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Abstract: Differential cross sections from the 24Mg(3He, t)Z4Al reaction have been measured from 0 to 

32” in the laboratory system. DWBA calculations using an effective projectile-nucleon interaction 

are compared with the data to verify the applicability of such an approach as well as to deduce 

spectroscopic information. By employing DWBA in conjunction with transition amplitudes obtained 

from realistic microscopic wave functions, J” assignments could be made. Strength normalizations 
for all observed transitions to positive-parity T = 1 final states of Z4Al are given. 

Localized AL = 1 strength around 10 MeV in excitation energy contains most of the expected 

isovector giant dipole resonance (GDR) and the magnetic quadrupole resonance (MQR) strengths 

with systematics that are consistent with those for most light, self-conjugate nuclei. A comparison 

with Coulomb-energy shifted (-y, n) data assists in locating the GDR analog. The isovector O- 

strength is not directly observed, but the total expected AL = 1, AS = 1 cross section is found in 

the broad collective “bump” at about 10 MeV and in a number of lower-lying states of negative 

parity. 

NUCLEAR REACTIONS 24Mg(3He, t), E = 81 MeV; measured a(&, 8,). 24A1 deduced 

E 
levels, L, J, n. DWBA analysis, effective ‘He-n force, shell-model form factors. ‘*C, 160, 

=Mg> 28Si(3He, t), E = 81 MeV; ‘2S(3He, t), E = 73 MeV; 40Ca(3He, t), E = 75 MeV, 

measured a( E,, B, = 0”), ‘*N, r6F, 24AI, “P, ‘*Cl, “SC deduced isovector giant resonances. 
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1. Introduction 

229 

Charge exchange reactions have become increasingly useful in investigating 

nuclear structure since the (p, n) [refs. ‘-“)I and (3He, t) [ref. ‘)I reactions have been 

used as investigative tools for studying the isobaric analog resonance (IAR or IAS) 

in nuclei. The exploration of isovector spin resonances in 1975 via the (3He, t) 

reaction “) and later in the (p, n) reaction 7-9) led to the clear identification of the 

Gamow-Teller resonance (GTR). However as a result of these experiments it was 

found that about 40% of the 3( N - 2) sum-rule for Gamow-Teller strength lo) seems 

to be missing. The nature of the mechanism for the depletion of this GT strength 

is not well established yet. 

Shortly after the Gamow-Teller resonance was observed, isovector spin reson- 

ances, in which the orbital as well as spin angular momentum change by one unit, 

were observed in (p, n) [refs. 9,1’-‘3)] and (3He, t) [refs. 14-18)] experiments. When 

starting from a O+ ground state, an L = 1 and S = 1 transfer may couple to J” of 

O-, 1~ and 2-. This makes it difficult to resolve AL = 1 resonances into their different 

J” components. Auerbach and Klein 19) and Bertsch et al. “) have calculated strength 

distributions for such transitions in 90Zr and found them to be fragmented, with 

centroids increasing in excitation energy for decreasing J”. Furthermore the non- 

spin-flip analog of the giant dipole (ll, AL = 1, AS = 0) is difficult to disentangle 

from the spin-flip component. 

In the (3He, tp) reaction Sterrenburg et al. 16-18) investigated these resonances in 

‘*N and 16F and studied their decay into low-lying neutron hole states in “C and 

150, respectively. 

The energy dependence of the spin-isospin-dependent terms in the nucleon- 

nucleon interaction influences the choice of the energy per nucleon at which it is 

useful to observe isovector-spin resonances. In fact, the energy dependence of the 

excitation of spin resonances via charge-exchange interactions results from the 

energy dependence of the V,, and V,, components of the nucleon-nucleon interac- 

tion. This energy dependence has been used to identify spin-flip strength ‘I) and is 

being employed in resolving spin-flip from non-spin-flip components of the giant 

dipole resonance observed via (p, n) reactions 2’). 

The (3He, t) reaction has certain experimental advantages over other charge 

exchange reactions. The ejectile triton may be detected in a magnetic spectrograph 

with good energy resolution (in this case about 70 keV). The energy resolution of 

the (p, n) or heavy ion charge-exchange reactions, involving neutron detection in 

the former case and heavy ions in the latter, is typically much poorer. The disadvan- 

tage of the (3He, t) reaction in comparison with the (p, n) reaction is the more 

complex reaction mechanism. Multi-step reaction processes should be considered 

for charge exchange reactions in general and the (3He, t) reaction in particular 22). 

It has, however, been shown that the (3He, t) reaction at 27 MeV/nucleon may to 

a reasonable extent be approached as a one-step, direct reaction process, using an 

effective 3He-n interaction 23). The advantage of the high resolution that can be 
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achieved with the (?I-& t) reaction is apparent in fig. I which compares a “C(p, n)“N 
spectrum 24,25) at an incident energy of ‘t60 MeV with a %f3He, t)12N spectrum at 
St MeV [ref. ‘“)}. The structures, now known to be the anaiags of the isovector 

magnetic quadrupole (E, = 4.2 MeV) and the giant dipole (E, =i 7 MeV) resonances, 
are observed in both spectra. The similarity between the two spectra seems puzzling 
at first sight because the (p, n) reaction is known to be largely dominated by the 
real part of the UT force for all AL = X excitations 25), while for the (3He, t) reaction 
the cross sections of the 2- states are dominated by the tensor force ‘6-‘8) and that 
of the giant dipole analog by the V, force. We shall come back to this point in sect. 
4, which deals with the systematics of the AL= I resonances. 

