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(p, t) and (p, 3He) Reactions on >’Al at E = 27 MeV*

R. Graetzer,t J. J. Kraushaar, and J. R. Shepard
Nucleay Physics Laboratory, Department of Physics and Astrophysics,
University of Colovado, Boulder, Colovado 80302
(Received 25 August 1972)

Levels in %5Al and ?’Mg were populated via the (p,t) and (p, *He) reactions with 27-MeV pro-
tons on a %’Al target. Angular distributions of emitted tritons and 3He were measured simul-
taneously with a detector telescope. Zero-range distorted-wave Born-approximation (DWBA)
calculations with simple shell-model configurations for the two transferred nucleons provided
satisfactory fits for several of the observed diffraction patterns. A sharp rise in cross sec-
tion at forward angles was a good indication of the presence of L=0 transfer even though
transitions occurred with a mixture of L values. Compound-nucleus calculations reproduced
the smooth angular-distribution shapes observed for higher excited levels but predicted cross
sections consistently larger than those observed. For the first -%—* levels neither DWBA, com-
pound-nucleus, nor a direct two-step (p, d) (d, ¢) calculation were able to give a satisfactory
description of the data.

I. INTRODUCTION One reason may be that the high level density in

the residual odd-A nucleus requires relatively

The (p, t) reaction has been utilized with con-
siderable success to determine energies, spins,
and parities, and to check nuclear wave functions
in even-A nuclei. In a recent study of the (p, t)
reaction on even-A titanium isotopes Baer ef al.*?
carefully investigated the advantages as well as
the limitations of the (p, ¢) reaction. However,
use of the (p, ¢) reaction on odd-A targets for
spectroscopic purposes has not been extensive.

better energy resolution. Also the determination
of the spins and parities of residual states from
the triton angular distributions can be difficult
because several L values may be mixed.

In order to assess the impact of L mixing and
other complexities on the interpretation of the
two-nucleon transfer reaction on odd-A target
nuclei, we selected %]Al as the target. The ener-
gies, spins, and parities of low excited states in
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27Al are well known® and the level density is not
too great for the energy resolution of our equip-
ment,

Another reason for selecting 27Al was that the
(p, °He) reaction, which was studied simultaneous-
ly, leads to mirror levels in 23Mg. Comparison of
the two reactions is of interest because the isospin
selection rules differ. The two neutrons picked
up in the (p, ¢) reaction are assumed to be coupled
to isospin T =1 and intrinsic spin $=0. The pro-
ton and neutron picked up in the (p, 3He) reaction
may be coupled to either S=0, T'=1or S=1, T=0
and thus permit a larger variety of transferred
LSJ combinations. Ratios of (p, t) and (p, *He)
cross sections have been used* to identify T =%
analog states and, in restricted cases, to obtain
information about their structure. However,
these simple theoretical expressions for the cross-
section ratios are not applicable here because the
highest excitation energy studied here is 6 MeV
which is below the lowest T = states.

Finally, there was considerable interest in ob-
taining information about the ground-state wave
function of 2’Al about which there is a puzzling
question. Both the weak-coupling (vibrational)
model and the strong-coupling (rotational) model
have been applied to 2’Al. Each model has had
remarkable successes and notable failures which
have been discussed in detail by Bohne et al.®

Data for the (p, ¢) and (p, *He) reactions on 27Al
leading to low excited states in 2°Al and 2°Mg have
not been published previously apart from two pre-
liminary oral reports.®” Hardy and co-workers®®
studied both reactions but dealt only with transi-
tions to the ground states and the lowest 7'=$
states which have excitation energies of about 8
MeV. Our experimental procedures and the data
obtained are discussed briefly in Sec. II below. A
distorted-wave Born-approximation (DWBA) anal-
ysis of the data is described in Sec. III. Computa-
tions of cross sections for populating levels in
25Al and ?*Mg via compound-nucleus formation are
also included in Sec. III. Some preliminary cou-
pled-channels calculations of two-step contribu-~
tions to the reaction cross section are presented
in the same section. Our conclusions are pre-
sented in the final section. Some preliminary re-
sults of this experiment have already been re-
ported.!®

