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We present the results of distorted-wave Born-approximation calculations for the reac-
tion Mo(d, n) Tc to unbound dst2, sql&, aud d3yq analog states. Unlike the results of pre-92 83

vious authors, our calculated angular distributions agree with experiment (to within 20%)
at forward angles. We conclude that the distorted-wave Born approximation with single-
particle form factors describes the reaction with as much accuracy as for bound final
states.

The literature' ' on the theoretical description
of proton transfer to unbound analog (T,) states
near A= 90 leaves in doubt the status of the dis-
torted-wave Born approximation (DWBA). The
purpose of this Letter is to demonstrate that
simple DWBA calculations can nevertheless give
a good account of experimental results.

It is found empirically" that the ratio of s- to
d-state cross sections is much smaller than for
corresponding bound states. By simply taking
the unbound nature of the states into account,
early work showed that DWBA calculations could
reproduce the observed cross sections at least
in order of magnitude, and often more closely.
However, later calculations' which used more
elaborate form factors still showed large discrep-
ancies in the s-state cross sections. Among pos-
sible causes of these discrepancies are the fine
structure of the "microgiant" analog states and
interference with background. Before concluding
that these complications must be taken into ac-
count, we wished to examine the possibility that
the discrepancies might be due to some com-
bination of inadequate approximations and/or to
inappropriate choice of parameters.

Accordingly, we have carried out calculations
by the methods described in an earlier paper'
for the reaction that was treated by Zaidi and
Coker' (ZC), namely, "Mo(d, n)"Tc. We used

form factors obtained by solving the SchrMinger
equation (with resonant boundary conditions) for
a %oods-Saxon well. The depth of the well was
adjusted to bring the resonance energy into agree-
ment with experiment ("well-depth method").
For the well that was used to generate the form
factor, and for the optical potentials, we used
the same potentials that were used by ZC. The
radial integrals involved in the D%BA were eval-
uated in zero-range approximation with Dp 1 50
&10' Me V' F', by using a contour-integration
technique' to accelerate their convergence. The
integration of the cross section over the energy
of the unobserved proton introduces' a factor I"~,
the proton width of the resonance. Unlike ZC,
we used values of I"~ extracted from proton elas-
tic-scattering experiments. ' Thus we avoided
making assumptions about the structure and iso-
spin purity of the resonant state.

In Table I the results of our calculation are
compared with the experimental data and the
results of ZC. For d states, the two calculations
agree about equally well. For the s state, how-
ever, our calculation agrees much better with

experiment. The observed reduction in the s-
state cross section is therefore a feature of nor-
mal D%BA calculations. It is the combined re-
sult of kinematics, momentum matching, and
"leaking out" of the resonant wave function for
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TABLE I, Experimental and theoretical cross sections at 15' for the reaction ~ Mo(d,
n) ~Tc to unbound analog states, for E~ = 12 MeV.

Ex
(MeV) nZj

E (c.m.)'
(MeV)

I,(exptl) '
(keV)

~expt1
(mb/sr)

Otheog

(mb/sr)
Present ZC d

8.40
9.33
9.91

5+
2
1+
2
8+
2

2d2
3S2
2d2

4.32
5.25
5.83

2.3 +0.2
0.14 +0.04
0.48 +0.05

2.13
0.178
0.390

2.283
0.425
0.832

From Ref. 8.
b From Ref. 5, as corrected by J. Horton and quoted by Bef. 3.
See text. These calculations took the listed values of I"& as exact. Since 0;h~ de-

pends linearly on 1& in this work, a given percentage change in I'& will produce the
same percentage change in a,h~.

