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Levels in Al and Mg were populated via the (p,t) and (p, He)

27
reactions with 27 MeV protons on a Al target.  Angular distributions of

3
emitted tritons and  He were measured simultaneously with a detector

telescope.  Zero range DWBA calculations with simple shell model configura-

tions for the two transferred nucleons provided satisfactory fits for

several of the observed diffraction patterns.  A sharp rise in cross section

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

than those observed.  For the first 1/2+ levels neither DWBA, compound

nucleus, nor a direct two-step (p,d)(d,t) calculation were able to give a

satisfactory description of the data.
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I.  INTRODUCTION

The (p,t) reaction has been utilized with considerable 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 et al. '  carefully investigated the advantages as

well as the limitations of the (p,t) reaction.  However, use of the (p,t)

1.2

reaction on odd-A targets for spectroscopic purposes has not been extensive.

One reason may be that the high level density in the residual odd-A nucleus

requires relatively 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,

27
we selected Al as the target.  The energies, spins and parities of low

13
25                 3excited levels in  -Al are well known  and the level density is not too
13

great for the energy resolution of our equipment.

27Another reason for selecting       Al  was'  that   the   (p, 3He) reaction, which
25

was studied simultaneously, leads to mirror levels in 12Mg.  Comparison of

the two reactions is of interest because the isospin selection rules differ.

The two neutrons picked up in the (p,t) reaction are assumed to be coupled to

isospin T=1 and intrinsic spin S=0.  The proton and neutron picked up in the

3
(p, He) reaction may be coupled to either S=0, T=1 or S=1, T=0 and thus

permit a larger variety of transferred LSJ combinations.  Ratios of (p,t) and

3                                       4
(p, He) cross sections have been used  to identify T=3/2 analogue 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



-2-

which is below the lowest T=3/2 states.

Finally, there was considerable interest in obtaining information about

the ground state wave function of Al about which there is a puzzling
27

question.  Both the weak-coupling (vibrational) model and the strong-coupling

27
(rotational) model have been applied to Al. Each model has had remarkable

successes and notable failures which have been discussed in detail by

Bohne et al.5
--

3                 27Data for the (p,t) and (p, He) reactions on Al leading to low excited

25       25
states in  Al and   Mg have not been published previously apart from two

preliminary oral reports. Hardy and coworkers studied both reactions
6,7 8,9

but dealt only with transitions to the ground states and the lowest T=3/2

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) analysis of the data is described

25
in Sec. III.  Computations of cross sections for populating levels in Al

25
and Mg via compound nucleus formation are also included in Sec. III.  Some

preliminary coupled channels calculations of two-step contributions to the

reaction cross section are presented in the same section.  Our conclusions

are presented in the final section.  Some preliminary results of this

10
experiment have already been reported.

II. EXPERIMENTAL PROCEDURES AND RESULTS

A beam of 27 MeV protons, obtained from the University of Colorado AVF

cyclotron, was focussed onto an Al foil (0.42 mg/cm2) at the center of a

91 cm diameter 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 alpha particles from a

1
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241
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) detector 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 gm AE surface

barrier detector,  a 500 gm 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 WA.  Additional details about the equipment,

electronics for mass identification and data storage and handling are given

in Ref. 2.

3
Triton and  He spectra were obtained at a laboratory scattering angle

of 7.5' and at angles from 10' to 120' in 5' increments.  The Q-values for

27               3
the Al(p,t) and (p, He) reactions are -15.93 and -11.65 MeV respectively,

11
computed from the 1971 mass excess tables. Thus the outgoing triton and

 He 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) depending on the effective target thickness

for the outgoing particles and on the angular acceptance of the detector.

3
The FWHM in the  He spectra ranged up to 150 keV.  Spectra obtained at 30'

are shown in Fig. 1.  The similarity of the peak positions (energies) and

25      25
relative intensities of groups in the mirror nuclei Al and Mg is striking.

3
The energies of the triton and  He groups were determined from a linear energy

calibration based on the ground states and the prominent 1.61 MeV levels.

