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The nucleon-to-nucleon polarization transfer parameterKy
y8 has been measured for the first time in neutron-

deuteron scattering, at bombarding energiesEn515.0, 17.0, 19.0, and 25.8 MeV and scattering anglesu lab

550° and 80°. The results are compared with rigorous, fully charge-dependent Faddeev calculations using the
most recent realistic, phase-equivalent nucleon-nucleon interactions and the Tucson-Melbourne three-nucleon
force ~TM 3NF!. Good agreement between theory and experiment was found at 50° where all potential models
predict nearly the same value forKy

y8 . At 80°, the pureNN force predictions are spread due to their different
D-state probabilities for the deuteron. When the TM 3NF is included, with the cutoff parameter in the strong
form factors fitted to the experimental triton binding energy separately for each of theNN interactions, the
different force predictions are shifted in such a way that they essentially agree with each other. This means that
Ky

y8 scales with the triton binding energy. At 50°, the 3NF causes only a small decrease in the theoretical
predictions, which still are close to the experimental values. In the minimum around 80°, the inclusion of the
3NF leads to a more pronounced decrease ofKy

y8 so that the theory now underestimates the data by about 10%.
A comparison of ourn-d data with existingp-d data indicates appreciable Coulomb force effects in the region
of the minimum ofKy

y8 . @S0556-2813~98!04802-X#

PACS number~s!: 24.70.1s, 13.75.Cs, 21.45.1v, 25.40.Dn
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I. INTRODUCTION

The experiment described in this paper was part of a p
gram intended to investigate the isoscalar tensor force in
nucleon-nucleon (NN) interaction using polarized neutro
beams.

An essential source of information on the tensor force
well as all other components of theNN force, is deuteron
properties andNN phase shifts determined by phase-sh
analysis~PSA! of NN elastic scattering observables. PSA
a difficult procedure, which is reflected in quite differe
results for theNN phase shifts and mixing parameters o
tained in the past. Even the two most recent and advan
multienergy PSA’s of Stokset al. @1# and of Arndtet al. @2#,
respectively, still show some differences in their results,
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pecially in the 3S1-3D1 mixing parameter«1 , which is a
direct measure of the on-shell tensor force. At 100 Me
e.g., Arndt et al. get «153.26, while the result of the
Nijmegen analysis is 2.42, with a quoted uncertainty of 0.
clearly illustrating the need for more and better experimen
data.~A comparison of the results and differences of the
two PSA’s for many phase shifts and energies can be fo
in Table 8 and Fig. 21 of Ref.@3#.!

Differences in the results of PSA’s arise because a P
from a given restricted database is not unique. The mere
that even the most recentNN potentials, with a common
x2/N'1, lead to phase shifts which differ in a non
negligible way is a demonstration of this uncertainty: A d
ferent ansatz can lead to a different result. This is aggrava
of course, if the database is poor. Especially the tensor fo
which involves the spins of both particles, is difficult to me
sure. Only a fewn-p observables are sufficiently sensitive
allow the accurate determination of«1 at least in principle.
They all involve polarized neutrons and necessitate the
termination of the polarization of two of the reaction pa
ners. This explains why, up to date, the tensor force is s
only loosely constrained by the existingn-p data.

Looking for additional information about this force, th
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57 485MEASUREMENT AND CALCULATION OF THE . . .
next step naturally is to go to the 3N system. Here one find
that the triton binding energyEt is sensitive to the tenso
interaction. In fact, a weak tensor force seems to be nee
below 50 MeV in order to bring potential model predictio
for Et into agreement with experiment@4#. However, the
action of a three-nucleon force~3NF! can fill the gap be-
tween experiment and calculations forNN interactions with
a stronger tensor force@5,6#. Unfortunately, the 3NF used
most often up to now, the Tucson-Melbourne~TM! 3NF
@7,8#, has an ambiguity in the cutoff parametersL in the
strong form factors. TheL’s can range within quite a larg
interval, causing strong variations in the 3N binding energy.
This ambiguity is somewhat reduced by adding thep-r ex-
change to thep-p exchange@6#. Still, there are not yet con
sistent, predictive, and generally acceptedNN and 3N
forces, and the triton binding energy by itself does not all
one to distinguish which of the existing phase-equivalentNN
forces is closer to reality.~See, however, the recent work
@9# which should be tested and applied in few-nucleon s
tems.!

A cheap but nevertheless informative way out of this u
satisfactory situation is to fitL to the experimental value o
Et and search for other observables in the 3N system which
are sensitive to the tensor force. Such a quantity is
nucleon-to-nucleon spin transfer coefficientKy

y8 whose sen-
sitivity to the tensor force was pointed out in@10#. The com-
parison of rigorous Faddeev calculations withp-d measure-
ments ofKy

y8 @11–14#, however, was not conclusive becau
of three reasons.

First, theNN potentials available at that time had substa
tial on-shell differences, not only with respect to their pr
dictions for the tensor force, but also in other phase par
eters. In this respect, we are in a much better situation to
because we now have fourNN potentials at our disposa
which all fit the same set of phase-shift parameters@1# with a
x2 per datum very close to 1, namely, the phenomenolog
AV18 potential@15#, the phenomenological Nijm I and Nijm
II interactions@16,17#, and the meson-theoretical CD-Bon
potential@18#. ~The Nijm93 potential@16#, which is also de-
rived from meson theory, is fitted less perfectly.! Hereby
Nijm II is purely local whereas Nijm I and AV18 carry
small nonlocality. The CD-Bonn potential, which is defin
in momentum space, is strongly nonlocal.~Within this paper,
we do not use the Nijm II interaction as published in@16#
because it has an unphysical bound state in the1P1 wave at
2964 MeV. Very recently, the1P1 wave of Nijm II was
refitted @17# in order to remove this bound state.!

