidence for
the accuracy of the shape and normalization of the angular distribution.

I. INTRODUCTION

In recent years, much progress has been made toward a
determination of the nucleon-nucleon interaction in the
energy region from 200 to 800 MeV. The quality and
variety of p-p elastic scattering data are now sufficient for
the establishment of unambiguous and relatively accurate
I =1 phase-shift solutions for the whole energy region.
The accumulation of good n-p scattering data for energies
up to -650 MeV has led to a similar but less accurate
determination of the I =0 phase shifts for that region.
Above 650 MeV, however, the situation is less certain, be-
cause of the fewer data available, the larger number of
partial waves involved, and the greater importance of
inelasticity.

The N-N data which were available in 1978 are con-
tained in a compilation by Bystricky and Lehar. For en-
ergies near 800 MeV the n-p data include values for the
total cross section ' and several measurements of the c.m.
differential cross section do/dQ' for various c.m. angu-
lar ranges: for 50'&8* &180' at 817 MeV from the
Princeton-Pennsylvania Accelerator (PPA); for
135'&9"&180' at 772 and 814 MeV from Saclay; for
110'&8"& 180' at 771 MeV from the Clinton P. Ander-
son Meson Physics Facility (LAMPF); and for the for-
ward angle region 10' & 8 & 65' at 790 MeV from

LAMPF. The PPA values are in considerable disagree-
ment with the others. Few measurements of the analyz-
ing power A (8 ) or polarization P(e') have been pub-
lished, " but several as yet unpublished sets' ' have
been used in a current phase-shift analysis. ' In addition,
there is a small set of polarization transfer measurements
at 790 MeV, ' and a few measurements of the Wolfenstein
D and A parameters. ' In the present paper the results of
a measurement at LAMPF of der!dQ' for the angular
range 60' & 8 & 180 at 801.9 MeV are presented.

II. EXPERIMENTAL METHOD

Since the experiment was performed using the same ap-
paratus and techniques as in a previously reported mea-
surement at 647.5 MeV, ' only the briefest description
will be given here. A nearly monoenergetic neutron beam
was obtained by tight collimation of the 0 neutrons pro-
duced in proton bombardment of a liquid deuterium tar-
get of 10.8 cm thickness. ' The proton beam was magnet-
ically deflected, after passage through the target, and was
stopped behind a shield wall. The neutron spectrum is
shown in Fig. 1. The neutrons used in this experiment
were those in the sharp charge-exchange (CE) peak at the
high energy end of the spectrum. The beam passed
through a liquid-hydrogen (LHz) target of thickness 13.2
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FIG. 1. Momentum spectrum of the neutron beam.

00

cm, and individual charged particles ejected from the tar-
get were detected in a magnetic spectrometer equipped
with four multiwire proportional chambers (MWPC's),
which overdetermined the particle trajectories by provid-
ing horizontal (x) and vertical (y) coordinates for the path
at two locations in front of and two behind the magnet.
Thin scintillator planes S, and Sz located at the front and
back ends of the spectrometer provided timing informa-
tion. From the deflections of the particles (-22') and
their flight times through the spectrometer, particle iden-
tification and a momentum measurement of accuracy
-0.7% could be made. The spectrometer could be
moved on an arc centered on the target. It had an angular
acceptance of -4', and nominal spectrometer placements
at 4' increments were used in the experiment. The uncer-
tainties in laboratory scattering angle arose from multiple
scattering in the L Hz target and scintillator S& (+0.08' at-0' to +0.30' at -55'), from multiple scattering and
geometrical resolution effects within the spectrometer
(+0.07 at -0' to +0.16' at -55'), and from uncertain-
ties in the spectrometer position and the MWPC align-
ment (+0.10'). Combined in quadrature these give
overall uncertainties in laboratory angle ranging from
+0.15 at -0' to +0.35' at -55'. The corresponding er-
rors in P" range from +0.36' at —180' to +0.64' at -60 .

The neutron beam flux was monitored by a pair of
counter telescopes placed symmetrically at 25' to the left
and right of the beam axis, which viewed a polyethelene
radiator disk of thickness 2.54 cm placed in the beam at
the collimator exit. The calibration for this monitor was
provided by measurement, in the MWPC spectrometer, of
the yield of deuterons from the reaction np —+de. , by iso-
spin conservation the cross section for this reaction is ex-
pected to be one-half of that for the reaction pp~dm+,
and the latter cross section is reasonably well known
(-5% accuracy' ). The overall accuracy of this method
of normalization is estimated to be -7%o.

