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The sensitivity of neutron-proton elastic scattering observables to variations in the low angular

momentum T =0 phase shifts is studied at E&,b ——325 MeV. It is found that the J =1 coupling pa-
rameter e& is not well determined by existing data. This uncertainty in e& permits models with quite

difFerent tensor forces to describe the extant data. Implications and possible experimental resolu-

tion of such ambiguities are discussed.

Since the discovery of the quadrupole moment of the
deuteron, indicating the existence of a tensor component
in the nucleon-nucleon (NN) interaction, the role of the
tensor force in nuclear structure physics has been recog-
nized and examined repeatedly. ' Its effect on the ground
state of few-body systems, finite nuclei, and infinite nu-
clear matter has been extensively studied. The tensor
force plays an important role in determining the binding
energy of the three-nucleon system and the saturation of
nuclear matter and finite nuclei. Calculations of excited
states of open shell nuclei indicate that the rate of conver-
gence of core polarization contributions is very sensitive
to the strength of the nuclear tensor force.

For these reasons it is of great interest to accurately
characterize the NN interaction, particularly the contri-
bution of the tensor force. Beyond any formal theoretical
considerations, models of the NN interaction depend cru-
cially on the rigor of the constraints provided by experi-
mental scattering observables. In this paper we analyze
the extent to which the e& mixing parameter is deter-
mined by presently available NN scattering data, and dis-
cuss the consequences of this for the tensor force.

Very many neutron-proton (n-p) elastic scattering mea-
surements of the angular distribution and of various spin
observables have been performed, most extensively at an
energy of 325 MeV in the laboratory system. These data,
along with the corresponding complete T =1 proton-
proton (pp) elastic data, and together with the assump-
tion of charge independence of the nuclear force, have led
to what has been more or less accepted as a determina-
tion (the phase shift analysis) of the n-p scattering ampli-
tude. However, as is described below, this suggested
uniqueness is misleading. Present data still allow for
large uncertainties in several partial waves, in particular
in 'P, , D2, and the e, mixing parameter. Important
physical conclusions depend upon these phase shifts, one
such consequence being the size of the T =0 tensor force.
Since there is a considerable apparent ambiguity at lower
energies, the 325 MeV n-p data analysis has taken on an
exaggerated importance in the determination of the T =0
tensor force. Thus, we examine the latitude in the 6& mix-

ing parameter at 325 MeV, which has often served as a
measure of the size of the tensor force.

Our interest centers on the S&- D, and the D2 states,
since these are the states most influenced by ambiguities
in the T =0 tensor force, and on the 'P& state. We first
observe that for angular momenta J & 2, the phase shifts
are reasonably well determined. Both the Amdt phase
shift analysis (PSA) (Ref. 5) and the Basque PSA (Ref. 6)
are in rough agreement for the higher partial waves. The
lower T =0 phase shifts at 325 MeV for the two PSA's
are shown explicitly in Table I. In addition, the corre-
sponding predicted phase shifts from the Reid, Paris,
and Bonn models are presented. The reasonably close
agreement between the models and the PSA results for
higher partial waves is a reflection of the influence of the
unambiguously defined one-pion exchange and the two-
pion exchange. For this reason, except as noted, in this
work the phase shifts for the high partial waves are taken
to be those of the Amdt PSA. We have checked that a
substitution of either the Bonn or Paris higher partial
wave phase shifts leads to no changes in the present dis-
cussion.

The predictions of several models for various np ob-
servables together with the PSA results are shown in Fig.
1 along with the existing data. It is evident from these
figures that all the phase shift sets under consideration
provide acceptable fits to the data. Thus, the differences
among them reflect the uncertainty in the uniqueness of
the phase shifts and it is this uncertainty we wish to
quantify. Although we especially focus on the latitude al-
lowed by present data in the S,- D, coupling parameter
e&, it is not our purpose to perform yet another PSA with
a somewhat different set of constraints. Rather, we ex-
amine the extent to which a reasonable description of the
experimental observables will tolerate variations in the
phase shift parameters. This suggests experimental stud-
ies that would determine e, more closely.

Figure 1(a) makes clear that very little further can be
learned from a study of the differential cross section un-
less new precision data become available at forward an-
gles. Similarly, most of the other observables, e.g., the
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TABLE I. T =0 phase shifts (in degrees) of neutron-proton scattering at E&,b
——325 MeV.