II. EXPERIMENTAL PROCEDURES
AND RESULTS

A beam of 27-MeV protons, obtained from
the University of Colorado azimuthally vary-
ing field cyclotron, was focused onto an Al foil
(0.42 mg/cm?) at the center of a 91-cm-diam
scattering chamber. The foil was prepared by

rolling Al initially in a sandwich of chromium-
plated steel and finally in a sandwich of stainless
steel. The foil thickness was determined both by
weighing and by measuring the energy lost in the
foil by 5.5-MeV « particles from a 2*!Am source.
The scattering chamber was equipped with two
rotatable cooled holders for solid-state charged-
particle detectors. A 5-6-mm-thick Si(Li) de-
tector positioned at a laboratory scattering angle
of 90° was used as a beam and target monitor. A
three-detector telescope, used for detection and
mass identification of reaction products, consisted
of a 43-um AE surface-barrier detector, a 500-
pm E surface-barrier detector, and a 5—6-mm-
thick Si(Li) veto detector. The veto detector
served to reduce the number of events processed
by the particle identification electronics and thus
permitted use of beam currents up to 1 pA. Ad-
ditional details about the equipment, electronics
for mass identification, and data storage and
handling are given in Ref. 2.

Triton and 3He spectra were obtained at a labo-
ratory scattering angle of 7.5° and at angles from
10 to 120° in 5° increments. The @ values for the
27A1(p, t) and (p, *He) reactions are —15.93 and
-11.65 MeV, respectively, computed from the
1971 mass excess tables.'! Thus the outgoing tri-
ton and 3He energies range downward from 11.1
and 15.4 MeV, respectively. The observed energy
resolution in the triton spectra ranged from 70 to
120 keV full width at half maximum (FWHM) de-
pending on the effective target thickness for the
outgoing particles and on the angular acceptance
of the detector. The FWHM in the 3He spectra
ranged up to 150 keV. Spectra obtained at 30° are
shown in Fig. 1. The similarity of the peak posi-
tions (energies) and relative intensities of groups
in the mirror nuclei ?®Al and ?*Mg is striking. The
energies of the triton and He groups were deter-
mined from a linear energy calibration based on
the ground states and the prominent 1.61-MeV
levels. For levels to 3.4 MeV in **Mg and to 4
MeV in 2°Al our energies are in excellent agree-
ment (+25 keV) with energies previously deter-
mined.' At excitation energies above 4 MeV in
#Mg the level density prohibits unique level iden-
tification. In 2°Al we also observed groups for
which the kinematic shift with angle is consistent
with assignment of previously unreported levels
at 4.67, 5.60, and 5.90 MeV. The 4.59 +4.67-MeV
peak in the triton spectrum (FWHM =160 keV) ap-
peared as a broad unresolved multiplet in all of
our spectra. If the target contained oxygen, a
peak corresponding to the ground-state transition
for *0(p, ¢)**O should have moved through the
4.59 +4.67-MeV group with increasing scattering
angle. However, there was no evidence for the
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existence of this O peak at forward scattering
angles where it should be well separated from 2°Al
groups and have its greatest intensity.!®* The
three new levels reported here were not observed
in a current >*Mg(®*He, d)**Al experiment.* How-
ever, a level at 5.578 MeV was observed'® in the
reaction 2*Mg(p, p'y).

The experimental differential cross sections as
a function of scattering angle are presented graph-
ically in Figs. 2—4, The error bars indicate
only the uncertainties in the Gaussian fitting and
background subtraction computed with the code
SPECTR .'® Uncertainties in resolving doublets
vary considerably and have not been included.
Uncertainties in target orientation and detector
position should make only very small contribu-
tions to the over-all uncertainty. The largest

systematic uncertainties include those in target
thickness (8%), detector solid angle (3%), and cur-
rent integration (1%). Cross sections determined
for the stronger well-resolved levels were repro-
ducible to within 15%.

