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Measurements of the tensor analyzing powers have been obtained for (d—' ,t) reactions on °'Zr, ''®Sn, ''*Sn, and **Pb
for deuteron energies both above and below the Coulomb barrier. The measurements are sensitive to the presence of
D-state components in the triton wave function and allow the determination of a parameter D,. This parameter is a
measure of the importance of triton wave function components in which one neutron moves with orbital angular
momentum L =2 relative to the deuteron center of mass. Values of D, are extracted from the tensor analyzing
power measurements by making use of distorted-wave Born approximation calculations. Analysis of the sub-
Coulomb measurements leads to D, = — 0.279%0.012 fm? which is somewhat larger in magnitude than recent

theoretical predictions.

NUCLEAR REACTIONS *zr(4,t), E;=6.0, 7.5 MeV, '%n(d,t), E,=12.0

MeV, "sn(d,t), E,;=6.0, 7.5, 9.0 MeV, *®Ph(d,t), E,=10.0, 12.3 MeV; mea-

sured polarization parameters Ty(0), T (6), T(0); deduced D,. Enriched
targets, DWBA analysis.

I. INTRODUCTION

It has long been recognized that the three-
nucleon problem plays a central role in nuclear
physics. Although the study of any light nucleus
is interesting in its own right, the three nucleon
system is of special importance, because in this
case, it is possible to carry out quantum mechan-
ical calculations which are essentially exact. This
in turn allows one to investigate the question of
whether nucleon-nucleon interactions determined
from two-body experiments are able to explain
the properties of complex nuclei. Unfortunately,
experiments have not provided us with a great
deal of useful information about the properties
of the *H and *He wave functions. For the most
part, comparisons between three-nucleon bound-
state calculations and experiment are limited to
the binding energy and the charge form factor.

It has been demonstrated® that one can obtain
experimental information about the D-state com-
ponents of the triton wave functiog by measuring
the tensor analyzing powers for (d, f) reactions.
In particular, the measurements allow one to
determine the value of a single parameter, D,.
In general, (d,¢) reactions are sensitive to those
components of the triton wave function which look
like a neutron coupled to a deuteron, and the
parameter D, is a measure of the importance of
the component in which the neutron moves with
orbital angular momentum L =2 relative to the
deuteron center of mass. '

Measurements of the tensor analyzing powers
have previously been reported for a number of
(d, ) reactions.?™ The values of D, extracted
from these data range from -0.24 to ~0.30 fm?.
The empirical D, results agree quite well with

the theoretical value, -0.24 fm2, which has been
obtained® from a Faddeev calculation of the triton
wave function.

In this paper we present the results of a series
of (d,t) experiments. Measurements of the three
tensor analyzing powers (T,,, Ty, and T,,) have
been obtained for **Zr(d, )°°Zr at 6.0 and 7.5 MeV,
for '*Sn(d, #)'"'Sn at 12.0 MeV, for “°Sn(d, #)***Sn
at 6.0, 7.5, and 9.0 MeV, and for **Pb(d, #**"Pb
at 10.0 and 12.3 MeV. The measurements will
be analyzed to obtain new empirical D, yalues.

In Sec. II we present some background informa-
tion, including a rigorous definition of D, and a
discussion of the advantages which result from
the use of sub-Coulomb energies. The experi-
mental details are given in Sec. III, and the ana-
lysis of the measurements is presented in Sec.
IV. In Sec. V the results are discussed and a
comparison between the experimental and theo-
retical D, values is presented. Some of the mea-
surements described in this paper have previously
been reported elsewhere.!*?

II. BACKGROUND

It is well known that (d, ¢) reactions on medium-
and heavy-weight nuclei can usually be understood
in terms of the standard distorted-wave Born ap-
proximation (DWBA), in which one assumes that
the reaction occurs through a simple one-step
process. In this approximation the deuteron is
treated as an inert particle which, as it passes
the target nucleus, picks up a neutron to form
the trition. It is easily seen that two distinct
angular momentum coupling schemes are allowed
in the n+d— ¢ process. The first possibility is
an S state in which the n —d relative orbital an-
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lyzing powers result from the D-state component
of the deuteron wave function. The value of D,

for (d,p) reactions is fairly well known from other
work (D, depends on the long-range parts of the
wave function and most realistic nucleon-nucleon
potentials predict nearly the same D, value), and
the result derived from the tensor analyzing power
measurements'’ is in good agreement with the
expected value. Based on this experience we
believe that accurate determinations of D, are
also possible for (d, f) reactions.