Second, the effect of 3NF’s onKy
y8 was not known at tha

time. A big step forward was achieved in@19,20# where, for
the first time, a 3NF was included in rigorous calculations
the 3N continuum above then-d break-up. Already there
first calculations, using onlyS waves, showed that the inclu
sion of the TMp-p 3NF lowers the minimum ofKy

y8 . Later
we found @3# the same behavior for calculations includin
partial waves up toj max52. In the meantime, we were able
include a 3NF in 3N continuum calculations even for ver
high angular momenta@21,22#.

The third reason is the unknown effect of the Coulom
force onKy

y8 in p-d scattering. The aim of the experime
described in this paper was to exclude this ambiguity. The
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fore, taking advantage of the high intensity of our polariz
neutron beam, we have measuredKy

y8 for the first time in
n-d scattering, with an overall accuracy approaching that
typical p-d results. The measurements were made at bo
barding energiesEn515.0, 17.0, 19.0, and 25.8 MeV an
scattering anglesu lab550° and 80°. Foru lab around 80°, the
theory predicts the strongest dependence ofKy

y8 on the tensor
force and on the 3NF, while at forward angles these dep
dences vanish almost completely@3#. Already at 50°, the
smallest angle accessible to our experiment, all models p
dict very similar values forKy

y8 so that the data taken ther
can also be regarded as a check for systematic errors.

In the following section, the experimental setup and pr
cedure will be described, and in Sec. III the data analysis
means of Monte Carlo simulations will be discussed. T
Faddeev approach for the theoretical calculations will brie
be reviewed in Sec. IV, and the comparison with the expe
mental results will be presented in Sec. V. Finally, in Se
VI, we summarize and give an outlook.

II. EXPERIMENTAL DETAILS

A. Polarized beam

The experiment was performed at the cyclotron of t
Institut für Strahlen- und Kernphysik at the University o
Bonn. A plan view of the experimental layout is shown
Fig. 1. The transversely polarized neutron beam was p
duced via the2H(d,n)3He and 2H(d,n)pd reactions with
27.4-MeV vector-polarized deuterons incident on a 47-m
long, liquid-nitrogen-cooled gas target operated at a press
of 44 bars. The primary beam was stopped directly beh
the gas target, which served as a Faraday cup. The neut
were collimated at 0° in a 120-cm-long W-Cu collimator t
form a circular beam with a diameter of 21 mm at the exit
the collimator and 30 mm at the position of the reactio
target. The neutron production target and the neutron be

FIG. 1. Schematic drawing of the experimental setup, appro
mately to scale.
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486 57P. HEMPENet al.
have been described in detail elsewhere@23–25#. At an av-
erage intensity of the polarized deuteron beam of 400 nA
collimated, quasimonoenergetic neutron flux of 1.33106/s
was obtained from the2H(d,n)3He reaction—in the follow-
ing called high-energy~HE! neutrons—with an average en
ergy of 25.8 MeV and an energy spread of 4.4 MeV@full
width at half maximum~FWHM!#. In addition, a large num-
ber of breakup neutrons~LE! was produced with energie
below 21 MeV. Taking advantage of the fact that the hig
energy part of this breakup continuum is also polarized@26#,
the usable beam intensity was effectively quadrupled by
tending the measurement down to beam energies of aro
14 MeV.

The polarization of the deuterons was measured wit
carbon polarimeter positioned in front of the gas target
was used mainly for tune-up of the atomic-beam ion sou
and as a fast monitor during the runs. The actual neu
beam polarization was determined vian-a scattering in a
chamber containing He gas at a pressure of 1 bar as we
two DE-E telescopes to detect recoil alpha particles at la
ratory angles of624° with respect to the neutron beam
corresponding to the back-angle maximum in then-a ana-
lyzing power atun5119°. The telescopes each consisted
a thin ~30-mm! NE104 scintillator foil viewed from the out
side by a photomultiplier~PM!, a 450-mm2 Si surface barrier
detector, and a slit system. With this arrangement, the po
ization of the neutrons could be measured for energies d
to approximately 14 MeV. Although the efficiency of th
polarimeter was only on the order of 1028, this was suffi-
cient to determine theaverageneutron beam polarization
over the long data runs with a statistical accuracy of ab
1%. The neutron polarization was typically around 50%
both spin directions. Controlled by the current integrator
was reversed approximately every 5 s bychanging the polar-
ization of the deuterons at the ion source. After each n
polarized cycles, a 5-s unpolarized measurement was
serted.

The intensity and energy distribution of the neutron be
were measured by means of a proton recoil telescope~PRT!
placed behind the beam polarimeter. The neutron distribu
as deduced from the PRT spectrum is shown in Fig. 2.
count rate in the quasimonoenergetic peak was used to
termine the effective gas density in then-production target.
The beam energy was chosen such that the valley betw
the two neutron groups coincided with then-a resonance a
22.1 MeV where the effective analyzing power of the be
polarimeter cannot be determined accurately. Neutrons
tween 20 and 23 MeV were not used for the analysis.

