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The value 0.02649+ 0.00043 is deduced for the deuteron asymptotic D- to S-state ratio
from measurements of the '08Pb(d, P) 'O~Pb tensor analyzing powers at sub-Coulomb bom-
barding energies Ez = 7, 8, and 9 Mev. The quoted uncertainty includes statistical er-
rors, beam-polarization measurement errors, and systematic errors which result from
a choice of optical-model parameters used to describe the reaction. The result is com-
pared to several theoretical deuteron wave functions.

PACS numbers: 21.40.+d, 13.75.Cs, 24.70.+s, 25.50.6x

In spite of years of experimental effort, many
properties of the deuteron are still poorly deter-
mined. A continued study of the deuteron is re-
quired if stringent tests of n-p interaction theories
are to be possible. Although the measurability of
the deuteron D-state probability has recently been
called into question, ' the asymptotic ratio of the
D- and S-state amplitudes (q) is accepted as a
well-def ined measurable quantity. Two methods
have been proposed in the literature to measure
g 0

It has been suggested' that the tensor analyzing
powers in p-d elastic scattering are sensitive to

The sensitivity is a result of a pole in the
scattering amplitude at an unphysical angle 0~,
where cosL9~ & —1. The extraction of g requires
an extrapolation of tensor analyzing power and
cross-section angular distributions to L9~. Such
extrapolations have been performed. '4 Of course,
in any experiment designed to measure a funda-
mental quantity to high accuracy, an accurate er-
ror analysis is most important. The difficulties
in performing a rigorous error analysis of the
extrapolation method have been discussed by
Colby and Haeberli. '

The other method to measure q was proposed
in a recent Letter by Knutson and Haeberli. ' This
method is based on the observation that distorted-
wave Born-approximation (DWBA) calculations

predict that the tensor analyzing powers of (d,p)
stripping reactions have a strong (essentially
linear) dependence on ri. Moreover, at bombard-
ing energies below the Coulomb barrier, the
fundamental assumptions in DWBA are particularly
well satisfied and the dependence on parameters
in the theory other than g is drastically decreased.
Specifically, the dependence on the nuclear opti-
cal-model parameters which describe the in-
coming deuteron and outgoing proton scattering
waves decreases because the scattered particles
do not penetrate into the nuclear interior. As a
result, the scattering waves are perturbed
Coulomb wave functions. By adjusting the value
of g to fit measured tensor analyzing power
angular distributions of "'Pb(d, p) '"Pb at E„=9
MeV, Knutson and Haeberli determined that' g
= 0.0234+ 0.0017. This value of g is smaller than
that of many published deuteron wave functions.
For example, the wave functions of Refs. 8-10
predict g =0.0262, 0.0260, and 0.0260, respec-
tively. Unfortunately, because of the large error
bar, the measurement is unable to conclusively
rule out these wave functions and a measurement
with a smaller error is desired.

The sources of error in Ref. 6 were primarily
from uncertainties in the beam polarization mea-
surement and uncertainties in the nuclear optical-
model parameters. The former error can be re-
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duced by careful polarimeter calibration. The
latter uncertainty can be reduced by taking mea-
surements at lower energies, at the expense of
a more difficult experiment because of the re-
duced (d,P) cross section. As will be discussed
in this Letter, very little sensitivity to the optical-
model uncertainties remains, provided that the
bombarding energy is no larger than approximately
8 MeV.

In this Letter, we report new measurements of
the 'p8Pb(d, p) "'Pb tensor analyzing powers at E~
= 7, 8, and 9 MeV. The measurements were made
with a highly accurate polarimeter with the re-
sult that uncertainties in the beam polarization
measurement contribute less than + 0.0002 to the
uncertainty in q. Comparison of our E~ =9 MeV
data with those of Ref. 6 indicates that the T„
measurements of Ref. 6 were in error by 8'%%up be-
cause of polarimeter calibration inaccuracies.
When corrected for this error, the value of g
from Ref. 6 becomes 0.0253. Transitions to the
++, ~2', —,

'' states in '"Pb (E, = 0.0, 1.57, and 2.03
MeV) were used in the determination of q because
of their relatively large tensor analyzing powers.
Data taken at E, = 8 MeV are shown in Fig. 1.
The displayed errors are the result of counting
statistics only. Data taken at E„=7 and 9 MeV
are similar to that shown in Fig. 1.

