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Low-energy NN tensor force from n |5 scattering: Results of an accurate experimental approach
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The spin-dependent neutron-proton total cross-section differehogsand Ao+ have been measured be-
tweenE,,=5 and 20 MeV in longitudinal and transverse nucleon spin orientations. From these data the
33,-3D; mixing parametek,, which characterizes the nucleon-nucleon tensor force at low and intermediate
energies, was determined in a model-insensitive way. In combination with measurements at higher energies,
our values fore, support a nucleon-nucleon tensor interaction that is stronger than predicted by all modern
high-precision nucleon-nucleon potential models and phase-shift analyses.
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I. INTRODUCTION agreement between the rigorously calculaté®}, phase
shift in p+d scattering and the result obtained frgim-d
phase-shift analyses can be improved by adding a 3NF ad-

The quality with which the most recent nucleon-nucleon; g 19 fit ESP [6]. However, this observation does not
(NN) potential modeld1-3] describeNN scattering data H

and the deuteron properties is remarkable. Wi database prove the existence of a sizable 3NF, because it can be ar-
of the Nijmegen groud4] is reproduced withy?/N~1 gued, as in the case of the bound state, that the central part of

However, if one uses these high-precisiéi potentials to theNN poten_tial is not sufficier_nly strong. A stronger central
calculate the binding energy ofH, the simplest nontrivial force is readily accomodated in meson-exchange baiéd
nucleus, then one finds that both local and nonlocal potenF-)Otentlal model_s |f_the tensor force is r_nade weaker to_match
tials underbind®H by amounts ranging from 860 keM.,2] the deuteron ,blndmg energy. The evidence for_the impor-
to 480 keV[3]. Because the binding energy of few-nucleontance of 3NF's theref_ore rests on the .assumptlon that the
systems is dominated by the contribution of K&l tensor well-understood OBE is largely responsible for fél ten-

force, which in turn is determined by the well-accepted one>%' force, and that OBE is indeed the correct effective de-

boson exchangéOBE) mechanism, meson-exchange-basedscription of the underlying theory, quantum chromodynamics

NN potential models seem destined to underbind all non—(QCD)' Before C?”'”g for 3NF.S’ It is cnpcal to learn
trivial nuclear systems. whetherN N potential models do in fact describe low-energy,

Traditionally, the 3H binding energy discrepancy is ac- tensor-force relatedNN observables to the necessary accu-

counted for by adding phenomenological or semiphenom[acy' . . . , .
enological three-nucleon forc€3NF’s). The inclusion of the Beyond mte_rest_ in the (_aX|stence of 3NF's, t_here IS T€-
3NF's is justified at least at some level because the mesorp_ewed theoretical interest in how best to describe b_oth the
exchange basedN potential models freeze out interr(ak., long-range(one-boson exchanpand the short-rangesix-

quark degrees of freedom. However, this approach is unsatguark) _character@stics of thé&N int_eraction using the same
isfactory for the®H binding energy problem unlegéN and formalism. Hybrid-typeNN potential modeld7] take into

3NF potentials are derived in an internally consistent way@ccount meson and quark degrees of freedom in different

This is the case only for the Ruhrpot potenfil. frameworks, which give rise to interesting interference phe-
Evidence for the importance of 3NF’s in low-energy scat-"omena between the tensor and the central force. In the con-

tering processes is also Subject to criticism. It is known thaﬁtituent qual’k mOde|, obtained in a nonrelativistic limit from
the QCD Lagrangian, th&IN interaction is described by a
six-quark wave function consisting of the two-nucleon clus-

*Present address: Magma Design Automation, Durham, Nders and a Hamiltonian acting on the quai&$ The Hamil-

A. Theoretical motivation

27713. tonian includes ar-meson exchange potential on the nucleon
TPresent address: Department of Physics and Astronomy, Appaldevel. Finally, in Weinberg’s approadl®] the starting point
chian State University, Boone, NC 28608. is the most general Lagrangian in terms of pion and nucleon
*Present address: Thomas Jefferson National Accelerator Facilitfields and their covariant derivatives, incorporating the ap-
Newport News, VA 23606. proximate chiral symmetry of QCD. Corrections to the one-
S$present address: Los Alamos National Laboratory, Los Alamospion exchangéOPE) potential arise naturally and are taken
NM 87545. into accoun{10,11].
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With these ongoing theoretical activities in mind it is im- (squar¢ of the Erlangen/Thingen group[17]. The Bonn
portant to measure specifitN parameters which are, in the group has recently confirmed its previous re$dB] in an
conventional meson-exchange descriptions, governed by tfxperiment using E,=17.4 MeV neutrons from the

i 2H(d,n)3He reaction
exchange of only a small number of bosons. Only with ac- ' .
curate data for these parameters will it be possible to distin- ©ON Ege bother hand, the refe'.“ gjeasurerr?ents lz)y the
guish between the traditional and the recent more fundamerErague ubna groufopen triangle in Fig. JLat the nearby

. . . energy ofE,=16.1 MeV[19,2Q are in excellent agreement
tal approach to thelN interaction and to discern whether the with theoretical expectations and nicely follow the trend of

description of the®H binding energy indeed requires size- 1o 1995 TUNL data of Wilburet al.[21] at energies below
able 3NF’s. 11.6 MeV (shown as filled triangles The 13.7 MeV