B. Target and polarimeter

The target consisted of a cylindrical, thin-walled gla
vial, 35 mm high and 30 mm in diameter, filled with deute
ated NE213 liquid scintillator@27# and sealed under nitrogen
It was viewed from below by a 2-in photomultiplier throug
a 10-mm-thick light guide. Ne213 was chosen for its exc
lent pulse-shape discrimination properties, which were m
datory for a good separation of elasticn-d scattering from
breakup events. However, since the pulse shape of deute
is not much different from that produced by protons, a s
cial effort was still needed to obtain a usefulp-d separation
a
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at free count rates of up to 1 MHz. After extensive studie
the low-gain, eight-stage PM tube H2431 from Hamamat
was chosen mainly for its very short anode-pulse rise tim
and high count-rate capability. The original high-curren
voltage divider was altered by lowering the voltage betwe
the intermediate diodes to further reduce the anode curr
without appreciable degradation of the pulse quality. Th
resulting low gain was also necessary because the follow
fast electronics could not handle pulse heights exceed
62.5 V. Feedback regulation was applied to the anode vo
age using a pulsed light-emitting diode~LED! to achieve
optimum long-time gain stability.

The pulse-shape analysis was based on the principle
charge integration over different time regions of the ano
pulse ~‘‘short-long’’ method!, using only commercially
available general-purpose electronics@28#; a block diagram
of the system is shown in Fig. 3. The anode signal was sp
and one of the pulses was used to produce a timing signal
gating purposes. At this point, a fast coincidence with th
main event trigger of the experiment reduced the free cou

FIG. 2. Energy distribution of the neutron beam as measur
with the proton recoil telescope. Recoils from neutrons below 1
MeV were stopped in theDE detector.

FIG. 3. Block diagram of the pulse-shape discrimination circu
AN FO, analog fan-out; LOG FO, logic fan-out; CFD, constan
fraction discriminator; FC, fast coincidence; GG, gate generat
FLG, fast linear gate; MA, main amplifier; TRIGGER, trigger from
triple coincidence.
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57 487MEASUREMENT AND CALCULATION OF THE . . .
rate by about five to six orders of magnitude. The other t
anode signals were fed into fast linear gates~PS744@29#!,
which were opened for approximately 20 and 300 ns, resp
tively, by means of two logic units~PS755! serving as gate
generators. By adjusting the delays, the short and long c
ponents of the anode pulse could thus be extracted. T
were integrated and amplified with regular spectroscopy
plifiers. The pulse-shape resolution was optimized by fi
tuning the gate widths and positions. Pileup detection w
incorporated through an additional ‘‘long’’ gate, which wa
started immediately after the fast component of the pulse
stayed open for the remaining duration of the pulse-sh
analysis. If a second pulse was detected within this ti
period by a fast constant-fraction discriminator operating a
very low threshold, it was tagged as a pileup. This sim
system worked very well and provided a good separation
protons and deuterons at count rates in the scintillator u
more than 500 kHz. As an example, Fig. 4 shows two sca
plots of the long vs short component. The same type
pulse-shape analysis was applied forn-g discrimination in
the n detectors.

The polarization of the scattered neutrons was determ
with a liquid-He polarimeter. The LHe target consisted o
120-mm-high steel cylinder of 80 mm diameter with 0.5-m
walls. It was closed at the bottom with a 5-mm-thick qua
window sealed with an O ring made from In wire. The insi
walls were vapor coated with a thin film of Al in order t
increase their reflectivity before a layer of 100mg/cm2

p,p8-diphenylstilbene~DPS! was deposited to shift the wav
length of the LHe scintillation light from the ultraviolet int
the visible region; for the window, a DPS thickness
30mm/cm2 was chosen. The target cell was surrounded b
LN2-cooled, cylindrical heat shield made of 0.3-mm-thick
and closed at the bottom with a 5-mm-thick sapphire w
dow. The vacuum jacket consisted of a steel cylinder of 1
mm diameter with a wall thickness of 1 mm. The target w
viewed from below by a photomultiplier. The distance b
tween the center of the deuterated target scintillator and
LHe cell was (30061) mm for the measurements atu lab
580° and (37461) mm for those at 50°. Because of th
close geometry of the experiment, then-a scattering could
only be observed at forward angles. Two 3-in thick NE2
liquid scintillator detectors in cylindrical BA1 cells@27# with
5-in diameter were positioned (32061) mm from the LHe
target atuna56(56.060.1)°, which is close to the maxi
mum in the analyzing efficiency of the polarimeter.

Then-d scattering data were written on magnetic tape
fast triple coincidence was detected between the target s
tillator ~1!, the LHe scatterer~2!, and one of then detectors
~3a or 3b; see Fig. 1!. For each event, the short and lon
components of the anode signals were recorded for the ta
and n detector together with the pulse height in the LH
scatterer, the time of flight between the target and LHe
(TOF12), the TOF from the LHe cell to then detector
(TOF23), and the TOF of the incident neutron (TOFin), us-
ing the radio frequency of the cyclotron as a stop signal
the beam polarimeter, coincidentDE-E signals were regis-
tered along with the TOF between theDE and E detector,
and the TOF with respect to the rf of the accelerator.
addition, for each event the spin state of the beam was n
and, if applicable, the occurrence of pileup in the targ
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Finally, in the proton recoil telescope, coincidentDE-E sig-
nals were recorded.

III. DATA ANALYSIS

A. Formalism

For point geometry, the polarization of a neutron scatte
to the left would be

py8
n85~Ay

nd1py
nKy

y8!/~11py
nAy

nd!

in a coordinate system wherey andy8 are along the norma
to the scattering plane@30#. Primes denote the correspondin
coordinates after scattering,Ay

nd is the analyzing power for
n-d scattering andpy

n is the neutron beam polarization. If w

FIG. 4. Scatter plots of the long vs short component of
anode pulse from the deuterated target scintillator. In~a!, the raw
data are shown; the bands due to protons, deuterons, alphas
electrons are labeled. In~b!, the HE ~25.8 MeV! neutrons were
selected through a cut in TOFin, and pileup was rejected in th
target together withg’s in the n detector; in addition, a loose win
dow was set about the true peak in the~TOF12 vs TOF23! matrix
@see Fig. 6~b!#. The island of HE recoil deuterons is now clear
visible, while breakup protons and low-energy deuterons
strongly suppressed.
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define the asymmetryan5(L2R)/(L1R), whereL and R
are the number of particles scattered in the polarimeter to
left and right, respectively, we obtain

an5py8
n8Ay

na .

