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Analyzing powers for 2H„d¢ ,d…2H at deuteron energies of 3.0, 4.75, and 6.0 MeV
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Tensor analyzing powers for2H(dW ,d)2H elastic scattering were measured at deuteron energies of 3.0, 4.75,
and 6.0 MeV. The measured values are below 0.02 and increase with increasing energy. The data were
compared to the results of anR-matrix parametrization and microscopic four-body calculations. The calcula-
tions indicate that the nucleon-nucleonp waves have a strong effect on the observables.

PACS number~s!: 21.45.1v, 24.70.1s, 25.40.Lw
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I. INTRODUCTION

There has been considerable progress made in the
several years in calculating both bound-state and scatte
observables for three- and four-nucleon systems. In the
of the three-body system, much has been accomplished u
approaches such as direct solutions to the Faddeev equa
@1,2# and the expansion of the three-body wave function
terms of pair-correlated hyperspherical harmonics@3#. The
success of these methods has been due in no small part t
availability of improved nucleon-nucleon~NN! interactions
and increased computational capabilities.

Improvements in the theoretical understanding of
four-nucleon system have led to renewed interest in obt
ing high-quality experimental data for this system, especia
for 4He. At deuteron energies below about 10 MeV, the
exist several sets of analyzing power measurements
2H(dW ,d)2H. Grüebler et al. @4# obtained angular distribu
tions for a complete set of vector~VAP! and tensor~TAP!
analyzing power measurements at deuteron energies of
10, and 11.5 MeV. Additional VAP and TAP distribution
were obtained at 10 MeV@5#, while VAP distributions were
completed at 8, 10, and 12 MeV@6# and 10 MeV@7#. Over
this energy range, the analyzing powers are quite small, w
magnitudes of<0.03 at most energies. Additional isosp
T50 data exist from thep-3H andn-3He channels, compiled
in Ref. @8#, while experimental investigations of thep-3He
channel@9# provideT51 data.

Recently Hofmann and Hale@10# performed microscopic
calculations for bound and scattering states of4He using the
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resonating group model~RGM! and compared them to th
results of a charge-independent, Coulomb-correc
R-matrix analysis. Such analysis is hampered by the fact
the energy levels are broad and overlapping, requiring
many observables over a wide range of energies be inclu
in the global parametrization. TheR-matrix calculations are
in agreement with all observables except for the analyz
powerT22, where other calculations similarly fail. Also, in
cluding the analyzing power data of Ref.@4# in the R-matrix
analysis produced disagreements with the 21 phase shifts
predicted by the RGM@13#, particularly for the3D2 phase
shifts in the3He-n and 3H-p branches. In general, howeve
the results of the two analyses compare favorably. Impor
differences appear in channels that can be strongly in
enced by the tensor force, and an examination of these
ferences indicates that a stronger tensor force than that
in Ref. @10# may explain them.

In addition, analyzing power data in this energy regim
can be compared to results of microscopic four-body cal
lations @11#. These comparisons are especially interest
sinced-d elastic scattering should be sensitive to nucleo
nucleonP-wave amplitudes and may be sensitive to off-sh
and three-body force effects. Encouraged by the theore
progress, and the need for additional high-accuracy data
a more extended energy range, we have measured an
distributions of analyzing powers ind-d elastic scattering a
3.0 and 4.75 MeV. We have also obtainedT20 andT22 at 6
MeV to check the discrepant experimental results reporte
Ref. @4# at that energy. The present data provide a simp
test of theoretical predictions ofd-d scattering observable
than data at higher energy since fewer partial waves are
portant.

