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Angular distributions for the transitions to the 1% ground state and 37 first excited state of SLi for the
TLi(p,d) reaction have been obtained at 200 and 400 MeV. It has been shown that the ratio for the excita-
tion of the 3% states relative to the 1+ state can be accounted for at bombarding energies ranging from 16
to 800 MeV by the addition of a small amount of 1f7/, in the wave function for the transition to the 3%

states.

The "Li(p,d) reaction has been studied at various labora-
tories with incident protons that have ranged in energy from
16.7 to 800 MeV. Such an extensive set of cross sectional
data permits one to examine the validity of the reaction
mechanism on one hand, and to examine high momentum
components of the wave function on the other. Stripping
particles into nonzero spin nuclei raises the possibility of
multiple / transfers. At the lower bombarding energies the
low angular momentum transfers dominate, while at the
higher energies the high angular momentum transfers are
favored. Thus it is possible to distinguish between these
different parts of the wave function for the transferred par-
ticle. Since the "Li nucleus can be described by the collec-
tive model with a deformation parameter B8, near unity,
there can be appreciable admixture of f states into the usual
p-shell description of the transferred nucleon.

It has been noticed previously that the ratio of the cross
sections for the 3% first excited state of SLi to the 1+
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FIG. 1. Deuteron spectrum from the 'Li(p,d)®Li reaction at an

incident proton energy of 200 MeV and a laboratory scattering angle
of 18°.
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ground state, both /=1 transitions, appeared to increase
rather dramatically as the energy was increased. Data are
available on the (p,d) reaction to these two states at 16.7,!
33.6,2 100,% 156,% 185,5 and 800 MeV (Ref. 6). In order to
have a more complete set of data, particularly at intermedi-
ate energies, further measurements were made using the 1.4
GeV/c magnetic spectrometer at TRIUMF at 200 and 400
MeV. The basic features of the spectrometer have been
described previously.”

The targets were 'Li enriched to 99.9% and used in the
form of metal foils, one with an areal density of 92 mg/cm?
and the other with 100 mg/cm?. The solid angle of the
spectrometer was determined by the use of the 'H(p,p)
reaction. Deuteron spectra taken at 200 and 400 MeV are
shown in Figs. 1 and 2. The energy resolution of about 1
MeV full width at half maximum (FWHM) was sufficient to
isolate reasonably well the ground states and the first excit-
ed state at 2.18 MeV. The cross sections were obtained by a
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FIG. 2. Deuteron spectrum from the ’Li(p,d)SLi reaction at an
incident proton energy of 400 MeV and a laboratory scattering angle
of 21°.
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Gaussian decomposition of the region of interest in the
spectra at the two energies. The resulting cross sections are
shown in Fig. 3.

The data of others at 16.7, 33.6, 100, 156, 485, and 800
MeV are also shown in Fig. 3. The nature of the problem
can be seen by noting that at 16.7 MeV the ground state
transition is about two times as intense as the transition to
the 3* state. As the projectile energy increases the cross
section to the 3% state increases relative to the 1% state un-
til at 100 MeV the ratio is about one, and at 800 MeV the
3+ transition is about six times as intense as the ground
state transition. The change in the ratio between 200 and
400 MeV can clearly be seen in Figs. 1 and 2 going from
200 to 400 MeV. Based upon the 1p-shell wave functions
of Cohen and Kurath® the predicted spectroscopic factor for
the p-state tansitions for the ground state transition is 0.72-
and 0.55 for the 3% state.
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FIG. 3. Deuteron angular distributions for the "Li(p,d)SLi reac-
tion to the 1% ground state (open circles) and 3% first excited state
(closed circles). The solid lines are the results of DWBA calcula-
tions described in the text.. The data shown at 16.7 MeV are from
Ref. 1, 33.6 MeV (Ref. 2), 100 MeV (Ref. 3), 156 MeV (Ref. 4),
185 MeV (Ref. 5), and 800 MeV (Ref. 6), while the 200- and 400-
MeV data are from the present work.
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In order to determine the spectroscopic factors at the vari-
ous energies, exact-finite range distorted wave calculations
were carried out for all of the available data. The distorted
wave Born approximation (DWBA) calculations were done
using the code DWUCKS.” The bound state was taken to
have ro=1.25 fm, ao=0.65 fm, and the potential depth was

~ determined by adjusting it to give the correct neutron

separation energy. In addition, a Thomas factor of A=25 -
was used in the bound state potential.

The code DWUCKS allows for the inclusion of nonlocal ef-
fects by the introduction of a nonlocal correction parameter
B. The values that were used at all energies were 0.85 for
the incoming proton and the bound neutron, and 0.54 in
the deuteron channel.

