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Measurements of the tensor analyzing powers for (d, t) reactions on Sn and Pb are
presented. It is shown that the measured quantities are sensitive to the D-state compo-
nents in the triton wave function. The magnitudes of the observed analyzing powers are
in good agreement with predictions obtained from a triton D-state wave function calcu-
lated in first-order perturbation theory.

It is well known that the deuteron D state can
produce marked effects in (d, p) reactions. " The
L? state has very little influence on the reaction
cross section, but can produce large changes in
the observables for reactions induced with a
polarized beam. In particular, the deuteron D
state is primarily responsible for the large ten.-
sor analyzing powers' which are observed in (d,
p) reactions on intermediate and heavy nuclei.

In this Letter, we argue that similar effects
should be present in (d, t) reactions. In this case,
however, the effects arise primarily from the D-

state components in the triton wave function, '
rather than from the deuteron D state. Measure-
ments of the tensor analyzing powers for (d, t) re-

jons on x&BSn and aosPb are presented, and the
measurements are compared with the results of
distorted-wave calculations. ' A simple triton
wave function, in which the D-state components
are calculated from first-order perturbation the-
ory, is used to predict the magnitude of the ef-
fects of the triton D state.

The reaction calculations presented in this Let-
ter are based on the distorted-wave Born approx-
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R(r)= Q Qu'(r)Y'~(r)(LA, so~-, o',)
g=p, 2 A, a

&&(Iv„, ', o„~ so—), (2)

where s= 2 for L=2 and s=-,' for L=o. The quan-
tities u, and u, are radial functions which depend
on the internal structure of the triton and deuter-
on. In all previous distorted-wave calculations
for (d, t) reactions, the effects of the L=2 term
in Eq. (2) have been ignored.

In terms of its angular momentum structure,
the expression given in Eq. (2) is identical to that

imation' (DWBA). In DWBA, the transition am-
plitude for a (d, t) reaction depends on the inter-
nal structure of the deuteron and triton through
the overlap integral'

R(r) = &X„."V,"(p)IV,"(r,p)).

Here cp, ~ and y, ' are the internal wave functions
of the deuteron and triton, respectively, and y,&,
is the spin wave function of the transferred neu-
tron. The quantity p is the internal coordinate of
the deuteron, and r is the separation of the trans-
ferred neutron from the deuteron center of mass.
According to Eg. (1), one projects out that part
of the triton wave function which looks like a deu-
teron plus a neutron, and the motion of the neu-
tron relative to the deuteron center of mass is
described by the quantity R(r).

From general angular momentum and parity
selection rules, it is clear that R(r) can contain
only 8- and D-state terms. Specifically we may
write

which appears in the transition amplitude for (d,
p) reactions. ' In particular, the L=0 and L=2
terms in Eq. (2) enter into the (d, t) calculations
in precisely the same manner as the deuteron S-
and D-state wave functions enter the calculations
for (d, P) reactions. By analogy, it follows that
the tensor analyzing powers for (d, f) reactions
will be sensitive to the D-state term in Eq. (2).

The deuteron beam from the University of %is-
consin polarized-ion source was used to measure
angular distributions of the three tensor analyz-
ing powers' (T», T», and T») for the reactions
"'Sn(d f)"'Sn at 12.0 Me@ and "'Pb(d t)2OVPb at
12.3 MeV. The measurement techniques have
previously been described by Rohrig and Haeber-
li. ' A complete report on the experiment will be
published separately. ' The measured analyzing
powers for three strong transitions are shown in
Fig. l. It is interesting that the (d, t) analyzing
powers are similar in shape and magnitude to the
analyzing powers for low-energy (d, P) reactions, "

but have the opposite sign.
The curves in Fig. 1 show the results of DWBA

calculations. " These calculations were carried
out using the local-energy approximation. '"
This approximation method is known to work rea-
sonably well for calculations of the D-state ef-
fects in low-energy (d, p) reactions 'In .the local-
energy approximation, the magnitude of the D-
state effect depends only on the value of a single
parameter, D,. The value of this parameter is
related to the functions u, and u, according to

D, =~ Jo u(r)r'dr douo(r)x'dr. (3)

Sn(d. t) Ed=12.0 MeV Sn(d, t) E~ =12.0 MeV Pb(d, t) Ed 12.5 MeV
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FIG. l. Angular distributions of the tensor analyzing powers-for (d, t) reactions on "8Sn md 208pb. The dashed
curves are D%'BA calculations in which the D-state effects were neglected. The solid curves are DWBA calcula-
tions which include the D-state effects with D2 =-0.24 fm .
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To a good approximation, the calculated tensor
analyzing powers seal.e linearly with D,.