The criterion for acceptance of events was a coin-
cidence between signals from S~,Sz and signals from at
least three each out of the four x and four y planes. The

data for acceptable events were sent to a computer which
wrote them onto magnetic tape for off-line processing. At
each spectrometer angle, data were taken with the L H2
target cell both filled and emptied, so as to determine the
background scattering from the target cell walls. This
background was 5—10% of the total, and the fraction of
time spent determining it varied from ——, where it was

low to ——,
' where it was higher. The number of events

accepted for full-target runs varied from -400000 at 0'
to -36000 at each of the six largest angles.

In the off-line analysis, the momentum for each event
was determined from the MWPC coordinate data and a
map of the spectrometer magnetic field by a procedure
which began with the coordinates of the incident path and
an estimate of the momentum (given by the overall deflec-
tion); a numerical integration of the horizontal deflection
through the spectrometer was performed so as to obtain
calculated coordinates of the emergent path, which were
compared with the observed coordinates. A 7 minimiza-
tion process was then used to adjust the incident coordi-
nates and momentum for optimum agreement between the
calculated and measured coordinate information. Further
details on this procedure can be found in Ref. 17.

Deuterons were distinguished from protons of the same
momenta by the difference in their flight time through the
spectrometer and by the difference in the pulse height
they produced in Sz. Since a fraction of the flight times
were corrupted by accidental coincidences, the second test
was an important added constraint.

The deuterons from the np —+de. reaction fall on a
well-defined locus on a plot of momentum versus scatter-
ing angle. These data were analyzed separately to deter-
mine their relative angular distribution in the c.m. system,
which was assumed to have the functional form

dg. /dQ'=A +cos 8*+8cos 8" .

The values of A and 8 were determined in a least-squares
fit to the data and were found to be A =0.317 and
B = —0.471. ' In accord with isospin conservation the
cross section for the pp~dm+ reaction is expected to be
twice that for the np —+d~ reaction, presumably at the
same deuteron c.rn. rnornentum. The proton energy in

pp —+de+ which corresponds to the mean neutron energy
of the present experiment (801.9 MeV) is 809.1 MeV, at
which the total cross section for pp~dm+ was taken to be
0'p 1 22 mb Thus the np ~d~ total cross section was
taken to be o„=0.61 mb in calibration of the neutron flux
monitor.

In the analysis of the n-p elastic scattering data, the ap-
parent incident neutron spectrum was reconstructed from
the observed recoil proton spectrum through use of the
known n-p kinematics. Only events which fell within a
narrow window containing the pd —+n quasifree CE peak
of the reconstructed neutron spectrum were used in the
n-p cross section determination. As the spectrometer was
moved to larger angles, the CE peak of the reconstructed
spectrum was broadened and shifted by plural and multi-
ple scattering and energy-loss effects in the LH2 target
and the spectrometer, and window placement became less
certain. A correction for imperfect window placement
was generated with a Monte Carlo calculation, which is
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described in Ref. 17. The corrections were small at small
spectrometer angle settings, but became as large as 7% at
one of the larger angles. The fractional accuracy of the
corrections is estimated to be 10%. Small corrections
were also made for absorption of both deuterons and pro-
tons in the target and spectrometer. The corrections for
protons ranged from 1% at the highest energy to zero at
300 MeV. For deuterons they were —1.7%.

III. RESULTS AND DISCUSSION
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The center of mass differential cross section values ob-
tained are presented in Table I, in the form der/dQ* as
well as in the alternative form der/du (where —u is the
square of the four-momentum transfer to the recoil pro-
ton), along with the corresponding center of mass angles
8". The errors quoted are statistical only. Most of the er-
rors discussed in the preceding section were smaller (and
their uncertainties much smaller) than these statistical er-
rors. The uncertainty in the 1.7% deuteron absorption
correction contributes negligibly to the normalization un-
certainty of 7% assigned to the entire angular distribu-
tion. This normalization is based on the assumption that
the total cross section 0„(801.9) for the np~dm. reaction
at 801.9 MeV is 0.61 mb. If a future determination leads
to a different and better value of o„(801.9), the cross sec-
tion values of Table I should be renormalized through
multiplication by the factor cr„(801.9)/0. 61 mb. As noted
earlier, the uncertainties in 8* range from +0.36' at 180'
to 0.64' at 60', which correspond to uncertainties in
der/d0* of 0.6% and 3.2%, respectively.