25                  25
i

For levels to 3.4 MeV in Mg and to 4 MeV in Al our energies are in

-·     12excellent agreement (+ 25 keV) with energies previously determined.    At

25
excitation energies above 4 MeV in Mg the level density prohibits unique
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1

1

25level idedtification.   In    Al we also 'observed groups fpr which the

kinematic shift with angle is consistent with assignment of previously

I t

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) appeared as a broad unresolved

multiplet in all of our spectra.  If the target contained oxygen, a peak

16      14corresponding to the ground state transition for   0(p,t)  0 should have

moved through the 4.59 + 4.67 MeV group with increasing scattering angle.
14

However, there was no evidence for the existence of this   0 peak at

25
forward scattering angles where it should be well-separated from Al

13
groups and have its greatest intensity. The three new levels reported

24   3     25              14here were not observed in a current Mg( He,d)  Al experiment. However,

a level at 5.578 MeV was observed in the reaction Mg(P,P'Y).
15                 24

The experimental differential cross sections as a function of scattering

angle are presented graphically in Figs. 2, 3, and 4.  The error bars indicate

only the uncertainties in the Gaussian fitting and background subtraction

16
computed with the code SPECTR. Uncertainties in resolving doublets vary

j
considerably and have not been included.  Uncertainties in target orientation

and detector position should make only very small contributions to the overall

uncertainty.  The largest systematic uncertainties include those in target

thickness (8%), detector solid angle (3%), and current 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 direbt two-nucleon transfer reactions has usually been

carried out in terms of the DWBA theory with a zero-range interaction as

1

-
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17                          9
described by Glendenning and by Towner and Hardy. Derivation of

18
expressions relevant to the widely used computer code DWUCK appeared as

an appendix in Ref. 3.  The differential cross section for the direct two-

nucleon pick-up reaction can be obtained from Eqs. (A9), (A10), (All) and

(A21) of Ref. 2.  The required distorted waves are derived from an optical

model potential discuosed in Sec. III B.  The selection of shell'model

configurations for the transferred nucleons is discussed in detail in

Sec. III C.

B.  Optical Model Parameters

The distorted waves describing the incident proton-and emitted 3He or

triton are obtained by solving the Schroedinger equation with a complex

potential well.  Optical model potentials which successfully describe elastic

scattering are usually employed.  The proton potential and values for the

relevant parameters listed in Table I were obtained by Satchler from his

19                                              28
analysis of elastic scattering of 30 MeV protons from Si.  These parameteri

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          '

27
on Al.

3                                          'Potentials for  He and triton scattering differ only by a small isospin

20
term which was neglected in our computations.  Seven different sets of

parameter values for mass-3 projectiles are listed in Table I.  The sets labeled

ZF, M and GJ were obtained from the references cited in the table. The set GJ

resulted from a three·parameter (V,a,W) search in which a'=a and R'=R=1.3 F.

We made two five-parameter searches, denoted GJS and GJD, with R=1.14 F 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

-
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and GJD did not give significantly better fits to the elastic scattering data.

The Coulomb radius R was fixed at 1.4 F for these two searches. Two more
C

searches with R =1.25 F yielded almost the same parameter values for theC

shallow well but generated quite different values for the deep well.  The

2
quality of the fit for the deep well, as measured by X , was not so good as

that obtained with R =1.4 F.
C

The set C, characterized by a deep well and volume absorption, is based

3        40    52    54
on elastic scattering of 20 MeV tritons and 21 MeV  He from Ca, Cr, Cr,

54    62    64    90    92       94
Fe, Ni, Ni, Zr,   Zr and Zr.  The energy-dependent set CR, which

has a shallow real well and strong surface absorption but no volume absorption

3                           40
was developed to describe  He elastic scattering from Ca in the energy range

20-80 MeV.  This set is almost equivalent to the set T6 used successfully by

2
Baer et al·  for analysis of (p,t).data from titanium isotopes and by Shepard

26     48       68
et al. for Cr and Ge data.
--

To determine whether sets C and CR were applicable to our experiment, we

3        24
obtained predictions for elastic scattering of 15 MeV  He from Mg and 12

27
MeV tritons from Al.  The predictions 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 bombarding energies and lighter mass targets is not

completely satisfactory.  The parameter set ZF was used for nearly all of

our data analyses.

C.  Bound State Orbits

27
The simplest shell model configuration for the target nucleus Al     '

13
16

consists of an inert 0 core, six neutrons which fill the d orbit, and5/2

five protons in the d orbit.  In other seniority one configurations pairs512

of neutrons may be present in the 2sl/2 and/or ld orbits.  More complex3/2

configurations (seniority three) could involve two unpaired neutrons in any
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of the three s-d shell orbits.  The lowest configurations that could lead to

25      25
odd parity states in Mg or Al would require pickup from the lf orbit.