An excellent test case for probing the accuracy of thegrlangen/Thingen resulf17] was obtained from a measure-
OBE mechanism is the comparison of experimental data anghent of the spin-correlation coefficieA ,(6) in n+p scat-
NN potential model predictions for thés,-°D; mixing pa-  tering até, ,,=90°. The TUNL datg21] are based on mea-
rametere, in neutron-proton ii+p) scattering. The phase gyrements of then+p transverse total cross-section
shift £, is a measure of thBIN tensor force at low energies. gjfferenceA o, whereas the recent Prague/Dubna determi-
In OBE potential models the magnitude of the tensor forcenations[19,20] of £; were obtained from measurements of
results from the interplay of an attractive OPE contributionpih the transversgl9] and longitudinal[20] n+p total
and the repulsivg-exchange contributiofl2]. The appro-  cross-section differenckor andA o, . It remains a mystery
priate balance between these two contributions is mainly obwhy the ¢, values of both the Erlangen/Bingen group at
tained from fits to the’P, and 3P, NN phase-shift param- E,=13.7 MeV and of the Bonn group &,=17.4 MeV are
eters at energies above 100 MeV. Therefore, the effectiveo small compared to theoretical expectations shown in Fig.
tensor force used in OBE potential models is not based o@. Here, the solid curve represents the result of the Nijmegen
the deuteron properties and low-eneig) data alone, butis Partial-Wave Analysis PWA9B4], which is in close agree-
crucially influenced by higher energy phenomdna]. In ~ ment with the Bonn BNN potential-model descriptiof22]
practice, it is important to directly compare to data ratherdiven by the dashed curve. The dashed-dotted curve is the
than to phase-shift descriptions ef, because phase-shift VP! phase-shift analysis resulFA95) [23]. This curve is

analyses traditionally incorporate OPE as a tool for obtainin rifferent from thel otrrer representationwqu but it d.eschribes
unique phase-shift solutions. The parametgras well as all e experimental values &f considerably better in the en-

otherNN parameters, cannot be determined in a direct SenS%L?ghglbr:gefri?ﬁ\;ﬁezgo'}ﬂje\éhRl/zt ;Peom% E?%ﬂg&?h}'gg)'sm'
through a single experiment. In general, its determinatio ) y

. . 1], Argonne AV18[2], and CD-Bonn[3] NN potential-
requires the knowledge of oth&N phase-shift parameters. .model predictions. This observation is not too surprising

In this paper we present the. results.of a F_’O,W‘?ff“' EXPerlsince these three potential models are fitted to PWR93
mental approach for determining; which minimizes the Summarizing Fig. 1, it is obvious that only the phase-shift
curacy in the determination @f]_ that has not been achieved with the data at energies above 20 MémPE-based theo-
previously. The measurements consist of transverse and loketical constraints prevent both the Nijmegen PWA93 and
gitudinal cross-section differences for polarized neutron scatthe NN potential models from reproducing these data. The
tering from polarized protons in the 5 to 25 MeV energy relatively steep slope of; at very low energies is related to
range. Our results were published in short form in R&8].  the quadrupole moment of the deuteron. Starting at energies

above 10 MeV, theory predicts a decreased energy depen-
B. Previous status ofe; at low energies dence Of81. |f the two determination_s Qfl at En: 25.8 and
o , 50 MeV are indeed correct, then either the balance between

To obtain information about the accuracy of the OBEgpg and, exchange is not correctly adjusted in the present

mechanism, high-accuracy determinations of the iso3pin NN potential models, or other, currently unknown physics

—0 3g.3 " : ‘ :
=0, ”S;-°D, mixing parametee, are required at low en-  contributes to theNN tensor force in the energy range of
ergies. For thé’H binding energy problem, nucleon energies interest.

up to about 60 MeV are important. The knowledgesgfin
this energy range prior to the present TUNL results is sum-  Il. POLARIZED NEUTRON-POLARIZED PROTON
marized in Fig. 1. TOTAL CROSS-SECTION DIFFERENCES

The datum aE,=50 MeV is based mainly on backward- As seen from Sec. | B, the determination ©f from n

angle data for the spin-correlation coefficiehf{6) in n | scattering requires at least two polarization measure-
+ p scattering obtained at P§14]. The Bonn value at 25.8
MeV determined from a polarization-transfer coefficient

D¢(0) measurement n+p—n+p) at f.m=123° [15] 1In Fig. 1 we did not include the results of the Karlsruhe group
agrees with the trend of the PSI result. Howe\{er, the valugo4] obtained fromA,(#) meaurements between 20 and 50 MeV
obtained by the Bonn group at 17.4 MdWpen circlg¢ in a  due to the relatively large fluctuations present in these data. They
similar experiment (using neutrons from the reactions are included in the VPI analysis, but not in the Nijmegen PWA93
2H(d,np)?H and 2H(d,npnp) rather than?H(d,n)®He)  analysis. On the average, the Karlsruhe results are above the VPI
[16] is considerably lower, and agrees with the datumcurve.
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4 1.. 3[ i . 1.
3 01= §(S'|)0110+ 10 (S'P)(l'p)_§5'| o112 P1.
5 ®
o
ﬁ 1 In Egs.(4) and(5) P is the polarization of the neutron beam,
5 g +  Nijmegen PWAS3 P is the polarization of the proton targetandi are unit
L -—- Bonn B vectors in the directions of the neutron and proton spin, re-
1k —— VPIF, . ~ . . . .
1 K VPIFASS spectively,p is a unit vector in the direction of the neutron
-2 N T N N S beam. The transverse and longitudinal cross-section differ-
0 10 20 30 40 50 60 ences are given by
E, (MeV)
20'1
FIG. 1. Experimentally determined values of the phase-shift pa- Ao=— P (6)
T

rametere, and theoretical predictions prior to our present work.

