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Analyzing powers for 2H(d,d)?H at deuteron energies of 3.0, 4.75, and 6.0 MeV
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Tensor analyzing powers fdH(d,d)?H 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 &matrix parametrization and microscopic four-body calculations. The calcula-
tions indicate that the nucleon-nucleprwaves have a strong effect on the observables.

PACS numbdis): 21.45+v, 24.70+s, 25.40.Lw

[. INTRODUCTION resonating group modéRGM) and compared them to the
results of a charge-independent, Coulomb-corrected
There has been considerable progress made in the laBtmatrix analysis. Such analysis is hampered by the fact that
several years in calculating both bound-state and scatterif§€ energy levels are broad and overlapping, requiring that
observables for three- and four-nucleon systems. In the cadB@ny observables over a wide range of energies be included
of the three-body system, much has been accomplished usit the global parametrization. THe-matrix calculations are

approaches such as direct solutions to the Faddeev equatioI agreement with all observables except for the analyzing

) S ngerTzz, where other calculations similarly fail. Also, in-

[1,2] and the_z expansion of the three_-body wave function INcjuding the analyzing power data of Ré4] in the R-matrix
terms of pair-correlated hyperspherical harmorji@ The  analysis produced disagreements with the ghase shifts
success of these methods has been due in no small part to thgedicted by the RGM13], particularly for the3D, phase
availability of improved nucleon-nucleofNN) interactions  shifts in the *He-n and *H-p branches. In general, however,
and increased computational capabilities. the results of the two analyses compare favorably. Important

Improvements in the theoretical understanding of thedifferences appear in channels that can be strongly influ-
four-nucleon system have led to renewed interest in obtainenced by the tensor force, and an examination of these dif-
ing high-quality experimental data for this system, especiallyferences indicates that a stronger tensor force than that used
for “He. At deuteron energies below about 10 MeV, therein Ref.[10] may explain them.
exist several sets of analyzing power measurements for In addition, analyzing power data in this energy regime
2H(a,d)2H. Griebler et al. [4] obtained angular distribu- &N be compared to results of microscopic four-body calcu-

tions for a complete set of vectéWAP) and tensolTAP) lations [11]. These comparisons are especially interesting

analyzing power measurements at deuteron energies of 6, gi,nced-d elastic scattering should be sensitive to nucleon-

10. and 11.5 MeV. Additional VAP and TAP distributions nucleonP-wave amplitudes and may be sensitive to off-shell
were obtained at 10 MeY5], while VAP distributions were and three-body force effects. Encouraged by the theoretical
completed at 8, 10, and 12 Melé] and 10 MeV[7]. Over ~ Progress, and the need for additional high-accuracy data over
this energy range, the analyzing powers are quite small, witd More extended energy range, we have measured angular
magnitudes of<0.03 at most energies. Additional isospin distributions of analyzing powers it-d ellastlc scattering at
T=0 data exist from the-3H andn-3He channels, compiled 3.0 and 4.75 MeV. We have also obtairnegh and T, at 6

in Ref. [8], while experimental investigations of the*He MeV to check the discrepant experimental results reported in
channel[g]’ provideT=1 data. Ref. [4] at that energy. The present data provide a simpler

Recently Hofmann and Hald0] performed microscopic test of theoretical predictions af-d scattering observables
calculations for bound and scattering stateéldé using the than data at higher energy since fewer partial waves are im-
portant.

. . . . 1. EXPERIMENTAL TECHNIQUES
Present address: Shaw University, Raleigh, NC 27601.

"Present address: Los Alamos National Laboratory, Los Alamos All measurements were performed at the Triangle Univer-
NM 87544, sities Nuclear Laboratory. The polarized deuteron beams
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were provided by the high-intensity Atomic Beam Polarized i ' ' ' ' '
lon Source[12] and accelerated through a 10 MV FN Tan- 3| T
dem accelerator to a 62-cm-diameter scattering chamber.
Typical beam currents of 100 nA were incident on target.
The analyzing powerd,, and T,, were measured aEy Deuterons pulser
=3.0, 4.75, and 6.0 MeV, while the analyzing powérs, s

and T,; were measured aEy=4.75 MeV. All data were L
taken over an angular range of 409.,,<110°. For the Protons SEEEN
analyzing power measurements, RF transition units were dao
used at the source to populate two hyperfine states of atomic R
deuterium which can produce maximum theoretical tensor
polarizationsp,,= +1 and pure maximum vector polariza-  §[
tions of p,=*2/3. The beam polarization was monitored

online using the’®He(d, p)*He reaction in a polarimet¢i.4]
positioned directly behind the scattering chamber. Typical
measured tensor and vector polarizations wege~+0.7 , ‘ . e ,
andP,~ *=0.5. The systematic uncertainty in the tensor and 10 20 30 40 50 &0
vector polarizations is estimated to be 4%.

