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Recent differential and total cross-section data relating to the Li(d, n)4He, Li(d,p)'Li, and Li(d, n)'Be
reactions at deuteron energies between 0.1 and 1.0 MeV are analyzed in terms of the signer-Eisenbud
formalism with the R-matrix elements assumed constant, i.e., independent of the energy of the incident
deuteron. For the (d,p) and (d,n) reactions the possibility of an additional coherent direct-reaction
contribution is also considered. The data are reasonably well reproduced by these calculations. The results
thus give an indication of the magnitude of the direct contributions to these reactions. The results also show
that the observation of a resonance-like structure in, e.g., the 'Li{d,a)'He reaction, does not necessarily

imply a corresponding state in 'Be.

NUCLEAR REACTIONS R-matrix and DWBA analysis of ~Li(d, p) and 6Li(d, p)
reactions, E = 0.1-1.0 MeV; R-matrix analysis of 6Li(d, n) reaction, E = O.l-

2.0 MeV.

I. INTRODUCTION

The current interpretation of the even-spin, pos-
.itive-parity level structure in Be at 20-25 MeV
excitation is largely based on analyses' over
limited energy ranges of individual 'Li(d, n) and

Li(P, o.') reactions in terms of nearby resonances,
and on the observed positions of anomalies in a
phase-shift analysis' of n-e elastic scattering
data. As shown in Fig. 1, the analysis of the vari-
ous reactions leads to interpretations in terms of
states in Be which are quite different, particular-
ly in the region of excitation near 22 MeV. For
example, the interpretation of the various (d, o. )
experiments leads to 2', 0', and jor 4' assign-
ments' for a state (or states) near 22.5 MeV,
while the n @scattering -results' and the (P, n)
analysis of Kumar and Barkers provide evidence
for a single 2' state a few hundred kilovolts low-
er—in fact, below@ the deuteron binding energy.
This last observation is consistent with recent
results which show that the energy dependence of
the integrated yields for various outgoing channels
in d+6I, i reactions can be accounted for solely
in terms of the s-wave surface functions in the in-
cident channel, at least for energies up to -500
keV. This suggests the possibility that structure
observed, e.g. , in the (d, n} cross section at deu-
teron energies below I MeV, which have been in-
terpreted in terms of resonance states in Be, may
in large part simply be a manifestation of the en-
ergy dependence of the surface functions that enter
into the Wigner-Eisenbud theory. '

Recently, a fairly complete experimental study
of the angular distributions in (d, n), (d, p), and

(d, n) reactions on Li at energies below 1 MeV
has been completed. The present note describes

attempts to investigate the mechanism governing
the energy dependence of the differential and total
reaction cross sections for these processes.

As mentioned above, an analysis of previous
Li(d, n) He data in terms of 0' and 2' resonances

in Be has been given by Freeman and Mani. ' It
seemed of interest to determine whether the reso-
nance parameters given in Ref. 1 (with values of
the nucleon widths consistent with the quoted total
widths) could also describe the observed (d, nu-
cleon) angular distributions. Calculations indicated
that this was not possible even if provisions are
made to include direct-reaction contributions to
these reactions (see the discussion below}. There-
fore, we conclude that the parameters given in
Ref. 1, particularly those for a 22.5 MeV(2') and
a 24 MeV(0') state, do not describe energy levels
in 'Be.

Furthermore, the fact that local resonances are
not required to explain the energy dependence of .

the integrated yields for the various outgoing chan-
nels suggests the possibility that the differential
cross sections for these processes can also be in-
terpreted as nonresonant. In the remainder of the
report we discuss some calculations performed to
inves tigate this pos sibility. In par ticular, the
(d, n) angular distributions are analyzed in terms
of a multichannel R-matrix formalism in which
the R-matrix elements for each pair of reaction
channels are represented as constants (nonenergy
dependent terms), and the (d, p) and (d, n) reac-
tions are analyzed as described below.

The traditional approach~ to the interpretation of
(d, p) and (d, n) reactions at low energy is in terms
of an incoherent sum of a direct component and a
compound contribution estimated on the basis of
statistical theories. At these very low energies,
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however, and for I.i targets such an approach is
probably unwarranted. In the present case, there-
fore, the measured (d, P) and (d, n) differential
cross sections are investigated in terD|s of a co-
herent superposition'0 of a direct (surface-type)
interaction with a compound-nucleus contribution
that is consistent with the results of the (d, o.} anal-
ysis.