III. DISTORTED-WAVE AND COMPOUND-
NUCLEUS ANALYSES

A. Basic Description of DWBA

Analysis of direct two-nucleon transfer reac-
tions has usually been carried out in terms of the
DWBA theory with a zero-range interaction as
described by Glendenning!” and by Towner and
Hardy.® Derivation of expressions relevant to the
widely used computer code DWUCK'® appeared as
an Appendix in Ref. 2. The differential cross sec-
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FIG. 1. Spectra of °He particles and triton emitted at a laboratory scattering angle of 30° during bombardment of 27Al
with 27-MeV protons. A total charge of 390 uC was collected. The FWHM for the *He spectrum is about 140 keV and
for the triton spectrum, about 110 keV. The assigned energies are taken from Ref. 12. New Levels in 25Al are tenta-

tively proposed at 4.67, 5.60, and 5.90 MeV,
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tion for the direct two-nucleon pickup reaction
can be obtained from Eqs. (A9), (A10), (Al1l), and
(A21) of Ref. 2. The required distorted waves are
derived from an optical-model potential discussed
in Sec. III B. The selection of shell-model con-
figurations for the transferred nucleons is dis-
cussed in detail in Sec. IIIC.

B. Optical-Model Parameters

The distorted waves describing the incident pro-
ton and emitted *He or triton are obtained by solv-
ing the Schroedinger equation with a complex po-
tential well. Optical-model potentials which suc-
cessfully describe elastic scattering are usually
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FIG. 2. Triton and %He angular distributions for mir-
ror levels in 25Al and 2°Mg up to 1.61 MeV excitation,
The theoretical predictions are discussed in Sec. III D
and E. The DWBA predictions are labeled with the trans-
ferred LSJ values. The dashed curves are the com-
pound-nucleus cross sections.

employed. The proton potential and values for the
relevant parameters listed in Table I were ob-
tained by Satchler from his analysis'® of elastic
scattering of 30-MeV protons from 2%Si.” These
parameter values are not expected to be very
sensitive to proton energy or target mass and
therefore should be ‘satisfactory for describing
27-MeV protons incident on 27Al,

Potentials for ®He and triton scattering differ
only by a small isospin term?° which was neglected
in our computations. Seven different sets of pa-
rameter values for mass-3 projectiles are listed
in Table I. The sets labeled ZF, M, and GJ were
obtained from the references® ~2* cited in the
table. The set GJ resulted from a three-param-
eter (V, a, W) search in which a’=a and R’ =R
=1.3 fm. We made two five-parameter searches,
denoted GJS and GJD, with R=1.14 fm on the data
(up to 140°) used to determine set GJ. The search
for the set GJS was started with a shallow real
well (V=135 MeV) while the search leading to the
set GJD was begun with a deep real well (V=175
MeV). The sets GJS and GJD did not give signifi-
cantly better fits to the elastic scattering data.
The Coulomb radius R, was fixed at 1.4 fm for
these two searches. Two more searches with R,
=1.25 fm yielded almost the same parameter val-
ues for the shallow well but generated quite differ-
ent values for the deep well. The quality of the
fit for the deep well, as measured by x?, was not
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FIG. 3. Experimental triton and He angular distribu-
tions for mirror levels in %°Al and 2°Mg between 1.81
and 3.5 MeV excitation,
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so good as that obtained with R, =1.4 fm.

The set C,?* characterized by a deep well and
volume absorption, is based on elastic scattering
of 20-MeV tritons and 21-MeV °He from “Ca,
2Cr, Cr, %‘Fe, ®*Ni, %Ni, *°Zr, **Zr, and **Zr.
The energy-dependent set CR,? which has a shal-
low real well and strong surface absorption but
no volume absorption was developed to describe
3He elastic scattering from “°Ca in the energy
range 20-80 MeV. This set is almost equivalent
to the set T6 used successfully by Baer et al.?
for analysis of (p, t) data from titanium isotopes
and by Shepard, Kraushaar, and Graetzer?® for
“8Cr and *%Ge data.

To determine whether sets C and CR were ap-
plicable to our experiment, we obtained predic-
tions for elastic scattering of 15-MeV 3He from
24Mg and 12-MeV tritons from ?’Al. The predic-
tions are compared with experimental data in
Figs. 5 and 6. It is apparent that the extrapolation
of parameter sets C and CR to the lower bombard-
ing energies and lighter mass targets is not com-
pletely satisfactory. The parameter set ZF was
used for nearly all of our data analyses.

X .
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FIG. 4. Triton angular distributions for levels above
3.5 MeV excitation in 2°A1, A single compound-nucleus
calculation for a level at 5 MeV with spin § is shown
(dashed line) with each experimental angular distribution.