The polarization data were taken using three spin stateg;,
an unpolarized .Sta@tat? 3, a positive poIarlged sta(etate ing at 4.75 MeV. The outlined area shows the gate used to sort the
2),and a negatlve_pola'rlzed s_te(t&ate 3.A ngn filter was deuterons of interest into the energy spectrum.
used to set the spin axis relative to the reaction plane. A fast
spin-flip scheme was employed so that the desired hyperﬁr\%here
states of deuterium were cycled approximately once every
second. This technique allowed data from each spin state to
be collected almost simultaneously so that slow changes in L@ +RA
the beam position, amplifier gain, and target thickness would r= WN' 2
affect all spectra in the same way.

Thin deuterated-carbon targg¢fs| were used which con- .
sisted of~2x 10 and 1x 10*® atoms/crd of carbon and and pg'z) are beam polarizations. The normalization fadtbr
deuterium, respectively. The deuteron beams teSekeV at takes into account the dead-time corrections and the total
an energy of 3.0 MeV in the target. Reaction products wer&harge accumulated for both polarization states, l#Hdand
viewed by two pairs of symmetrically placed left and right R are the ratios of polarized to unpolarized counts in the
AE-E telescopes containing silicon surface-barrier detectordeft and right detectors, respectively. The superscripts repre-
The AE detectors had thicknesses of 6 and A for 3.0  sent the polarization states. The expressionAgy is the
and 4.75 MeV data and 19 and 27 for 6.0 MeV data. The Same, except thé,, data are taken with the spin axis set
300-.um E detectors completely stopped the scattered deuPerpendicular to the beam axig € 90°) and reaction plane.
terons at 3.0 and 4.75 MeV, while 5Q0m E detectors were
used to stop the particles at 6.0 MeV. The telescopes were 60000
separated by 20° and subtended solid angles of 4 msr.

&

40

Tritons

FIG. 1. A plot of energy loss in thAE detector versus that in
e E detector for particles observed ?rh-l(a,d)ZH elastic scatter-

SampleAE-E and total energy spectra are shown in Figs. 1 "HA.d4'H

and 2, respectively. Tests for false asymmetries were carried \ c@a)’c

out by measuring'®’Au(d,d) scattering atf,,,=40° under 40000 | \ pulser
identical conditions as thd-d measurements. It has been /

shown[16] that the expected analyzing power f6t'Au in
this energy range is210"*. The results were consistent with
zero at the level of X 10~ 4, the statistical uncertainty of the
experiment. 20000 |
The counts in the left and right detector telescopes were
combined in order to determine the analyzing powers. This

Counts

technique was employed to eliminate contributions from

beam momentst;; andt,; and from the first order effects . J JL{ ‘ .
from left-right shifts on target. ThA,, results were obtained % 200 400 600 800 1000
from measurements with the spin axis set parallel to the in- Channel

cident beam axis§=0°) and using the expression -
A ) 9 P FIG. 2. A spectrum of deuterons observed?li(d,d)?H taken

2(r—1) atEy=4.75 MeV andd,,,=35°. The peak at the right is the pulser.
2= @) (1)  The reduced amplitude of théC(d,d)*?C peak is due to hardware
P2z — P2 prescaling.