The proton optical potential parameters were taken from
the literature!®-!” and are shown in Table I. At the higher
energies very little elastic scattering data exist for 'Li and
most of the potentials are based on 2C data. Of particular
use in this regard were the energy dependent '2C potentials
of Abdul-Jalil and Jackson.!” The deuteron optical poten-
tials were based on the adiabatic deuteron approximation of
Johnson and Soper.!® This was done in part because essen-
tially no deuteron potentials were available on either 'Li or
12C for energies over 100 MeV, and in part because the adi-
abatic model compensates, to some degree, for deuteron
breakup effects. The actual deuteron parameters were con-
structed according to the prescription of Harvey and
Johnson!® and, since there are no neutron parameters avail-
able, the proton potentials at half of the value of E, were
doubled. The deuteron spin-orbit potential depth was taken
to be the same as that of the proton at E,/2. Table I shows
the deuteron parameters for only those cases where the pro-
ton potentials at E, /2 are not given.

A number of other potential parameter sets were used in
the distorted wave calculations, but the sets listed in Table I
gave the best overall description of the data and have some
internal consistency. The results of the calculations are
shown in Fig. 3. While the general description of the data is
good and the slopes are reasonably well accounted for, there
are details in the angular distributions at 200 MeV that are
missed.

The experimental ratio of the cross sections for the exci-
tation of the 3% state to the 1+ state were obtained by tak-
ing the average of the ratios of the data at the various an-
gles for each energy. The results are displayed in Fig. 4.
The uncertainties shown are based on the standard devia-
tions. The calculated (theoretical) ratios were obtained by
taking the ratios of the DWUCKS5 output [o(3+)/o (1% ) Ipw
over the same angular range as the experimental data. The
theoretical ratios were quite insensitive to the particular
choice of optical potential parameters and to the geometrical
parameters for the bound state. In fact, the value of
[0(3%)/a(1*)]lpw only varied between 0.74 at 16.7 MeV
to 1.28 at 800 MeV. The ratio of the spectroscopic fac-
tors C28(3+)/C2S(1*) was then obtained as [c(3%)/
0 (1) lexpx [0 (1*)/a(3%) Ipw. The ratios of the spectro-
scopic factors are shown in Fig. 4 as the square points. To a
good approximation these ratios are independent of the
overall normalization of the experimental cross sections and
the details of the distorted wave calculations. It should be
noted that the variation of the ratios from about 0.6 at 16.7
MeV to about 4.4 at 800 MeV indicated a major breakdown
of either the assumed reaction mechanism or the assumed
wave functions for the states involved.
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TABLE 1. The optical model parameters used in the distorted wave calculations.

T (MGV) VR R ar VI ry ar VSO r'so aso
Channel (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) Ref.

1.67

p+7Li —48.3 1.15 0.4 *26.0% 1.05 0.4 —-22.0 '1.20 0.4 10
16.7

d+SLi —74.4 1.47 0.89 *101.38 1.69 0.29 -9.8 1.56 0.28 11
33.0

p+7Li —50.2 1.21 0.61 *58.4 1.26 0.34 —-19.6 1.17 0.32 11
100

p+'Li —-25.6 1.02 0.65 —6.66 1.7 0.216 -25.9 1.02 0.65 12
100

d+TLi —73.4 1.21 0.59 —10.88 1.73 1.26 —9.8 1.0 0.53 13
156

p+Li —12.84 14 0.515 —-25.4 0.805 0.71 —17.36 0.915 0.453 14
156 :

d+SLi —50.88 1.13 0.53 *62.5 1.45 0.49 —1.44 1.86 0.4 15
185

p+TLi —27.3 0.938 0.571 —10.1 1.28 0.715 —16.24 0.938 0.571 16
185

d+SLi —40.0 1.10 0.71 —12.88 1.40 0.71 —19.64 1.10 0.697 16 -
200

p+7Li —12.5 1.2 0.63 -13.1 1.20 0.61 —-16.4 0.9 0.47 17
400

p+TLi - —9.98 0.948 0.472 —41.76 0.948 0.472 —15.0 0.948 0.472 17
800

p+Li 13.7 0.872 0.302 —68.93 0.948 0.472 —15.0 0.948 0.472 6

3The asterisk denotes a surface imaginary potential, while the others are volume potentials.