Usually, L and R are replaced by a combination of cou
rates taken with different spin states of the beam in orde
eliminate systematic errors@31#, but even for a ‘‘perfect’’
experiment this asymmetry depends onAy

nd in our case be-
cause the polarization of the scattered neutrons depend
this quantity. However, this unwanted influence ofAy

nd can
be greatly reduced through an appropriate definition for
asymmetry. Denoting withL1 , L2 , L0 , R1 , R2 , andR0
the count rates obtained with the beam polarization ‘‘up
‘‘down,’’ and ‘‘zero,’’ respectively, we define

an5
2L0R0~L1R22L2R1!

L1L2R0
21L0R0~L1R21L2R1!1R1R2L0

2 .

As explained in@32#, a short measurement with unpolarize
beam was necessary because the polarization for spin ‘‘
and spin ‘‘down’’ was not exactly the same. Going throu
some lengthy algebra and omitting terms which are sm
compared with (Ay

nd)2 @33#, this expression can be tran
formed into

an5Ay
na~py

11py
2!@Ky

y82~Ay
nd!2#,

which depends only onAy
nd squaredand on thesumof the

absolute values of the beam polarizations measured with
‘‘up’’ ( py

1) and spin ‘‘down’’ (py
2).

B. Monte Carlo simulations

1. General

The setup of this experiment constitutes a very ‘‘poo
geometry, and the formula derived above for point geome
cannot be used to extractKy

y8 from the measured asymmetr
It is not possible to define an ‘‘effective’’ analyzing powe
for our polarimeter because, due to the angular depend
of the n-d andn-a scattering cross sections, the LHe targ
is not illuminated symmetrically so that the number of co
cidences would be different for scattering to the left a
scattering to the right even for unpolarized particles. Nev
theless, this formula can serve to demonstrate the basic
nections between the various quantities and to estimate
rors. The actual data analysis had to be done by mean
detailed Monte Carlo simulations in which all aspects of
experiment were taken into account.

The simulation begins with the production of a polariz
neutron at a random point in the gas target and follow
through then-d and n-a scattering processes until it is fi
nally recorded in one of then detectors. In the course of th
simulation, list-mode data were created which could be co
pared with the corresponding experimental spectra.

In order to calculate the neutron polarization aftern-d
scattering, a preliminary assumption had to be made ab
the magnitude of the spin-transfer parameter. For this,
predictions of rigorous Faddeev calculations@34# with vari-
ous realisticN-N potentials were used. The asymmetryan
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was then determined from the simulated ‘‘left’’ and ‘‘right’
counting rates, and compared to the measured one. If the
differed, the simulation was repeated with somewhat lar
or smaller values ofKy

y8 until agreement was obtained. A
this point, obviously, theassumeddistribution ofKy

y8(u) de-
scribes the experiment correctly, and the valueat the central
bombarding energy and scattering anglewas taken as the
‘‘experimental’’ result. This procedure is reasonable b
cause, even though theabsolute valueof Ky

y8 may change for
different potential models, the basicshapeof the angular
distributions remains always the same~see Fig. 7!.

Out-of-plane scattering was significant in this experime
so that the effective beam polarization could have a not
ablex component. Consequently,Kx

x8 was also needed in th
simulation. The only experimental information available
this quantity is from a proton-deuteron measurement at
MeV @13#. In order to estimate the error introduced by th
uncertainty, simulations were done in which the theoreti
predictions forKx

x8 were changed by up to 30%; the effect o
Ky

y8 was found to be negligible. Also negligible was the e
fect of a possible deviation by a few degrees of the s
direction from the normal to the scattering plane.

In order to assess the effects of energy and angular sm
ing in this experiment, the simulation was repeated for po
geometry, assuming monoenergetic beams and small ta
and detectors. The resulting change inan was 6.5% for the
measurement at 50° and 7.5% at 80°.

Multiple-scattering effects were investigated in a separ
program. The most important correction to the measu
asymmetry was due to scattering from foreign materials s
rounding the LHe target which could change the asymme
by as much as 1% at the lowest energy, while double s
tering in the LHe itself contributed only around 0.2%. Als
significant was double scattering in the deuterium targ
with a contribution of up to 0.5%. These effects, howev
could be calculated very accurately. Double scattering in
target involving carbon or other elements was much less
rious, and triple scattering could be ignored complete
Taken all together, multiple scattering lowered the asymm
try by 1.3% atu lab550° and by 2.3%–2.8% atu lab580°,
depending on the energy.

In order to calculate the asymmetries for the LE part
the neutron beam, simulations were needed to find the
ergy distribution of the incident neutrons corresponding t
given cut in TOFin. A final goal of the Monte Carlo calcula
tions was to estimate the influence of systematic errors
various experimental quantities such as the target and de
tor positions and beam parameters. Corresponding sim
tions were made for the beam polarimeter to determine
effective analyzing power.