By relating 0” (p, n) cross sections to B(GT) values, Anderson et al. 26) searched 
for the expected GT strength by investigating the (p, n) reaction on targets of “C 
through 4*Ca, inclusive of 24Mg, Substantial quenching of isovector spin-flip strength 

‘“C (p, n) “N 

Fig. 1. “C(p, n) and ‘2C(%Ie, t) spectra at 160 and 81 MeV incident energy, respectively, displayed on 
a common excitation energy scale. 
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in the low excitation energy region has been observed in both (e, e’) [refs. “““)] 

and (p, p’) [refs. 29-32)], measurements of I+ transitions. 

From a survey of all beta decay in the sd shell, Brown and Wildenthal 33*34) find 

a uniform quenching of experimental decay rates as compared to extensive shell- 

model calculations. This quenching has been attributed to core polarization, to 

mesonic exchange currents leading to A-hole excitations and to mesonic exchange 

such as one-pion exchange and pionic-pair diagrams 34-36). 

In this work, by employing the (3He, t) reaction with a higher resolution than in 

previous studies of 24A1, we hope to determine whether previously unresolved l+ 

states may account for the missing strength. Furthermore, we will study the system- 

atics of the isovector AL= 1 resonances and investigate whether their collectivity 

and specific excitation remain for targets heavier than 12C and 160. 

A successful parametrization of the 3He-n force at 10 MeV/nucleon has been 

given by Schaeffer 37). The effective interaction used in this work 23) is also a 3He-n 

force with the same parametrization as used by Schaeffer. However, since the 

nucleon-nucleon interaction is energy dependent 3*-40), the 3He-n potential was 

phenomenologically renormalized to describe the interaction at 27 MeV/nucleon 

[ref. ‘3)] by fitting the absolute cross sections and shapes of angular distributions 

of a large number of transitions on target nuclei ranging from ‘*C to 90Zr. This was 

achieved by ensuring the following conditions: 

(i) The V, portion of the interaction must consistently fit observed isobaric analog 

states. 

(ii) Stretched states for which one may assume pure particle-hole configurations 

must give consistent strengths for the tensor interaction. Spectroscopic factors for 

stretched spin configurations that are populated via the tensor interaction should 

agree with those obtained in (p, p’), (p, n) and (e, e’) interaction studies 23). 

(iii) The V,, along with the VT7 terms should reasonably describe the l+ and O- 

states observed. 

2. Experimental procedure 

A momentum-analyzed 81 MeV ‘He beam from the Kernfysisch Versneller 

Instituut Cyclotron was transported to the spectrograph scattering chamber. The 

beam was scattered from targets of 0.79 mg/cm*, isotopically enriched to 99.1% in 

24Mg. Targets were kept and transported in an oxygen-free environment to reduce 

contamination. Oxygen contamination, if present, would have been easily identifiable 

by the population of the dominant 2- state at 0.424 MeV in 16F. 

Triton singles were detected in the QMG/2 magnetic spectrograph 4’342). Optimal 

resolution of the spectrograph is about AE/E = 2 x 10e4. For the case of 65 MeV 

tritons the overall resolution, due to different energy losses in the target of the 3He 

and the triton, kinematic spread and aberrations due to saturation effects of the 

spectrograph magnetic field was about 70 keV. Tritons were detected in two 120 cm 
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position-sensitive focal-plane detectors mounted one behind the other and backed 

by a thin NE102 scintillator of the same length. This provided unambiguous iden- 

tification of tritons in addition to the determination of their momenta. Details on 

this set-up have been reported elsewhere 43,44). 

Angular distributions from the 24Mg(3He, t) reaction were measured from 0 to 

32” in the laboratory system with the QMG/2 spectrograph. For the 0” singles the 

beam was stopped with an internal Faraday cup, protruding into the vacuum chamber 

of the first dipole magnet of the QMG/2 spectrograph. 

Sample data were taken on-line to monitor results. All data were stored on 

magnetic tape for later off-line analysis. This was accomplished with the program 

PAX 45), a multi-parameter event mode data analyzer code. 

Spectra at 0” have been taken on self-supporting targets of “C, 28Si and 40Ca, for 

160 on a Ta,O, target and for 32S on a target of sulphur sandwiched between gold 

foils. All targets had thicknesses between 0.5 and 1 mg/cm2. 