In order to test the importance of second order transitions
via the inelastic channels we carried out calculations using
the zero-range coupled channels code, cCHUCK2.? The inelas-
tic excitations were calculated for a proton energy of 400
MeV using a simple model of ’Li, which assumes the states
are members of a K = -%— band. A deformation parameter of
0.80 was assumed.? The spectroscopic factors for the p-
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FIG. 4. The ratio of the experimental cross sections of the 3%
state to the 1+ ground state (solid circles) and the ratio of the spec-
troscopic factors to the same states (squares).

state transfers were those of Cohen and Kurath,®?! and the
optical model parameters were those listed in Table I. The
conventional multistep calculations for transitions to both
the 1* and 3™ states of SLi differed by 5% or less from the
standard single-step DWBA calculations. These results are
consistent with earlier calculations carried out by others.®

Since the multistep processes did not adequately explain
the ratio of the spectroscopic factors for the 1* and 3%
states, other possibilities were explored. In particular, the
effects of the addition of a small 17, component to the
wave function for the bound state neutron was examined.
In order to estimate the amount of f state in the Li target,
we have used the finite-well Nilsson model?? for calculating
the single-particle levels in a deformed nucleus. The param-
eters used for the radius are ro=1.25 fm, for the diffusivity,
ap=0.65 fm, and a spherical Thomas spin-orbit (SO)
parameter, A=25. A quadrupole deformation parameter of
B,=1.00 gives a probability of 0.039 and 0.013 for the f7
and fs, states, respectively, in the lowest j=3/2, K=1/2
orbital.

The ratio of the spectroscopic factors for the f transition
to the 3% and 17 states in ®Li can be estimated by using a
simple LS coupling model. The f-state component in Li is
assumed to consist of the state

Pl =1lG3n+ =32 -

The transfer overlap of this wave function with the 1% state
in SLi is inhibited because of the 0.08 probability for the
[(p?); (+3)1),=1 component. A further reduction results
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from the smaller fs, transfer strength to the 1% state com-
pared to the sum of f7, and f5/, transfer strengths of the
3+ state. As a result, the spectroscopic factor ratio for the f
transfer is estimated to be Sp(1*)/S,(3*)=0.04-0.06.
Hence, the f-state transfer goes primarily to the 3% state.

Exact-finite-range calculations were carried out with the
same bound state and optical model parameters as discussed
earlier. Various percentages of the results with a 1/7, wave
function for the transferred neutron for the transition to the
3* state were combined incoherently with the cross sections
for the 1py, wave functions. The resulting ratios
[o(3%)/0(1%)]pw were then used to calculate the ratio of
spectroscopic factors. The ratios are shown in Fig. 5. The
effects of adding a small amount of 1/7,, to the wave func-
tion for the 3% transition are quite dramatic at the higher
energies with very little effect at the lower energies. With
an admixture of 15-20% 1 f5/,, the spectroscopic factors are
basically independent of energy from 16 to 800 MeV.

The coupled channels calculations were repeated for the
3% state with only a 1/, neutron transfer. The f7, spec-
troscopic factors were assumed to be proportional to the
corresponding pj;, factors. The enhancement of the f7,
cross sections by the collective multistep effects was in the
range of 30-40%. Thus, any estimate of the f7; spectro-
scopic factor arrived at with a single-step calculation will
have to be revised downward by this amount.

The method of taking experimental and theoretical ratios
separately to calculate the ratio of spectroscopic factors has
the disadvantage that it treats all points in the angular distri-
bution equally. If one compares directly the shapes of the
theoretical and experimental angular distributions to obtain
spectroscopic factor ratios, values are found that are some-
what less than those obtained by taking the experimental
and theoretical ratios separately. This occurs because the
shapes of the experimental and theoretical angular distribu-
tions are not exactly the same and the smaller angle data are
given greater weight in the comparison. For example, at
800 MeV the ratios of spectroscopic factors are 2.1 compar-
ing shapes rather than 2.8 taking the points individually, for
a 5% admixture of fy, state.

In summary, the 'Li(p,d)SLi reaction has been shown to
be sensitive to high angular momentum components in the
wave functions when the proton energies greater than about
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FIG. 5. The ratio of the spectroscopic factors for the 3% to the
1+ states in SLi with various amounts of /=3 admixtures in the 3%
transition. The squares are 0%, crosses are 3%, solid circles are 5%,
triangles are 10%, open circles are 15%, and X is 20%. For a 20%
admixture only the ratio at 800 MeV is shown because the values at
the other energies essentially conincided with the 15% values.

100 MeV are used. Explicitly, the increased population of
the 3* in SLi relative to the 1% state, as the bombarding en-
ergy is increased to 800 MeV, can be understood in terms
of small admixtures of 1f orbitals in the relevant states.
These small admixtures are compatible with the finite-well
Nilsson model. It is anticipated that high energy (p,d) data
will be able to contribute to a more complete understanding
of the nuclear wave function in other nuclei.
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