From Bef. 3.

large penetrabilities. The experimental and
theoretical angular distributions are shown in
Fig. 1. Comparisons at 15' are clearly far more
significant than those at 25, especially for the
s state, where the first minimum falls at an
angle less than 25'. It can be seen that our cal-
culations agree within the experimental errors

d'/
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FIG. 1. Experimental (points) and theoretical (curves)
angular distributions for the reaction Mo(d, n) 3Tc at
E„=12 MeV. The theoretical cross section has not
been normalized to the data. The method described
herein yields the absolute magnitude of the 0%'BA
cross sections, provided that 1& is known from elastic
scattering.

for all three states.
We cannot be sure of the reasons for the dis-

crepancy of a factor of 3 between the two s-wave
calculations (Table I). Although ZC used a less
accurate technique for the radial integrals, this
could not produce so large an error. ZC ob-
tained their form factors by approximate solu-
tion of coupled equations with a T-E (Lane) term.
The geometrical parameters involved were iden-
tical to ours. However, ZC have performed the
calculation only for the case where the parent
state is purely single particle. They correct for
deviations from this limit by multiplying their
results by S„ |the spectroscopic factor of the
parent state, extracted from (d, p) data ]. This
practice involves two related assumptions: first,
that the width I'~ is proportional to S„, and sec-
ond, that the shape of the form factor does not
materially depend on the value of S„. No justi-
fication of the first assumption seems to have
been given. " Furthermore, it is possible that
the experimental values' of S„were extracted by
using inappropriate geometrical parameters for
the well that was used to generate the form fac-
tor. (These parameters are not listed in Ref. 9.)
This would produce appreciable errors since an
increase of x, by 10%%uo can easily decrease the
value of S„by 40%%uo. The second assumption (on
which the well-depth method also depends) is
used in both calculations. Because the surface
region contributes most of the cross section, it
is important for the form factor to behave cor-
rectly in the exterior (i.e., beyond the range of
the nuclear forces). In the exterior, the ZC form
factor should reduce to a multiple of the appro-
priate irregular Coulomb function G. However,
by inspection it appears to be a linear combina-
tion of an exponentially decaying term and a G
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function. This is due to the use of the Fano-
Feshbach method, which treats the coupling as a
perturbation that mixes the continuum into the
bound mathematical analog of the parent state.
Such an error in the shape of the form factor
could have a large effect on the cross section,
without greatly affecting the phase shifts.

In conclusion, we have demonstrated that cor-
rect DWBA calculations can adequately describe
the data on proton stripping to unbound analog
states, even when mell-depth form factors are
used —in analogy with common practice for bound

analog states. This result is of obvious practical
significance. Much worse results have been ob-
tained with a form factor obtained by solving the
Lane equations. This may be a warning that the
usual rules of DWBA must be respected, even if
the calculation of the form factor is in some way
improved.

We thank Dr. W. R. Coker for providing us with
the data in tabular form.
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For any Hamiltonian H having vanishing Poisson brackets with the total momentum P
and angular momentum J, it is always possible to construct boost operators K having
the correct Poisson brackets with all the other generators of the Poincarb group. Thus
the existence of dynamical variables satisfying the algebra of the Poincarb group gener-
ators is not in itself a guarantee of Lorentz invariance.

Traditionally, the first step in the quantization
of a classical system has been to write its equa-
tions of motion in canonical form. The conditions
for the compatibility of these canonical equations
of motion with the requirements of special rela-
tivity were investigated long ago by Dirac. ' In
essence, Dirac's argument was that if a canoni-
cal formulation is possible in one Lorentz frame,
then it should be possible in every Lorentz frame
(by the principle of relativity). Therefore, a Lo-
rentz transformation must be a canonical trans-
formation of the dynamical variables. In particu-
lar, an infinitesimal Lorentz transformation has
ten generators, namely the Hamiltonian H (trans-
lation in time), the total momentum P (transla-
tions in space), the total angular momentum J
(rotations), and the boost K (pure Lorentz trans-

[H, P„]=O,

[a,z.] = o,

[S'., P„]=0,

[J,P„]=a „,P„
[z., z„]=~„„,z„
[&., K„]=~. ,K„
[II,K.] = -P.,

[P., K„]= —6.„a,
[K,K„]=—e „,J..

(4)

(7)

(8)

formations). The Poisson bracket relations char-
acteristic of the Poincare group are