II. EXPERIMENTAL TECHNIQUES

All measurements were performed at the Triangle Univ
sities Nuclear Laboratory. The polarized deuteron bea
s
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were provided by the high-intensity Atomic Beam Polariz
Ion Source@12# and accelerated through a 10 MV FN Ta
dem accelerator to a 62-cm-diameter scattering cham
Typical beam currents of 100 nA were incident on targ
The analyzing powersT20 and T22 were measured atEd
53.0, 4.75, and 6.0 MeV, while the analyzing powersiT11
and T21 were measured atEd54.75 MeV. All data were
taken over an angular range of 40°<uc.m.<110°. For the
analyzing power measurements, RF transition units w
used at the source to populate two hyperfine states of ato
deuterium which can produce maximum theoretical ten
polarizationspzz561 and pure maximum vector polariza
tions of pz562/3. The beam polarization was monitore
online using the3He(dW ,p)4He reaction in a polarimeter@14#
positioned directly behind the scattering chamber. Typi
measured tensor and vector polarizations werePzz'60.7
andPz'60.5. The systematic uncertainty in the tensor a
vector polarizations is estimated to be 4%.

The polarization data were taken using three spin sta
an unpolarized state~state 1!, a positive polarized state~state
2!, and a negative polarized state~state 3!. A Wien filter was
used to set the spin axis relative to the reaction plane. A
spin-flip scheme was employed so that the desired hype
states of deuterium were cycled approximately once ev
second. This technique allowed data from each spin stat
be collected almost simultaneously so that slow change
the beam position, amplifier gain, and target thickness wo
affect all spectra in the same way.

Thin deuterated-carbon targets@15# were used which con
sisted of'231018 and 131018 atoms/cm2 of carbon and
deuterium, respectively. The deuteron beams lose'8 keV at
an energy of 3.0 MeV in the target. Reaction products w
viewed by two pairs of symmetrically placed left and rig
DE-E telescopes containing silicon surface-barrier detect
The DE detectors had thicknesses of 6 and 16mm for 3.0
and 4.75 MeV data and 19 and 27mm for 6.0 MeV data. The
300-mm E detectors completely stopped the scattered d
terons at 3.0 and 4.75 MeV, while 500-mm E detectors were
used to stop the particles at 6.0 MeV. The telescopes w
separated by 20° and subtended solid angles of 4 m
SampleDE-E and total energy spectra are shown in Figs
and 2, respectively. Tests for false asymmetries were car
out by measuring197Au(dW ,d) scattering atu lab540° under
identical conditions as thed-d measurements. It has bee
shown@16# that the expected analyzing power for197Au in
this energy range is,1024. The results were consistent wit
zero at the level of 531024, the statistical uncertainty of th
experiment.

The counts in the left and right detector telescopes w
combined in order to determine the analyzing powers. T
technique was employed to eliminate contributions fro
beam momentsi t 11 and t21 and from the first order effect
from left-right shifts on target. TheAzz results were obtained
from measurements with the spin axis set parallel to the
cident beam axis (b50°) and using the expression

Azz5
2~r 21!

pzz
(2)2rpzz

(3)
, ~1!
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where

r 5
L (2)1R(2)

L (3)1R(3)
N, ~2!

and pzz
( i ) are beam polarizations. The normalization factorN

takes into account the dead-time corrections and the t
charge accumulated for both polarization states, andL ( i ) and
R( i ) are the ratios of polarized to unpolarized counts in
left and right detectors, respectively. The superscripts re
sent the polarization states. The expression forAyy is the
same, except theAyy data are taken with the spin axis s
perpendicular to the beam axis (b590°) and reaction plane

FIG. 1. A plot of energy loss in theDE detector versus that in

the E detector for particles observed in2H(dW ,d)2H elastic scatter-
ing at 4.75 MeV. The outlined area shows the gate used to sor
deuterons of interest into the energy spectrum.

FIG. 2. A spectrum of deuterons observed in2H(dW ,d)2H taken
at Ed54.75 MeV andu lab535°. The peak at the right is the pulse

The reduced amplitude of the12C(dW ,d)12C peak is due to hardware
prescaling.
6-2
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The Axz andAy data, on the other hand, were obtained fro
measurements using the expressions

Axz5
L2R

pzz
, ~3!

Ay5
L2R

3pz
, ~4!

where L and R are the ratios of polarized to unpolarize
counts in the left and right detectors. The results for s
states 2 and 3 were averaged to yield the final result.
measureAxz , the spin axis was set tob545° and in the
reaction plane while theAy data were measured with th
same spin axis setting as theAyy data (b590°).