Ref iven in the text. . : P ~
elerences are given in the fex with o, evaluated for the respective geometrsed, andp.

ments. Either a polarized neutron beam and a polarized prg-° évaluate the asymmetry in transmission duelte, we
ton target are required, or, if only one of the two particles inconsider the trarl_sm|SS|pn qf neutrons through a target layer
the entrance channel is polarized, then the polarization of #4*- The change in flux is given by
least one of the two particles in the exit channel must be dN= = *
: : N*=—N*(op* op)dXx, 7

measured. From all the possible observables in rthep (0= 1) 0
scattering system which meet these requirements, spifyhereN* is the number of neutrons in the magnetic spin
dependent total cross-section difference measurements a@bstatem= =+ 1/2. Differences in attenuation for the two
experimentally the most attractive ones for determining  spin states lead to a change in beam polarizeBogiven by
We will show that they are also extremely attractive from a
theoretical point of view. 1 dP

_ L — ——P%2+1=0. (8)

The spin-dependent total cross-section differences are de- oy dX
fined as the differences in the total cross sections with the
proton target and neutron beam polarized antiparallel an&olving Eq.(8) for the initial conditionP(x=0)=P,, gives
parallel to each other and directed either longitudingl ¢r  the polarization as a function of target thickness
transverse T) to the beam direction:
b P,—tanh(xo) 9

Aoy =0(=)—o(=), (1) )= 1P, tanttxey) - ©
Aor=o(1])=a(11), (2)  The change in the total number of neutrdis N* + N~ is

_ now given by
where the togfirst) arrow refers to the proton target and the

bottom(second arrow to the neutron beam spin orientations. dN=—N[og+P(x)o]dX, (10)
For particles with spin, the optical theorem relates the

total cross sectiors, to the forward scattering amplitude Which can be integrated to give the total number of neutrons
£ wr o(0°) by [25] N after passing through a thickness
m’'M’ m

N=Nge [ cosiox)— P, sinh(o1X)], (11
o= 4mAim n% ,\% P Pt P 0%) - (3) whereN, is the number of neutrons incident on the target.
The asymmetry, of the transmitted neutrons is given by

wherep,,,y andpy - are the density matrices of the projec-
tile and target, respectively, ardis the reduced wavelength. _N(+Pp)=N(=Py)
Following Hnizdo [26,27, the total cross section can be TN(+P)+N(—P,)
written in terms of partial cross sectiongg, corresponding
to different ranksk and K of the statistical tensors of the Since the argument of the hyperbolic tangent is less than
beam and target, respectively, and to different values of th8.05 for neutron energies above 1 MeV, this can be approxi-
transfered orbital angular momentu. For a spins=1 mated by
neutron incident on a spih= 3 proton, the result is

—P,tanH o1x). (12

€En= " Pn(T]_X. (13)

o=09+Poq,
e ' Finally, using this relation and Ed6), we obtain for the

where oo= 0 iS the spin-independent part of the crosscross-section difference
section ando is the spin-dependent part of the cross sec-
tion, consisting of central and tensor termig;q and o5, Ag= 2en
. g= .
respectively{26], P, PX

(14)
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In terms of NN phase-shift parameterd,o;, andA oy are given by
Aa,_=%{2—cos 25(1Sy) — 03 25(3Pg) + 3[c0s 25(3Py) — cos 25(1Py)]

+cos 24[cos 25(3S;) — cos 25(°D ;) ]+ 5[ cos 25(°D,) — cos 25(1D,) ]
+€0S 2,[ €0s 25(3P,) — cos 26(3F ) |+ 4+/2si 8(3S,) + 8(3D ;) ]sin 2¢
+4./6sir 5(3P,) + 5(3F,)]sin 2e,}, (15

r
AO‘T=E{COS 25(3Pg) — cos 25(1S,) — 3 cos 25(1P,) + cos % ,[ cos 25(3S,) + 2 cos 25(3D;) |

—5cos 25(*D,)+cos 2,[ 2 cos 25(3P,) + 3 cos 2(3F,) ]
—2\2si{ 8(3S;) + (3D 1) Isin 2& 1~ 26 sir] S(°P) + 8(3F 5)]sin 2¢}, (16)

wherek is the wave number and the phase shiftare labeled in spectroscopic notatié(r>"1L;). Terms withJ=3 are

omitted because they contribute negligiblyAer, andA ot in the energy range of interest. The large sensitivithof, and

Aoy to g4 at low energies is due to cancellations between individual phase shifts. Figayem#é 2b) show the sensitivity

of Aot andA o to a=£1° variation ofe, in the energy range belotw,= 25 MeV, the energy range of interest in the present

work. Here, we started from the Nijmegen PWA93 result, shown as a solid curve, and incféesexaseds, by 1° and

obtained the dashed-dottédashed curve. Note also that the sensitivity afo to variations ofe, is a factor of 2 larger than

that for Ao7. It is also important to point out that there is a considerable loss in sensitivity with increasing neutron energy.
As has been pointed out in Ref21,28, an even larger sensitivity t9; can be obtained by introducing the observable

a
A=Ao —Aor= P{Z—Z cos 25(3P,) + 3 cos 25(3P;) + 5 cos 25(°D,)

—3cos 2, cos 25(3D ;) —[cos 25(3P,) + 4 cos 25(3F,)]cos %,
+642siM 8(3S;) + 8(3D ) Isin 2e 1+ 66 sir S(3P,) + 8(3F,) Isin 2&,} . 17