The dashed curves in Fig. 1 show the results
of standard D%BA calculations, in which the D-
state term is neglected. As one can see, these
calculations greatly underestimate the magnitude
of the tensor analyzing powers. In order to in-
clude the D-state effects in the DWBA calcula-
tions, we treated D, as an adjustable parameter,
since the correct value of D, was not known from
previous work. The value D, = —0.24 fm' provid-
ed the best fit to the measurements, and this
value was used for the calculations which pro-
duced the solid curves. From these results it is
clear that the D-state term in Eq. (2) is primari-
ly responsible for the observed tensor analyzing
powers.

It is interesting to compare the experimentally
determined value of D, with the value calculated
from particular triton and deuteron wave func-
tions. The first question in such a calculation is
to determine which components in the triton and
deuteron wave functions are likely to give the
major contributions of the overlap D state. In
general, the L= 2 term in Eq. (2) can be nonzero
if either the deuteron or the triton wave function
contains a D-state term. From the deuteron D
state one obtains terms proportional to Y, (p).
In taking the overlap we integrate over the coor-
dinate p and thus this term will integrate to zero
unless the triton wave function depends on the
angular coordinates of p." Thus one expects that
the contribution from the deuteron D state will be
small. From the triton D-state wave functions4
one can obtain terms proportional to either
Y,"(p) or Y, (i). In this latter case the spheri-
cal harmonic can be taken outside the integral
and one directly obtains an L = 2 term in the over-
lap. Thus the D-state term in Eq. (2) arises
primarily from the triton configuration in which
the transferred neutron has L =2 relative to the
remaining nucleons.

To obtain a numerical estimate of D, we make
use of the deuteron wave function of Reid, "and
for the dominant triton S state we adopt the wave
function of Jackson, Lande, and Sauer. ' For
the triton D state we use a wave function obtained
from first-order perturbation theory, since the
inclusion of a complete D state would be quite
laborious. In momentum space this wave func-
tion is given by"

(P, /ID) =N(&, -@'p'/M —3h'q'/4M)-'

where P and Q are the momenta conjugate to |I
and P respectively. Here B, is the triton binding
energy, V&" is the tensor potential between nu-
cleonsi and j (the Reid soft-core potential), and
N is a normalization constant which is adjusted
to reproduce the desired D-state probability.
This approximate D-state wave function predicts
a charge form factor for 'He which is in good
agreement" with results obtained from the exact
D-state wave function of Ref. 14.

The major contribution to the L=2 term in Eq.
(2) arises from the overlap integral involving the
deuteron S state and the triton D state. In Eq.
(4), the tensor force between the pairs 13 and 23
gives rise to a triton D state in the coordinate $
(we take particle 3 to be the transferred neutron),
which in turn produces a substantial L =2 term
in the overlap. The contributions which arise
from V~" and from the overlap integral involving
the deuteron D state and the triton S state are
small and have been neglected in our calculation.
A complete description of the calculation will be
published elsewhere. '

Since the triton D-state wave function depends
on the normalization constant N, our final result
for D, is a function of the triton D-state probabil-
ity PD. We obtain

D, = —0.648[PD/(1 P~)j'~' f—m'. (5)

(x y."(p)x g."(~)l~. '(p) &

+(&)
Y 0(") I ~(P) Y P(-)P +

10 P (6)

For P~= 8.8% (as predicted from a complete so-
lution of the Faddeev equations"), Eq. (5) gives
D, = —0.20 fm'. In view of the approximations
used in calculating D, and the uncertainties in-
volved in extracting D, from the measured tensor
analyzing powers, the agreement between the cal-
culated value and the experimental value (-0.24
fm') is as good as one would expect to obtain.