V

8

O O
Q

+I +I
O

Q

O O O
O Q Q
+I +I +I

O
oo M Ch

O O O

Q Q oo

O O O
Q Q Q

+I +I
t

Ch Ch

O O O

oO
oO
oOOOOO

oo

O O
OO

Ch
Ch

O O

O O O
+I +I +I
oO
Q O

O O O
+I +I +I

oo
OO

OO OO OO

oo oo

O O Q
+I +I +I

O O O
+I +I +I

O O
+I +I

Ch

oo oo oo
Q Q O O
Q Q Q Q

oo
e e O OQ Q
Q Q Q Q

oo
OO

Q

Q oo

O Q O

O O Q
O O O O O O

Q Q
+I +I +I +I +I +I~WMt

~ ~ ~ ~ ~ ~

O O O O Q Q

A. Comparison with other experiments

The results of the present experiment are compared
with the 817 MeV data from PPA (Ref. 5) and the for-
ward angle 790 MeV data of Carlini et al. in Fig. 2. The
agreement between the results of the present experiment
and those of Ref. 8 is good, but there is strong disagree-
ment with the data of Ref. 5. In Fig. 3 the present results
are compared with the 814 MeV results from Saclay in
the back-angle CE region. The agreement is excellent
from 134' to 164', but for larger angles the Saclay values
tend to be higher. The Saclay measurements at 772 MeV
(Ref. 6) and the LAMPF measurements at 771 MeV (Ref.
7) are not shown in Fig. 3. Both sets span the CE region,
135'—180' for Ref. 6 and 110'—180 for Ref. 7. Both give
values of do/dQ' slightly higher than those of this ex-
periment, and diverge somewhat at the larger angles. The
differences are far less, however, than the disagreement
with Ref. 5.
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B. Phase shift fit

Also shown in Fig. 2 is the differential cross section
curve predicted by a phase-shift fit labeled C800. This fit
was obtained with the computer program of Amdt et al. '

making use of an extended set of both published and un-
published p-p, n-p, and p-n (quasifree) data in the
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FIG. 2. Comparison of n-p differential cross section measurements near 800 MeV. The results of the present experiment () are
compared with the results of Carlini et aI. (O) (Ref. 8), with the PPA results ( ) (Ref. 5), and with the prediction of a phase-shift fit,
C800, obtained with the code of Amdt et ai. (Ref. 16).

765—835 MeV energy region. The n-p data base included
the differential cross section data of this experiment and
the two other LAMPF experiments ' and the data from
Saclay, but not those from PPA. In addition, it con-
tained total cross section data, ' n-p and p-n polarization
and analyzing power data, ' and some polarization
transfer' and Wolfenstein D and A parameter data. '
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The fit was made with 34 free parameters, including
coupling parameters up to e6 and partial-wave phase
shifts up to J6. The I =1 parameters were determined
primarily by the p-p data and the I=0 parameters by the
n-p data. The n-p data set included 398 points and the g
value for the fit to the renormalized points (see below) was
732, giving g per degree of freedom (X,)=2.0. The er-
ror corridors indicated by the dashed lines in Fig. 2 show
the range of predictions given by fits for which the value
of 7 per datum is increased by 1.0 above its minimum
value.

It is common practice to float the normalization of data
from individual experiments in the phase-shift fitting pro-
cess. The renormalization factor obtained for the present
data in the C800 fit was 1.20, well beyond the 7% nor-
malization uncertainty assigned to these data because of
uncertainties in the pp~d~+ cross section and possible
isospin noninvariance. The reason for this discrepancy is
not understood, but the good agreement of the present
data with those of Carlini et al. at angles near 60 com-
mon to both data sets is evidence for the correctness of
the present normalization; the normalization method was
entirely different in the two experiments. An additional
reason for believing the present normalization will be
given in the next section.

FIG. 3. Comparison of n-p cross sections in the charge-
exchange region obtained in this experiment () with the Saclay
data at 814.3 MeV (O) (Ref. 6).

C. Charge exchange region

The shape of the peak in the backward angle (CE) re-
gion is not well understood, but must be inAuenced by
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Ref.Expt.

TABLE II. Two-exponential fits to the n-p charge-exchange scattering data in the 800 MeV energy
region. The angular range is approximately 135 & t9 180'.