034006-2



ANALYZING POWERS FOR?H(d,d)?H AT DEUTERON . .. PHYSICAL REVIEW C 61 034006

TheA,, andA, data, on the other hand, were obtained from The reduced-width amplitudes have definite isospins that

measurements using the expressions are restricted to 0 or 1. Th€=1 parameters are obtained
from an analysis of th@-2He scattering data, which repro-
_L-R duces the proton data below 20 MeV. These parameters were
X2 n,, 3 used to calculate cross sections &wdave scattering lengths
for n-3H data by Coulomb-energy shifting the eigenenergies
L-R E,. The T=0 parameters are varied to fit the data and are
Ay= 3p, (4)  subject to the constraing, s.e= — ¥n.34 in isospin-zero lev-

els, which is required by isospin conservation.

where L and R are the ratios of polarized to unpolarized
counts in the left and right detectors. The results for spin

. ) B. Four-bod lculati
states 2 and 3 were averaged to yield the final result. To ourbody calcuiations

measureA,,, the spin axis was set t8=45° and in the The four-body calculationgl7] use the integral equations
reaction plane while thé\, data were measured with the of Alt, Grassberger, and Sandh@sGS) [18] for the transi-
same spin axis setting as m@y data (3=90°). tion operators involving al{2) + (2) and(3) + (1) channels

From these data, the spherical analyzing powdrs, where the numbers in parentheses represent the number of
T,0, T21, andT,, were obtained using the following expres- Particles involved. For localiN potentials such equations are
sions: three-vector variable integral equations which after partial

wave decomposition reduce to a set of coupled equations in
3 three continuous scaler variables. Since scattering calcula-
iTqq \[ZAV’ (5) tions require a great number of channels, some technical
compromises must be made.

The integral equations we solve are obtained from the
modified AGS equation$19,20 after one has(a) repre-
sented the origindN t matrix by an operator of rank 1; and
(b) represented the resulting\N3t matrix by a finite rank
operator and taken as many terms as needed to reach conver-
—A,,, (7) gence. The sole approximation in this approach involves a
J3 rank 1 representation of tHeN t matrix which may be ob-

tained from the well-known method of Ernest, Shakin, and
) Thaler (EST) [21]. The multiterm representation of thé&l3
zZ

1
Azzs (6)

>

Too=

(8) matrix is done using the energy-dependent pole expansion
(EDPB method developed by Sofianes al. [22]. This ap-
proximation for the 8! t matrix is under control since one

Il. THEORY may compare the finite rank approximation with the original

results for the Bl observablegcross sections and analyzing
The theoretical predictions compared to the analyzmgpowers as well as check the convergence rate Nfobserv-
power data for?H(d,d)?H elastic scattering were obtained ables for increasing rank of theN3t matrix representation.
from two sources: arR-matrix parametrization and micro- Since in the modified AGS equations tlig2) + (2) sub-

scopic four-body calculations. system is treated by convolution, it is calculated exactly.
This method was first used by Fonsd@3] in the binding
A. R matrix energy calculation ofHe and later confirmed to be accurate

by the exact work of Kamada and Glde [24]. More re-

. Th?im:trlzl( prefllcUons a;]reh frort? a gé(:)ball pat:ametrlztadcenﬂy' benchmark calculations were performed for fhe
lon ot the systém which has been Loulomb corrected_ 4 system (-H scattering using Malfliet-Tjon and Ar-

and is cha_rge mdependent The analysis includes data fro nne V14 potentials itlNN partial waves corresponding to
total and differential cross sections, tensor and vector analy TS, and 3S,-*D,. Cross sections and phase shifts were com-
INg POWers, gnd polar|zat|on-_transfer coefficients for pro'pared to the exact work of Ciesieldid5] in the energy range
cesses listed in Re[fl(_)] along with the preserﬁd = 3.0and below the breakup threshold. The results of such comparison
4.75 MeV data. Th&matrix elements are given by [26] show excellent agreement between the two calculations

TOT (less than 4% discrepancywhere most of the difference
Re/ C:E M, 9) may be attributed to the use by Fonseca of a rank one ap-
Ex—E proximation for theNN t matrix. Therefore the M calcula-

tions presented here are the most comptte-»dd calcula-
whereyIC, are the reduced-width amplitudes ad are the  tions we know of using th&IN interaction with the Bonn-B
energies for the reaction chanmehnd energy levekl. These and Paris potentials in partial waves corresponding to chan-
parameters are adjusted to obtain simultaneously the best fiels 'S,, 3S;-°D;, P, 3Py, 3P;, and®P,. The results of
to all the available data for th&=4 system below 20 MeV the calculations presented below are separated depending on
excitation energy. the number of partial waves included. The first two channels
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FIG. 4. Vector and tensor analyzing power data ¥ei(d,d)?H
-0.004 at 4.75 MeV compared t&-matrix predictiongdotted curvg and
four-body calculations with set Adashed cunjeand set C(solid
—0.008 . . . . . curve. The error bars only include counting statistics. At some
0 30 60 90 120 150 180 angles, the errors bars are smaller than the experimental points

9, ,, (deg) (filled circles.