From these data, the spherical analyzing powersiT11,
T20, T21, andT22 were obtained using the following expre
sions:

iT115A3

2
Ay , ~5!

T205
1

A2
Azz, ~6!

T215
21

A3
Axz , ~7!

T225
21

A3
S Ayy1

1

2
AzzD . ~8!

III. THEORY

The theoretical predictions compared to the analyz
power data for2H(dW ,d)2H elastic scattering were obtaine
from two sources: anR-matrix parametrization and micro
scopic four-body calculations.

A. R matrix

The R matrix predictions are from a global parametriz
tion of theA54 system which has been Coulomb correc
and is charge independent. The analysis includes data
total and differential cross sections, tensor and vector ana
ing powers, and polarization-transfer coefficients for p
cesses listed in Ref.@10# along with the presentEd 5 3.0 and
4.75 MeV data. TheR-matrix elements are given by

Rc8,c5(
glc8

T glc
T

El2E
, ~9!

whereglc8
T are the reduced-width amplitudes andEl are the

energies for the reaction channelc and energy levell. These
parameters are adjusted to obtain simultaneously the be
to all the available data for theA54 system below 20 MeV
excitation energy.
03400
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The reduced-width amplitudes have definite isospins t
are restricted to 0 or 1. TheT51 parameters are obtaine
from an analysis of thep-3He scattering data, which repro
duces the proton data below 20 MeV. These parameters w
used to calculate cross sections andS-wave scattering lengths
for n-3H data by Coulomb-energy shifting the eigenenerg
El . The T50 parameters are varied to fit the data and
subject to the constraintgp-3He52gn-3H in isospin-zero lev-
els, which is required by isospin conservation.

B. Four-body calculations

The four-body calculations@17# use the integral equation
of Alt, Grassberger, and Sandhas~AGS! @18# for the transi-
tion operators involving all~2! 1 ~2! and~3! 1 ~1! channels
where the numbers in parentheses represent the numb
particles involved. For localNN potentials such equations ar
three-vector variable integral equations which after par
wave decomposition reduce to a set of coupled equation
three continuous scaler variables. Since scattering calc
tions require a great number of channels, some techn
compromises must be made.

The integral equations we solve are obtained from
modified AGS equations@19,20# after one has~a! repre-
sented the originalNN t matrix by an operator of rank 1; an
~b! represented the resulting 3N t matrix by a finite rank
operator and taken as many terms as needed to reach co
gence. The sole approximation in this approach involve
rank 1 representation of theNN t matrix which may be ob-
tained from the well-known method of Ernest, Shakin, a
Thaler ~EST! @21#. The multiterm representation of the 3N t
matrix is done using the energy-dependent pole expan
~EDPE! method developed by Sofianoset al. @22#. This ap-
proximation for the 3N t matrix is under control since on
may compare the finite rank approximation with the origin
results for the 3N observables~cross sections and analyzin
powers!, as well as check the convergence rate of 4N observ-
ables for increasing rank of the 3N t matrix representation
Since in the modified AGS equations the~2! 1 ~2! sub-
system is treated by convolution, it is calculated exac
This method was first used by Fonseca@23# in the binding
energy calculation of4He and later confirmed to be accura
by the exact work of Kamada and Glo¨ckle @24#. More re-
cently, benchmark calculations were performed for theT
51 system (n-3H scattering! using Malfliet-Tjon and Ar-
gonne V14 potentials inNN partial waves corresponding t
1S0 and 3S1-3D1. Cross sections and phase shifts were co
pared to the exact work of Ciesielski@25# in the energy range
below the breakup threshold. The results of such compar
@26# show excellent agreement between the two calculati
~less than 4% discrepancy!, where most of the difference
may be attributed to the use by Fonseca of a rank one
proximation for theNN t matrix. Therefore the 4N calcula-
tions presented here are the most completedd→dd calcula-
tions we know of using theNN interaction with the Bonn-B
and Paris potentials in partial waves corresponding to ch
nels 1S0 , 3S1-3D1 , 1P1 , 3P0 , 3P1, and 3P2. The results of
the calculations presented below are separated dependin
the number of partial waves included. The first two chann
6-3
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B. J. CROWE IIIet al. PHYSICAL REVIEW C 61 034006
correspond to including allNN partial waves withj <11 and
are identified as set A, while the first five channels inclu
all waves withj <1 ~set B!, and set C includes the channe
of set B plus 3P2. In all calculations we have included a
positive and negative parity 3N subamplitudes with total an
gular momentum up toJp57/21 as well as all underlying
3N channels corresponding to particle-pair relative orb
angular momentumL<3. Likewise all ~2! 1 ~2! subampli-
tudes that are consistent with the underlyingNN channels are
included. Finally, all 4N observables are calculated using 4N
amplitudes with total angular momentum up toJ p566 in
all corresponding~1! 1 ~3! and ~2! 1 ~2! channels with
relative orbital angular momentumL<5.

