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Determination of the asymptoticD- to S-state ratio for 3He from the reaction 1H„d¢ ,g…3He
at Ed, lab580–0 keV

B. J. Rice and H. R. Weller
Department of Physics, Duke University, Durham, North Carolina 27708

and Triangle Universities Nuclear Laboratory, Duke Station, Durham, North Carolina 27708
~Received 21 May 1996!

The tensor analyzing powerT20(u lab590°) has been measured to high precision for the reaction
1H(dW ,g)3He at Ed58020 keV. Direct capture calculations ofT20(90°) have been performed using
asymptotic forms for the bound state3He wave function while varying the asymptoticD- to S-state ratioh. A
best-fit value forh was extracted and found to be20.039960.009120.0019

10.0012. The model dependence of this
result is discussed.@S0556-2813~97!00405-6#

PACS number~s!: 21.45.1v, 24.70.1s, 25.40.Lw
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Understanding the role of the tensor force in the nucle
nucleon interaction is a central question of nuclear phys
In the case of the three-nucleon system, one observable
probes the tensor force directly is the asymptoticD/S ratio
h. Over the past decade, determination of this observable
been the subject of a multitude of experimental and theo
ical investigations from which a consensus is gradually c
lescing@1,2#. Various experimental techniques have been
lized to extracth, each involving the measurement of tens
analyzing powers in polarized deuteron-induced reactions
the work of Vetterliet al. @3#, the value ofh was determined
by measuring the tensor analyzing powerT20 for the radia-
tive capture reaction1H(dW ,g)3He atEd519.8 MeV. In that
work the authors concluded that at such high deuteron e
gies a significant portion of the capture strength occurred
the innermost few fermis of the overlap integral betwe
continuum and bound state wave functions, making the
tracted result dependent upon the choice of3He ~bound
state! wave function. The purpose of the present work is
report the results of a new determination ofh using the
radiative capture of polarized deuterons by protons at v
low deuteron lab energies~80–0 keV!. We will address the
issue of model dependence at these energies in radi
capture-based determinations ofh by quantifying, at least
roughly, such model dependencies.

In this analysis we employ the direct capture model@4# to
describe radiative-capture reactions. In direct capture,
transition between an initial continuum state and a fi
bound state is treated as a single-step process induced b
electromagnetic interaction. The continuum state is rep
sented by a distorted plane wave that describes two no
teracting pointlike particles, the projectile and the target. T
continuum wave function is generated by solving the Sch¨-
dinger equation using an optical model potential~and, alter-
natively, using solely the Coulomb potential!. In the present
work both realistic wave functions based on Faddeev ca
lations ~see below! and asymptotic wave functions are us
to represent the bound state.

We now describe the form of the asymptotic wave fun
tions for the bound state for3He. This system is treated as
proton and a deuteron separated by a distancer and having
relative orbital angular momentumL. We may consider the
550556-2813/97/55~5!/2700~4!/$10.00
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3He ground state to be composed of anL50, or S-state,
component and anL52, orD-state, component. Solving th
Schrödinger equation while including the Coulomb potent
gives radial portions of the proton-deuteron wave functio
in the asymptotic (r → `) limit of @5#

uL~r ! →
r→`

CL
CNW

W2k,L11/2~2br !

r
. ~1!

In this expressionW2k,L11/2 is a Whittaker function@5#. The
constantsk and b are the Coulomb parameter and wa
number ~corresponding to thep-d separation energy!, re-
spectively.NW is the zero-range Coulomb asymptotic no
malization.CL

C is theL-wave Coulomb asymptotic norma
ization constant. The asymptotic normalization consta
echo the internal dynamics of wave functions through ove
normalization@5#. The asymptoticD/S ratio h is defined to
be CD

C/CS
C , and hence is a direct indication of the relativ

strength of theD-state component of the bound state wa
function. Since theD state arises from noncentral forces,h
provides information about the tensor component of
nuclear interaction.