C. Bound-State Orbits

The simplest shell-model configuration for the
target nucleus 27Al consists of an inert °O core,
six neutrons which fill the d;,, orbit, and five pro-
tons in the d;,, orbit. In other seniority-one con-
figurations pairs of neutrons may be present in
the 2s,,, and/or 1d,,, orbits. More complex con-
figurations (seniority three) could involve two un-
paired neutrons in any of the three s-d shell orbits.
The lowest configurations that could lead to odd-
parity states in 2*Mg or ?°Al would require pickup
from the 1f,,, orbit.

Because nuclear properties in the mass region
near A =25 have been interpreted in terms of the
collective rotational model, we carried out some
calculations with simple collective wave functions
for which shell-model amplitudes have been given
by Chi.?” In the Nilsson representation?® the K = §
ground state is a pure d;,, state because the 2s,,,
and 1d,,, states cannot have angular momentum
projections of % along the nuclear symmetry axis.
Because 2’Al may be in a transition region, band
mixing has been employed to fit experimental E2
transition rates and inelastic scattering cross
sections.?® Many-particle shell-model wave func-
tions for 27Al have been generated by De Voigt et
al.®® but such wave functions are not yet available
for mass 25. The distorted-wave computations
discussed in Sec. IIID are therefore restricted
to simple configurations which are expected to be
prominent.

Sensitivity of DWBA computations to the choice
of neutron shell-model configurations was investi-
gated for several transitions. As indicated in
Fig. 7 there is virtually no dependence on the
choice of configuration.

The potential and parameter values used for
computation of the bound-state orbits are given
in Table I. Although Baer et al.? found little sen-
sitivity of DWBA calculations to the choice of the
bound-state well radius R, we observed appreci-
able sensitivity as illustrated in Fig. 8 for both
L=0and L =2 transfer. The relative magnitudes
of successive diffraction maxima and minima were
altered considerably by a 9% increase in R. The
smaller value of R was chosen for the computa-
tions discussed below because the predicted angu-
lar distributions for the ground-state transitions
more nearly agreed with the data.

D. Distorted-Wave Analysis
of Experimental Results

The low-lying excited levels in ?°Al and **Mg,
which have been interpreted® as collective rotation-
al bands of deformed nuclei, are shown in Fig. 9.
The experimental angular distributions of tritons
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and 3He which leave the residual nuclei in the J"

= 3" ground states are shown in Fig. 2. For the

(p, t) reaction (with S=0) the transferred LSJ
values permitted by conservation laws are 000,
202, and 404. Computations with DWUCK for two-
neutron pickup from (d;,,)?, (s,,,)?, and (d,,,)
shell-model orbits were made with the triton-op-
tical-model-parameter sets listed in Table I. For
many cases two different radii for the neutron well,
already discussed in Sec. IIIC, were used. The
excellent fit shown in Fig. 2 was obtained with the
ZF optical-model parameter values for a sum
(incoherent) of 000 and 202 DWUCK cross sections
with a (d;,,)? configuration and a neutron well radi-
us of 1.15 fm. The sum of DWUCKcross sections
was then scaled to provide the best fit to the data.
Although a better fit could be obtained by weighting
the 000 and 202 cross sections unequally, such a

TABLE I. Optical and bound-state potential parameters:

GRAETZER, KRAUSHAAR, AND SHEPARD

=3

procedure is probably not meaningful when only
simple neutron configurations are employed.
Moreover the equal weighting of the 000 and 202
components is appropriate for a filled d,, sub-
shell as DWUCK is presently programmed. It is
clear from comparison of the data with the curves
in Fig. 8 that both L values are required. Param-
eter value set M which is rather similar to ZF
did not give as good a fit to the data. However,
(dg,)? pickup with R =1.25 fm yielded almost as
satisfactory a fit as that illustrated.

For the (p, *He) reaction to the ground state of
Mg LSJ transfers of 000, 202, 404 as well as
011, 211, 213, 413, 414, 415, and 615 are allowed
but will be restricted if the two transferred nu-
cleons are picked up from the same orbit.’” Once
again the shape of the experimental angular dis-
tribution (Fig. 2) was reproduced quite well with

The optical-model potential

U(r)=—v(e*+1)1 -1 <W—4WD di,) (e*’+1)-1+<mh 02> vei-z 7-10% (e*s +1)71+V,.
™

The bound-state potential

45.2

- A > 1 a _
V(r)=Vy(e*+1) 1+< >Vb 1-57» 1d—y(e"s +1) 1+Vc.