1/2

Because nuclear properties in the mass region near A=25 have been inter-

preted in terms Of the collective rotational model, we carried out some

calculations with simple collective wave functions for which shell model

27                               28
amplitudes have been given by Chi. In the Nilsson representation the

K=5/2 ground state is a pure d state because the 2s and ld states
5/2 1/ 2 3/2

cannot have angular momentum projections of 5/2 along the nuclear symmetry

27
axis. Because Al may be in a transition region, band mixing has been

employed to fit experimental E2 transition rates and inelastic scattering cross

29                                                 27
sections. Many particle shell model wave functions for Al have been

30
generated by De Voigt et al· but such wave functions are not yet available

for mass 25.  The distorted wave computations discussed in Sec. III D 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 investigated 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

2
state orbits are given in Table I.  Although Baer et al. found little

--

sensitivity of DWBA calculations to the choice of the bound state well radius

R, we observed appreciable sensitivity as illustrated in Fig. 8 for both L=0

and 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 computations discussed below because the predicted

angular distributions for the ground state transitions more nearly agreed with

the data.
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D.  Distorted Wave Analysis of Experimental Results

25       25
The low-lying excited levels in Al and Mg, which have been inter-

preted3 as collective rotational bands of deformed nuclei, are shown in Fig. 9.

3The experimental angular distributions of tritons and  He which leave the

residual nuclei in the f=5/2+ ground states are shown in Fig. 2.  For the

(p,t) reaction (with S=0) the transferred LSJ values permitted by conserva-

tion laws are 000,202, and 404.  Computations with DWUCK for two neutron

pickup from (d5/2)2, (s   )2 and (d   )2 shell-model orbits were made with
1/2 3/2

the triton optical model parameter sets listed in Table I.  For many cases

two different radii for the neutron well, already discussed in _Sec.  III C,

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

2
cross sections with a (d )  configuration and a neutron well radius of5/2

1.15 F.  The sum of DWUCK cross 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 procedure is probably not meaning-

ful when only simple neutron configurations are employed.  Moreover the equal

weighting of the 000 and 202 components is appropriate for a filled d sub-
512

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.  Parameter

value set M which is rather similar to ZF did not give as good a fit to the

data.  However, (d3/2)2 pickup with R=l.25 F yielded almost as satisfactory a

fit as that illustrated.

3                                   25For the (p, He) reaction to the ground state of Mg LSJ transfers of

000, 202, 404 as well as 011, 211, 212, 213, 413, 414, 415, and 615 are

allowed but will be restricted if the two transferred nucleons are picked up

17
from the same orbit. Once again the shape of the experimental angular

,



9-

distribution (Fig. 2) was reproduced quite well with the ZF parameters and

proton + neutron pickup from the Or'rd ,vd ) orbits with a sum of 000 and512 5/2
3202 DWUCK cross sections.  Note that the (p, He) Q-value is -11.65 MeV in

contrast to the Q-value of -15.93 MeV for the (p,t) reaction.

Experimental and theoretical cross sedtions for the mass 25 ground

states were also compared in terms of the enhancement factor e by which the

theoretical values must be scaled to match the experimental.  Here € was

computed   from  Eq.    (4.1)   of  Ref.   2   and a normalizat ion factor  D2  Of  22  x  104
2  3              31

MeV F  was included. The values of € for LSJ=000 and a bound state well

radius of 1.25 F are included in Fig. 7.  These values of € indicate that

2
the (d )  configuration contributes much less to the cross section than do

312

the (d )  and (2s )  configurations.  Enhancement factors were also
22

512 1/2

computed for the summed 000 + 202 DWUCK cross sections for the (p,t) (€=0.67)

3                                                              2
and the (p, He) reactions.  The configuration used was (d )  with a bound512

3
state well radius of 1.25 F.  Normalizing the (p, He) reaction was somewhat

more complicated than for the (p, t) 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, 3He) reaction is & D2, where D2 is the0

same as the (p,t) normalization discussed above.  Assuming that the S=1, T=0

strength is negligible, i.e., D2=O, the enhancement factor for the

27     3   25Al(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

mechanism has not been accounted for.  This suggests that the S=1, T=0

3
component of the (p, He) reaction contributes relatively little to the ground

state cross section.

Population of the first excited J"=1/2+ levels is of particular interest

because the only permissible LSJ transfer for the (p,t) reaction is 202 while
3

202, 212, 213 and 413 are allowed for (p, He).