T No. of
2(MeV) points ai Pi

PPA
Saclay
Present

817
814.3
801.9

13
65
59

20.4+1.5
34.8+0.5
33.4+0.4

5.86+0.55
6.91+0.13
6.16+0.09

32.3+2.0
34.0+0.6
34.4+0.5

61+8
128+5
149+6

0.84
1.43
1.12

22one-pion exchange effects. It has long been known,
however, that this shape can be described rather well by
the empirical double-exponential formula:

dO P&u P&u
=CX)e +A2e

dQ

Comparison of the values of a~, P~, aq, and Pz obtained by
least-squares fitting to this formula is a convenient way of
comparing the backward angle data of the various experi-
ments. The results of such fitting for data in the CE re-
gion are presented in Table II, along with the values of X,
which measure the goodness of each fit. The agreement
between the parameters for the present data and the Sa-
clay data is fairly good, and such differences as there are
may be due to the energy difference. As expected, some
of the parameters are quite different for the PPA data.
The fit to the data of this experiment is shown in Fig. 4.

A more meaningful and sophisticated way of determin-
ing the plausibility of the angular distribution in the CE

1 23region is to use the pole-extrapolation method of Chew
to extract the pion-nucleon coupling constant from the
data. The method should give a value which is reasonably
accurate in this energy region. It is based on the conjec-
ture that there are poles in the real part of the nucleon-
nucleon scattering amplitude due to single-pion exchange
at the unphysical values

cosO =+(1+p /2k ),
where p is the pion rest mass and k is the nucleon c.m.
momentum, as well as branch points at

cosO =+(1+4@ /2k ), +(1+9@~/2k~), . . .
due to higher order processes. For n-p CE scattering the
( —) signs are applicable and p is the mass of the charged
pion. Since our application of the method was discussed
in Ref. 17, it will only be summarized here. In terms of

2 2 2the pion-nucleon coupling constant g = (2m /p ) f
(where m is the neutron rest mass), the total energy
E'=V'k +m of the neutron in the c.m. system, and the
quantity x =cos8"+ 1+p /2k, the differential cross sec-
tion can be written as

d o g (1+cose*)
d Q* 4E*

where the terms containing A and 8 represent higher-
order processes while the remainder is the one-pion contri-
bution. Although A and B are unknown functions of x,
they are known to be finite at x =0. The experimental
values of x and der/dQ' are used to determine values of a
new variable y (x),

2
2

x =y (x)= x — +Ax +Bx
dA 4E 2k

O.l2 —
i

O.IO

60
O

C9

~~ 40'
E

~ 20
b

0.06

y 0.04

0.02

IO.OO---
O.I 0.2

X = COSe + l.02587

I

0.5

00 0.04 0.08
U

0 I2 ~ 0 I6
(GeVrc)

0.20 0.24

FIG. 4. Double-exponential fit to the charge-exchange
scattering data (135'& t9 & 180') of this experiment.

2FIG. 5. Seven term polynomial fit to the values of x
do/dQ* calculated from the data of this experiment for angles
8 ) 135'.
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TABLE III. Pion-nucleon coupling constant determination from this experiment.

135 &8*&180'
(57 points)
P(n)

115'& 8 & 180'
(76 points)
Pin) f

100'& 8* & 180'
(95 points)

fP(n)

2
3
4
5
6
7
8
9

10
11

28.47
10.82
2.483
1.117
1.014

~1.011
1.023
1.043
1.058

1.00
1.00
1.00
0.98
0.71
0.48
0.18
0.43

imaginary
0.0132+0.0026
0.0487+0.0013
0.0632+0.0018
0.0697+0.0029
0.0744+0.0051
0.0795+0.0088
0.0765 +0.0157
0.0608+0.0362

22.66
14.94
7.001
2.161
1.214
1.145
1.147

~1.136
1.148

1.00
1.00
1.00
1.00
0.97
0.66
0.79
0.43

imaginary
imaginary

0.0270+0.0015
0.0515+0.0013
0.0631+0.0016
0.0675 +0.0023
0.0701+0.0033
0.0755 +0.0049
0.0794+0.0078