The results of the calculations presented here
can be summarized as follows. (i) A possible ex-
planation for discrepancies in proposed' level
structures in Be in, the region of excitation near
22 MeV may lie in the fact that previous analyses
neglected effects of "distant" levels in the calcula-
tions. (ii} There is evidence that there are non-
negligible direct and direct-compound interference
contributions to the' Li(d, nucleon) reactions. (iii)
Although the 8-matrix parameters obtained by a
simultaneous fitting to five of the reactions that
proceed (at least in part) via the compound nu-

cleus SBe are not unique, there are indications
that these values are beginning to converge to a
consistent description of such reactions.

II. CALCULATIONS
Ln the present work we present the results of a

simultaneous description of five of the reactions

that result from the interaction of low-energy deu-
terons with Li, These are the (d, n) reaction, and

the (d, P) and (d, n) reactions to the ground and

first-excited states of Li and Be. The Li(d, n} He

process is assumed to proceed entirely through
"distant" states of the compound nucleus Be,
whose properties are parametrized in terms of
the 8-matrix theory F.or the (d, p) and (d, n) re-
actions the same B-matrix parametrization is
used for the interpretation of the interaction of the
deuteron with the bulk of the:- I.i nucleus, while an
additional interaction between a proton and neu-
tron is assumed to take pl'ace in the external (or
surface) region and is treated by a first-order per-
turbation calculation.

In the signer- Eisenbud formalism the 8-matrix
is frequently considered in the form

where g' contains contributions from levels with
eigenenergies E& sufficiently far from the energy
E of interest that they can be considered to be in-
dependent of E, and the sum over X contains the
contribution from local levels. Since our present
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FIG. 1. Even-spin, positive-parity states in Be as a function of excitation energy based on various analyses of the
given reactions {Refs;-1-3), generally over a limited energy range. The n-e scattering results are taken from the
observed positions of anomalies from an experimental phase-shift analysis {Ref. 5). The vertical dashed lines repre-
sent the energies at which Be breaks up into the indicated particles.
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interest is the extent to which reactions may be
described as nonresonant, we set equal to zero the
contribution from local levels so that Eq. (1) re-
duces to R=R'.

For the (d, p) and (d, n) reactions, the calcula-
tion is augmented to take into account direct-re-
action contributions. This extension is based on

a formalism originally suggested by Thomas' for
pickup processes. In this method the total colli-
sion matrix element for the (d, P) reaction (for ex-
ample} appears as a sum of the compound-nucleus
contribution, which in the present work involves
the same 8-matrix parameters as used for the

(d, n) reaction, and the external stripping com-
ponent, represented as an np interaction in the
surface region, which is treated as a correction
to the internal (compound-nucleus) term. The
cross section will then contain terms representing
the compound-nucleus contribution, the direct
component, and interference contributions between
the two.

The direct-reaction calculation is a distorted-
wave Born approximation (DWBA} with the dis-
torted waves formally' defined in terms of the
compound-nucleus collision matrix elements that
describe elastic scattering in the entrance and exit
channels. The DWBA matrix elements thus depend
not only on the relative angular momentum but
also on the channel and total spin that define a giv-
en channel. In this representation there are sev-
eral thousand distinct direct-reaction matrix ele-
ments that can contribute to the Li(d, nucleon) re-
actions which we wish to consider. Because it did
not seem practical to carr'y out the direct-reac-
tion calculation in this representation, the dis-
torted waves were calculated from optical-model
potentials that have been previously used to des-

I

cribe elastic scattering by light nuclei. This is
approximately equivalent to the Thomas prescrip-
tion" provided that the compound-nucleus colli-
sion matrices are chosen to reproduce the elastic
scattering predictions of the optical-model poten-
tial.

The present calculation gives direct contribu-
tions identical to those obtained from the DWBA
code DUCK" when a cutoff radius of 4.5 fm is
used in the latter code. The distorted waves were
obtained from optical-model potentials fixed at
those values of Satchler' for the deuteron channel,
and of Watson et al. ' for the nucleon channels.
These values are given in Table I. Spectroscopic
factors for the ground and first-excited Li and
Be states were obtained from the compilation of

Cohen and Kurath.
With the parameters associated with the direct-

reaction calculation kept fixed, simultaneous fits
to the measured (d, n), (d, P), and (d, n) reaction
cross sections w'ere obtained by allowing the vari-
ous A-matrix parameters R„, to vary. For vari-
ous reasons that include in some cases the lack of
reliable data in the energy region of interest, we
do not consider explicitly other reactions (e.g. ,
+ + n elastic scattering, e +e = — = p + Li, n + n