Two-neutron configurations including   (d5/2) 2, (d )  (d    d   )5/2'sl/2 '   5/2' 3/2

and (s     d   ) were used in DWUCK calculations (with ZF parameter values)1/2'  3/2
but all of the calculations yielded the characteristic L=2 maximum near 30'--
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inconsistent with the nearly structureless (p,t) data.  Computations for

3
(p, He) were carried out with the (TTd VS ) configuration.  An L=25/2' 1/2

angular distribution computed 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 calculations, none of the

theoretical curves yielded a minimum near 900.

Because of our inability to obtain a satisfactory description of the

data with distorted wave calculations, we also tried coupled channels

calculations for a (p,d)(d,t) two-step reaction process with the code

32
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

+         26
pickup of a d neutron leading to a 0  state in Al followed by pickup

5 l 2

of a 2s particle leading to the 1/2  final state.  Spectroscopic factors
1/2

were computed assuming that the entire single particle strength lay in these

two transitions.  Hence magnitudes of these calculations may be significantly

overestimated.  The calculated two-step magnitudes are larger than the

experimental cross sections by a factor of.5 for the (p,t) reaction and a

3
factor of 15 for the (p, He) reaction.  The coupled channels calculation

reproduced the shape of·the triton angular distribution fairly well but did

3
not fit the  He data.

i For the 3/2+ level at 0.949 MeV the selection rules permit 202 and 404

(seniority three) transitions.  A sum of DWUCK cross sections for (d5/2)2

fits the data (Fig. 2) quite well to 80'.  The angular distribution for the

L=4 component is almost structureless and decreases gradually with increasing

angle.  The shape of the angular distribution computed for (d d   ) pickup
5/2' 3/2
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3
is indistinguishable from the one shown.  For the (p, He) reaction to the

corresponding level at 0.975 MeV LSJ transfers 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 crosst section was an order of magnitude

smaller.  The fit shown in Fig. 2 for a 202 transfer was not improved 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 f=7/2+ levels at

1.61 MeV differ in that the (p,t) data do not indicate the sharp forward angle

3                      .  . 2.26rise seen in the (p, He) data and characteristic *   » of -L=O trarisfer.   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.
2

based on a (d )  configuration and a sum of 202 and 404 DWUCK cross sections.5/2

The pickup process populating levels in the A=25 nuclei with J = 7/2 and even

parity necessarily requires breaking of at least two pairs (seniority three). i

3The fit to the (p, He) data involved the (Trd ,vd ) configuration with a5/2 5/2

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 5/2  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 9/2  levels at 3.4 MeV are of interest

because the (p,t) data (Fig. 3) indicate a prominent maximum near 40' while

3
the (p, He) data suggest a weak maximum near 40' and a strong rise toward

forward angles.  The lowest permissible L transfer is 2 units and the strong

3
rise at forward angles in the (p, He) data may be due to the presence of an

12
unresolved 3/2- level   at 3.40 MeV which could be reached through L=l transfer.
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1

The intensity of this level relative to that of the 9/2  level is presumably

: small if comparison with the analogous, resolved levels at 3.08 and 3.44 MeV
· ·                  25

(Fig. 1) in Al is valid.  For still higher levels the energies of the out-

3
going 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

33
have been given by Hauser and Feshbach. A simplified expression due to

34                                              35Eberhard et al· has been utilized in the computer code CUMPND and depends

2
on only two parameters.  One is G . the spin-distribution parameter in the

res

residual nucleus. The other  is p'= 21Tropo where p   is the density of levels

with a spin of zero in the compound nucleus at the appropriate excitation

energy and P  is the average width of these levels.  The values used for
2

a      r  and p  are 10.24, 0.042 MeV and 3.738 x 104 (MeV)-1.  These valuesres '  0

provided a satisfactory empirical fit to the experimental cross section for

36                               26       24
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 entire cross section is therefore due to compound

nucleus formation.