III. EXPERIMENTAL DETAILS

The tensor analyzing power measurements were
carried out using the deuteron beam from the
University of Wisconsin Lamb-shift polarized
ion source.!? After being accelerated and mo-
mentum analyzed by a 90° bending magnet, the
incident beam was focused through 1 mm wide by
2 mm high rectangular slits located about 15 cm
upstream of the target. An automatic feedback
system was used to keep the beam centered on
the slits. The targets were enriched, self-sup-
porting foils with thicknesses of from 1 to 4
mg/cm?,

Reaction products were detected by an array
of four AE-E counter telescopes located to one
side of the beam. An on-line particle identifica-
tion computer program was used to distinguish
the various reaction products. For the experi-
ments at 6.0 and 7.5 MeV the thickness of the AE
detectors was approximately 60 pm, while at the
higher energies detectors of approximately 100
vm were used. Figure 1 shows a typical particle
identification spectrum for 6 MeV deuterons on
198n. This spectrum gives the number of counts
as a function of a parameter calculated from the
energies deposited in the AE and E detectors.™

%N E46.0MeV  0),,°132°
T T T T

10
d
fi
10°f i 1 1
2 " ]
sl N
?: 10 l . ,' \ h
o | \ P
n 1) \
%_103r YI \..,.r '\ . 4
S { Y 1 f?
10 ! ! -
g v gy
10 ROA L 1 L

o] 20 40 60 80 100
CHANNEL NUMBER

FIG. 1. A typical particle identification spectrum for
6 MeV deuterons on *%n.
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In spite of the fact that the ratio of deuterons to
tritons is large, the triton peak is well separated.

A typical triton energy spectrum for the reaction
1183n(d, t) at 12.0 MeV is shown in Fig. 2. Note
that the various triton peaks are well resolved
and virtually free of background. For ®'Zr, ''°Sn,
and 2°°Pb the peaks of interest were easily re-
solved, since in all cases the states are separated
by at least 300 keV.

Beam integration was accomplished by observ-
ing deuteron elastic scattering with a pair of
monitor detectors located symmetrically to the
left and right of the beam at an angle of 13.1°,

To a good approximation, the count rate in the
monitor detectors is independent of the beam
polarization, since the elastic scattering analyz-
ing powers are essentially zero at this angle.

The procedure used to determine the tensor
analyzing powers is similar to that described by
Rohrig and Haeberli.'* The method involves ob-
taining relative measurements of the polarized-
beam cross section for a variety of polarization
states of the incident beam. The beam polariza-
tion was monitored continuously during the ex-
periments by a polarimeter located downstream
of the target. For the measurements at 12.0 and
12.3 MeV the polarimeter described in Ref. 15
was used. For the experiments at lower energies,
which were performed somewhat later, we used
a more accurate polarimeter.'®

The measured tensor analyzing powers will be
presented in a number of subsequent figures. In
all cases, the error bars shown in the figures
include contributions from counting statistics,
from uncertainties in background subtraction
and from the statistical uncertainty in the deter-
mination of the beam polarization. In addition
to the displayed errors, the measurements are
subject to an overall normalization uncertainty
which is estimated to be 10% for the measure-
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FIG. 2. A typical triton energy spectrum for the re-
action 18Sn(d, t) at 12 MeV. The peaks are identified by
the excitation energy of the residual nucleus.
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FIG. 4. Measurements of the tensor analyzing powers for sub-Coulomb (d,¢) reactions on *1Zr, 19n, and 28pb. The
curves are DWBA calculations corresponding to the D, values listed in Table I.

that in all four cases the xz/N value is close to
1.0, indicating that the DWBA calculations re-
produce the measurements as accurately as can
be expected. The uncertainties in D, quoted in
Table I reflect only the statistical errors in the
analyzing power measurements. Sources of
systematic error in the determination of D, will
be considered below. It is encouraging to note
that the results obtained from the four transitions

rors in the measurement of the beam polarization
lead to an uncertainty of approximately 2% (see
Ref. 16) in the overall normalization of the mea-
sured tensor analyzing powers. The correspond-
ing uncertainty in D, is +0.0056 fm®, The choice
of optical model potentials also affects the value
of D,. From Table II we see that, for a given
transition, changing potentials produces varia-
tions of typically +0.003 fm? in D,. Somewhat

e are.in reasqpably gand asreement.  arbiirarily. the uncertainiv associated withthe
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Additional DWBA calculations have been carried
out for the purpose of determining the extent to
which the D, values are sensitive to the choice
of optical model parameters. It is found that the
calculated tensor analyzing powers are less
sensitive than the differential cross sections to
changes in the potentials. The results of these
calculations are summarized in Table II, which
lists the D, values obtained for six different
combinations of deuteron and triton optical model
potentials. The last line in Table II gives the
standard deviation among the six calculations for
each transition. The quality of the fit to the tensor
analyzing power data was essentially identical for
all of the optical model potentials considered.