In contrast toAot andA o, the differenceA does not de- asymmetrye,. Data forAo were obtained at neutron en-
pend on any singlédN phase shifts. This reduces the modelergies of 4.98, 6.95, 10.72, 14.65, 17.14, and 19.71 MeV.
dependence in the determinationsgfto a minimum and at  The previous data set fdro of Wilburn et al.[21] between

the same time maximizes its sensitivity £5. Figure 2c)  3.65 and 11.60 MeV was extended to higher energies. Data
shows the dramatic sensitivity of the observabléo a=1°  were taken at neutron energies of 10.70, 14.58, and 17.08
variation ofe;. Again, this sensitivity is due to cancellations eV,

between the different terms given in Ed.7). For example, A schematic diagram of the experimental setup is shown
inserting the PWA93 phase shifts B =12 MeV into Eq.  in Fig. 3. A polarized neutron beam in the 2 to 20 MeV
(17) (except for the sin&, term) one obtains energy range is produced by charged-particle reactions in the

neutron production target. The zero-degree neutron flux is
monitored by a small transmission-type monitor detector
which is attached to a phototulieot shown via a long light
guide. The polarized proton target is centered in a supercon-
ducting magnet and the transmitted neutrons are detected in
IIl. EXPERIMENTAL SETUP the shielded zero-degree neutron detector located at the end

The experimental determination dfo, (Aay) requires of a <_:o||imator. In the foIIowing sections we will briefly _
the measurement of the transmission asymmetry for a longdeScribe the parts of the experimental setup that are crucial
tudinally (transversely polarized neutron beam through a [OF @n accurate determination &fo, andAory.
longitudinally (transversely polarized proton target when
one or the other spin is reversed. Following E#4), the
product of proton target polarization and thickne$sX)
and the neutron polarizatid®, must be known accurately in In contrast to the statically polarized proton target (J)iH
order to determindo, Aot and A from the measured used in previous TUNL measuremeffd], the present tar-

A= %{8.4lsin %,+0.01. (18)

A. The polarized proton target

014004-4
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FIG. 2. Sensitivity of Aot (8), Ao (b), andA (c) to +1°
(dot-dashed curye and —1° (dashed curvevariations ing; at
neutron energiesE,=25 MeV. The solid curve is from the
Nijmegen PWA93 analysis.

get is dynamically polarizef29]. Dynamic polarization al-
lows for a rapid reversal=30 min) of the polarization di-
rection of the target, which is crucial for canceling the effect

of instrumental asymmetries. In a transmission experiment

the figure of merit of a polarized target iB4x)?, the square

of the polarizationP; times thickness, stressing the need

for both high polarization and high density.

The target material is 1,2 propanedi@;Hg(OH),, den- >- U
sity 1.27 g/cm], frozen into 1 mm diameter beads, giving a *H(p,n)3He reaction at low energies to calibrate the product
hydrogen concentration of>610??H/cm?®. The propanediol

PHYSICAL REVIEW C 63 014004

is chemically doped with 2-ethyl 2-hydroxybutyric acid
(EHBA) in a complex with chromium-\{30] to provide the
free electrons (% 10'°electrons/cr) required for dynamic
nuclear polarizationDNP). The target thickness is nomi-
nally 0.06 H/barn(compared to 0.02 H/barn of our previous
TiH, based polarized proton targeThe target is cooled to
0.5 K by a 3He evaporation refrigerator of the PSI design
[31]. DNP was induced using a microwave system and su-
perconducting magnet.

A schematic view of the cryostat is shown in Fig. 4. The
“He dewar and the liquidHe-filled split-coil superconduct-
ing magnet are surrounded by a vacuum jacket, two copper
heat shields and several layers of aluminized mylar. The
dewar is cooledd 2 K by pumping on the*He bath which is
in thermal contact with @He condenser where recirculating
%He gas condenses.

The 3He refrigerator(shown in Fig. 5 cools the target to
0.5 K by pumping on®He. At this temperature the cooling
power of the refrigerator is approximately 15 mW with a
3He flow rate of 0.6 mmol/s. ThéHe system is modular in
construction and is top loaded into the cryostat, making it
independent from théHe system. At the bottom of the re-
frigerator is the®He cup. Liquid 3He fills this cup and im-
merses the target cup, a X4.4x1.4cn? (inner dimen-
siong container. The target cup is fastened to the microwave
horn located at the end of a long target ing€iy. 5), which
is top loaded into the center bore of the refrigerator. The
target insert is also the microwave waveguide from room-
temperature to 0.5 K, and supports the NMR coaxial cable.
Figure 6 gives details of the target cup seated in*tHe cup.

The free electrons provided by chemical doping are nearly
100% polarized at 0.5 K and 2.6 T. Nuclear polarization is
induced by pumping with=7 mW of microwave radiation at
69.524 GHz for positive and 69.124 GHz for negative proton
polarization[29].

NMR measurements were made continuously to monitor
the relative proton target polarization during therr and
Ao experiments and during the absolU®gx calibration
measurements at low neutron energies. Typically, the target
polarization wa$?+=65%. The NMR system was calibrated
by measurement of the thermal equilibrium proton target po-
larization at 0.5 and 1.0 K before eactr measurement.
The NMR coil is made of two loops of 0.051 cm diameter
copper wire wrapped around the outside of the target cup, as
shown in Fig. 7. The coil is connected to room-temperature
electronics by a cryogenic coaxial cable. The LRC circuit
response is measured by a Liverpool H82] tuned to the
proton Larmor frequency. Measurements of the circuit re-
sponse with the magnet tuned off-resonaifeepolarizedl
were also made for background subtraction.