The results of our calculations with these parameter values are shown in

i Figs. 2, 3, and 4.  For each level up to 3.44 MeV excitation appropriate

16
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

25
levels in  Al are compared with a single compound nucleus computation for a

level at 5.00 MeV with spin 3/2. The predict-ed angular distributions are

smooth, symmetric about 90', not very sensitive to spin or energy and usually

1

i

·
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larger than the observed cross sections.  The computations with the empirical

parameter values listed above generally provide satisfactory fits for the

weaker, featureless angular distributions.  However, these parameter values            1

are quite different from those deduced for lower excitation energies by

37                          2
Gilbert and Cameron. A reasonable value of a is 4.0 according to the

res

tabulation of Gilbert and Cameron. The cross section calculations are quite

2
sensitive to a as illustrated in Fig. 10.  A calculation for an arbitrary

res
2

intermediate value of a = 7.0 is also shown. The cross sections are
res

37
inversely proportional to p' and hence p .  An expression   for p  yielded a

value of 2.09 x 104 (MeV)-1.  Use of this value would increase all the                 t

compound nucleus cross sections shown in Figs. 2, 3, 4 and 10 by nearly a

26
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 reaction cross sections and DWBA cross           r

sections-with appropriate weightings may fit most of the angular distributions         1
k

observed here, although the contributions from the two-step processes may also

be important.

However, the data for the weakly excited lowest spin 4 levels remain a

puzzle.  Both the two step and compound processes could provide adequate fits

25
to the data for the 0.455 MeV level in Al. In contrast a reasonable fit to          I

1

1

25
the   structure at forward angles   in   the  tO.585 MeV analogue   in        Mg is provided

by the DWBA.' However none of the calculations fit the cusp observed near 90'.

Possibly destructive interference between the two direct interaction processes         I

could produce such a minimum.                                                              1

IV.  CONCLUSIONS                                            2

The cross section for the excitation for a given state (Figs. 2, 3) is

very  nearly   the   same   for   the   (p,t)   and   (p, 3He) reaction  with the exception,of

..
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i

the ground state.  For the ground state the (p,t) cross section is two to

3three times greater than the (p, He) cross section.  Perhaps this observation

can be correlated with the fact that the ground state transitions are the

only ones where the one-step direct reaction mechanism appears to dominate.

3
It may be that differences between the direct (p,t) and (p, He) mechanisms

can account for these differences in cross sections. The exact nature of             F

these diffcrcneea is not clear.  However, this situation can be contrasted
. .              1.

with transitions to higher-lying states where the reaction mechanism is not           1

certain but compound nuclear processes seem important and do not depend on

3
differences between the (p,t) and (p, He) direct reaction mechanisms.  In

3
these cases (p,t) and (p, He) cross sections have nearly identical magnitudes.

The DWBA predictions for angular distributions for the first few levels
3                 27                                      2

excited by the (p,t) and (p, He) reactions on Al fit the data quite well

although the computations were somewhat sensitive to the optical model

parameter values which determined. the distorted waves.  The calculations were

insensitive to the choice of shell model configuration for the picked up

particles but did depend on the radius of the neutron binding well.  The

3predicted angular distribution shapes for  He were unchanged whether S=0 and          i

S=l contributions were calculated coherently or incoherently.  Transitions            B

which involved L=0 transfer retained'their characteristic feature, the sharp

rise at forward 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 success-

26
fully for analysis   of       Mg(p,t)   data were employed. The comput ed cross                                    i

2
sections were quite sensitive to a , the spin distribution parameter for the

res

residual nucleus.

Neither the DWBA nor the compound nucleus computations were able to account

consistently for the dissimilar angular distributions of the 1/2  levels near
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0.5 Mal 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 processes may be important here.

Finally, the (p,t) data indicated the presence of three new levels in

25Al.  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 information on the ground state wave function

27
for Al.
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a)TABLE I.  Optical and bound state potential parameters.

Identification Experimental basis V       R      a      W      WD     R'     a'      Vs     Rs     as     RC
(MeV) (F) (F) (MeV) (MeV) (F) (F) (MeV) (F) (F) (F)

b)                    28
proton 30 MeV p on Si 50.2 1.121 0.674 4.28 3.42 1.326 0.546 6.56 0.899 0.665 1.20
ZF 15 MeV He on  Mg 164.0 1.14 0.69 14.7 -- 1.60 1.08 -- -- --    1.4

c)                   3      24

Md)                  3      3015 MeV He on Si 173.0 1.07 0.795 18.6 -- 1.657 0.762 -- -- --    1.4
e)                    »-27GJ 12 MeV t on Al 147.1 1.4 0.61 54.1 -- 1.4 0.61 -- -- --    1.3