IV. RESULTS AND DISCUSSION

The TAP’s obtained at 3.0, 4.75, and 6.0 MeV are sho
in Figs. 3, 4, and 5, respectively, along withR-matrix and
microscopic four-body calculations with sets A and C d
cussed above. For identical particles in the exit channel,
TAP’s T22 andT20 must be symmetric around 45° in the la
which corresponds to a center of mass angle of 90°.
analyzing powersT21 and iT11 are antisymmetric around th
same angle. This allows for an internal consistency check
the experimental data.

The analyzing powers are small but increase as the en
is raised. Variations are small as the energy is chang
which is consistent with expectations of the presence
broad overlapping resonances. In Fig. 5, a compariso
made between the present data and those of Ref.@4#. The
presentT20 angular distribution agrees well with the previo

FIG. 3. Tensor analyzing power data obtained for2H(dW ,d)2H at
3 MeV compared toR-matrix predictions~dotted curve!, and four-
body calculations with set A~dashed curve! and set C~solid curve!.
The error bars in the figure only include counting statistics. At so
angles, the error bars are smaller than the experimental points~filled
circles!.
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6-MeV result. However, there are disagreements between
two data sets forT22 at back angles.

TheR-matrix parametrization provides a good descripti
of the present data. Both the shapes and the magnitude
the angular distribution are generally well reproduced.

The results of the 4N calculations show general agreeme
with the data, except forT22 at all energies where the ful
calculation~set C! overshoots the data at 90°. It should b
noted that these calculations simultaneously provide a
sonable description of2H(dW ,n)3He and 2H(dW ,p)3H tensor
observables@17# which are an order of magnitude larger tha
the tensor observables for the2H(dW ,d)2H reaction. This is
by no means a trivial outcome of the calculation given t
absence of any adjustable parameters. Therefore we con

e

FIG. 4. Vector and tensor analyzing power data for2H(dW ,d)2H
at 4.75 MeV compared toR-matrix predictions~dotted curve!, and
four-body calculations with set A~dashed curve! and set C~solid
curve!. The error bars only include counting statistics. At som
angles, the errors bars are smaller than the experimental p
~filled circles!.

FIG. 5. Tensor analyzing power data for2H(dW ,d)2H at 6.0 MeV
obtained in the present study~filled circles! along with comparable
data from Ref.@4# ~open circles!. These data are compared
R-matrix predictions~dotted curve!, and four-body calculations
with set A ~dashed curve! and set C~solid curve!. The error bars
only include counting statistics. At some angles, the errors bars
smaller than the experimental points~filled circles!.
6-4
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ANALYZING POWERS FOR2H(dW ,d)2H AT DEUTERON . . . PHYSICAL REVIEW C 61 034006
that the present calculation for2H(dW ,d)2H gives a reason-
able description ofiT11, T20, andT21 data, and provides the
correct trend forT22 but with too large a magnitude at 90
We also find that the2H(dW ,d)2H observables are extreme
sensitive to theP-wave components of theNN potentials as
shown in Fig. 5. Their presence is responsible for dra
changes in the calculated observables and for improving
overall agreement with the data.