3. 24Mg(3He, t)24A1 data and analysis 

3.1. PRESENTATION OF THE DATA 

Fig. 2 shows a singles spectrum from the 24Mg(3He, t)24A1 reaction in comparison 

with a photonuclear (y, n) spectrum (dashed line) 46,47), shifted by the Coulomb 

energy difference (9.515 MeV) between the 24A1 ground state and its isobaric (T = 1) 

analog in 24Mg. The correspondence with photonuclear work suggests that the bump 

around E, = 10 MeV in the (3He, t) spectrum is the analog of the giant dipole 

resonance (GDR). A similar bump observed in the (3He, t) reaction on six targets 

of self-conjugate nuclei ranging from 12C to 4oCa at 25-27 MeV/nucleon exhibits 

corresponding similarities to photonuclear spectra shifted by Coulomb energies 18) 

(see sect. 5). This correspondence has also been observed at 43 and 57 MeV/nucleon 

on targets from “C to 90Zr [refs. 14,15)]. The clear observation of the GDR analog 

in the (3He, t) reaction shows that l- strength is excited at least in part by a 

non-spin-flip mechanism. 

Figs. 3 and 4 show, respectively, the very forward and the more backward angle 

spectra of the 24Mg(3He, t)24A1 reaction for the energy region where sharp individual 

states are observed. Observed levels are labelled by numbers. In table 2 (see subsect. 

3.3) the corresponding excitation energies, spin assignments and strengths are given. 

3.2. MICROSCOPIC DWBA CALCULATIONS 

In order to understand and interpret the experimental differential cross sections 

for observed low-lying states in 24A1, microscopic one-step DWBA calculations were 

performed. The necessary ingredients for these calculations are the reaction mechan- 

ism, the available computer codes and the microscopic model wave functions. These 

will be discussed in short below. 



M.B. Green$eld et al. / 24Mg(‘He, dZ4Al 233 

24M~(3~e,t ,‘“A1 

E,b’k.V) 

Fig. 2. 24Mg(3He, t)24Al singles spectrum in comparison to the photonuclear cross section (dashed 

spectrum). 

3.2.1. Reaction mechanism and efective interaction. The effective interaction is 

composed of the isospin-dependent components of the nucleon-nucleon interaction 

folded over the mass-3 system. Although, as mentioned, multi-step processes are 

not unexpected at 27 ~eV/nucIeon, consistent results may be obtained by assuming 

a direct, one-step transition induced by an effective interaction such as that given 

by Schaeffer 37) after a term-by-term renormalization of the isospin-dependent poten- 

tials. The result of such a phenomenological renormalization of the Schaeffer force 

(new) is 2B): 

V,,(r) =IV,Y(r/R,)+ V~~Y(r/R-)(u~ . Cl+ V~~~2Y~r/R~~~S~~}~T~ * 4, 

where 

V, = 6.65 MeV , V,, = -3.0 MeV, VT7 = -6.50 MeV/fm' , 

R,=1.415fm, R,, = 1.415 fm, RTT = 0.878 fm . 

3.22. D W~A forrnal~~rn. The code we used to calculate angular distributions was 

DWBA82 by Raynal 48). This is a full, finite-range, distorted-wave Born approxima- 

tion, assuming a direct one-step mechanism. This code was used throughout except 
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Fig. 3. 24Mg(3He, t)24Al spectra taken at 6,,, = OS”, 6”, 12”. 

whenever the option of an unbound nucleon (proton) was needed. In those cases 
the equivalent, but slower, code DW81 [ref. 49)] was used. Both codes are updates 
of the original DWBA70 by Schaeffer and Raynal ‘O). 

3.2.3. Wave functions and particle-hole conjigurations. The transition densities in 
the microscopic DWBA calculations are based on the wave functions of Brown and 
Wildenthal “) which have been obtained in a full Od,,,, Od,,,, lsIIz (sd) basis using 
the “W” or “USD” interaction. These wave functions were then used to obtain the 
one-body transition densities (OBTD) between the 24Mg T = 0 ground state and the 
positive-parity T= 1 states in 24Al considered in the present work. The OBTD are 
available from the authors of ref. “). The predicted sd shell excitation energies agree 
quite well with the observed low-lying excitation energies of T= 1 states in the 
A = 24 triplet. This will be further discussed in subsect. 3.3.1. 

Wave functions for final states of negative parity have been assumed to be pure 
dS,2 hole f7,2 particle. Although it is known that this basis is unrealistic, it is useful 
for the purpose of calculating the shapes as well as for establishing a measure for 
the magnitudes of the observed differential cross sections for negative-parity states. 
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Fig. 4. “‘%gj3He, t)“Al spectra taken at 6,,, = Ifi’, ZW, 24”. 

- 3He optical-model parameters. A consistent family of volume-type optiical- 
model parameters was determined by Grasdijk et ai. ‘*) from elastic scattering data 
on several nuclei ranging from mass 26 (26Mg) ta mass 58 (“Ni). The parameters 
shown in table 1 and used in the analysis of the 24Mg(3He, t)24AI reaction are those 
obtained for %g. 