State

1p

S ~
1

D,
El

D
1F,
D3
G3
E'3

'G4

Ar87'

—28.16
2.25

—24.16
5.90

23.06
—5.79

3.54
—4.60

7.41
8.33

Basque

—35.05
0.93

—25.38
6.23

23.30
—5.63

2.69
—4.39

7.55
7.04

Rscc

—38.23
0.70

—23.84
8.17

25.74

Paris

—26.83
0.68

—25.20
5.19

28.32
—5.71

4.74
—4.98

7.72
8.65

Bonn'

—30.84
4.54

—23.86
3.05

19.60
—5.50

3.71
—4.86

7.19
8.16

Variation

8.22
3 ~ 86
2.22
5.12
8.72
0.29
2.05
0.59
0.53
1.61

'Reference 5.
Reference 6.

'Reference 7.
Reference 8.

'Reference 9.
'The imaginary parts of the 'S& and the 'D& phase shifts are not listed here since their effect on the fit to
the data is completely negligible.
~The S& phase shift vanishes near this energy. Thus, the relative variations in this phase shift appear
exaggerated.
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FIG. 1. Predictions for neutron-proton observables at 325
MeV laboratory energy. Full line AR87 (Ref. 5), dashed Basque
(Ref. 6), dash-dot RSC (Ref. 7), dash-dot-dot Paris (Ref. 8), and
dash-dash-dot-dot Bonn (Ref. 9).

polarization P, the depolarization D, and the spin
transfer correlation coefficients do not show strong sensi-
tivity to the different models or PSA; for most of them
there are also no data available. In particular, if one does
not consider correlated initial-state-spin experiments and
final state neutron spin detection, then one is left with the
additional spin variables D„R„A„A,', and R,'. (For a
detailed description of the various NN scattering observ-
ables we refer to Refs. 10 and 11). The latter three ob-
servables show little sensitivity, leaving D, and R, . In ad-
dition to the extensive np angular distribution and polar-
ization data at 325 MeV, there are a number of measure-
ments of the spin transfer observables D, and R, at
scattering angles in the backward hemisphere. It is these
measurements along with the angular distribution and
polarization data which have gone into the determination
of the T =0 phase shifts.

We first consider D„ the transverse polarization
transfer normal to the scattering plane [Fig. 1(e)]. This
observable shows the largest differences for the theoreti-
cal models as well as the PSA, and, in addition, it is the
observable most sensitive to the mixing parameter e1.
Since the experimental errors in this observable are rela-
tively large, the question arises as to just how large is the
uncertainty in the determination of e1. Figure 2 shows
the sensitivity of D, to variations in the individual partial
waves e, , 'P„and Dz (all other partial waves are fixed
and taken from the Amdt PSA), as well as something of
the latitude permitted by the experimental data. Even
more latitude is obtained from correlated variations in
these partial waves. Because phase shift analyses focus
mainly on purely statistical 7 criteria, the interplay be-
tween g minimization and the realistic constraints pro-
vided by the data are of central interest. The latter de-
pend upon correlated and systematic errors as well as the
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FIG. 2. Effect of changes in the e~, 'P&, and 'D2 phase shifts

on D, . The solid line represents the Amdt PSA in each of the

panels.

FIG. 3. Variations of different T =0 phase shifts, which still
provide an adequate description of the data: Starting from the
Amdt partial wave analysis (Ref. 5) the solid line is obtained
with E']=1 P~= —35', and 'D2 ——20', the dashed line with

e&
——7', 'P& ———28', and 'D2 ——28'.

shallowness of the X profile. These aspects tend to be
more readily apparent in plots such as Fig. 2 and in com-
parisons of the description of different experimental ob-
servables. In general, we provide the 7 per data point
for comparison with the figures. For Fig. 2, the Amdt
PSA (solid lines) yields a value of X =1.4 per data point
for the D, data shown. The remaining six curves listed at
the right of Fig. 2 yield, in order, a X per D, data point
of 1.9, 3.2, 1.4, 1.5, 2.2, and 1.1. Evidently, the data are
very forgiving. The 7 per data point for the full 325
MeV data set is, of course, also important. The Amdt
PSA value is 1.9, whereas the six additional curves of Fig.
2, again in order, yield values of 2.7, 2.1, 2.0, 5.3, 2.4, and
6.7. Here, the two largest values result from a poor
description of the exceptionally precise total cross section
datum of Ref. 12. Because of the quoted precision of
these data, the systematic error is of enhanced conse-
quence. A systematic error of the order indicated in Ref.
12 ( —1%, 3 times the random error) reduces the X per
datum of 5.3 and 6.7 to 2.3 and 4.0„respectively. Thus it
appears that the full data set is also very forgiving of vari-
ations of the type illustrated in Fig. 2.