=n + Be, d-+ Li elastic scattering) that are des-
cribed in terms of the same set of R-matrix para-
meters. But even though we consider the simul-
taneous description of only five of the possible
reactions via'Be, the number of relevant parame-
ters is large. On the assumption that only 0' and
2' Be levels contribute'~ to the reactions, Table
II shows the quantum numbers associated with each
allowed channel. c for each J', and Table III indi-
cates that the calculation involves the specifica-
tion of 17 values of 8„,(for 0' states) and 27 values

TABLE I. Parameters used in D%BA calculations for various values of the energies E~~~

for the incident and outgoing particles. ~

Incident"
particle

(deuteron)

Outgoing ~

particle
(proton)

Outgoing '
particle
(n.eutron)

Captured
particle
(p or n)

Ei& (MeV)
V, (MeV)
rp (fm).
Q. p (fm)
W~ QfeV)
r~ (fm)
Qg) (fm)
V, (MeV)

0.118-0.975
115 .

0. 9
0.9
6.6-6. 8
2.46
0.45
0. 0

5.30-6.58
63.1-62.8
1.14
0. 57
4.4—5. 1
1.14
0. 5
0. 0

3. 55—4. 61
62. 9-62. 7
1.15
0. 57
3.4-4. 0
1.15
0. 5
0. 0

1.14, 1.15
0. 57

A=25

The notation is standard: V= V& —Vpf (xp)+ 4iW~ (d/dx)f (xD)+ (h/m c) V~o l (1/r)
(d/dr)f (x,J, where Vc is the Coulomb potential due to a uniformly charged sphere with radius
r~A~~ (r =0. 9 for deuterons and =1.14 fm for protons), and f(x&) = [1+exp(x&)] with x;
= (r —r; A ~3/a;). A is the spin-orbit parameter multiplying the usual Thomas term.

bRef. 12.
~Ref. 13.
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of Ro„(for 2' levels}. These numbers are reduced
to 11 and 18, respectively, by requiring that R,~
for neutron chmnels are set equal to the values
for the corresponding proton channels in accord-
ance with the principle of charge symmetry of nu-
clear reactions which is expected' to hold to a
good approximation for the (d, P) and (d, n) pro
cess es.

The calculational procedure outlined above is
not expected to yield unique values for the elements
of the matrix R . Indeed the objective here is con-
siderably more modest. The cross section for a
reaction from channel o. to channel P is

&.,(E}~
~
[(f -ftol. o)-'fto],

~

2
(2)

where R is independent of the energy E and

I.'= S —b+iP .

The calculations discussed in the previous sec-
tion are compared to recently published data of
Elwyn et a/. , in which angular distributions were

TABLE II. Quantum numbers for each channel c for
those levels included in the analysis (/ is the orbital
angular momentum and s is the channel spin).

J»= 0+

l
J»= 2+

l

d+6Li
d+6Li
0+@
Pp+'Li
np+ VBe

P + 7Li+
n&+ 'Be*

0
2

1

1
1

d+ 'Li
d+ Ll
d+ 6I,i
d+ 'Li
6+6
Pp+ 7Li
Pp+VLi
np+ 7Be
np+'Be
P +7Li

+ 7Be+

0
2
2
2
2
1
1
1
1
1
1

2
0
1
2
0
1
2
1
2
1
1

The (diagonal) boundary condition matrix b is also
independent of E and the shift and penetrability
matrices, S and P, are monotonic and, except for
the deuteron channel, slowly varying functions of
F.. Thus the energy dependence of o~ is consider-
ably restricted, and one question we wish to ad-
dress is simply whether the resonance-like struc-
ture observed in the (d, o. ) reaction between -0.1

and -1.5 MeV can be reproduced by Eq. (2) for
parameters which also reproduce the yields ob-
served in the other channels. In the R-matrix
calculations radii of 3.8 fm for the d+ I i channel,
4.5 fm for the n +n channel, and 4.22 fm for the
nucleon channels were used. Boundary values for
the various channels were chosen to be equal to
the corresponding shift function at zero relative
energy.