- Triton optical-model parameters. Triton optical-model parameters were deter- 
mined by Grasdijk et al. 52) as a global fit to isobaric analog states observed in the 
f3He, t) reaction with fixed V, and the 3He optical-mode1 parameters shown in table 
1. The real and imaginary well depths of the “He parameters were scaled by a 
common factor k The cross sections at forward angles are insensitive to k, such 
that the search for VT and k could be decoupled. The best value for k obtained 
from a global fit to the IAS transitions on targets of 26Mg, “?a, &Ca, “Ni and ‘““Zr 
was found to be 0.85. This value is used in all 24Mg(3He, t)24A1 calculations in this 
work. 
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TABLET 

Optical-model parameters used in 24Mg(3He, t)24Al calculations 

‘He -112.0 1.14 0.85 -19.4 1.60 0.83 1.25 

triton -98.2 1.14 0.85 -16.5 1.60 0.83 1.25 

n and p adjust “) 1.25 0.60 1.25 

“) Neutron and proton real well depths were adjusted to fit their appropriate binding energy in the 

target and the residual nucleus. A Thomas spin-orbit strength A = 25 was used. 

3.3. COMPARISON OF DATA AND CALCULATIONS 

In figs. 5-8 and 10 differential cross sections of transitions to states in 24A1 are 

compared with microscopic calculations using the computer codes DWBA82 of 

Raynal 48) and DW81 of Comfort 49). Although each J” has in principle a characteris- 

tic angular distribution, in some cases differences are observed that reflect 

details of the nuclear structure. In particular it is difficult to distinguish a l+ 

from a 2+ transition strictly on the basis of the shape of the calculated angular 

distribution. 

While many T = 1 states in 24Na and 24Mg are known 53), spin-parity assignments 

in 24A1 are restricted to the ground state (4+) and the l+ state at 0.439 MeV. 

Assignments made in this work for states in 24A1 rely primarily on shapes and 

magnitudes of calculated differential cross sections but predicted excitation energies 

and excitation energies of analog T = 1 states assist in tentative J” determinations 

when the shapes of the angular distributions are not conclusive. Fig. 9 shows the 

T = 1 level scheme of the A = 24 triplet for states up to 4 MeV in excitation energy 

compared with the predicted level scheme of ref. 5’). Indicated correspondences 

between states in 24A1, observed in the present work, with those in 24Na and 24Mg 

on the one hand and with the calculated levels on the other are suggested by the 

present analysis. 

The angular distribution for the state at 5.47 MeV is also shown in fig. 10. Although 

reasonably well fitted by a stretched 6- angular distribution, it is difficult to distin- 

guish it clearly from a 5+ angular distribution. This state and other negative-parity 

states will be discussed below. 

3.3.1. Positive-purity states. In figs. 5-8 differential cross sections for states in 

24A1, mostly of positive parity, are shown with corresponding DWBA calculations. 

In these figures the states have been grouped according to their spin, but in many 

cases second choices for the assignment have been indicated and unresolved groups 

have been analyzed with sums of theoretical curves. 

In table 2 all levels observed are labelled with their peak numbers from figs. 3 

and 4 and are matched up with theoretical counterparts in the manner described 



M.B. Greenfield et al. / 24Mg(3He, t)“AI 231 

10) 

24Mg 13He,t) *‘AI 

r---I 

E3,,=81 MeV 

Fig. 5. Experimental and calculated differential cross sections for l+ and possible 2- states identified 
in this work. The model wave functions on which these calculations are based are indicated in the same 

notation as in table 2. 
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Fig. 6. Experimental and calculated differential Fig. 7. Experimental and calculated differential 

cross sections for 2” states identified in this work. cross sections for 3+ states identified in this work. 

The model wave functions on which these calcula- The model wave functions on which these calcula- 

tions are based are indicated in the same notation tions are based are indicated in the same notation 

as in table 2. 
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as in table 2. 
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Fig. 8. Experimental and calculated differential cross sections for 4+ states identified in this work. The 

model wave functions on which these calculations are based on indicated in the same notation as in 

table 2. 

below. The subscripts 1,2,3,. . . , 10 attached to each J” value designate the ordinal 

number of the theoretical sd-shell level for positive parity. 

Although a precise one-to-one correspondence between predicted and observed 

levels is neither expected nor observed, this procedure is used for the sake of 

comparison. On the one hand the experiment does not always resolve closely spaced 

states and on the other hand there may be non-sd intruder levels of positive parity. 

The group at E, = 1.12 MeV has been shown to be a doublet of a state at 1.11 MeV 

and another at 1.13 MeV [ref. ‘“)I. Relying on the correspondence with the level 

ordering in 24Na and 24Mg and guided by the theoretical level scheme one infers 
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T=l states in A=24 
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Fig. 9. T = 1 levels in the A = 24 triplet. Data on 24Na and *4Mg and the correspondences between them 

are from ref.53). The levels in *4A1 are from the present work. The level scheme in the right column 

shows the result of the shell-model calculation of ref. 5’). The correspondences of levels of *4A1 with 

analogs in 24Na and 24Mg and with the theoretical levels are from the present work. 

that these must be a l+ state and a 2+ state. Since the cross section for the 1: state 

is predicted to be much larger than that of the 2: state and the centroid energy is 

1.111 MeV in our experiment we conclude that the lowest of the two must be the 

I+ state. 