We also find that changing theNN input introduces only a
small modification in the calculated observables. In Fig.
we compare the results of using the Paris potential instea
Bonn-B. Although the effect of changing theNN input is
larger in 4N systems such as2H(dW ,d)2H and 2H(dW ,p)3H
than in 1H(dW ,d)1H, one does not find any evidence that
specific interaction is preferred. On the contrary, calculati
with both potentials behave essentially in the same man
in spite of having very differentD-state probabilities for the
deuteron. Therefore any conjectures about extracting
strength of theNN tensor force from the data seem prematu
at this stage.

The 4N results shown here ford-d elastic scattering raise
expectations about the possible outcomes of includingN
forces and higher partial waves. As discussed in a rec
review article on the three-nucleon continuum@2#,
1H(dW ,d)1H elastic observables~cross sections, vector an
tensor polarizations! are insensitive to the choice of a reali
tic NN potential. Beyond the persistentAy discrepancy at low
energies@28#, the agreement between calculations and dat
excellent in the energy range up to 65 MeV. It is known th

FIG. 6. Four-body calculations of analyzing powers f
2H(dW ,d)2H at 6.0 MeV. The dashed curve resulted from calcu
tions including 2N partial waves withj <11 ~set A in the text!, the
dotted curve includes partial waves withj <1 ~set B!, while the
solid curve resulted from set C. The dashed-dotted curve was
erated using the Paris potential with set C partial waves.
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the Ay discrepancy at low energies persists even wh
known static 3N force models are added to any realisticNN
interaction. No matter what choice one takes, the outcom
similar: beyond its effect on the 3N binding energy~about 1
MeV more binding!, triton wave function related paramete
~charge radii, asymptotic normalization constants!, and dou-
blet scattering length, all of which correlate almost linea
with the triton binding energy, the 3N force plays almost no
role in d1p elastic scattering or breakup for deuteron lab
ratory energies up toEd565 MeV. The disagreement w
find here ind-d elastic scattering may not be attributed to t
approximations that are used to solve the AGS equations
mentioned above, the benchmark results@27# for n-t elastic
scattering, using the Argonne V14 potential, indicate that
method is reliable. Therefore, either the discrepancies
find here are resolved by including additional partial wav
and a 3N force, or new 2N 1 3N force models have to be
invented. In the case of adding a 3N force, one uncovers a 3N
force effect in low-energy scattering that is not associa
with scaling with the triton binding energy; in the case of
new nuclear force model, one is confronted with the need
new physics. Either scenario would show the importance
4N scattering as a theoretical laboratory for 2N 1 3N force
model studies.

V. CONCLUSIONS

Angular distributions of analyzing powers for2H(dW ,d)2H
have been obtained at 3.0, 4.75, and 6.0 MeV and comp
to R-matrix and four-body calculations. These angular dis
butions were obtained at energies lower than any of the
vious work. The measured analyzing powers are quite sm
(,0.02) in this energy range and increase smoothly w
increasing energy.

The theoretical calculations generally agree with the da
The R-matrix parametrization, which includes the prese
data set along with data from other reaction and scatte
processes, reproduces both the magnitude and shape o
angular distributions. The four-body calculations withoutp
waves fail to reproduce the data but with the inclusion op
waves the calculations follow the trends of the data in
cases except for the magnitude of theT22 data. A lesser
disagreement is observed for theT21 data.

Future theoretical research should include 3N forces as
well as higherNN partial waves such as1D2 , 3D2, and 3F2
coupled to3P2 as well as a 3N force. Given that the deuter
ons in the initial and final channels are two large objec
peripheral scattering of nucleons is expected to be enhan
as the importance ofP-wave scattering already indicates. A
though we anticipate the effect to be small, it should not
neglected given the magnitude of2H(dW ,d)2H observables.
The addition of a 3N force is also of fundamental importanc
in order to further test the reliability of present 2N 1 3N
force models. Finally, one may also conjecture that pro
inclusion of Coulomb dynamics should also play a role
these energies. Nevertheless, from the experience
1H(dW ,d)1H, one expects these effects to be dominant at f

-

n-
6-5
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ward angles and not so much in the angular range of
present data.