We note that the sensitivities to the different partial
waves occur in different angular regimes, and secondly,
that there is a strong interplay between the e& and D2
partial waves for angles 0)60. Variations in the P&

partial wave show up only in the forward hemisphere.
To better address the question about the uncertainty of
E(, that of Dz clearly must be taken into account as well.
In principle P, must also be considered, but its inhuence
is weaker in the backward hemisphere. The range of typ-
ical variations for each of these partial waves is indicated
in Table I. In order to find a characterization of the
bounds on e, we have varied the above mentioned partial
waves within these ranges. The result is presented in Fig.
3: e, = 1' (together with 'P, = —35, Dz ——20') as well as

ei ——7' (together with 'Pi ———28, D2 ——28'}, all other
partial waves being those of Ref. 5, give rough bounds on

reasonable fits to the existing D, data. The X per D, data
point corresponding to the e&

——1' and the e&
——7' curves

of Fig. 3 are 3.5 and 1.5, respectively. The corresponding
values for the full 325 MeV data set are 3.9 and 6.5.
Again, the value for the E'~ =7' case is reduced from 6.5 to
3.8 if one considers the systematic error in the total cross
section data of Ref. 12. Modification of the 'P& and D2
phase shifts to —31' and 22', respectively, then reduces
the t.

&

——7' 7 values to 1.4 and 3.3 for the D, and the full
data sets, respectively. Our conclusion from these con-
siderations is that e& at 325 MeV may vary between above
about 1' to beyond 7', if reasonable variations in the 'P&

and D2 partial waves are also taken into consideration. -

Although e, =l' represents an extreme lower bound on
the value of the J = 1 mixing parameter, the upper bound
we have quoted of e, =7' is not so inflexible. For exam-
ple, for E'&=7 with all other partial waves taken to be
those of the Amdt PSA, we find that X (D, )=2. 1 and
that X (all data) =1.9. In fact for e, =8.2', and all other
partial waves fixed at the Amdt PSA values, we find that
X (D, }=3.2 and that X (all data) =2.1.

Next, we consider R„ the transverse polarization
transfer in the scattering plane [Fig. 1(f)]. Here a serious

problem arises. None of the phase shift combinations un-
der study reproduces the most forward data point. Small
departures from present models cannot account for so
negative a value of R, as it is shown in the forward point
of Fig. 1(f). We are therefore forced to treat this datum
as spurious. If R, turns out to be strongly negative in the
60 -90' angular range, we may be forced to reevaluate
our entire picture of the NN interaction. We have tested
the sensitivity of this observable to the different T =0 low
partial waves, and it turns out that it is basically sensitive
to the same partial waves as D, . The effect of varying the
mixing parameter e& as well as the partial waves 'P& and
D2 on the different angular regimes is shown in Fig. 4.

There are only small variations in the backward hemi-
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FIG. 4. Effect of changes in the e&, 'P&, and 'D2 phase shifts
on R, . The Amdt PSA is represented by the solid line in panels
(a) and (c) and by the dotted line in (b).

FIG. 5. Effect of changes in the e&, 'P&, and 'D2 phase shifts
on A». The solid line represents the Amdt PSA in each of the
panels.

sphere and a sensitivity to D2 around 8=90'. The 'P&

partial wave determines the forward dip structure. In
general these sensitivities are small compared to those
discussed in connection with D, and discrimination re-
quires quite accurate data. The X per R, data point for
the Amdt PSA is 1.9, which is to be compared to that for
the other six curves in Fig. 4 which are, in order, 3.2, 1.4,
2.3, 2.6, 2.2, and 1.1. The corresponding values of X per
data point for the full 325 MeV data set are 2.7, 2.1, 5.3,
8.0, 2.4, and 6.7. As discussed in connection with D„
taking the systematic error in the datum of Ref. 12 into
account reduces the X~ values of 5.3, 8.0, and 6.7 to 2.3,
2.9, and 4.0, respectively. We conclude that the behavior
of R, does not significantly affect our conclusions regard-
ing the uncertainty in the e& mixing parameter.