The primary motivation for using asymptotic forms of th
bound state wave functions is that in the limit of larger the
wave function is insensitive to the details of the nuclear
teraction and, to a good approximation, is a well-known e
ponentially decreasing function of thep-d separation~e.g., a
Whittaker function for thep 1 d system!. If most of the
reaction strength occurs in the asymptotic region, i.e.,
exponential tail, then this approximation holds and an extr
tion of h can be viewed as reasonably model independ
The validity of this assumption for the present work is d
cussed below. Furthermore, it has been shown@6# that the
tensor analyzing powers are sensitive to the asymptotic
gion of the bound state wave function and in particular t
T20 scales linearly withh.

With this in mind, we have measured the tensor analyz
powerT20(u lab590°) for the reaction1H(dW ,g)3He to high
precision and compared this with calculations to determ
the best-fit value ofh. Results for thisT20 measurement
represent the combination of data recently published@7# with
2700 © 1997 The American Physical Society
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55 2701BRIEF REPORTS
additional data obtained subsequent to that publication. T
report represents a piece of a larger investigation into
dynamics of light nuclei. The research program involv
measurements of cross section, vector and tensor analy
powers, andg-ray polarizations using proton- and deutero
induced radiative-capture reactions at beam energies b
100 keV @8#.

The present experiment was performed at Triangle U
versities Nuclear Laboratory~TUNL!. Polarized deuterons
from an atomic-beam polarized ion source@9# were acceler-
ated to 80 keV and directed through a Wien filter to orie
the spin quantization axis properly. The beam was th
stopped in an H2O ice target, providing data for deutero
energies from 80 to 0 keV in the lab frame. Outgoingg rays
were detected using two large HPGe detectors with effic
cies of 128 and 145 % relative to 333 in. NaI crystals. En-
ergy resolution for both HPGe detectors was 4.2 keV for
MeV g rays.

The beam polarization was measured frequently wit
low-energy deuteron polarimeter which used the reac
2H(dW ,p)3H. The beam was incident on a deuterated titani
foil target while the recoil protons were detected with silic
surface-barrier detectors thick enough to stop the proto
Polarizations were calculated using previously we
determined analyzing powers@10#. Polarization measure
ments were also performed using a spin-filter polarime
@11#. Deuteron polarizations were stable throughout the
quisition phase with typical values ofpzz6.60.87 and an
uncertainty of60.04.

Data were taken for two polarization states:~1! a state
with ~theoretical maximum! pzz511 and ~2! a state with
~theoretical maximum! pzz521. The beam fast spin flippe
between states at a rate of 10 Hz in order to minimize s
tematic error from time-dependent changes in the target.
expression forT20 in a given detector in terms of the tens
polarizationspzz1 and pzz2 and counts~normalized to the
integrated charge! Y1 andY2 is @12#

T205A2
Y12Y2

pzz1Y22pzz2Y1
. ~2!

Results from this experiment coupled with data from pre
ous runs for measuringT20 @7# yield a final observed value o
T20(90°)520.105160.0108 where the error is primaril
statistical in origin but also includes uncertainty in the be
polarization.

The procedure used to extracth was to calculateT20 for
1H(dW ,g) 3He at the incident beam energies while varying t
choice ofh until the calculated value ofT20 matched the
measured value. The calculation was performed by
radiative-capture programDIRAC, which generates the
transition-matrix elements~TME’s! connecting the con-
tinuum and bound state wave functions by evaluating
overlap integrals numerically. A second program,OBS, gen-
erated the correspondingT20 from these TME’s using the
TME expansions of polarization observables described
Seyler and Weller@14#. The continuum wave functions use
in this calculation were distorted plane waves generated
ing the optical model potential of Guss@13# ~see Table I!, but
neglecting the imaginary surface term.~A comparison with
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calculations using solely Coulomb distortions is given be
low.! The calculations were performed for several choices o
bound state wave function detailed below. As discusse
above, both theS- andD-state bound state wave functions
contain an overall asymptotic normalization. For each calcu
lation of T20, the S-state normalization is chosen in some
appropriate manner~see below!, while theD-state normal-
ization is calculated from theS-state normalization based on
the choice forh according toh5CD

C/CS
C .