- - - 2 .
FIG. 3. Tensor analyzing power data obtained?bl(d,d)*H at  g_pev result. However, there are disagreements between the
3 MeV compared tdr-matrix predictiongdotted curvg and four- two data sets foll,, at back angles.

body calculatio_ns With. set /édash_ed curyeand set qsqliq curve. The R-matrix parametrization provides a good description
The error bars in the figure only include countlng_ statlstlcs._At SOme ¢ +h o present data. Both the shapes and the magnitudes of
angles, the error bars are smaller than the experimental féilled

circles the angular distribution are generally well reproduced.
' The results of the M calculations show general agreement

correspond to including aNIN partial waves witi <1+ and with the_ data, except fof,, at all energies where the full
b g b " calculation(set Q overshoots the data at 90°. It should be

are identified as set A, while the first five channels include : . .
all waves withj <1 (set B, and set C includes the channels noted that these calculat|9ns S|multaneou§ly provide a rea-
of set B plus®P,. In all calculations we have included all Sonable description ofH(d,n)*He and *H(d,p)°H tensor
positive and negative parity\ssubamplitudes with total an- observable$l17] which are an order of magnitude larger than
gular momentum up td”"=7/2" as well as all underlying the tensor observables for tf?eH(&,d)ZH reaction. This is

3N channels corresponding to particle-pair relative orbitalby no means a trivial outcome of the calculation given the
angular momentunh < 3. Likewise all(2) + (2) subampli- absence of any adjustable parameters. Therefore we consider
tudes that are consistent with the underlyily channels are
included. Finally, all & observables are calculated using 4
amplitudes with total angular momentum up J&=6~ in

0.030 |

all corresponding(1) + (3) and (2) + (2) channels with 8:8%8 r
relative orbital angular momentui<5. T, 0.000 |
—0.010 |
—0.020 |
IV. RESULTS AND DISCUSSION ~0.030
The TAP’s obtained at 3.0, 4.75, and 6.0 MeV are shown 00101
. . ! . 0.000 |
in Figs. 3, 4, and 5, respectively, along wiamatrix and T :
microscopic four-body calculations with sets A and C dis- ~22  —0.010
cussed above. For identical particles in the exit channel, the -0.020
TAP’s Ty, andT,o must be symmetric around 45° in the lab, —0.030 |
which corresponds to a center of mass angle of 90°. The 0 30 e 90 10 150 180
analyzing powerd ,; andiT, are antisymmetric around the 0. (deg)
same angle. This allows for an internal consistency check on o
the experimental data. FIG. 5. Tensor analyzing power data f(d,d)?H at 6.0 MeV

_ The analyzing powers are small but increase as the energyained in the present studiflled circles along with comparable

is raised. Variations are small as the energy is changeGata from Ref.[4] (open circles These data are compared to
which is consistent with expectations of the presence OR-matrix predictions(dotted curve and four-body calculations
broad overlapping resonances. In Fig. 5, a comparison ifith set A (dashed curyeand set C(solid curve. The error bars
made between the present data and those of [Réf.The  only include counting statistics. At some angles, the errors bars are
presentl,o angular distribution agrees well with the previous smaller than the experimental poir(féled circles.
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0.030 ' ' ' ' ' the A, discrepancy at low energies persists even when
0.020 1 known static 8l force models are added to any realigtibl
) interaction. No matter what choice one takes, the outcome is
0.010 similar: beyond its effect on theNBbinding energyabout 1
T, 0.000 MeV more binding, triton wave function related parameters
0,010 (charge radii, asymptotic normalization constanéd dou-
blet scattering length, all of which correlate almost linearly
—0.020 with the triton binding energy, theN8force plays almost no
-0.030 role in d+ p elastic scattering or breakup for deuteron labo-
ratory energies up tic;=65 MeV. The disagreement we
0.010 find here ind-d elastic scattering may not be attributed to the
0.000 approximations that are used to solve the AGS equations. As
) mentioned above, the benchmark res{®g] for n-t elastic
T,,  _0010 scattering, using the Argonne V14 potential, indicate that the

method is reliable. Therefore, either the discrepancies we
find here are resolved by including additional partial waves
and a N force, or new N + 3N force models have to be