Here V,, is the Coulomb potential of a uniformly charged sphere of radius R,A'/3 and x= (r -~ RA')/a.

14 R a w Wp R’ a’ Vs R, ag R,
Identification Experimental basis (MeV) (fm) (fm) (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)
Proton 2 30-MeV p on 2gi 50.2 1.121 0.674 4.28 3.42 1.326 0.546 6.56 0.899 0.665 1.20
ZFP 15-MeV 3He on *Mg 164.0 1.14 0.69 14.7 1.60 1.08 R
M¢ 15-MeV 3He on 3%si 173.0 1.07 0.795 18.6 1.657 0.762 - R !
GJd 12-MeV ¢ on 27Al 1471 1.4 0.61 54.1 1.4 0.61 R
GJse 12-MeV¢ on 27Al 1414 1.14 0.723 48.86  --- 1.374 0.716 .- R
GiDf 12-MeV ¢ on %7Al 164,7 1.14 0.688 80.71  --- 1.142 0.779 ... el eee 14
cs 20-MeV ¢ and 21-MeV 175.45 1,14 0.714 19.95 ew,? 1.535 0.847 --- ceeeee 14
3He on 20=Z =40
CR! 20-80-MeV-3He on  137.6 1 1.10 0.853 20.851 1.308 0.751 --- 1.4
0Ca 138.4 20.65
Bound state Vy 1.15 0.65 x=25 1,25 0.65 1,25

2 Reference 19,

b Reference 21.

¢ Reference 22,

dBased on a three-parameter (V, a, W) search, (Reference 23.)

€ Result of our search starting with a shallow V'=135 MeV; R and R, fixed.

f Result of our search starting with a deep V =175 MeV; R and R, fixed.

8 Reference 24.

hThe surface absorption term Wp= +€W,, where €= (N—-2)/A, W;=-9.32 MeV, and the plus and minus signs are em-
ployed for 3He and tritons, respectively.

i The energy dependence (Ref, 25) is given by V =141,6 —0.27E and Wp =19.5+0.12E — 0.002E%, where E is the labora-
tory energy of the mass-3 particle. The upper number in the table refers to 15 MeV, the lower to 12-MeV particles.

i The real well depth for the two neutrons was adjusted to give each orbit a binding energy of 0.5 (S,, + E, ) where S,
is the two-neutron separation energy and E, the excitation energy in the residual nucleus. For neutron plus proton
pickup the proton well depth was the proton separation energy from 2TA1 plus 0.5E, while the neutron well depth was the
neutron separation energy from Mg plus 0.5E,.
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the ZF parameters and proton~plus-neutron pick-
up from the (ndy,,, vd;,,) orbits with a sum of 000
and 202DWUCK cross sections. Note that the
(p, 3He) Q value is ~11.65 MeV in contrast to the
Q value of —15.93 MeV for the (p, ¢) reaction.
Experimental and theoretical cross sections for
the mass~-25 ground states were also compared in
terms of the enhancement factor € by which the
theoretical values must be scaled to match the ex-
perimental. Here € was computed from Eq. (4.1)
of Ref. 2 and a normalization factor D2 of 22 x10*
MeV?fm® was included.?! The values of € for LSJ
=000 and a bound-state well radius of 1.25 fm are
included in Fig. 7. These values of € indicate that
the (d,,,)* configuration contributes much less to
the cross section than do the (d;,,)* and (2s,,,)?
configurations. Enhancement factors were also
computed for the summed 000 +202 DWUCK cross
sections for the (p, t)(e =0.67) and the (p, °He) re-
actions. The configuration used was (dy,,)* with a
bound-state well radius of 1.25 fm. Normalizing
the (p, *He) reaction was somewhat more compli-
cated than for the (p, ) reaction. The S=0, T=1
and S=1, T =0 transfer processes have separate
normalizations; for Dwuck , the normalization
of the S=0, T'=1 component of the (p, *He) reac-
tion is D2, where D? is the same as the (p, t)
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FIG. 5. Comparison of cross sections predicted by
optical-model parameter sets ZF (solid), C (short dash-
es), and CR (long dashes) with experimental cross sec-
Son (Ref. 21) for elastic scattering of 15-MeV 3He from