Using the D, values obtained with the optical
model potentials of Refs. 18 and 22 (see Table I),
we find that the average value of D, is

D,=-0.279+0.012 fm?. (4)

In obtaining this average, the D, value for each
transition has been given an equal weight. The
D, value given in Eq. (4) differs slightly from the
result (-0.275 fm?) quoted in Ref. 3. The reason
for the discrepancy is that, in Ref. 3, we used
the optical model potentials of Refs. 19 and 24.
The quoted uncertainty in Eq. (4) includes con-
tributions from several sources. Systematic er-

choice of optical model potentials is assigned a
value of +0.006 fm?, which is twice the typical
standard deviation. The statistical errors in the
tensor analyzing power measurements also make
a significant contribution to the uncertainty in

D,. The statistical errors in the D, values for
the four sub-Coulomb transitions range from
+0.010 to +0.015 fm? (see Table I). These errors
are somewhat smaller than the standard deviation
among the four D, values, 0.017 fm®. This sug-
gests that the D, determinations may be subject
to systematic errors (of unknown origin) in ad-
dition to the statistical errors. To allow for this
possibility, instead of using the statistical errors
listed in Table I, we assign an uncertainty of
40.017 to each of the four D, values. The corre-
sponding contribution to the uncertainty in the
average D, value is +0.0085 fm®. The error quoted
in Eq. (4) is obtained by adding this uncertainty
in quadrature with the contributions arising from
the beam polarization measurements and the
optical model potentials.

B. Measurements at higher energies

As the deuteron energy is raised above the
Coulomb barrier the characteristics of the (d, ¢#)
reactions change. In particular, the shape of the
differential cross section changes rapidly with
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TABLE IIl. Best-fit D, values for the (d,¢) measure-
ments obtained at energies above the Coulomb barrier.

finite-range effects. Finally, systematic errors
in the determination of D, could result from the
neglect of multistep processes in the DWBA cal-

T Eq ( Ey y e (sz2 2/ culation. For sub-Coulomb energies, conventional
arget (MeV) MeV J m*) X multistep processes (e.g., inelastic excitation of
My 7.5 0.0 %+ ~0.33140.009 1.55 the tuget followed.by neutron transfer) are prob-

s i+ ably unimportant since the coupling between vari-
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Sn 12.0 0.0 Z -0.278+0.010 1.15

-{.‘
gy 12.0 0.16 3" —0.270+0.025 1.54 greater concern is the effect of distortion (i.e.,
18g 12.0 1.02 5" _0.22840.006 2.06 virtual excitat'ion) of the deuteron and triton by
ttag, 12.0 118 ' _0.93840.009 160 the Coul'omb field of the nucleus. In thg DWBA
7 calculations one assumes that at the point of trans-
g 7.5 0.0 1" —0.360+0.013 1.13 fer the internal wave functions of the deuteron
Hogy, 9.0 0.0 _;_* —0.396+ 0.009 1.73 and triton are just the free-projectile wave func-
208, 12.3 0.0 - 095440013 172 tions. Of course, distortion of the projectile wave
’ ’ ? ’ ’ ’ functions will affect the determination of D, only
28pp 12.3 0.57 %~ —0.328+0.020 1.98 to the extent that the effects are spin dependent.
208pp, 12.3 0.90 %" -0.233:0.006 1.29 Recently, Tostevin and Johnson®® have calculated
the effects of deuteron distortion for sub-Coulomb
(d,p) reactions and found that the tensor analyzing
powers change by only a few percent. Thus one
transitions, and that consequently, the derived might expect that these effects will be small for
D, values are most accurate in these cases. Our (d, 1) reactions as well.
experimental results support this argument. For As noted above, the consistency of our results
the sub-Coulomb reactions, the DWBA fits to the is quite poor for the reactions which have energies
data are of good quality, and the D, values ob- above the Coulomb barrier. To some extent, this
tained from different transitions (see Table I) are is to be expected. However, it is disturbing that
in reasonably good agreement. On the other hand, the extracted D, values change so rapidly with
the D, values for the measurements at higher increasing energy. In particular, we note that
br— _ § o - — — ok i 1 e e o

-

in magnitude by 0.06 fm® or more as the energy
is changed from 6.0 to 7.5 MeV. This behavior
raises some uncertainty about the reliability of

to within the statistical errors.
The primary result of the present work is the
empirical D, value given in Eq. (4). This value
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It is clear that additional theoretical work on
various aspects of this subject would be valuable.
In particular, it would be of interest to determine
whether including finite-range effects, the effects
of tensor forces, or the effects of projectile dis-
tortion in the DWBA calculations would lead to
improved agreement between experiment and
theory. Another important question which has
not yet been answered is whether triton wave
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functions obtained from various nucleon-nucleon
potentials lead to different D, values. In addition,
it would be interesting to determine whether D,
might be sensitive to the presence of three-body
forces in the triton.

This work was supported in part by the United
States Department of Energy.
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