2. Input data

Because of the extended geometry and because of
tiple scattering, a vast amount of input data was needed
the Monte Carlo simulations, covering a large range of en
gies and angles. Of these, then-a analyzing powers were, o
course, the most important ones. For the beam polarime
Ay

na was needed only in the well-determined back-an
maximum arounduc.m.5132°. For the energies around 25
MeV, the phase shifts of Brosteet al. @35# and Kruppet al.
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57 489MEASUREMENT AND CALCULATION OF THE . . .
@36# were used, and below 20 MeV those of Stammbach
Walter @37#. Two very accuratep-a calibration points exist
at 17 MeV@38# and at 26 MeV@39#, respectively, which can
be used to check then-a data as demonstrated by Krup
et al. @36#. In both cases, then-a phase-shift prediction
agrees very well with thep-a calibration point. The total
absolute error in the effective analyzing powerAeff

na of our
beam polarimeter, including systematic errors and ba
ground corrections, is estimated to be61.3% at 25.8 MeV
and 1.1% at the lower energies.

The polarization of the scattered neutrons, as mentio
in Sec. II B, was determined byn-a scattering at forward
angles around 56°. In this region, for energies above 7
MeV, the existing phase-shift predictions forAy

na differ ap-
preciably @37,40#, meaning unacceptable normalization e
rors mainly for the measurement atu lab550° where the en-
ergy of the scattered neutrons is highest. We have there
remeasuredAy

na , combined our data with those of other a
thors, and concluded that the phase shifts of Stammbach
Walter@37# describe then-a analyzing power very well at al
angles and energies. The results of these investigations
be described in detail in a separate paper@41#. Then-a cross
sections were calculated from phase shifts in all cases.

Whereas the differential cross section forn-d scattering is
very well reproduced by modern three-nucleon calculatio
the analyzing power for energies below 30 MeV is not@42#.
Consequently,Ay

nd was interpolated from measured data
various authors@43#, and an absolute error of 10% was a
sumed for this quantity. The cross sections for elasticn-C
scattering were taken from the compilation ENDF/B-VI@44#;
inelastic processes were negligible. For energies below
MeV, polarization data forn-C scattering were calculate
from phase shifts@45#; above 12 MeV optical-model predic
tions were used@46#. For double scattering involving othe
elements such as Fe, Al, O, and Si, cross sections from@44#
were used, but polarization effects were neglected. T
could safely be done because these contributions were
small.

IV. THEORETICAL APPROACH

The Faddeev equation for the 3N continuum which we
are using, and which is based onNN forces only, reads

T5tP1tG0PT, ~1!

wheret is theNN t matrix, G0 the free 3N propagator, and
P the sum of a cyclic and an anticyclic permutation of t
three nucleons. We solve this integral equation for the F
deev amplitudeT in momentum space rigorously and wi
very high numerical accuracy@47#. The transition operatorU
for elasticn-d scattering is given by quadrature as

U5PG0
211PT. ~2!

In the calculations usingNN forces only, we include charg
dependence as described in@48#. Because of the uncertaint
in then-n force, we replace it in our calculations by thep-p
force and thus neglect charge-symmetry breaking.

In order to include a 3NF, one can also work with only
single Faddeev equation as was shown recently in@21#:
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T̃5tP1~11tG0!V4
~1!~11P!1tG0PT̃

1~11tG0!V4
~1!~11P!G0T̃. ~3!

This equation has an additional driving term and an ad
tional integral kernel in comparison with Eq.~1!. The new
quantity in Eq.~3! is V4

(1) , which is a part of the full 3NF
V4 :

V45V4
~1!1V4

~2!1V4
~3! . ~4!

Hereby we made use of the fact that 3NF’s used up to n
naturally split into three parts, each of them being symme
under the exchange of two of the three particles, e.g.,V4

(1)

under exchange of particles 2 and 3. Now the elastic tra
tion operator is given by

U5PG0
211PT̃1V4

~1!~11P!1V4
~1!~11P!G0T̃. ~5!

For the numerical treatment of the new terms in Eqs.~3! and
~5!, see@19# and @20#.

Important in this context is the calculation of the matr
elements ofV4

(1) . As was shown recently in@22#, the partial
wave decomposition forV4

(1) used up to now@19# is accurate
in the lower partial waves where we use it, but leads
untractable numerical problems in the higher ones. The
fore, we introduced in@22# a new scheme for the partia
wave decomposition of the 3NF which is stable in all part
waves. This allows for the calculations presented in this
per to include a sufficiently high number of partial waves f
the 3NF to achieve converged results. For the first time,
present calculations including a 3NF for the 3N continuum
above the breakup threshold including partial waves wit
two-body total angular momentumj 53, whereas in the 3N
bound state calculations@49#, which we performed in order
to fit L, we went up toj max56. For the calculations including
a 3NF, we again consider charge dependence, but for
sake of simplicity, we neglect the channels with total isos
T53/2. Without 3NF’s, this was shown to be justified in@3#.

V. RESULTS AND DISCUSSION

In five runs comprising approximately 1800 h of data ta
ing, 1.1 C of charge were collected for the measurement
u lab580° and 0.6 C atu lab550°. To obtain the beam polar
ization, the matrices TOFin vs E and E vs DE were used
~Fig. 5!. After the application of appropriate windows
mainly to eliminate deuterons from the4He(n,d)3H reac-
tion, the spectra were very clean with little accidental ba
ground. The average sum of the beam polarizations
(py

11py
2)51.04260.009 for the quasimonoenergetic pe

at En5(25.862.2) MeV and 0.98360.008 for the breakup
continuum between 14 and 20 MeV, where the errors
statistical only. Thus the polarization in the upper part of t
breakup continuum is 6% lower than that in the high-ene
peak, in good agreement with an earlier measurement@26#.
Only a very small energy dependence of the polarization w
found in the low-energy region investigated.