Mg.

normalization discussed above. Assuming that
the S=1, T =0 strength is negligible, i.e., D?=0,
the enhancement factor for the *"Al(p, *He)**Mg
ground-state transition was determined to be
0.50, less than that observed for the mirror (p, t)
transition even though part of the reaction mecha-
nism has not been accounted for. This suggests
that the S=1, T =0 component of the (p, *He) reac-
tion contributes relatively little to the ground-
state cross section.

Population of the first excited J" = 3" levels is
of particular interest because the only permissible
LSJ transfer for the (p, t) reaction is 202 while
202, 212, 213, and 413 are allowed for (p, 3He).

Two-neutron configurations including (d,,, ),
(ds/2s S172)s (dsy2y dsp2), and (s, dy/5) Were used
in DWUCK calculations (with ZF parameter values)
but all of the calculations yielded the character-
istic L =2 maximum near 30°- inconsistent with
the nearly structureless (p, ¢) data. Computations
for (p, *He) were carried out with the (md,,,, vs,,,)
configuration. An L =2 angular distribution com-
puted with a coherent sum of equally weighted
relative amplitudes of S=0 and S=1 transfers was
indistinguishable from the calculation for S=0
alone shown in Fig. 2. While the characteristic
L =2 maximum near 25° was reproduced by all the
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FIG. 6. Comparison of relative yields predicted by
optical-model parameter sets GJ (solid), C (short dash-
es), and CR (long dashes) with experimental data (Ref.
23) for elastic scattering of 12-MeV tritons from 27Al.
Fits obtained with sets GJS and GJD (not shown) were
not significantly better than that obtained with set GJ.
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calculations, none of the theoretical curves yielded
a minimum near 90°,

Because of our inability to obtain a satisfactory
description of the data with distorted-wave calcu-
lations, we also tried coupled-channel calcula-
tions for a (p, d) (d, ¢) two-step reaction process
with the code CHUCK .%* The results arbitrarily
normalized to the data appear in Fig. 2. These
calculations considered the two-step process only;
the single-step strength was set equal to zero.
The reaction was assumed to proceed via pickup
of a d,,, neutron leading to a 0" state in 26Al fol-
lowed by pickup of a 2s,,, particle leading to the
# final state. Spectroscopic factors were com-
puted assuming that the entire single-particle
strength lay in these two transitions. Hence mag-
nitudes of these calculations may be significantly
overestimated. The calculated two-step magni-
tudes are larger than the experimental cross sec-
tions by a factor of 5 for the (p, t) reaction and a
factor of 15 for the (p, °He) reaction. The coupled-
channel calculation reproduced the shape of the
triton angular distribution fairly well but did not
fit the ®He data.

For the § level at 0.949 MeV the selection rules
permit 202 and 404 (seniority-three) transitions.
A sum of DWUCK cross sections for (dy,,)? fits the
data (Fig. 2) quite well to 80°. The angular dis-
tribution for the L =4 component is almost struc-
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FIG. 7. Sensitivity of DWBA calculations to neutron-
shell-model configuration. The theoretical curves have
been computed for a bound-state radius of 1,25 fm and
scaled arbitrarily.

tureless and decreases gradually with increasing
angle. The shape of the angular distribution com-
puted for (dy,,, ds,,) pickup is indistinguishable
from the one shown. For the (p, *He) reaction to
the corresponding level at 0.975 MeV LSJ trans-
fers of 011, 211, 213, and 413 are also allowed.
The DWUCK angular distribution for 211 had nearly
the same shape as that for 202 but the cross sec-
tion was an order of magnitude smaller. The fit
shown in Fig. 2 for a 202 transfer was not im-
proved by including the 011 component which was
strong at angles forward of 20° and emphasized
the minima.