III. RESULTS AND DISCUSSION

TABLE III. Reactions c c' for which R~~& values
are included in the analysis. Np and N& are the number
of p~p+ values that Were included in the analysis for
J»=0+ and J»=2+, respectively.

c'(c) Np(J» = 0) N2(J =2)

d+ 6Li
d+ Ll
d+ 6Li
d+ 6Li
d+ 'Li
d+ 6Li
0+0
Pp+ Ll
np+ Be
p + 7Lj+

+ 7Be+
Pp+7Li
n, +'Be
p +7Li*
n&+ 7Be*

d+6Li
G+G
Pp+ Ll
np+ VBe

p +7Li*
n)+ Be+
6+0

np+ 7Be
p +7Li+
n(+ Be+
Q+Q
0+6
&+0
C+C

2
2
1
1
1
1
1
1
1
1
1
1
1
1
1

2
2
1
1
1

1

2
'

1

measure'd for the Li(d, n) He, Li(d, P) Li, and
6Li(d, n}'Be reactions at deuteron energies of
0.1-1.0 MeV, and to (d, n) data of McClenahan
and Segel' at higher energies. The comparisons
are presented in terms of the coefficients BI, in
the Legendre polynomial expansion of the differen-
tial cross sections. Thus, e.g. , the total (angle-
integrated} cross section is given by 4vBO.

The best simultaneous fit to the (d, n), (d, P), and

(d, n) measurements is shown as the solid curves
in Figs. 2, 3, and 4. These results represent cal-
culations in which the values of the parameters
R„„specifying the compound-nucleus contribution,
are the same for all five reactions. ' It is inter-
esting to note that both diagonal (i.e. , R„}and
off-diagonal (i.e. , R0„) parameters in which one
or both of the c, c' are associated with nucleon
channels have a signficant effect on calculations
for the (d, o.') reaction. For example, the fits rep-
resented by the solid curves include small but
nonzero values for at least some of the off-diagon-
al parameters associated with n(o. , P}'Li and
o. (o.', n) Be reactions, shown as the last four en-
tries in Table III. The fits are less good when
these parameters are all set equal to zero.

The dashed curve on Fig. 2 is the result of a cal-
culation in which we do not require a fit to the data
for all five reactions simultaneously. It indicates
that with this added freedom better fits to the re-
sults for individual reactions can be obtained even
within the framework of the physical assumptions
of the given reaction model.

The solid curves on Figs. 3 and 4 represent the
coherent addition of direct and compound-nucleus
contributions, and thus include the effects of inter-
ference between the two mechanisms. The mag-
nitude of such interference contributions depends
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FIG. 2. Comparison of calculations with-experimental
BI values for the 6Li(d, e)4He reaction. The solid curves
represent the results of the best simultaneous fit
(within the framework of the model discussed in the
text) to (d, e), (d,p), and (d, n) data, while the
dashed curves are the fits to the (d, e) measurements
alone. The resonance near E& = 3.5 MeV is not included
in the calculations. The data are from Refs. 8, 17,
and 20.

on the values of the parameters utilized in the cal-
culation and can be observed by comparing the
solid with the dot-dashed curves, the latter rep-
resenting an incoherent sum of compound and di-
rect processes. ' Although the sizes of the inter-
ference effects are apparently quite small for the
ground state (d, P) and (d, n) reactions, their effect
on the first-excited state calculations is consider-
ably larger and, as observed, the calculations in
which interference effects are included are a bet-
ter fit to the data (particularly for Bo and BI co-
efficients).

The calculations based on direct reaction con-
tributions alone (dashed curves on Figs. 3 and 4),
while in fairly good agreement with angular dis-
tribution coefficients B, through B4, disagree com-
pletely with the measured total cross sections I30.
Although we have not investigated other sets of
optical-model potential parameters, it does not
seem likely that a calculation based on a direct
interaction alone can lead to a reasonable simul-
taneous fit to all of the data, . It is equally unlikely
that any simple compound-nucleus reaction could
duplicate the behavior of the coefficients 131, for
the higher values of I.
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FIG. 3. Comparison of calculations with experimental
Bz values for the Li(d, p)~Li reactions. The solid
curves represent the results of the best simultaneous
fit (within the framework of the model discussed in the
text) to (d, o.), (d,p), and (d, n) reactions, while the
other two curves are based on the calculations indi-
cated (see text). The data are from Ref. 8.