In order to obtain the asymmetry for the scattered n
trons, two-dimensional windows were first applied in t
pulse-shape matrices to remove coincidences wher
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gamma was detected in one of then detectors. Then, beside
the quasimonoenergetic region at 25.8 MeV, three groups
breakup neutrons were selected in then beam with mean
energies of 15, 17, and 19 MeV, respectively, by placing t
appropriate cuts in the TOFin spectrum as determined by th
Monte Carlo simulation. In the next step, a window was s
about the recoil deuterons in the pulse-shape matrix of
target scintillator ~Fig. 4!. In the 25.8-MeV energy bin,
roughly 90% of all breakup protons were thereby cut out a
most of the rest were eliminated by windows in the TO
matrices~see Fig. 6!. Since the elasticn-d coincidences are
more localized in time than the breakup events, only ab
10% of these fall inside the ‘‘elastic’’ windows so that th
final background from breakup was in the order of 1%. F
this a correction was made which resulted in an additio
error in the asymmetry of 0.2%. For the lower beam en
gies, the quality ofp-d separation was not so good. How
ever, because therelative number of breakup events wa
smaller at lower energies and because their asymmetry co
be determined rather accurately, the error resulting fr
breakup subtraction here remained tolerable at,1%. The
same TOF matrices were used to remove accidental ba
ground by subtracting the counts in corresponding windo
which were shifted by one rf period into the regions of neg
tive TOF. At free counting rates of 200 kHz in the targ
scintillator, 10 kHz in the LHe target, and 30 kHz in then
detectors, the number of accidentals after pulse-shape se
tion was always less than 0.5%. The relative number
multiple-scattering events inside the ‘‘elastic’’ windows wa
determined by the Monte Carlo simulation. Their effect o

FIG. 5. Matrices~TOFin vs E! and ~E vs DE! for the beam
polarimeter. In~a! and ~b! the raw data are shown, and the arro
indicates deuterons from the4He(n,d)3H reaction;~c! shows the
~E vs DE! matrix with the window indicated in~b! applied to the
~TOFin vs E! matrix. ~d! is the~TOFin vs E! matrix with a cut inDE
at channel 250 to eliminate most deuterons and detector noise.
peak from channel 450– 770 is due to the~HE! neutrons from the
2H(d,n)3He reaction; below channel 400 are the events originat
from the ~LE! breakup continuum.
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the asymmetry has been discussed in Sec. III B.
The final results, after subtraction of background and c

rection for double scattering, are listed in Table I togeth
with their relative errors. The normalization uncertainty f
Ky

y8 at the three lower beam energies is 1.8%. Since at th
energies the same set of phase shifts could be used to d
mine the neutron polarization before and after scattering,
normalization errors ofAy

na partly cancel out@41#. At 25.8
MeV the situation is different: Here the beam energy
above the 3/21 n-a resonance, while the neutron energi
after scattering are below it, so that different sets of ph
shifts had to be used to determine the two analyzing pow
and their respective errors add. For this case, we assig
overall normalization uncertainty of 2.4%. The individu

he

g

FIG. 6. Example of a~TOF12 vs TOF23! matrix before~a! and
after~b! elimination of background events through pulse-shape w
dows in detectors 1 and 3, forEn525.8 MeV andu lab580°. The
intensity scale is logarithmic in both pictures in order to enhan
the areas with low count rates. The events to the right of the ‘‘tru
peak in~b! are mainly due to multiple scattering and some break
The time scales are 0.16 ns/channel.

TABLE I. Results for the asymmetryan and the spin-transfer
parameterKy

y8 . The errors represent one standard deviation and
mainly due to counting statistics and uncertainties in the vari
corrections. The scale errors forKy

y8 are not included; they are
estimated to be 1.8% at the three lower energies and 2.4% at
MeV.

En ~MeV! u lab 2an Ky
y8

15.0 50° 0.38660.005 0.80460.022
80° 0.37560.004 0.63260.015

17.0 50° 0.37660.005 0.82660.022
80° 0.35560.005 0.60860.016

19.0 50° 0.34660.013 0.80760.036
80° 0.33060.009 0.58360.020

25.8 50° 0.32560.007 0.81360.024
80° 0.28060.009 0.53560.019
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TABLE II. Individual contributions to the total error ofKy
y8 at

17.0 and 25.8 MeV, foru lab580°. The errors at 15.0 and 19.0 Me
are similar to the ones at 17.0 MeV.

Source of error

DKy
y8/Ky

y8 ~%!

En517.0
MeV

En525.8
MeV

LHe polarimeter
Counting statistics~experiment! 1.3 3.0
Statistics~Monte Carlo! 0.2 0.2
Background subtraction~accidental! 0.2 0.2
Background subtraction~breakup! 0.9 0.3
Multiple-scattering correction 0.8 0.8
Neutron beam~mean energy! 0.9 0.1
Uncertainty inAy

n-d (610%) 0.2 0.6
Relative systematic errors~geometry! 1.0 1.1
Absolute normalization ofAy

n-a 1.8a 2.0
Beam polarimeter

Counting statistics 0.9 1.1
Background subtraction 0.5 0.2
Systematic errors~geometry! 0.1 0.1
Other experimental parameters 0.2 0.2
Absolute normalization ofAy

n-a a 1.3

Total error~%! 3.1 4.3

aFor a discussion of the normalization error for the three low
beam energies, see the main text.
e-
ce
contributions to the total errors are detailed in Table II f
the measurements at 17.0 and 25.8 MeV andu lab580°.