GJS f)                     2712 MeV t on Al 141.4 1.14 0.723 48.86 -- 1.374 0.716 -- -- --    1.4g)                      27
GJD 12 MeV t on Al 164.7 1.14 0.688 80.71 -- 1.142 0.779 -- -- --  : 1.4

h)C                20 MeV t and 21 MeV 175.45   1.14   0.714 19.95 1:€W14 1.535  0.847 -- -- --    1.4
3
H e o n 2 0 c Z 1 4 0

CR 20-80 MeV He on 137.6    1.10   0.853 -- 20.85 l.308 0.751 1.4
j)                      3

40 138.4 20.65Ca

bound state                                  V   1.15 0.65 -- 1=25 1.25 0.65 1.25

a) --.The optical model potential

8
-1                                                    -                                                                        -1

ll  (r)  =-V  (i  +4     -  ((W-4W,   t.)(lk, 1  +1   44  .)V   f'-4    r-1 -1._ (i*'  .1)      +VCAR- Cy
6 C

              dr

The bound state potential
-1

1/(r)  = 't (2 121)-1 +(35 ) 1,   f .1,  r-1  d   (12*5 + 1)          +  V.-. 6

l+

1/3 r-RAl/3Here Vc is the Coulomb potential of a uniformly charged sphere of radius R A and x E
C a

-'-r-·,e.-· ·--- -e.    .



Footnotes for Table I (continued)

b)
Ref. 19.

c) Ref• 21.

d)
Ref. 22.

e)                                                 23Based on a three-parameter (V, a, W) search.

f) Result of our search starting with a shallow V = 135 Mev; R and R  fixed.C

g)
Result of our search starting with a deep V = 175 MeV; R and R  fixed.C

h) Ref. 24.

i) The surface absorption term WDa k €W.i where e E  K  ' Wl= -9.32 MeV and the plus and minus signs are employed for
3He and tritons, respectively.

j)                        25The energy dependence    is given by V=141.6 - 0.27 E and WD= 19.5 + .12E - 0.002 E2 where E is the laboratory energy

- of the mass 3 particle.  The upper number in the table refers to 15 MeV, the lower to 12 MeV particles.

k)  The  real well depth  for  the two neutrons was adjusted  to  give each orbit a binding energy  of  0.5   (S2n  Ex) where

S2n is the two-neutron separation energy and Ex the excitation energy in the residual nucleus.  For neutron +
27

proton pickup the proton well depth was the proton separation energy from   Al plus 0.5Ex while the neutron well
26

depth was the neutron separation energy from   Mg plus 0.5Ex.
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Figure Captions

3
Fig. 1  Spectra of  He particles and triton emitted at a laboratory scattering

angle of 30' during bombardment of Al with 27 MeV protons.  A total
27

3charge of 390 WC 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 Al are
25

tentatively proposed at 4.67, 5.60, and 5.90 MeV.

3                                              25Fig. 2  Triton and  He angular distributions for mirror levels in Al and

25
Mg up to 1.61 MeV excitation.  The theoretical predictions are

discussed in Sec. III D and E.  The DWBA predictions are labelled

with the transferred LSJ values.  The dashed curves are the compound

nucleus cross sections.

Fig. 3  Experimental triton and 3He angular distributions for mirror levels

25      25
in Al and Mg between 1.81 and 3.5 MeV excitation.

Fig. 4  Triton angular distributions for levels above 3.5 MeV excitation in

1
25
Al.  A single compound nucleus calculation for a level at 5 MeV

with spin 3/2 is shown (dashed line) with each experimental angular

distribution.

Fig. 5  Comparison of cross sections predicted by optical model parameter

21
sets ZF, C, and CR with experimental cross sections for elastic

3        24
scattering of 15 MeV  He from  Mg.

Fig. 6  Comparison of relative yields predicted by optical model parameter

sets GJ, C, and CR with experimental data for elastic scattering
23

27
of 12 MeV tritons from Al. Fits obtained with sets GJS and GJD

(not shown) were not significantly better than that obtained with

set GJ.



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 F and scaled arbitrarily.

Fig. 8  Dependence of theoretical DWBA (DWUCK) angular distributions on.the
.-

on the radius of the bound state orbits for L=0 and L=2.

Fig. 9 Excited levels of Al and Mg grouped into rotational bands.  The25       25

labels for each level indicate the energy and s#in.  Tha symbols

below each band head indicate the K quantum number, parity and

28
asymptotic quantum numbers (N, nz'A) in the Nilsson   notation.

Fig. 10 Sensitivity of compound nucleus cross sections to the spin distribu-

tion parameter.
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