The relatively poor fit of the 2: model state to the group at 1.56 MeV seems to 

be due to the presence of the 5: state and the group has been analyzed assuming 
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Fig. 10. Differential cross section and fit for the 6- state at 5.47 MeV. 

the presence of this doublet. For states above 3 MeV negative-parity states may be 

expected and an assignment of 2- gives a better fit in some cases than do l+ or 2+ 

assignments. 

The spin assignment to 3+ states is less ambiguous in general than to l+ and 2+ 

states and fits are of good quality. The model states 3: and 34’ are predicted to give 

very small cross sections and no corresponding candidates are observed experi- 

mentally in 24A1. However, the states at E, =2.90 MeV in 24Na and at E, = 

12.339 MeV in 24Mg [ref. “)I correspond well with the theoretical 34’ state. 

The 5: state is predicted to lie above 5 MeV excitation energy. Therefore the 

states at 2.369 and 2.546 MeV are most probably 4+ states, although 5+ reproduces 

the differential cross sections better at forward angles. For states above 3 MeV a 4- 

assignment is also possible. 

3.3.2. Normalizationsforpositive-parity states. All of the above calculations shown 

in figs. 5-8 have been normalized to the data by factors [(da/dR),,,/(do/d~),,,,], 

the square roots of which, N, are given in table 2. Most of the fits could be normalized 

with factors N ranging from about 0.6 to 2.0. This agreement was observed previously 

with the Schaeffer force where the wave functions of Gillet and Vinh Mau 55) or 
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TABLET 

States observed in 24AI via the *4Mg(3He, t)24A1 reaction. Spin assignments and normalization factors 

for the effective ‘He-n force 

Peak 

number (MEe”) 
J” 

Model wave 

function “) 
Normalization b, 

1 0.000 
2 0.439 + 0.006 

3 0.511*0.004 

4 1.111*0.003 

5 1.275 f 0.005 

6 1.563 f 0.007 

I 1.638 f 0.008 

8 2.369 f 0.004 

9 2.546 * 0.007 

10 2.832 * 0.006 

11 2.920 + 0.023 

12 3.037*0.016 

13 3.291 *to.012 

14 3.384*0.016 

15 3.500*0.019 

16 3.608 f 0.016 

17 3.716+0.010 

18 3.911* 0.006 

19 4.057 * 0.017 

20 4.129 +0.024 

21 4.301 f 0.03 1 

22 4.485 f 0.010 

23 4.764 * 0.008 

24 5.045*0.33 

25 5.337 f 0.010 

26 5.470*0.017 

21 5.531*0.019 

28 5.614 * 0.022 

29 5.692 f 0.026 

30 5.788 f 0.034 

31 5.908 * 0.016 

32 6.005 *0.014 

33 6.17OiO.016 

34 6.324 * 0.048 

35 6.462 * 0.024 

36 6.554*0.015 

37 6.697 * 0.019 

38 6.797 f 0.023 

39 6.925 * 0.032 

40 7.086 * 0.008 

41 7.360 f 0.003 

42 7.441 *to.018 

43 7.679 f 0.020 

4+ 

1+ 

2+ 

1+ 

( I 2+ 

3+ 

I 

(5+) 

(2+) 
3+ 

c4+, 5+) 

(4+, 5+) 
2+ 

Cl+) 

(2+) 
3+ 

(2+) 

(2+, 2_) 

CO+, l+) 
3+ 

Cl+) 

Cl+) 

(2+, 22) 

(4+, 4-) 
3+ 

(4+) 

Cl+) 
6- 

Cl+, 22) 

Cl+, 2-) 

Cl+, 2-) 

(3+) 

(2+) 

(3+) 

c2+, 22) 

(2+) 

(3+) 

(3’) 

Cl+, 2) 

(4+, 4-) 

Cl+, 22) 

Cl+, 2-) 

4+ 

1: 
2% 

: 
la 

I I 2+ 

3: 

1 

5: 

2+ 3 

3: 

4:, 5: 

4:,5: 
2+ 4 
1+ 

24+,&lf, 

3: 
2; 

2:, $f, 

o:, 1: 
3,’ 

1: 
1+ 

2:, &lf, 

4;, d;‘f, 

3: 

4:,46’ 
no fit 

1: 
d;‘f, 

l;,d;‘f, 

no fit 

l;, d;‘f, 

l;,d;‘f, 

3; 

2;,2:0 
3+ 9 

no fit 

2:,, d;‘f, 

2,+,2&l 
3+ 

3: 

1,+,&f, 

4+ 

1;, dplf, 

no fit 

l;, d;‘f, 

8.5 

3.2 

2.2 

0.89 

0.81 

1.0 

2.2 

1.0 

4.4, 1.4 

2.4, 1.0 

3.3 

0.71 

4.6,0.20 

1.4 

2.1 

1.3,0.13 

1.9,0.76 

1.4 

3.2 

0.95 

1.3,O.lO 

1.8,0.15 

1.2 

3.3,10.5 

2.2 

0.50 

2.2.0.15 

3.2,0.14 

4.0,0.44 

1.3 

3.5,2.1 

1.0 

1.6,O.lO 

3.3,1.7 

0.83 

0.90 

2.6,O. 11 

17.6 

1.8,0.08 

3.2,0.12 

“) The model wave functions are based on the “w” or “USD” interaction of ref. ‘I). For negative-parity 

states the simple configuration ld,,lf,,, was assumed. 