For a given set of optical-model parameters,
g is the only free parameter in DWBA which af-
fects the tensor analyzing powers and, as a re-
sult, each measured point in the angular distri-
butions represents an independent determination
of g. Weighted averages of the g values have

been calculated according to bombarding energy
and are listed in Table I for three different sets
of optical potentials. The internal agreement of
the g values obtained at a given energy is indicated
by y', which is also listed in Table I. The sensi-
tivity of the g determination to the optical-poten-
tial parameters is indicated by the difference in

g values obtained for the different potential sets.
Two (p, p) parameter sets and two (d, d) param-

eter sets are used, representing parameters ob-
tained from fits to elastic scattering data both
above and below the Coulomb barrier (approxi-
mately 12 MeV for deuterons or protons on Pb).
As expected, the sensitivity to the optical-poten-
tial parameters is largest at E„=9MeV, where
the scattering waves penetrate farthest into the
nuclear interior. The values of X' at E„=9MeV
are also larger than at 7 or 8 MeV, indicating
poorer internal agreement. As a result, the mea-
surements at E„=9MeV are not considered use-
ful in determining g, but serve to establish an
upper limit on the bombarding energies which are
useful in obtaining g. In contrast, the determina-
tion of g is not sensitive to the optical-potential
parameters at E, =7 or 8 MeV. The largest vari-
ation in g obtained by changing the potential param-
eters is less than 1 fp.

Because of ambiguities in optical-model fits,
the potential parameter sets listed in Table I are
not the only ones which reproduce the elastic scat-
tering data. As is shown in the following, how-
ever, the parameter sets listed do give a reason-
able measure of the uncertainties in g due to the
choice of optical potentials. Even very crude
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FIG. 1. Angular distributions of the tensor analyzing powers T20, T2&, and T» for the reaction Pb(dg) Pb at
F& = 8 MeV. The displayed errors are statistical only. The curves are the result of DWBA calculations using p
= 0.026 49 and the optical-potential parameters of H,efs. 11 and 12.
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TABLE I. Values of q obtained by comparing tensor-analyzing-power data at Eq = 7,
8, and 9 MeV with DWBA calculations with use of the indicated optical-potential param-
eters.

Optical
potentials

(d, d) {p,p) 7 MeV
@+&n (x')

8 MeV 9 MeV

0.026 44+ 0.000 64 (1.3) 0.026 65+ 0.0005 (0.9)
0.02638+ 0.000 64 (1.3) 0.02644+ 0.0005 (0.9)
0.026 22+ 0.000 64 (1.3) 0.026 65+ 0.0005 (0.9)

0.02649+ 0.00032 (1.6)
0.025 62+ 0.00032 (1.7)
0.02151+ 0.00027 (3.3)

From ref. 11, in which the parameters were obtained by Qttjng the ~ pb(d, d) 2 8pb
cross section and vector analyzing power at E& = 12.3 MeV.

From Ref. 12, in which the parameters were obtained by fitting the 'O'Bi(p, p)'0'Bi
cross section and analyzing power at Ep = 10.76 MeV.

'From Ref. 13, in which the parameters were obtained by fitting cross section and
analyzing power (p, p) data taken above the Coulomb barrier on targets with A & 40.

The E& = 9 MeV parameters are from Ref. 14, where the parameters were obtained
by fitting Pb{d,d) Pb cross section and vector analyzing power at E& = 9 MeV. The
E& = 7 and 8 MeV parameters were obtained by fitting Pb{d,d) Pb cross section and
vector-analyzing-power data taken at Eq = 7 and 8 MeV in conjunction with the present
work. The parameters are 8 MeV, Vp = 122, rp =1.06, ap =0.72, WI = 1.88, rz = 1.65,
an«1 =0.88; 7 MeV, Vp =126.7, rp 106 Qp 0.72, Wi =1.58, rs =1.65~ and a
= 0.88. The Ez = 7 and 8 MeV potentials had, in addition, a Coulomb distortion term
V(r) = 2400r '-Mev fm' as proposed in Ref. 15.