B. The polarized neutron beam

The polarized neutron beam was produced as a secondary
beam using one of four different neutron-production reac-
tions: transverse and longitudinal polarization transfer in the

of Pyx for the polarized proton target, and transverse and

014004-5



J. R. WALSTONet al. PHYSICAL REVIEW C 63 014004

Vacuum Cryostat Neutron
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FIG. 3. Schematic of the ex-
perimental setup showing the neu-
tron production target attached to
the beamline, neutron monitor de-
tector, polarized target, collimator,

Neutron i and zero-degree neutron detector.
Production Polarized
Target " Target Collimator i Detector Shield
| T I T I T I / IIII I T I |
—40 0 40 80 ] 200 240 cm

longitudinal polarization transfer in tréH(d,n)*He reaction  Filter for polarimetry during theAo, measurements. The
to measurel o+ andA o at the energies of interest. neutron beam polarization was then calculated from the pro-
The polarized proton or deuteron beam was produced byon beam polarization and from the polarization-transfer co-
the TUNL Atomic Beam Polarized lon Sour¢83] and the  efficients(see Sec. IVB B
TUNL 10 MV tandem Van de Graaff accelerator. A Wien  The target for high-energy,>5 MeV) neutron produc-
Filter was used to produce the desired quantization axision was a 6.0 cm long deuterium gas cell separated from the
(transverse or longitudingbn target. beamline vacuum by a 6:410" % cm thick Havar window
The target for low-energyH,,<2 MeV) neutron produc- and terminated by a metallic beamstop. The cell was filled to
tion consisted of a 2.2 mg/cmlayer of tritiated titanium 3% 10° Pa and beam currents were typically.A. The deu-
(=TiT,,4 evaporated onto a metallic beam stop. Protonteron beam polarization was determined from measurements
beam currents were typically LA and beam energies were

2.95 MeV (transversgor 1.83 MeV (longitudina). The neu- | |
tron beam energy was determined by observing*°C DI ﬂ:ﬂ]ﬁ’
cross-section resonances. The proton beam polarization was I !
determined from measurements of left/right scattering asym- } |
metries inp— *He scatteringsee Sec. IV BL The quantiza- } B
tion axis of the beam was precessed transverse at the Wien | T
|
| l
Refrigerator Access ‘ {
5 | Condenser ||
He out || . 'i' I i I
1 -
|
— — _}_ o J‘ —
4 - — 4 . ‘
He out | Hein | }
1 -
L Jk Iy
| |
|- - 1N
|
, | |
| |
2 K Bath ‘}‘ 3 I } I
|  He Valve |
_‘_ 19 J —
Vacuum TF | \ {
| . |
Heat 1 I Microwave |}
Magnet 4L =i 8
Target ] | 1/ 3
Cu He Cu
P P
Target
FIG. 4. Schematic of thé'He cryostat. The superconducting
magnet gets liquidtHe from the 2 K bath through two small bel- FIG. 5. Schematic of the target insert aftde fridge. The fridge
lows (not shown. and insert can be top loaded into the cold cryof2af.
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target cup was placed in the neutron beam downstream of the neutron

3 He cup )// aligf}ment production targetsee Fig. 3 and coupled to a phototube via
alignment 0 A pins a 1 m long light pipe. This geometry places the phototube
pins outside of the fringe field of the superconducting magnet of
\ our polarized proton target. The monitor detector was used
N only for the runs where the polarized neutron beam was pro-

wave- duced by the?H(d,n)3He reaction. In this case the neutron
T —— yle_ld is weakly dependent on the o_leuteron b_eam tens_or_ po-
o larization, so beam current integration alone is not sufficient
H to determine the neutron flux incident on the polarized pro-
nrd ton target.
AN % The zero-degree neutron detector consisted of a 12.7 cm
diameteik 12.7 cm long organic scintillatgiBicron 501 at-
tached to a photomultiplier tube which was coupled to a
transistorized base. The detector was mounted inside a poly-
FreTr ethylene collimator used to define the neutron beam viewed
target target cup by the detector. The collimator prevents room scattered neu-
beads ~—3He cup trons from reaching the neutron detector. The entrance bore
of the collimator was located 45.7 cm from the neutron pro-
duction target, and 18.4 cm from the polarized proton target.
The bore was 2.4 cw2.4 cm with a taper to 9 cm9 cm at
the exit of the 128.3 cm long collimatd2.5 msrad solid
angle. The distance between the zero-degree neutron detec-
tor (polarized proton targgtand the neutron-production tar-
- get was 211.5 cn238.8 cm. The alignment of the polarized
of left/right scattering asymmetries from thi#le(d,p)*He  proton target with respect to the neutron beam was verified at
reaction(see Sec. IV B 2 As for protons, the quantization 77 K by placing a small copper block with a small centered
axis of the beam was precessed transverse at the Wien Filtatignment hole in the target cup and then exposing an x-ray
for polarimetry during thed o, measurements. The neutron film at the exit of the collimator. The-ray flux in the beam
beam polarization was calculated from measured deuterowas sufficient to expose the filfior 20 min) and to show
beam polarizations and known polarization-transfer coefficlearly the position of the hole in the copper block.
cients(see Sec. IVB B

~— 3He tube

FIG. 6. Schematic of théHe cup inserted into the refrigerator.