It is important to mention that theDIRAC code can only be
used to calculate the electric multipole radiation portion o
radiative capture. Unfortunately, at these energies th
magnetic multipoleM1 contributes;30% of the total reac-
tion strength. To account for this, theM1 contribution
to the observed value ofT20 was removed according to the
results of a fit to data from both the1H(dW ,g)3He and
2H(pW ,g)3He reactions for center of mass energies equivalen
to the present experiment. This fit tos(u)/A0, Ay(u),
T20(u), andPg(u) ~see Fig. 1! gave a result of 30.26 7.4 %
M1 strength~doublet and quartet! and 69.86 2.6 % E1
strength, with ax2/n51.57. Higher multipoles were found
to be negligible. TheM1-removed value ofT20~90°) was
found to be20.074260.0176. The best-fit process of deter-

FIG. 1. Results of a simultaneous TME fit to cross section
vector and tensor analyzing power, andg-ray polarization data for
1H(dW ,g)3He and2H(pW ,g)3He for Ec.m.52720 keV ~with the ex-
ception ofg ray polarization data, which is forEc.m.55420 keV!.
The resultant fit gives 30.2%M1 strength and ax2/n51.57.

TABLE I. Optical model potential parameters from Guss@13#.
The imaginary surface term, subscripted with ‘‘d,’’ is presented for
completeness. This term had a negligible effect upon the calculat
value ofh and was not included in any of the calculations whose
results are presented in this report. Well depths are in MeV an
lengths are in fermi~fm!.

V0 90.73 Wd 4.544
r 0 1.153 r d 1.104
a0 0.454 ad 1.3

rCoulomb 1.3
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mining h by means of calculations ofT20 is performed with
respect to thisM1-removed value ofT20.

The first bound state wave functions used to extract
best-fit h were the purely asymptotic~Whittaker function!
forms introduced above. The parameterCS

C was chosen to
match current experimental measurements@1#, while the pa-
rametersk andb were calculated using the observed val
for the p-d separation energy. A limitation of this choice o
wave function, however, is that these functions diverge
p-d separation distance of zero and consequently overpre
the contribution of the innermost few fermis to the captu
integral. To counter this overprediction we follow the proc
dure employed by Vetterliet al. of introducing a cutoff dis-
tancer cut below which the wave function is simply truncate
The best-fith results for various values ofr cut are listed in
Table II. We see that h changes only slightly
(;0.002–0.003! for each change of 1 fermi~fm! in r cut for
the present reaction. Also listed in Table II are results fr
the analysis of Vetterli@3# at the much higher beam energ
of 19.8 MeV. Those results show a dependency uponr cut that
is ten times greater than for the low-energy calculati
Clearly, at low energiesh is only slightly sensitive to the
internal dynamics of the bound state wave functions a
hence is only slightly model dependent.

To produce a final value forh we constructed a3He wave
functioncmatchedwhich consists of the Whittaker asymptot
form from 3 ~4! fm outward for theS-state (D-state! wave
function and a ‘‘realistic’’ wave function for zero to 3~4! fm
~see Fig. 2!. The choice for the innermost 3~4! fm was a
wave function produced by Lehman in 1984@15# that is a
two-body projection of a full three-body Faddeev calculati
by Gibson and Lehman~1984! @17#. This wave function was
chosen because it matches the experimental binding en
for thed 1 p system. TheS-state asymptotic normalizatio
was chosen to be the currently accepted value from exp
ment (CS

C)253.24 @1#. Extractingh usingcmatched, we ob-
tainedh520.039960.0091.

Since any choice of3He wave function is subject to con
troversy, this result must be taken with a measure of caut
Consequently, we have made an effort to determine ro
limits on the model dependence of this extraction ofh by
constructing two additional ‘‘matched’’ wave functions~see
Fig. 2!. For the first, we simply multiplied the ‘‘realistic’’
region from cmatched by the arbitrary value of 2/3 and
matched it with the asymptotic form at about five ferm
This wave function we denotecmatched* 2/3 . In the same man-
ner we produced a wavefunctioncmatched* 3/2 where the ‘‘re-
alistic’’ region was multiplied by the arbitrary value 3/2
While the technique is admittedly simplistic, it neverthele

TABLE II. Extracted values ofh that result from varyingr cut in
a purely asymptotic3He wave function atEd519.8 MeV @15# and
at Ed580 keV ~present!. At the higher energy,h changes by 0.01
for every change inr cut of 0.5 fm. At 80 keV,h changes by roughly
0.001 for every 0.5 fm.

h r cut ~fm!