The fact that the tensor analyzing powers have
opposite signs for (d, p) and (d, t) reactions is
easily understood. In the deuteron the nucleon
spin vectors o, and cr, are parallel, and as a re-
sult the tensor force is attractive when p is par-
allel or antiparallel to o,." Thus the effect of
the tensor potential is to increase the magnitude
of the deuteron wave function when p is parallel
to 0,. and to decrease the wave function when p
and o,. are perpendicular. For a deuteron in the
ng = 1 state we write"

x (p, g v,"+v,"+v,"is), (4) From this expression one can see that the radial
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wave functions u and zv must have the same sign,
and it follows that D, for (d, P) reactions must be
positive. We now consider the (d, t) reaction. In
this case, for an m =1 deuteron we have from
Eq. (2)

(7)

As we have seen, the L = 2 term in Eq. (7) arises
primarily from the tensor forces between the
pairs 13 and 23. Since o, is antiparallel to o,
and v, in configuration (7), the relevant tensor
potentials are repulsive when P is parallel or
antiparallel to 5, . Thus it turns out that u, and

u, have opposite signs, and D, must be negative
for (d, t) reactions.

The results reported in this note show that
tensor analyzing-power measurements for (d, t)
reactions are sensitive to the D-state components
in the triton wave function. However, at this
point it is not clear whether the measurements
can be used to obtain quantitative information
about the D-state wave function which is not
available from other sources. Further experi-
ments and more refined theoretical calculations
will be required to elucidate this point.

*Work supported in part by the U. S. Energy Research
and Development Administration.

)Present address: Department of Physics, Hope Col-
lege, Holland, Mich. 49423.

fResearch sponsored in part by Instituto de Alta Cul-
tura (Project FL-1-II).

~L. D. Knutson, E. J. Stephenson, N. Rohrig, and

W. Haeberli, Phys. Rev. Lett. 31, 392 (1973).
R. C. Brown, A. A. Debenharn, G. W. Greenlees,

J. A. R. Griffith, O. Karban, D. C. Kocher, and S. Ro-
man, Phys. Rev. Lett. 27, 1446 (1971).

The tensor analyzing powers are a measure of the
change in cross section which results when the inci-

dent deuteron beam is aligned. The properties of the
analyzing powers have been discussed, for example,
by W. Haeberli, in Nuclear Spectroscopy and Reactions,
edited by J. Cerny (Academic, New York, 1974), Pt. A,
p. 151.

4The triton D-state wave functions have been de-
scribed by R. G. Sachs, nuclear Theory (Addison-
Wesley, Cambridge, Mass. , 1953), p. 180.

5See for example N. K. Qlendenning, in Nuclear SPec-
troscoPy and Reactions, edited by J. Cerny (Academic,
New York, 1975), Pt. D, p. 319.

~F. D. Santos, Nucl. Phys. A212, 341 (1973).
7The analyzing powers are defined according to the

Madison Convention as given in Polarigation Phenom-
ena in NNclear Reactions, edited by H. H. Barschall
and W. Haeberli (Univ. of Wisconsin Press, Madison,
Wise. , 1971), p. xxv.

N. Rohrig and W. Haeberli, Nucl. Phys. A206, 225
(1973).

BL. D. Knutson and B. P. Hichwa, to be published.
~ The optical-model potentials used in the".ERVSA-ca%=

culations are those given in H. S. Liers, R. D. Rath-
mell, S. E. Vigdor and W. Haeberli. , Phys, Rev. Lett, .
26, 261 (1971); S. E. Vigdor and W. Haeberli, to be
published.
"R. C. Johnson and F. D. Santos, Part. Nucl. 2, 285

(1971).
The S-state part of the triton wave function can be

expanded in terms of the spherical harmonics as
y&(r, p) =+& &f&(x,p)1't (k)F& g). The de tuero nD

state will contribute to the D-state term in the overlap
only if the l = 2 term in this expansion is nonzero.

~3R. V. Reid, Ann. Phys. (New York) 50, 411 (1968).
~ A. D. Jackson, A. Lande, and P. Sauer, Nucl. Phys.

A156, 1 (1970). The wave function used corresponds
to Qs = 28.

5A. D. Jackson and D. O. Riska, Phys. Lett. 50B, 207
(1974).

~6A. Borroso and E, Hadjimichael, Nucl. Phys. A238,
422 (1975).

~VA. Barroso, A. M. Eiro, and F. D. Santos, to be pub-
lished.

R. A. Brandenburg, Y. E. Kim, and A. Tubis, Phys.
Lett. 49B, 205 (1974).

~~J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear
Physics (Wiley, New York, 1952), p. 94.