IV. MEASUREMENT PROCEDURES

C. Neutron detectors o
A. Neutron transmission asymmetry measurements

Two neutron detectors were used in the present experi- As stated lier t i d
ment: a monitor detector and a zero-degree neutron detector S stated earlier, tranSverse asymmetries were measure

(see Fig. 3 These detectors are described below. atE,=10.70, 14.58, and 17.08 MeV, and longitudinal asym-
The monitor detector is described in Wilbue al. [21], metries were measured at 4.98, 6.95, 10.72, 14.65, 17.14,

with the exception that a transistorized b&34] was used to and 19.71 MeV. In addition, transmission asymmetries were

reduce count-rate-dependent gain charigss The detector Mmeasured at low energyE,=1.92 MeV (Aoy) and
E,=0.79 MeV (Ao,)] to calibrate the producP:x. The

same experimental and analysis procedures were followed in
/ all neutron asymmetry measurements. The beam polarization
was reversed at 10 Hz in the eight-step sequence
+——+ —++ — to minimize sensitivity to drifts in time to
second ordef36], and the target polarization was reversed
every 4—6 h. The measured neutron asymmetries ranged in
magnitude from 0.8 10 * to 400x 10" *. The statistical un-
3.79 om },,Z,;:: certainty was typic_ally less than 1% a_fter 24 h of d:_;\ta taking.
) . e— d The neutron yields were normalized to the integrated
beam current when the polarized neutron beam was pro-

1.40icm duced by the®H(p,n)3He reaction. When the polarized neu-

tron beam was produced by tHféd(d,n)3He reaction, the
v measured neutron yields were normalized to the monitor de-

t1_4o cm ~ tector yields. This normalization accounts for a beam-current

NMR caoil

1.60 cm - asymmetry as well as for a neutron flux asymmetry due to
the tensor polarization dependence of the source reaction
FIG. 7. Schematic of the target cup showing the NMR coil.  [45].
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The signals from the zero-degree neutron detector werBPhase shifts were taken from the effective-range parametri-
analyzed using pulse-shape discrimination in order to sepaation of Schwand{39]. The asymmetry was calculated
rate neutron events from-ray events. A high threshold was from
set to remove breakup neutron events from the monoener-

getic 2H(d,n)3He events. The threshold settings were veri- Np+Ng_ |12

fied in separate measurements with a pulsed beam and neu- N _Ng4 B

tron time-of-flight techniques. The high count rate in the T TN, No |72 (20
monitor detector precluded the use of pulse-shape discrimi- (ﬁ) +1

nation. Instead, we relied on a high-threshold setting and the Ni-Ng+

low detector efficiency fory rays in this very small scintil- L .
lator. Events from the zero-degree and monitor detectors, % cancel detector efficiencies. The,; are counts in ther
well as beam current and dead-time information, were redetector for thes spin state.
corded and tagged with spin orientation and recorded on fi The detectors were posmone_d_ a_t the angle ?fgreatest ana-
spin-flip (800 m3 basis. yzing power for maximum sensitivity§,,= 111o for trans-

In practice, the measurement of a transmission asymmet{£rS€ measurements & =2.95 MeV, 6;,,=81° for longi-
is susceptible to many systematic effects. In addition tdudinal measurements 5571-83 MeV). The analyzing gas
asymmetries due to incident neutron flux asymmetries, w&€!l was filled to ,16 Pa of "He gas.
considered effects resulting from dead-time asymmetries and 11€ asymmetries were analyzed on a channel-by-channel
false asymmetries due to count-rate dependent detector efff@Sis: A statistical uncertainty ef1% was obtained in=5
ciencies. The correction procedures are discussed in mof8in- The proton beam polarization was measured approxi-
detail in Refs[13,36,37. The main systematic error arises Mately evey 4 h during each low-energ o measurement
from a nonlinear neutron detector efficiency, which contrib-{0 calibratePrx for each target. Typical values for the proton
uted to a false asymmetry typically of order 10% of the mea[f?@a@m polarization were of order 70%.
sured asymmetry. Uncertainty in this correction was treated

as systematic and added in quadrature to the statistical un- 2. Deuteron beam polarimetry
certainty for subsequent calculations. Deuteron-beam polarimetry was performed using the
3He(d, p)*He reaction aE4=8.0 MeV during theA o+ mea-
B. Beam polarization measurements surements, and &4=28.0 or 12.0 MeV during thé o, mea-

The charged-particle beam polarization was determinegurements. The polarimeter side detectors were positioned at
from analyzing reactions in a polarimeter chamf@f] lo-  the angle of maximumiT ;; (6,,=111° for measurements at
cated sora 5 m infront of the polarized target. The polar- Eq¢=8.0 MeV, 6,,=130° for measurements &,=12.0
imeter consisted of a 2.54 cm diamet&.81 cm high gas MeV). The gas cell was filled to £0Pa of *He gas.
cell made of 2.2 104 cm Havar foil which was inserted Both polarized and unpolarized data were taken. The vec-
into the beam for polarimetry. Feedback slits immediately intor and tensor deuteron beam polarizations were calculated
front of the chamber were adjusted torfom 4 mm<4 mm from zero-degree detector normalized, left/right detector
aperture. Charged particles were detected by three collimatetields for both polarized and unpolarized beam. The zero-
silicon detectors. One of the detectors was placed at zerdegree flux was measured by the zero-degree charged-
degreegwith an appropriate stopping foil in fronand the  Pparticle detector £+ measurementsor by the neutron-
other two were placed symmetrically to the left and to themonitor detector 4 o measurements
right of the beam propagation axis. Events from the three The 3He(d,p)*He analyzing powersT,;, Tog, @and Toy
detectors were tagged for routing with detector and spin-stateere obtained from Legendre polynomial fits to phase shifts
information. The neutron beam polarization was calculatedaken from Bittcheret al.[40]. The uncertainties in the ana-
from the measured charged-particle polarizations andyzing powers were derived from uncertainties in the phase

polarization-transfer coefficients. shifts.
_ Asymmetries were analyzed on a channel-by-channel ba-
1. Proton beam polarimetry sis. A statistical uncertainty o£2% for the vector polariza-

measured left/right asymmetry jo—“He elastic scattering. tainties were of order 10%. Deuteron polarimetry was