The observed angular distributions (Fig. 2) for -
the J" = £* levels at 1.61 MeV differ in that the
(p, t) data do not indicate the sharp forward angle
rise seen in the (p, 3He) data and characteristic?:2®
of L=0 transfer. For the (p, t) reaction LSJ
transfers of 202, 404, and 606 are permissible
while L =0 is forbidden. A fairly satisfactory fit
was obtained with computations based on a (d;,,)?
configuration and a sum of 202 and 404 DWUCK
cross sections. The pickup process populating
levels in the A =25 nuclei with J =% and even parity
necessarily requires breaking of at least two pairs
(seniority three). The fit to the (p, He) data in-
volved the (nd,,,, vd,,,) configuration with a sum
of DWUCK cross sections for LSJ transfers of
011, 202, and 404. A slightly greater admixture
of 011 would provide an even better fit to the data
at forward angles, but the positions of maxima
and minima are not well reproduced.

Population of the 3" levels at 1.81 and 1.96 MeV
requires very little, if any, L=0 transfer. The
experimental diffraction patterns shown in Fig. 3
seem to be out of phase too. The " levels at 3.4
MeV are of interest because the (p, ¢) data (Fig. 3)
indicate a prominent maximum near 40° while the
(p, °He) data suggest a weak maximum near 40°
and a strong rise toward forward angles. The
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FIG. 8. Dependence of theoretical DWBA (DWUCK)
angular distributions on the radius of the bound-state
orbits for L=0 and L =2,



lowest permissible L transfer is 2 units and the
strong rise at forward angles in the (p, *He) data
may be due to the presence of an unresolved $~
level’? at 3.40 MeV which could be reached through
L =1 transfer. The intensity of this level relative
to that of the $" level is presumably small if com-
parison with the analogous, resolved levels at
3.08 and 3.44 MeV (Fig. 1) in Al is valid.. For
still higher levels the energies of the outgoing
triton and ®He particles may be so low that direct
interactions are dominated by compound-nucleus
formation. Indeed very little diffraction structure
is apparent in the angular distributions in Fig. 4.

E. Compound-Nucleus Computations

Theoretical expressions for cross sections for
compound -nucleus reactions have been given by
Hauser and Feshbach.3® A simplified expression
due to Eberhard et al.?* has been utilized in the
computer code CUMPND* and depends on only two
parameters. One is 0%, the spin-distribution
parameter in the residual nucleus. The other is
p’ =27Typ,, Where p, is the density of levels with
a spin of zero in the compound nucleus at the ap-
propriate excitation energy and I, is the average
width of these levels. The values used for 0%,
T,, and p, are 10.24, 0.042 MeV, and 3.738x 10*
MeV-!. These values provided a satisfactory
empirical fit to the experimental cross section
for population of a 5.22-MeV 3* level®® observed
here in the reaction *Mg( p, t)**Mg. For this 3*
level direct single-step excitation is forbidden.
However, this fact does not imply that the entirve

3,90 s/2
3.40 9/2 3.40 3/2
K=1/2"
2.80 3/2  (330)
2.74 172 330
— 2.56_1/2
1,96 s/2  K=1/2"
— (200)
1.61_7/2
0.975 372
0.585 172
K=1/s2*
0.00 5/2 (211 25
K=5/2% M9
(202)
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cross section is therefore due to compound-nucle-
us formation.

The results of our calculations with these pa-
rameter values are shown in Figs. 2-4. For
each level up to 3.44 MeV excitation appropriate
particle-transmission factors were computed with
the code OPTIM '® from the optical potential and
the ZF parameters of Table I. In Fig. 4 the higher
levels in 2°Al are compared with a single compound-
nucleus computation for a level at 5.00 MeV with
spin . The predicted angular distributions are
smooth, symmetric about 90°, not very sensitive
to spin or energy, and usually larger than the ob-
served cross sections. The computations with the
empirical parameter values listed above generally
provide satisfactory fits for the weaker, feature-
less angular distributions. However, these param-
eter values are quite different from those deduced
for lower excitation energies by Gilbert and
Cameron.’” A reasonable value of 0%, is 4.0 ac-
cording to the tabulation of Gilbert and Cameron.
The cross-section calculations are quite sensitive
to 0%, as illustrated in Fig. 10. A calculation for
an arbitrary intermediate value of 0%, =17.0 is also
shown. The cross sections are inversely propor-
tional to p’ and hence p,. An expression®’ for p,
yielded a value of 2.09 x10% MeV~'. Use of this
value would increase all the compound-nucleus
cross sections shown in Figs. 2-4 and 10 by near-
ly a factor of two. While the values obtained from
the #**Mg( p, t) reaction give results which seem
reasonable, we have no other justification for their
use. An incoherent sum of compound-nucleus re-
action cross sections and DWBA cross sections