? N = [(da/dn),,,/(d~/d~n),,,,l”*. 



M.B. Greenjield et al. / “Mg(3He, t)24AI 243 

Clark and Elliott 56) were used to calculate transitions to final states of ‘*N and 16F 

[refs. 16,17)]. 

It was concluded in ref. 23) that normalization factors for transitions to unnatural 

parity states are usually around unity and thus that differential cross sections are 

described in a quantitative way. This is found to be true in this work for the 3+ 

states. For the l+ states it is true for some of the states with a notable exception 

for the fit of the 0.439 MeV state. We will come back to this later on. The normalization 

factors for 2+ states average around 2 and for the 4+ states this value is between 4 

and 5. This effect was noted in ref. 23) and was suggested to be indicative for a 

possible contribution of an L - S term in the effective force. It has been shown that 

such a spin-orbit term spoils the fits to isobaric analog transitions, but greatly 

improves the fits to the shapes of higher spin states. It would, however, need a 

strength roughly proportional to the square of the final spin in order to match the 

magnitude of the cross sections. Because of this inconsistency we chose to leave it 

out of the effective force used in the present analysis. It should, however, be noted 

that such a phenomenologically scaled L * S contribution would improve the fits at 

forward angles for the 4+ states, thus strengthening the 4+ assignments of the states 

at 2.369 and 2.546 MeV. 

The fact that normalization factors for natural parity states need a scaling roughly 

proportional to the square of the angular momentum transfer suggests that possibly 

a L. L term is needed in the effective interaction. At present the available computer 

codes do not provide this option*. 

The angular distribution of the l+ state at 0.439 MeV exhibits an unexpected 

strong dip at 0”. This might be due to interference between dominant terms in the 

model wave functions (2~,,~, Id,,, and Id,,, , Id,,, for example). Sample calculations 

attempting to explain this effect have, however, been unsuccessful in reproducing 

this effect. 

In previous 24Mg(p, n)24A1 measurements 26), 0” l+ cross sections were measured 

for the purpose of separating current and spin contributions to Gamow-Teller 

transitions. An earlier study by Berg et al. 57) compared the angle-integrated (p, n) 

cross sections at 35 MeV with B(GT) values obtained from inelastic electron- 

scattering experiments for the analog transitions. Both analyses, differing only in 

whether an overall normalization factor was used or not, showed reasonably good 

agreement between the (p, n) cross sections and B(GT) values. Anderson et al. *“) 

observed Of to 1+ transitions around 0.4, 1.1 and 3.1 MeV in excitation. In the 

present work further If strength was tentatively identified up to 7 MeV. This 

observation of additional l+ states can, however, not be used to draw any conclusions 

on the question of the missing Gamow-Teller strength. We can conclude that most 

of the cross section predicted for If states below 7 MeV is seen, but this cross section 

is dominated by the tensor component of the effective force. The V,, term is important 

only at very forward angles and any conclusion on Gamow-Teller strength would 

l Note added in proof: the very recently released update DWBA90 of J. Raynal allows as new features 
L. L and (L S)’ terms. 
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have to be based on 0” cross sections. The calculated sum of the 0” cross sections 

for l+ states below 8 MeV in excitation energy is 0.90 mb/sr. This is the sum for 

the first ten model states. Experimentally we find 0.80 mb/sr on states assigned l+ 

below 5.5 MeV. Above that energy assignments of 2- and l+ are in competition, 

but another 0.1 or 0.2 mb/sr might well reside on l+ states. It appears therefore that 

we identify in the present work most of the low-lying cross section that is theoretically 

predicted for l+ strength. 

3.3.3. Negative-parity states. A full shell-model calculation based not only on If 

and 2p particles and Id and 2s holes but also on Id and 2s particles and lp holes 

was not performed. Most strength associated with such configurations is expected 

to lie above 7 MeV in excitation energy. The few states that could be of negative 

parity, either on the basis of their angular distributions or by a possible association 

with an analog in 24Na or 24Mg have been analyzed with a single (d;f2fTj2) component 

for the sake of obtaining a quantitative standard. However, a calculation including 

all lhw AL = 1 single-particle transitions was performed in order to obtain an 

estimate for the total expected cross sections to the (O-, l-, 2-) bump around 10 MeV 

(table 3). 

For ‘*C and ‘60(3He, t) reactions, magnetic quadrupole strength has been observed 

as a collective excitation whereas in heavier targets it seems to be fragmented. For 

24Mg several possible 2- fragments down to excitation energies as low as 3 MeV 

are observed. Their summed cross section constitutes, however, not more than some 

20% of the expected strength for the (d;f2f7,2) configuration alone. We will discuss 

the issue of the (O-, ll, 2-) strength observed at higher excitation energies in sect. 

4 in the context of the systematics of this strength for self-conjugate nuclei. 