Ed ~MeV! 1.0 1.5 2.0 2.5 3.0 4.0

19.8 ~-0.012! -0.022 -0.032 -0.042 ~-0.052!
0.080 -0.0353 -0.0379 -0.0402 -0.042
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achieves the desired aim of creating wave functions w
different probability distributions.cmatched* 2/3 is representa-
tive of those wave functions with less strength in the inter
region and more in the exponential tail, while the oppos
case holds forcmatched* 3/2. Resulting values ofh for the
matchedc ’s are given in Table III. The rough bounds on th
model dependence due to large changes in the internal w
functions are then20.0019

10.0012. Comparing these with the statis
tical error on the extraction ofh from cmatched, 6 0.0091,
we see that the uncertainty due to model dependence is
than the experimental uncertainty.

One final issue which must be addressed is the choic

FIG. 2. ‘‘Matched’’ wave functions consisting of a two-bod
projection of a wave function produced by a three-body Fadd
calculation connected atr5325 fm with the asymptotic
~Whittaker function! wave function forp 1 d. cmatched*2/3 and
cmatched* 3/2 were constructed fromcmatchedby simply multiplying
the inner region by 2/3 and 3/2, respectively.

TABLE III. Extracted h values for the various ‘‘matched’’
wave functions. The variation inh due to wave functions with
significantly different probability distributions is seen to be mu
smaller than the experimental uncertainty.

c h

cmatched* 3/2 -0.03876 0.0087
cmatched -0.03996 0.0091
cmatched* 2/3 -0.04186 0.0096
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potential used to generate the continuum wave functio
The extracted values ofh given above for the present wor
all result from using the optical model potential~neglecting
the imaginary surface term! of Guss@13# described in Table
I. To studyh ’s sensitivity to the choice of potential we pe
formed additional calculations using solely the Coulomb p
tential. The final extracted value forh usingcmatchedand just
the Coulomb potential was20.040860.0093, or a differ-
ence of20.0009 from the result using the optical mod
potential. This result indicates that the scattering state w
function in the capture reaction at the energy of this work
not affected by the nuclear potential. Although the opti
potential used here does not contain a tensor interac
three-body continuum Faddeev calculations@16# have shown
that the tensor analyzing powers are insensitive to ten
force effects in the continuum. Note, however, that the ten
force is included in the three-body Faddeev calculation@17#
used to generate the boundS- andD-state wave functions.

In summary, we have performed a high precision m
surement of the tensor analyzing powerT20~90°) for the re-
action 1H(dW ,g)3He and extracted a best-fit value for th
asymptoticD/S ratio h using purely asymptotic~Whittaker
function! forms for the 3He wave functions in a direct cap
ture calculation. We have shown this extracted value forh to
be relatively insensitive to the internal dynamics of t
choice of bound state3He wave function at low beam ene
gies. We therefore conclude that the radiative-capt
method for determination ofh at very low beam energies i
not subject to the strong model dependencies observe
higher deuteron energies. To extract a final value forh we
ci
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have contructed a physically reasonable bound state w
function. The final result of the best-fit process using t
wave function wash520.039960.009120.0019

10.0012. The uncer-
tainty 6 0.0091 arises from the statistical error of the (M1
removed! T20 measurement. The second uncertainty rep
sents rough upper and lower limits due to the model dep
dency of the choice of wave functions as described abov

The present measurement agrees well with recent exp
mental and theoretical determinations ofh. Representative
of recent experimental work, Ayeret al. @2#, using a
distorted-wave Born approximation extraction ofh from
(dW ,3He) reactions, foundh520.038660.004660.0012. On
the theoretical side, Friaret al. @18# performed full three-
body Faddeev calculations including Coulomb effects us
diverse models for the two- and three-bodyNN forces and
foundh520.043060.001. The present measurement agr
within error with both these results~and others—see the
summary in Ayeret al. @2#!, and demonstrates the utility o
nuclear physics at very low energies for probing importa
features of the nuclear interaction.

The authors would like to thank M. A. Godwin, J
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Laymon, and G. J. Schmid who helped with earlier incarn
tions of this experiment. This work was supported in part
the U.S. Department of Energy under Contract No. DEFG
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