3.88 5/2

3,74 7/2
3.44 9/2
3.08 3/2
2.74 7/2 2.693/2 K=l/27
2,50 1/2 (330)
K=1/2%
1.8 _5/2 (200)
.61 7/2
0.848 372
0.455_1/2
0.00 572 K=1/2*
- (211 257 |
K=5/2%
(202)

FIG. 9. Excited levels of Al and Mg grouped into rotational bands. The labels for each level indicate the energy
and spin. The symbols below each band head indicate the K quantum number, parity, and asymptotic quantum numbers

(N,n,4, A) in the Nilsson (Ref. 28) notation.
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FIG. 10. Sensitivity of compound-nucleus cross sec-
tions to the spin-distribution parameter.

with appropriate weightings may fit most of the
angular distributions observed here, although the
contributions from the two-step processes may
also be important.

However, the data for the weakly excited lowest
spin-£ levels remain a puzzle. Both the two-step
and compound processes could provide adequate
fits to the data for the 0.455-MeV level in 2°Al.

In contrast a reasonable fit to the structure at
forward angles in the 0.585-MeV analog in **Mg
is provided by the DWBA. However, none of the
calculations fit the cusp observed near 90°. Pos-
sibly destructive interference between the two
direct-interaction processes could produce such
a minimum.

IV. CONCLUSIONS

The cross section for the excitation for a given
state (Figs. 2 and 3) is very nearly the same for the
(p, t) and (p, °He) reaction with the exception of
the ground state. For the ground state the (p, ¢)
cross section is 2 to 3 times greater than the
(p, *He) cross section. Perhaps this observa-
tion can be correlated with the fact that the ground-
state transitions are the only ones where the one-
step—direct-reaction mechanism appears to domi-
nate. It may be that differences between the direct
(b, t) and (p, *He) mechanisms can account for
these differences in cross sections. The exact

nature of these differences is not clear. However,
this situation can be contrasted with transitions to
higher-lying states where the reaction mechanism
is not certain but compound-nuclear processes
seem important and do not depend on differences
between the (p, ¢) and (p, *He) direct-reaction
mechanisms. In these cases (p, t) and (p, 3He)
cross sections have nearly identical magnitudes.

The DWBA predictions for angular distributions
for the first few levels excited by the (p, ¢) and
(p, ®He) reactions on 27Al fit the data quite well
although the computations were somewhat sensi-
tive to the optical-model-parameter values which
determined the distorted waves. The calculations
were insensitive to the choice of shell-model con-
figuration for the picked-up particles but did de-
pend on the radius of the neutron binding well.
The predicted angular distribution shapes for *He
were unchanged whether S=0 and S=1 contribu-
tions were calculated coherently or incoherently.
Transitions which involved L=0 transfer retained
their characteristic feature, the sharp rise at for-
ward angles, even though appreciable L mixing
may have been present.

The compound-nucleus calculations reproduced
satisfactorily the angular distribution shapes for
weak, higher excited levels, but the predicted
cross sections were consistently too large even
when parameter values used successfully for anal-
ysis of 2Mg(p, t) data were employed. The com-
puted cross sections were quite sensitive to 02,
the spin distribution parameter for the residual
nucleus.

Neither the DWBA nor the compound-nucleus
computations were able to account consistently
for the dissimilar angular distributions of the 7'
levels near 0.5 MeV excitation. A two-step (p, d)
(d, t) computation also failed to reproduce both
angular distributions simultaneously, but the
large predicted strength suggests two-step pro-
cesses may be important here.

Finally, the (p, t) data indicated the presence
of three new levels in 2°Al. The relatively flat
angular distributions, which are indicative of
compound-nucleus formation or possibly multiple
unresolved levels, did not permit extraction of
the transferred orbital angular momentum L. It
was also not possible to obtain quantitative infor-
mation on the ground-state wave function for 27Al.
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