The present results demonstrate that in the low-
energy region in the interaction of deuterons with
Li the data can in large part be represented by a

compound-nucleus contribution that involves only
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FIG. 4. Comparison of calculations with experimental
Bz, values for the Li(d, yg) Be reactions. The solid
curves represent the results of the best simultaneous
fit (within the framework of the model discussed in the
text) to (d, e), (d,p), and (d, g) reactions, while the
other two curves are based on the calculations indicated
(see text). The data are from Ref. 8.
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constant R-matrix elements which within the for-
malism are interpreted as arising from distant
levels. A more complete analysis, in which the
data for other two-body reaction channels are in-
cluded, should, of course, contain explicitly the
energy dependence of nearby resonances. Reso-
nances in Be are apparently observed in the
phase-shift analysis of n-n elastic scattering ex-
periments5 as well as in tbe 6Li(d, n) (see Fig. 2,
particularly the higher energy data of Jeronymo,
et al. 0) and Li(p, n) reactions. 3 A consistent in-
terpretation of d+ Li reaction da, ta must include
such effects. The present results, however, in-
dicate that such an interpretation must also incor-
porate the properties of distant levels before a
unique explanation of the level structure of Be
at 20-25 MeV excitation can be given.

As discussed in Sec. II, optical-model potentials
were used to calculate the distorted waves in the
DWBA to the direct-interaction matrix elements.
A crude measure of the consistency of this cal-
culation is obtained by comparing the elastic scat-
tering obtained using the R" matrices with that pre-
dicted by the optical-model potentials. In general
the cross sections given by these two calculations
show very similar behavior as functions of energy.
Furthermore, the magnitude of the 'Li elastic
scattering cross sections obtained from our final
Ro-matrix values for those protons that correspond
to the ground state in the 'Li(d, p}~Li reaction are
less than 5% smaller than tbe magnitude given by
the optical-model potential of Ref. 13, and the re-
sults for the He(n, n) phase shifts calculated with
our final Ro-matrix values agree to within 10% with
these from the optical-model potential description
of Igo. However, for protons with energies that

2f

correspond to the 6Li(d, P} first-excited state re-
action, the Li elastic scattering cross sections
ca,lculated with final R -matrix values are larger
by factors of 2 to 2.5 than the optical-model po-
tential calculations. The differences in the pre-
dictions for the other elastic scattering channels
are intermediate to these. 22

It should be mentioned that no effort was made to
adjust the R-matrix parameters or the optical-
model potentials to minimize these differences.
Although these discrepancies seem large by usual
standards, there are certain regularities that would
not be expected if the present R-matrix parametri-
zation was entirely devoid of physical meaning.
On the other hand, these differences are sufficient-
ly large that consistency with the calculation pro-
posed in Ref. 10 cannot be claimed. However, on-
ly the direct-reaction matrix elements are in-

volved in these comparisons and their contribu-
tions to the d+ Li reactions that we have consider-
ed are relatively small. We feel that none of the
qualitative conclusions that have been based on these
calculations are materially altered by this incon-
sistency with the Thomas prescription. "

As mentioned in Sec. I, our initial effort was to
determine whether the resonance parameters given

by Freeman and Mani' in their analysis of 'Li(d, n)
angular distributions could also describe the re-
cently measured Li(d, nucleon) differential cross
sections. As this analysis proceeded, it became
obvious that this was not possible and, perhaps
more important, none of the data indicated an
unambiguous resonance behavior in the energy
interval of interest. The difficulties in the inter-
pretation of these data are not unique and it is of
interest to understand them more completely. The
dependence of the cross section for a given reac-
tion, e.g. , o~, on parameters associated with a
third channel (c =P, e.g.) can be quite pronounced.
It arises through the coupling inherent in a multi-
channel R-matrix description because of the ma-
trix inversion (see Eq. 2), whether reduced widths,
constant R-matrix elements, or both are used to
parametrize the interaction. This observation is
clearly not new. In fact, it is the reason that a
resonance shape is observed in a (p, n} reaction
through an isobaric analog resonance. ' However,
the generality of these effects seem not to be fully
appreciated. It is this coupling between observed
and unobserved channels that makes it impossible
to obtain a unique interpretation through piece-
meal fitting to data in a single two-channel reac-
tion when many reaction channels a,re act&ally in-
volved. Furthermore, over an energy interval in
which the matrix elements I „Eq. (3), are rapid-
ly varying functions of energy for one or more
channele, this coupling can give rise to a complex
energy-dependent cross section in other channels.
Since the interpretation of the 8Be energy levels in
the region of 20-25 MeV excitation is based in

general on the analysis of a small fraction of the
possible reactions, and over a considerable part
of this region the matrix elements I

&
for the deu-

teron channels vary rapidly with energy, not only
should the specific values of the resonance para-
meters given in the literature be considered un-
certain, but also the existence of such resonances
is subject to question.

This work was performed under the auspices of
the U. S. Department of Energy.
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