-0.020

-0.030 invented. In the case of adding &l ®rce, one uncovers d&\3
0 30 6 9 120 150 180 force effect in low-energy scattering that is not associated
6, _(deg) with scaling with the triton binding energy; in the case of a

new nuclear force model, one is confronted with the need for

FIG. 6. Four-body calculations of analyzing powers for new physics. Either scenario would show the importance of
2H(d,d)?H at 6.0 MeV. The dashed curve resulted from calcula-4N scattering as a theoretical laboratory fod 2 3N force
tions including N partial waves wit <1 (set A in the text, the ~ model studies.
dotted curve includes partial waves wifks1 (set B, while the
solid curve resulted from set C. The dashed-dotted curve was gen-
erated using the Paris potential with set C partial waves.

V. CONCLUSIONS

P—— : i d)2

that the present calculation fdiH(d,d)*H gives a reason- ha\f\en ?)ZI(;: glt?ttgikr)llétcljogts 3?2?2?7')éz,lggdpg%eﬁef\6/k;(r?ddc)o;:pared
able description oOfT 1y, Ty, andT, data, and provides thf to R-matrix and four-body calculations. These angular distri-
correct trend forTz, but with too large a magnitude at 90°. 1 tions were obtained at energies lower than any of the pre-
We also find that théH(d,d)?H observables are extremely vious work. The measured analyzing powers are quite small
sensitive to theP-wave components of theN potentials as  (<0.02) in this energy range and increase smoothly with
shown in Fig. 5. Their presence is responsible for drastigncreasing energy.
changes in the calculated observables and for improving the The theoretical calculations generally agree with the data.
overall agreement with the data. The R-matrix parametrization, which includes the present

We also find that changing tiéN input introduces only a  data set along with data from other reaction and scattering
small modification in the calculated observables. In Fig. 6processes, reproduces both the magnitude and shape of the
we compare the results of using the Paris potential instead &ingular distributions. The four-body calculations with@ut
Bonn-B. Although the effect of changing tH¢N input is  waves fail to reproduce the data but with the inclusiorpof
larger in N systems such aéH(d,d)?H and 2H(d,p)®H  waves the calculations follow the trends of the data in all

than in 1H(a,d)1H, one does not find any evidence that aCases except 'for the magnitude of te, data. A lesser
specific interaction is preferred. On the contrary, calculationslisagreement is observed for tfiig, data.
with both potentials behave essentially in the same manner, Future theoretical research should includg forces as
in spite of having very differenb-state probabilities for the Well as highetNN partial waves such a¥D,, °D,, and °F,
deuteron. Therefore any conjectures about extracting theoupled to®P, as well as a B force. Given that the deuter-
strength of the\N tensor force from the data seem prematureons in the initial and final channels are two large objects,
at this stage. peripheral scattering of nucleons is expected to be enhanced,
The 4N results shown here fai-d elastic scattering raise as the importance d?-wave scattering already indicates. Al-
expectations about the possib|e outcomes of indudih@ 3 though we antiCipate the effect to be Sma”, it should not be
forces and higher partial waves. As discussed in a recenteglected given the magnitude 8H(d,d)2H observables.
review article on the three-nucleon continuurf2],  The addition of a Bl force is also of fundamental importance
lH(d),d)lH elastic Observab|e&:ross Sectionsy vector and in order to further test the rellablllty of presenNZ—l— 3N
tensor polarizationsare insensitive to the choice of a realis- force models. Finally, one may also conjecture that proper
tic NN potential. Beyond the persistefy discrepancy at low  inclusion of Coulomb dynamics should also play a role at
energieg28], the agreement between calculations and data i§1€se energies. Nevertheless, from the experience with
excellent in the energy range up to 65 MeV. It is known that*H(d,d)*H, one expects these effects to be dominant at for-
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