One may conclude that present 4N calculations with real-
istic interactions do not reproduce the data as well as
current 3N calculations. Unliked1n scattering where low-
energy elastic observables are insensitive to the choice oN
force model or presence of a 3N force, 4N scattering observ-
ables seem to indicate a greater dependency on other fa
such as the off-shellNN interaction and 3N forces.
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@4# W. Grüebler, V. Konig, R. Risler, P. A. Schmelzbach, R.
White, and P. Marmier, Nucl. Phys.A193, 149 ~1972!.

@5# H. O. Meyer and P. Schiemenz, Nucl. Phys.A197, 259~1972!.
@6# G. R. Plattner and L. G. Keller, Phys. Lett.30B, 327 ~1969!.
@7# E. M. Bernstein, G. G. Ohlsen, V. S. Starkovich, and W.

Simon, Nucl. Phys.A126, 641 ~1969!.
@8# D. R. Tilley, H. R. Weller, and G. M. Hale, Nucl. Phys.A541,

1 ~1992!.
@9# M. T. Alley and L. D. Knutson, Phys. Rev. C48, 1901~1993!.

@10# H. M. Hofmann and G. M. Hale, Nucl. Phys.A613, 69 ~1997!.
@11# A. C. Fonseca, Nucl. Phys.A631, 675c~1998!.
@12# T. B. Clegg, H. J. Karwowski, S. K. Lemieux, R. W. Sayer,

R. Crosson, W. M. Hooke, C. R. Howell, H. W. Lewis, A. W
Lovette, H. J. Pfutzner, K. A. Sweeton, and W. S. Wilbur
Nucl. Instrum. Methods Phys. Res. A357, 200 ~1995!.

@13# H. Hofmann~private communication!.
@14# S. A. Tonsfeldt, T. B. Clegg, E. J. Ludwig, and J. F. Wilke

son, inPolarization Phenomena in Nuclear Physics, edited by
G. G. Olsen, R. E. Brown, N. Jarmie, W. W. McNaughton, a
G. M. Hale, AIP Conf. Proc. 69~AIP, New York, 1980!,
p. 961.
.

.

@15# T. C. Black, Ph.D. thesis, University of North Carolina
Chapel Hill, 1995~available from University Microfilms, Ann
Arbor, MI 48106!.

@16# J. E. Kammeraad and L. D. Knutson, Nucl. Phys.A435, 502
~1985!.

@17# A. C. Fonseca, Few-Body Syst., Suppl.10, 359 ~1999!.
@18# E. O. Alt, P. Grassberger, and W. Sandhas, Phys. Rev. C1, 85

~1970!.
@19# A. C. Fonseca and P. E. Shanley, Phys. Rev. D13, 2255

~1976!; Phys. Rev. C14, 1343~1976!.
@20# H. Haberzettl and W. Sandhas, Phys. Rev. C24, 359 ~1981!.
@21# J. Ernest, C. M. Shakin, and R. M. Thaler, Phys. Rev. C8, 46

~1973!.
@22# S. Sofianos, N. J. McGurk, and H. Fiedeldey, Nucl. Ph

A318, 295 ~1979!.
@23# A. C. Fonseca, Phys. Rev. C40, 1390~1989!.
@24# H. Kamada and W. Glo¨ckle, Nucl. Phys.A548, 205 ~1992!.
@25# F. Ciesielski, Ph.D. thesis, Univ. Joseph Fourier, Grenob

1997.
@26# J. Carbonell, F. Ciesielski, C. Gignoux, and A. C. Fonse

Few-Body Syst., Suppl.10, 359 ~1999!.
@27# F. Ciesielski, J. Carbonell, and C. Gignoux, Phys. Lett. B447,

199 ~1999!.
@28# C. R. Brune, W. H. Geist, H. J. Karwowski, E. J. Ludwig, K

D. Veal, M. H. Wood, A. Kievsky, S. Rosati, and M. Viviani
Phys. Lett. B428, 13 ~1998!.
6-6