The proton beam polarization is given by performed before and after eaddv measurement, and the
beam polarization was monitored approximately every 4 h
with the TUNL spin-filter polarimetef41]. Typical deuteron
p_5p (19 beam polarizations were of the order Bf=60% andP;;

P =80%, where stands for eithey or z

. 4 . C 3. Neutron beam polarization
whereA, is the p—"He analyzing power, which in general

depends on incident beam energy and anglewas calcu- The neutron beam polarization was calculated from the
lated from the partial-wave expansion of the elastic scattercharged-particle  beam  polarization ~ using  known
ing amplitude for sping particles given by Satchldi38].  polarization-transfer coefficients. For tHél(p,n)3He reac-
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tion, the neutron beam polarization for the transverse or lon- TABLE I. Experimental values oo, Aoy, andA, ande;

gitudinal geometries was calculated from the expression  results of they> minimization ofAc,ic— Aeyp. The data for oy at
E,=4.98 and 7.43 MeV are from Wilburet al. [21]. All other data

are from the present work.

P,(0°)=PK! (0°), (21)

E, (MeV) Ao (mb) Aot (mb) A (mb) €1 (°)

where K}'(O°) are thepolarization-transfer coefficients.

An auxiliary measurement d{§/(0°) wasperformed at
Et“:14'28 Mﬁ;’ Lis'(;‘g Fthhe Itmgen/TLéNl__ ”eL_‘I_t;O” po""l‘t”mt; 107  —42.2+59 -140.4:7.0 98.2:9.2 1.35-0.13
eter[42] calibrated withn—"He scattering. The result ob- 1, ¢ 51546 _1430:72 092585 1.69-0.16

tained,Ki’,,(O°)=O.6551 0.021, is consistent with the earlier 17.1 —39.9+66 —123.9-6.7 84.0-94 181021
vaIue[K§ (0°)=0.656*0.036 of Wilburn et al. [43] mea- 19.7  —32.8+7.2 2.106-0.27
sured att,=1.94 MeV using the same neutron polarimeter.—

aa'hls value was measured at 6.95 MeV and scaled to 7.43 MeV

Since these two results are in excellent agreement an ) - .
bracket our energy oF,=1.92 MeV, the present value for according to the energy dependence of the Nijmegen partial-wave

, PWA93 analysis.
Ky (0°) wasused to calculat®,(0°).

Values ofK{(O") for thereaction3H(|5,n)3He were not  verse andE,=0.793 MeV(longitudina). The neutron beam
available belowE,=4.0 MeV (E,=3.2 MeV). Therefore, energy was calibrated usingC resonances in neutron trans-
auxiliary measurements were performed by Walsébral.  mission experiments.

[44] to determinek? (0°) between 1.3 and 2.8 MeV proton ~ The average values fator() using phase-shift analyses
energy. and potential models are 948476 mb with a+2 (=8) mb
standard deviation. Our determination Bfx for the trans-
verse and longitudinal geometries were accurate to 4 and
6 %, respectively. NMR measurements were used to account
for the less than 1% differences in target polarization occur-
ing in the interval betweeRx and Ao measurements.

4.98 94.0-:10.8  41.6:33.8 53.0-35.5 0.38:0.26
7.43 —13.4+1.8 —129.0+11.9 115.6:12.0 1.16:0.12

For the2H(5,ﬁ)3He reaction, the neutron beam polariza-
tion for the transverse or longitudinal geometries was calcu
lated from the expressigmis]

3 PK{(0°)
Pn:m. (22) 300 Jz
I 1
| — Nijmegen PWA93
% TUNL Ref. 21
% present work
100 = A Prague Ref. 19

The polarization-transfer coefficielﬂ§’(0°) and thetensor
analyzing powerA,(0°)[=—3A,{0°)] were extracted
from fits to data taken from Lisowsldt al.[46]. Values for

)

, £
KZ (0°) were extracted from Salzmaet al. [47] and for ~
o)

<

A,/0°) from Lisowskiet al. [46] and Salzmaret al. [47].

C. Measurements ofP1x -100
The product of proton target polarization and target thick- TR (a)
ness Ptx was directly measured by low-energy neutron —200

transmission. Ao is known, Eq.(14) can be rewritten

5 — Nijmegen PWA93
_cetw) (23 i * present work

Px
200 = A Prague Ref. 19

B PnA O-T(L) ’

At very low energy, Aoy is well determined by Q100 —
effective-range expansions, phase-shift analysesNahgo- \E/ L
5]
<

tential models. As the neutron energy goes to zero, the tensor

0
interaction turns off and oy depends only upon the sca- i \._‘_4_,_*’,.
lar spin-spin interaction, which, at zero energy, only depends

on the singlet and tripleb+p scattering lengths’S; and —100 =

1s,, respectively. As a result, all realistic calculations of i | | | | (b)

Ao agree to high precision at low neutron energie3). —200 — g s
Therefore,Ptx can be determined from measurements of E. (M eV)

P, and the low-energy transmission asymmetry. These mea-

surements were performed for three targets used during the FIG. 8. Plot of experimental values dfo; (a) and Ao, (b)
course of ouA o andA o experiments. Neutron transmis- from the present work and from other measurements. Error bars
sion asymmetries were measuredggt=1.915 MeV (trans-  include statistical and systematic uncertainties.
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300 < 4
N Nijmegen PWA93 B
S gb1e med 31 b
200 . B + ki
_ o[ gt o
g (—
~~ 1 —
100 < ' e Mathelitsch et al.
& © g APrague —— Nijmegen PWAS3
~ - OBonn —-—- CD-Bonn
< 0O I o PSI -— VPISP99
-2 C 1 | 1 | 1 | 1 | 1 | 1
-100 , 0 10 20 30 40 50 60
/ E, (MeV)
—200 J, I A I A I A I .
0 5 10 15 20 25 FIG. 10. &, data including new TUNL experimental results
E. (MeV) (filled circles and the datum &,=16.2 MeV (triangle from Pra-

_ gue. See text for references. Theoretical curves are explained in the
FIG. 9. TUNL results for the observable (filled circles. The  {axt.

error bars include statistical and systematic uncertainties. The da-
tum atE,=16.2 MeV (triangle was obtained recently at Prague.
The curves show the sensitivity &f to changes ire,: The solid
curve is the PWA93 prediction of, and the dot-dashe@asheg
curve is the predicted value df with ¢, varied by+1° (—1°).