A third observable which shows significant differences
among the existing models, the spin correlation parame-
ter A„, has been discussed in Ref. 13. A„again shows
sensitivity to the partial waves D2 and 'P&, and to the
mixing parameter e, (Fig. 5). A slight sensitivity to the
other J= 1 triplet partial waves, which is not shown here,
is also observed. Since A» is sensitive to D2 and 'P, in
nearly orthogonal angular regimes, it could be used to pin
down at least D2, which shows its largest variation
around 8=90 . The sensitivity to 'P, is largest in the for-
ward hemisphere, whereas the variation due to e, is
small. Therefore A„seems less suited for drawing con-
clusions about the magnitude of e& but is better suited for
constraining the D2 phase shift in order to eliminate un-
certainties concerning this partial wave in the other ob-
servables under discussion.

A somewhat similar study to ours at -50 MeV was
performed by Binstock and Bryan' in 1974. They found
that the spin observables A„Cpp Af Ckk At Dp C„„,
and A„ to be the most sensitive to variations in e&, listed
in the order of decreasing sensitivity. At that time there
were no data at this energy on spin observables except for
polarization data. Since then some data on A~~ (C„„)
have been added, but the E', parameter is still not well
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FIG. 6. Experimental data points for the e& mixing parame-
ter in the energy range from 0 to 325 MeV laboratory energy.
The shaded bar represents the uncertainty which should be al-
lowed given the variations of the NN observables discussed
above. The data points are taken from the following references:
AR87 (Ref. 5), BG82 (Ref. 6), and KL87 (Ref. 14).

determined as may be seen from Fig. 6, in which the re-
sults of the most recent PSA (Ref. 5) are shown. At 325
MeV the sensitivities are different from those at 50 MeV
and the polarization transfer parameter D, is the most
sensitive to variations in e&.

The present status of the e& parameter from 0 to 325
MeV is summarized in Fig. 6. On the basis of the PSA
alone and given the apparent ambiguity at lower energies,
it is evident why PSA values of e& around 300 MeV as-
sume a central role in static potential models. In such
models the magnitude of the tensor force is largely deter-
mined by the value of e& at -325 MeV. From Fig. 6 one
sees that this is not a reliable procedure: As emphasized
by our "uncertainty bar" in Fig. 6, the apparent lack of
ambiguity in e& from the PSA is misleading. Because the
situation at lower energies is even more uncertain, at
present there is evidently little in the way of convincing
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information regarding the e, parameter. For static po-
tential models a precise determination of e& at a single en-

ergy could indeed serve to constrain the magnitude of the
tensor force. However, there is now considerable interest
in nonstatic NN interactions constructed from meson
theory. Given the possibility of a nonstatic interaction,
even a precise value of e& at a single energy provides an
inadequate constraint, unless supplemented by the corre-
lated spin measurements needed to distinguish between
explicit energy-dependent and tensor force effects.

In summary, we have verified that the 325 MeV n-p
elastic scattering data can be analyzed with the T =1
phase shifts taken from p-p scattering and the higher par-
tial wave phases taken from a meson theoretic model
such as Bonn or Paris. The higher partial wave phase
shifts predicted by both models are very close to those of
the Amdt phase shift analysis and are completely con-
sistent with pionic exchanges. In this framework we have
examined and discussed the sensitivity of the observables
to variations in the low partial wave phase shifts. We
have argued that purely statistical 7 analyses of the data
tend to yield an apparent constraint on the e& mixing pa-
rameter which is more stringent than is actually warrant-
ed by the data. In addition to the fact that the 7 minima
are not sharp, this apparent constraint neglects correlat-
ed and systematic errors. Because the gradients with
respect to variations in the phase shifts (especially e, and

D2) in the vicinity of the Amdt PSA X minimum are
not large, relatively small changes in the data can easily
shift the minimum. The presence of correlated and sys-
tematic errors, which are not fully taken into account in
a purely statistical 7 approach, is also evident in the
data. Examples include the total cross section datum dis-
cussed herein in regard to Figs. 2 and 4, the presence of
two incompatible D, data sets (X -1 for one data set
yields X well outside the statistical error limit for the
other) and the apparent incompatibility with the cross

section data (I —1.3, due to a consistent overprediction
of the experimental values), and the polarization data
(X -2.9) in the Amdt PSA. For these reasons, it is not
surprising that Figs. 2 —4, and more generally the full 325
MeV data set, show a tolerance to variations in e, which
is not fully characterized by a 7 minimization criterion
alone.