In a first study, we compare our results in Fig. 7 wi
charge-dependent calculations based onNN forces only, as
described in the previous section. We used the four pha
equivalent potentials AV18@15#, Nijm I and II @16,17#, and
CD-Bonn@18#, including all partial waves up to a two-bod
angular momentumj max53. At this point it should be em-
phasized that our experimental results forKy

y8 were obtained
via comparison with Monte Carlo simulations, as explain
in Sec. III B, and represent the values at the exact ener
and angles indicated; they can therefore directly be compa
with theory. It is gratifying to find good agreement atu lab

550° where the theoretical predictions do not depend m
on the energy or on the particular potential model used.
average, the 50° data agree with theory within 1.2%.

At u lab580°, which is close to the minimum at all fou
energies, we find the strongest variation among the pre
tions of the fourNN potentials. While AV18, Nijm I, and
Nijm II are within the experimental errors at all energies, t
CD-Bonn prediction is distinctly lower. As shown in Tab
III, these variations in the minimum ofKy

y8 are related to the
different strengths of the tensor force of theNN potentials as
expressed by their respectiveD-state probabilitiesPD . It can
be seen from Table III that the value ofKy

y8 at u lab580°
increases with the strength of the tensor force. Thus, judg
from Fig. 7, one might conclude that our data atu lab580°
prefer the potentials with a stronger tensor force over
CD-Bonn potential, which has the lowestPD . However, as
detailed below, this simple picture, which was initially b
lieved to provide direct information on the tensor for

r
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l
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-

FIG. 7. Experimental results forKy
y8 for the

four beam energies measured, in comparison w
the predictions of rigorous Faddeev calculatio
with various realistic, phase-equivalentNN po-
tentials. The solid line is for the AV18 potentia
@15#, the dashed one for the CD-Bonn potenti
@18#, and the dash-dotted and dotted lines are
Nijm I and II @16#, respectively. The solid dots
are the results of the present experiment; the v
tical bars indicate the relative errors. In~c!, at
En519 MeV, the open circles represent thep-d
data of Sydowet al. @14#, taken at the same en
ergy.
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@3,11,14#, must be modified when three-nucleon forces
included.

At 19 MeV we also show thep-d data of Ref.@14#, taken
at the same energy. They agree with ourn-d result atu lab
550°, but are about 10% below then-d point in the mini-
mum. The same behavior is observed for anotherp-d mea-
surement, performed at 22.7 MeV@11#: Taking the predic-
tion based on the CD-Bonn potential as a reference, we
that here, too, thep-d data lie well below the CD-Bonn
curve in the minimum, while our 80° data points are abov
at all energies.~No n-d measurement could be made at 22
MeV because, due to the 3/21 resonance in5He, no accurate
data for then-a analyzing power exist at this energy.! The
difference between thep-d data and ourn-d results hints at
a considerable influence of the Coulomb force in the m
mum ofKy

y8 . In view of theoretical studies on the 3N system
including the Coulomb force, such pronounced effects
not surprising@50#. Especially in the cross-section minimu
around u lab580°, interference effects can be large and
high beam energy is no counterargument because low in
nuclear energies are always involved. Thusp-d experiments
should not be compared ton-d calculations if subtle proper
ties of theNN interaction, like the strength of the tens
force or three-nucleon forces, are to be investigated.

As Table III shows, there exists a similar connection b
tweenPD and the triton binding energy as there is betwe
PD and the minimum ofKy

y8 ; i.e., the largerEt , the lower
the minimum ofKy

y8 . Thereby the CD-Bonn potential, whic
comes closest to the experimental value ofEt

expt

58.48 MeV, also gives the smallest value forKy
y8umin . This

suggests that the addition of a 3NF which brings the in
vidual NN force predictions into agreement withEt

expt will
also lead to an agreement in the predictions forKy

y8umin for all
four potentials. We already found effects of the TM 3NF
Ky

y8 before@3,19,20#.
In order to answer this question, we adjusted the cu

parameterL in the form factors of the 2p-exchange TM 3NF
@7# in such a way that, together with a givenNN force, the
experimental triton binding energy is reproduced@49#. The
resultingL’s are shown in Table IV. These results were o
tained with calculations where both theNN and the 3N
forces act within all partial waves up toj max55; the inclu-
sion of partial waves withj 56 changesEt only by about
0.1%. Thus we now have four 3N model Hamiltonians to our
disposal which all give the same triton binding energy.

Using these four models, we recalculatedKy
y8 at our four

TABLE III. Deuteron D-state probability in comparison with
the triton binding energyEt and the values ofKy

y8 at u lab580°,
which is close to the minimum at all energies, for the four realis
and phase-equivalent potentials used in this paper.

Potential PD ~%! Et ~MeV!

Ky
y8(80°) atEn ~MeV!

15.0 17.0 19.0 25.8

AV18 5.78 7.58 0.640 0.606 0.582 0.55
Nijm I 5.68 7.73 0.629 0.594 0.570 0.542
Nijm II 5.65 7.71 0.637 0.603 0.579 0.550
CD-Bonn 4.83 7.95 0.612 0.577 0.552 0.52
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energies, again withj max53. The results are depicted in Fig
8. The 3NF causes only a small decrease atu lab550°, and all
four predictions still are close to the experimental valu
there. On average, the theory is now 3% below the dat
this angle, with the best agreement at the two highest e
gies. At u lab580°, the effect is much more pronounce
Here the predictions forKy

y8 are decreased appreciably s
that they now lie almost 10% below the experimental d
points. The values ofKy

y8 at u lab580° obtained by including
the 3NF’s with adjusted strengths are listed in Table I
Comparing the pureNN force predictions forKy

y8 to those
including the 3NF, we see that the strength of the 3
needed to reproduce the experimental triton binding ene
indeed gets the predictions of the four differentNN poten-
tials into close agreement with each other at all angles; o
the prediction based on the local Nijm II potential lies som
what higher than the rest, the largest difference being 2
in the minimum at 25.8 MeV. Thus,Ky

y8 essentially scales
with the triton binding energy. The fact that a scattering o
servable scales withEt is not a trivial result which is gener
ally to be expected. We found in@3,51# that there are 3N
scattering observables which do scale withEt , albeit at
much lower energies, and others which do not.Ky

y8 belonged
to the scaling ones at 3 MeV.