19.28
13.83
8.556
4.054
1.553
1.153
1.101
1.064
1.070

~1.030

1.00
1.00
1.00
1.00
1.00
0.97
0.95
0.54
0.96

imaginary
imaginary

0.0099+0.0035
0.0383+0.0013
0.0559+0.0013
0.0634+0.0016
0.0674+0.0022
0.0719+0.0030
0.0695+0.0044
0.0790+0.0058

which has the property that the terms containing the un-
known functions A and 8 vanish at x =0. Since x =0 is
in the unphysical region, y(0) is determined by making a
least-squares fit of the n-term polynomial g,". o'a;x' to
the physical y(x) values, thus determining ao which is
equal to y(0). With some substitutions and rearrange-
ment it follows that

f =ciao(k +m )(klm)
Polynomial fits in which n was varied from 2 to —10

were made to the data for three angular regions. Two cri-
teria were used to determine the optimum number of
terms for each data set: (1) that the value of X„bea
minimum; (2) determination by means of the F test of
whether the inclusion of another term significantly im-
proved the fit, i.e., the probability P(n) that X„was re-
duced significantly by the addition of the nth term was
calculated. As n increases, P(n) should stay near 1.0 as
long as the added terms are improving the fit, but should
drop sharply when the nth term does not improve the fit.
Ideally, the same number of terms should be indicated by
both criteria.

The results of the fitting process for increasing numbers
of terms are summarized in Table III. For each data set,
the fit with the optimum number of terms based on the
two criteria given above is indicated by an arrow, al-

though it could be argued that the nine-term fit is prefer-
able to the eleven-term fit for the largest data set because
the calculated error for f is smaller. The fit to the angu-
lar region 135'—180' is shown in Fig. 5. The indicated
fits (as well as the nine-term fit for the most extended
data set) all give values off which are in agreement with
a recent determination that f =0.0769+0.0020 obtained
from an analysis of pion-nucleon scattering and a deter-
mination that f =0.0762+0.0043 obtained from a
phase-shift analysis of p-p scattering data. The fact that
the f values deduced from these data agree with the ac-
cepted value within about 5% is evidence not only that
the shape of the angular distribution is good, but also that
the normalization is good.

For purposes of comparison, the polynomial fitting pro-
cess was also carried out for the 817 MeV PPA and 814
MeV Saclay data for the angular range 135'&8"& 180'.
The results are presented in Table IV and should be com-
pared with the results for the same angular range in Table
III. The behavior of both X, and P(n) is erratic for the
PPA data and none of the f values obtained are close to
the accepted value. For the Saclay data the best f value,
given by the six-term fit, is 22%%uo below the accepted value.
Deletion of the values for the six largest angles of the Sa-
clay data improves the f value, but it still is 9%%uo below
the accepted value.

TABLE IV. Pion-nucleon coupling constant determinations for the PPA and Saclay data for 8 & 135'.

PPA 817 MeV
(13 points)

fP(n)

Saclay 814 MeV
(65 points)

fP(n)

Saclay 814 MeV
(59 points)'

fP(n)

2
3
4
5
6

8
9

10

1.898
1.170
0.852
0.931
0.818
0.953
1.110
0.619
0.060

0.98
0.94
0.36
0.81
0.06
0.29
0.91
0.99

imaginary
imaginary

0.0192+0.0110
0.0257+0.0146

imaginary
imaginary
imaginary

0.1199+0.0448
0.2272+0.0590

15.77
6.492
1.858
1.487
1.502
1.474
1.450
1.471
1.349

1.00
1.00
1.00
0.47
0.85
0.83
0.33
0.98

imaginary
0.0029+0.0144
0.0461+0.0016
0.0570+0.0024
0.0597+0.0041
0.0485 +0.0087
0.0130+0.0591
0.0369+0.0378

imaginary

10.26
5.409
1.797
1.385
1.351
1.368
1.378
1.366
1.294

1.00
1.00
1.00
0.87
0.44
0.57
0.77
0.94

imaginary
imaginary

0.0430+0.0027
0.0606+0.0036
0.0698+0.0058
0.0637+0.0113
0.0448 +0.0294
0.0899+0.0281

imaginary

'Points for six largest angles omitted.
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IV. CONCLUSIONS

The n-p differential cross section is well determined for
the full angular range at 800 MeV. There is excellent
agreement where the present data join the forward angle
data of Carlini et al. In the CE region there is reason-
ably good agreement between the present data and those
of Bizard et al. and Bonner et al. at nearby energies.
Over ihe entire angular range 60'& 0' & 180 there is good
agreement between the data and the phase-shift prediction
as to the shape of the angular distribution, but disagree-
ment as to the normalization. The fact that the value ex-
tracted for the pion-nucleon coupling constant is in good
agreement with accepted values is evidence that both the
shape and normalization of the angular distribution are

correct and implies that the renormalization determined
in the phase-shift fit is questionable.
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