changes in the potential parameters do not pro-
duce substantially larger variations in g than
those shown in Table I. The value of g was cal-
culated using optical parameter sets in which the
real and imaginary radius and diffuseness were
each changed by 5%%uo and 10%% and in which the po-
tential strengths were each changed by 5%, I(@,
2lF/c, and set to zero. The value of g was also
calculated with all nuclear potential strengths set
to zero so that the scattering waves were Coulomb
wave functions. In no case were the changes in
the E„=7and 8 MeV values of g larger than
0.000 36. Since these optical potentials obviously
no longer fit the elastic scattering data, the ef-
fect on g is unreasonably large and this number
is to be regarded as an upper limit.

The values of g which are midway between the
values given by the different optical potentials in
Table I are, respectively, 0.026 33 and 0.026 55
at E~ = 7 and 8 MeV. The errors contributed by

. the uncertainties in the optical parameters are
calculated from the differences in g in Table I
and are, at E„=7 and 8 MeV, the same value
+ 0.00011. The average of the E„=7 and 8 MeV
values of g, weighted by the quadruture sum of
the statistical and optical-parameter errors, is

q =0.02649 + 0.00043.

The quoted error includes a polarimeter calibra-

tion error of + 0.000 16 added in quadruture. The
D%BA calculations using this value of g are
shown in Fig. 1. The g' with use of this value of
g and the Z„=7 and 8 MeV measurements is 1.1.

The experimental value of g may have a depend-
ence on three effects which have been neglected.
In our DV/BA calculations, we make use of the
local-energy approximation" (I EA) because, at
present, a suitable finite-range code is not avail-
able. The accuracy of the LEA has not been pre-
cisely determined at sub-Coulomb energies but it
has been estimated" on the basis of semiclassical
arguments that the accuracy is better than 5%.
Tensor terms in the d+' 'Pb optical potential have
been neglected. The effect of these terms on the
'O'Pb(d, p) '9Pb analyzing powers has not been de-
termined although it is expected that, in view of
the insensitivity of g to the central terms at E„
= 7 and 8 MeV, the tensor terms will also have a
small effect on the "'Pb(d, p)' Pb tensor analyz-
ing powers at E„~8MeV. Finally, we have ne-
glected the distortion of the deuteron in the Cou-
lomb fjeld of Pb. Initial calcUlations show
that the effect is of the order of 2-S%%uo. It is hoped
that the present experiment will stimulate further
interest in calculating these effects.

The experimental result is compared with
several theoretical values of q in Table II. The
first entry is an example of the separable po-
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TABLE D. Values of Pgp, Q, and g given by various
deuteron wave functions.

Author Ref. I'D(Vo) g (fm')

Mongan IV
Reid
dTS
dTSR
I aris(1975)
Paris (1980)
Experiment

19
8
9
9

20
10

1.4
6.5
5.5
5.8
6.8
5 4

0.279
0.280
0.279
0.279
0.290
0.278

0.0406
0.0262
0.0255
0.0260
0.0293
0.0260
0.026 49

+ 0.000 43

tentials, which are used primarily in multiparticle
calculations. As pointed out in Ref. 1S, the mul-
tiparticle calculations made with a particular po-
tential are strongly influenced by the deuteron
properties of that potential. Thus, potentials
such as the first entry in Table II which give the
incorrect value of g will probably give incorrect
results in multiparticle calculations. The other
potential models all have a long-range one-pion-
exchange potential tail and obtain the short-range
potential phenomenologically. The Paris poten-
tial (1975) is obsolete but is included to illustrate
the changes in g that have occurred with theoreti-
cal progress. The most recent of these potentials
is the Paris potential (1980), in which the inter-
mediate- and long-range potential are calculated
assuming one-pion- exchange, two-pion-exchange,
and w exchange. The agreement between this po-
tential and the present experimental result is in-
deed gratifying since the theoretical and experi-
mental results were obtained independently.

This work was supported in part by the U. S.
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