TABLET 

Predicted “) AL = 1 zero degree cross sections to all lp-lh configurations within a lho 

space and experimental cross sections observed ‘) in the (3He, t) reaction on targets of 

light self-conjugate nuclei 

Target 0- 1- 2- 
AL=1 AL=1 

(talc) (obs) 

‘*C 0.17 1.34 4.39 5.90 6.0* 1.0 

I60 0.19 0.85 7.19 8.23 7.4* 1.2 

=Mg 0.24 0.57 5.90 6.71 6.4* 1.1 

**Si 0.30 0.64 6.14 7.08 9.8+ 1.3 

=s 0.09 0.32 6.53 6.94 6.4* 1.1 
40Ca 0.60 0.70 6.52 7.82 9.9 f 2.0 

“) Calculation using the effective 3He-n force of ref. 23) assuming 1 ho AL = 1 transitions 

from the closed-core configurations “C: (p&*, 160: (p,,$, *sSi: (dsJ”, s*S: (s,,$ and 

40Ca: (ds,J8. A (d,,,)’ configuration was adopted for s4Mg (p.s.). Adopted Q-values are 

-22 MeV (2-), -25 MeV (l-) and -28 MeV (O-). 

‘) All observed cross sections above the breakup-transfer background in the energy 

region Q G -18 MeV and AL = 1 transfer in individual peaks or clusters identified for 

Q>-18MeV. 
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The most interesting of the negative-parity states in the low excitation energy 

region is the 6- state at 5.47 MeV. A simple wave function for a stretched state at 

5.47 MeV may be assumed to be a pure lhw excitation of a d$ hole configuration 

coupled to an f,,* particle excited from a d $ ground state. The calculated cross 

section for such a state, like the experimental angular distribution shown, peaks at 

about 23” (see fig. 10). The fit is good and provides a good test for the tensor part 

of the effective interaction through which the stretched state is excited. The quenching 

factor, adopting the same simple wave function and the same bound-state nucleon 

geometrical parameters is found to be 0.38 from (p, p’) and 0.41 from (e, e’) [ref. “)I. 

This is indicative of the degree to which the 6- strength is fragmented. The remaining 

cross section is expected to be moved to higher excitation energy. 

4. AL = 1 giant resonance systematics 

In fig. 11 the (3He, t) spectra taken at 0” on ‘*C, 160, 24Mg, **Si, 32S and 40Ca are 

compared with corresponding photo-absorption spectra 46,47,58). The choice of 0” as 

the angle for which to present the spectra is based on the fact that the 0 and 2- 

angular distributions are peaked at this angle, while those for the l- states are only 

slightly smaller than they are at their first maximum around 6”. Relevant sample 

angular distributions may be found in refs. 16-18) and in figs. 5 and 6 of the present 

work. 

In the (‘y, n) spectra almost all of the strength is observed on the isovector giant 

dipole resonance (GDR) which goes via AL = 1, AS = 0 transfer. By comparing the 

photo-absorption spectra of the target nucleus with the corresponding (3He, t) 

spectra, one may identify the analog of the GDR in the final nucleus. In all of the 

self-conjugate nuclei shown in fig. 11, except 32S, where a photo-absorption spectrum 

is not available, there is remarkable agreement between the two spectra with regard 

to both location and shape of the GDR. The shaded areas represent the estimated 

contribution from the breakup-transfer reaction. In this process the kinetic energy 

available in the outgoing channel is shared between the triton and a spectator-proton 

and gives rise to a continuous triton spectrum with a shape that is essentially given 

by the momentum distribution of the spectator-proton inside the 3He projectile 

superimposed on the beam velocity and the three-body phase space of the 

reaction 59,60). The shape of the spectrum is found to be reliably reproduced by this 

model “). Absolute cross sections invoke renormalization factors that include the 

effects of distortion and absorption 60). Matching the breakup-transfer contribution 

to the observed spectrum at the lowest recorded triton energies yields an upper limit 

for the breakup-transfer contribution and therefore a lower limit for the giant 

resonances cross sections. 

The Q-value for the analog of the GDR can be estimated from the GDR excitation 

energy systematics 61) in the parent nucleus (A, 2) and the Coulomb energy 

difference as 

Q(GDR) = -31.2A-“3 -20.6A-“6 - 0.70(22 + l)( 1 - 0.762-2’3)A-“3 + 0.764 MeV . 
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Fig. II. 12C, ‘%, '*Mg> %i, 32S %a &Se, tj spectra taken at S&b - , -OS. The dashed lines represent the 
photo-nuclear (‘y, of spectra shifted by the excitation energy of the lowest T = 1 state in the target nucleus. 

The shaded areas carrespond to the breakup-transfer cross section (see text). 
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The decrease of the first two terms with mass is nearly exactly counterbalanced by 

the increase of the Coulomb energy difference (third term), resulting in a predicted 

mean Q-value of -27 MeV for the GDR analog for all nuclei displayed in fig. 11. 

Experimentally the peak in the spectrum associated with the GDR lies around 

-25 MeV. The centroid energy of the magnetic quadrupole resonance (2-) is around 

-22 MeV and the O- is expected around -28 MeV [refs. ‘6-‘*)]. We adopt these 

Q-values in a calculation of the total cross section for all AL = 1 transitions within 

a lhw space. For each spin-parity class J” = O-, l- and 2-, cross sections were 

calculated for all single lhw one-particle-one-hole configurations relative to an 

adopted closed core configuration (see table 3) and were then added incoherently. 