Looking again at thep-d data@14# at 19 MeV in Fig. 8,
we see that then-d theory with 3NF’s goes right through
most of the data points, and a similar picture is obtained
Ky

y8 at 22.7 MeV@11# ~not shown!. This, however, is prob-
ably fortuitous because it is not the case for the polarizat
transfer parameterKz

x8 . In Fig. 9 we show thep-d data for
Kz

x8 , also from Ref.@14#, together with the correspondin
n-d predictions. One sees clearly that there is no such ag
ment forKz

x8 , and our caution concerning the comparison
p-d data withn-d calculations still holds true.

Considering the original aim of our experiment, th
present result might be disappointing at first sight. Beca
the effect of the tensor force onKy

y8 is counterbalanced by
the 3NF even at our energies, nothing can be learned a
the strength of the tensor force in a direct way, contrary
earlier expectations@3,11#. It must be emphasized, howeve
that the theoretical foundation of three-nucleon forces is s
in its infancy, and the TM 3NF, with its severe cutoff depe
dence, is not a very realistic force. It is not derived cons
tently within one scheme together with the respectiveNN
potential, but ‘‘added’’ artificially. It is therefore not too sur
prising that the various theoretical predictions, althou
agreeing with each other, do not reproduceKy

y8 at 80°. There

TABLE IV. Cutoff parametersL of the TM 3NF as fitted to the
triton binding energy for the various potentials and the values
Ky

y8 at u lab580° obtained with theseNN and 3N forces.

Potential L/mp Et ~MeV!

Ky
y8(80°) atEn ~MeV!

15.0 17.0 19.0 25.8

AV18 5.215 8.479 0.585 0.549 0.524 0.49
Nijm I 5.147 8.480 0.583 0.547 0.523 0.499
Nijm II 4.990 8.477 0.593 0.558 0.534 0.510
CD-Bonn 4.856 8.483 0.582 0.546 0.521 0.49
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FIG. 8. Same as Fig. 7, but with the inclusio
of the Tucson-Melbourne three-nucleon force,
explained in the main text.
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are other examples where the theory fails to describe
experimental data, most notably then-d analyzing powers
Ay and iT11 @3#. Thus our data provide an additional test
future improvements in the 2N and 3N scattering theory.

VI. SUMMARY AND CONCLUSION

We have measured the nucleon-to-nucleon polariza
transfer parameterKy

y8 for the first time in neutron-deutero
scattering, at bombarding energiesEn515.0, 17.0, 19.0, and
25.8 MeV and scattering anglesu lab550° and 80°. Reaching
an accuracy which approaches that of comparablep-d ex-
periments, we now have a measurement of a second-o
n-d spin observable accurate enough to serve for quan
tive studies. A comparison withp-d data shows the impor
tance of the Coulomb force at the angles around the m
mum of Ky

y8 where also the cross section is very small. T
is different at forward angles where ourn-d data agree with
the existingp-d data very well. We have to conclude that f
quantitative studiesp-d spin-transfer data should not b
compared ton-d calculations even at higher energies.

We compared our experimental data with rigorous, fu
charge-dependent Faddeev calculations in momentum sp
using the four realistic and phase-equivalentNN potentials
AV18, Nijm I and II, and CD-Bonn. Atu lab550°, where
Ky

y8 is less sensitive to details of the underlying dynamics,
four potentials predict essentially the same values forKy

y8 , in
good agreement with our experimental results. In the m
mum aroundu lab580°, the four predictions deviate from
each other, the differences apparently being related to
different D-state probabilities of the four potentials.

We then added the 2p-exchange Tucson-Melbourne 3NF
e

n
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ce,
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he

which was adjusted individually for each of the fourNN
potentials to reproduce the triton binding energy. We fou
that atu lab550° the 3NF causes only a small shift inKy

y8 ,
essentially preserving the agreement with experiment.
u lab580°, the shifts are larger and the theory underestima
Ky

y8 by almost 10%. However, the predictions of all fo
models are now in close agreement with each other over

FIG. 9. Comparison of the 19-MeVp-d data forKz
x8 @14# with

the model predictions including the TM 3 NF.
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whole angular range. This means thatKy
y8 scales with the

triton binding energy even at energies above 20 MeV, c
trary to earlier belief@3#, thus precluding a decision as t
which of theNN forces might be more realistic. There a
other 3N observables which are sensitive to the tensor for
but do not scale, as we found in a recent study@3#, especially
the vector and tensor analyzing powers, the neutron
deuteron tensor spin-transfer coefficients, and the ten
spin-correlation coefficients. We therefore propose to a
measure these nonscaling quantities in order to learn m
about the specific details of the dynamics.

The close coincidence of the predictions of all four 3N
model Hamiltonians, together with the disagreement betw
theory and experiment in the minimum ofKy

y8 , is a chal-
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lenge to theory. More insight into the physics and the act
of 3N forces is required.
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