Our principal conclusion is that the J= 1 coupling pa-
rameter e& is only loosely constrained' by the existing
data to be e, (325 MeV) = 1'—7'. Since the strength of the
tensor interaction in static potential models is closely re-
lated to this value of e&, it follows that the tensor force
cannot be precisely determined by the existing data at
this energy. The situation at lower energies is even more
ambiguous and the deuteron quadrupole moment does
not provide a definitive constraint either. From Figs. 1

and 3, and from experimental realities involving the
difficulty of correlated spin and final state neutron spin
experiments, it appears that high precision measurements
of D, are most promising in removing this ambiguity.
Because of uncertainties concerning energy dependences
in realistic potential models, definitive results at lower en-
ergies, in addition to the 300 MeV regime, are needed to
discriminate between tensor effects and explicit energy-
dependent effects. Precise results for e& are required to
verify the reliability of current potential models. Unam-
biguous results for e& strongly constrain the tensor force,
and this is an essential ingredient for nuclear structure
and nuclear reactions.

This work was supported in part by the U.S. Depart-
ment of Energy and by the U.S. National Science Foun-
dation (the work of Ch.E.). The Los Alamos National
Laboratory is operated by the University of California for
the U.S. Department of Energy under Contract No. W-
7405-ENG-36.

D. R. Inglis, Phys. Rev. 55, 988 (1939); A. W. Thomas, in
Nucleon Nucleon Inter-actions 1977 (Vanc—ouver), Proceed-
ings of the Second International Conference on Nucleon-
Nucleon Interactions, AIP Conf. Proc. No. 41, edited by H.
Fearing, D. Measday, and A. Strathdee (AIP, New York,
1978), p. 373.

R. L. Pease and H. Feshbach, Phys. Rev. 88, 945 (1952); L. M.
Delves and A. C. Phillips, Rev. Mod. Phys. 41, 497 (1969); I.
R. Afnan and J. M. Read, Phys. Rev. C 12, 293 (1975); R. A.
Brandenburg, G. S. Chulick, R. Machleidt, A. Picklesimer,
and R. M. Thaler, Los Alamos National Laboratory Report
LA-UR-86-3700, 1986; Phys. Rev. 37, 1245 (1988).

F. Coester, S. Cohen, B. D. Day, and C. M. Vincent, Phys.
Rev. C 1, 769 (1970); I. R. Afnan, D. M. Clement, and F. J.
D. Serduke, Nucl. Phys. A170, 625 (1970); D. W. Sprung,
Adv. Nucl. Phys. 5, 225 (1972); H. Kiimmel, K. H.
Luhrmann, and J.G. Zabolitzky, Phys. Rep. 36, 1 (1978).

4J. P. Vary, P. U. Sauer, and C. W. Wong, Phys. Rev. C 7, 1776
(1973);S. Chakravarti, P. J. Ellis, T. T. S. Kuo, and E. Osnes,

Phys. Lett. 109B, 141 (1982).
R. A. Amdt, interactive dial-in program sAID, versions of Sum-

mer 1987 and Fall 1987.
R. Dubois et al. , Nucl. Phys. A377, 554 (1982).

7R. V. Reid, Ann. Phys. (N.Y.) 50, 411 (1968).
M. Lacombe et al. , Phys. Rev. C 21, 861 (1980).
R. Machleidt, K. Holinde, and Ch. Elster, Phys. Rep. 149, 1

(1987).
J. Binstock and R. Byran, Phys. Rev. D 9, 2528 (1974).
N. Hoshizaki, Prog. Theor. Phys. Suppl. 42, 107 (1968).

' P. W. Lisoski et al. , Phys. Rev. Lett. 49, 255 (1982).
' W. T. H. van Oers, Nucl. Phys. A463, 517c (1987).

G. Fink and H. O. Klages, private communication.
' These E'l limits are themselves dependent upon exactly how

one views the various incompatibilities in current data and
are thus somewhat arbitrary. One of the authors (A.P.)
prefers the range 2 -9', with the range 3'—9 being more like-

ly.