The results are listed in table 3 and compared with the experimental cross sections 

obtained by integrating the spectra above the assumed breakup-transfer background 

from Q = -18 MeV downwards and the cross section in peaks or clusters at less 

negative Q -values identified tentatively as L = 1 transfers. It has to be noted here 

that the agreement is remarkable: all the predicted cross section seems to be 

accounted for by the calculation despite the fact that the breakup-transfer contribu- 

tion has been taken maximal and thus the observed cross section associated with 

the AL= 1 resonances as minimal. 

A notable feature of these calculated cross sections is the dominance of the 2- 

component. The O- component is predicted to be small and its main cross section 

is expected at higher excitation energies. Also the l- component, part of which is 

observed in the lighter nuclei and can be identified through its correspondence with 

the photonuclear spectra is predicted to be small as compared to the 2 component. 

Thus it appears that the 2- strength peaks at a Q-value around -22 MeV but in 

addition has a strong tail that extends towards higher energies. 

It remains to investigate to which extent the (3He, t) is selective for the excitation 

of the analog of the giant dipole resonance which is characterized by AL = 1, AS = 0. 

This selectivity is suggested by the resemblance with photo-nuclear spectra. In sect. 

1 it was shown that the spectra of the (3He, t) and the (p, n) reactions taken on “C 

also exhibit a striking similarity. We take ‘*C as a case study to investigate the origin 

of this resemblance, using the wave functions of Gillet and Vinh-Mau 55). These 

wave functions have been used in ref. 16) in an analysis of the (3He, t) reaction. 

They correctly reproduce the observations that the largest fragment of strength for 

the [ax rY, t_ ; 2-I operator, which is represented by the 2; model state, comes 

around E, = 4 MeV, while most of the [ rY,f_; 1-1 strength falls around E, = 7 MeV. 

This latter strength resides on the 1; model state. Higher-lying l- model states carry 

the main part of the [U x rY, t-; 1-l spin-flip strength. In the (3He, t) reaction the 

2- states are fully dominated by the tensor component of the effective force and 

the 2; state has the largest cross section. In the (p, n) reaction at 160 MeV this state 

is excited mostly by the real part of the (~7 force. The 1; state is dominated by the 

V, force in the (3He, t) reaction and also has a cross section which is an order of 

magnitude larger than those of the other l- model states. Also in the (p, n) reaction 

for the 1; state the VT contribution is the most important, just slightly larger than 
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that of the (TT component. Unlike in the (3He, t) reaction the cross sections of the 

higher l- and 2- model states are not smaller here than that of the 1; state, but 

are of comparable magnitude. 

With the help of the unbound-state subroutine, as for example used in the program 

DW81 [ref. 4g)], one finds that the 2; state has a half-width of about 0.8 MeV while 

that of the 1; is about 3.0 MeV. The widths of the higher-lying states are significantly 

larger, in the order of 10 MeV. Thus the fact that the cross section in the 1; model 

state, which represents most of the non-spin-flip dipole strength, is also pronounced 

in the (p, n) reaction (see fig. 1) is caused mostly by the smaller width of this state. 

In the (3He, t) reaction it is caused in addition by its prominent cross section. 

The situation with regard to the selectivity of the (3He, t) reaction for the non-spin- 

flip strength on l- states is similar for the other self-conjugate targets investigated 

in this work: the analog of the GDR is excited strongly in the first place and secondly 

it happens to lie in an excitation energy region where a single particle-hole state 

still has a sufficiently small width to make it stand out as compared to higher-lying 

states. 

5. Summary and conclusions 

Recent success in establishing an effective 3He-n interaction for the (3He, t) 

reaction along with significantly better energy resolution make the (3He, t) reaction 

a viable charge exchange reaction. A one-step, direct reaction model based on a 

phenomenological renormalization of the Schaeffer force provides a useful approach 

for the (3He, t) reaction at 27 MeV/nucleon. Using this approach makes the (3He, t) 

reaction a useful spectroscopic tool. Spin-parity assignments, based upon com- 

parison with DWBA using microscopic transition densities have been made for 

states in 24A1. 

The cross section associated with l+ states below an excitation energy of 8 MeV 

is found in agreement with the large-basis shell-model calculation of Brown and 

Wildenthal ‘I). 

Assuming the collective excitations observed around 10 MeV to be a AL = 1 

resonance with J” components O-, l- and 2-, th e expected amount of this strength 

is exhausted within the rather large experimental errors in estimating the breakup 

background under the “bump”. Similarly most of the AL= 1 strength is found to 

be exhausted in the corresponding region for all investigated self-conjugate nuclei 

from 12C to 4oCa. 

The (3He, t) reaction is found to exhibit a selectivity for exciting the analog of 

the non-spin-flip giant dipole resonance (GDR), due to its prominent cross section 

in the first place and on the relatively modest widening of its natural line-shape in 

the isotopes investigated in this work. 
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