=15 MeV (see Fig. ], which must be plagued by unknown
experimental effects. Our datélled circles obtained in the
energy range belo,=20 MeV support the trend indicated
by the previous measurements at 25.6 and 50 MeV. Clearly,
V. RESULTS the experimental results far; are substantially higher in
magnitude than the phase-shift prediction PWAG®lid
Following Eq.(14), and using measurements of neutroncurve of the Nijmegen group as well as the recent analysis
asymmetries, neutron beam polarizations, &ha values, SP99(dashed-dotted cury®f the VPI group[49]. For com-
the cross-section differencésorr, Ao, and the difference pleteness, we added in Fig. 10 the prediction of the CD-Bonn
A were calculated. They are listed in Table I. The uncertainpotential(dashed curveas an example for one of the recent
ties include all statistical and systematic uncertainties addeHigh-precisionNN potential models.
in quadrature. The experimental values far, andA ot are How significant are these larger values for for our
plotted in Fig. 8 in comparison with the Nijmegen PWA93 understanding oNN potential models? Since thé¢N tensor
prediction. The results for the observallleare given in Fig.  force is due mainly to OPE- ang-exchange contributions,
9. the answer to this question is not simple. First, it may be
The phase Shlftl was determined from a single-energy, helpful to point out that our data are in fair agreement with
single-parameteg? minimization of (A c— Acxp at each  the effective-range parametrization of Mathelitsch and Ver-
energy.A., . was calculated from trial values ef and the  West[48] (dotted curve in Fig. 10 This parametrization is
remaining phase shifts were taken from PWA93. Using thishased on OPE, but here the OPE tensor force is not reduced
procedure, the description of the cross section and analyzingy invoking awNN form factor, as is customary in phase-
power data used in PWA93 remains virtually unchangedshift analyses and potential models. Furthermore, as has been
The uncertainties associated with the triplet-p phase pointed out by Machleidf50], our data fore; and the deu-
shifts given in Eq.(17) have a negligible influence on the teron properties can be reproduced well by an OPE potential
overall uncertainty ofs;. A 1% change in®S; at E,=10  with Bonn-B or CD-Bonn typerNN form factor (1.7 Ge\j,
MeV changes the differencgé by only 0.3%. Modlflcatlons i.e., by a model that does not incorporate any heavier meson-
of the 3Pj phase-shift parameters that are consistent with thexchange contributions. This observation may point to defi-
description of theNN analyzing power data result in changes ciencies in the theoretical treatment of heavier meson ex-
of A by only 0.1%. Finally, a 5% change 6D, affectsA change(like p, w, o, 5, and § exchanggin NN potential
by 0.25%. This extremely small dependencefofon the models. Clearly exchange has the most important influ-
triplet phase-shift parameters of EG7) is an additional and ence in our energy range. However, as pointed out already in
unique advantage of our approach compared to earlier detethe Introduction, it is well known that a strong coupling
minations ofe;. (k,=6.1) is required to fit théPy, 3P,, and*D, NN phase
Results of thisy? minimization are listed in Table | and sh|fts at energies above 100 MeV, where short-range effects
plotted in Fig. 10. The value &,=19.7 MeV is from ay? are clearly important. Obviously, a mechanism is needed that
minimization of Ao alone. The error bars include statistical generates a largeN tensor force and at the same time
and systematic uncertainties. provides a good fit to the phase-shift parameter referred to
above. Interestingly, the description of the low-energy
nucleon-nucleon analyzing powgg(6) data, which is sen-
sitive to the *P; NN interactions, could tolerate a weak
Figure 10 compares experimental determinationsepf coupling. Finally, as pointed out by Machleid0], our data
with theoretical predictions. Here, we omitted the two datafavor a largen for the deuteronD- to S-state asymptotic
points of the Erlangen/Thingen and Bonn groups neg, normalization constant. In fact, the dotted curve in Fig. 10 is

VI. DISCUSSION
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based ony=0.0272. Although larger values foy in general Clearly, our high-accuracy data fer, raise more ques-
imply larger values fok, this correlation is not very strong. tions than they provide answers. One of the unanswered
questions is whether the persistent difficulties experienced
VIl. CONCLUSION with currentNN potential models in reproducing the electric

. quadrupole moment of the deuteron is related to our findings
In summary, we have performed polarized neutron beam; Co .

; o i for £,. However, our data add significantly to the conjecture
polarized proton target transmission experiments beiow

—20 MeV to determine the differenca of the spin- that new concepts are needed to provide a more fundamental
dependentn+p total cross-section differencedo, and and accurate description of tiNN interaction than presently

- . _
Ao+. This observable allows for a practically model insen—ava"able'

sitive determination of the phase-shift parametgrwhich is
a measure of tha+ p tensor interaction at low and interme-

diate energies. In combination with other experiments, our ACKNOWLEDGMENTS
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