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Heavy ion direct reactions show various interesting features. In particular, 
multip>"~leon transfer reactions provide unique opportunity for making direct stu
dies of inultiparticle-multihole states. In the past few years, the use of relati
vely high energy beams on light nuclei, i.e., ̂  10 MeV/nucleon beams on the (Op) 
and (ls,0d) nuclei, has demonstrated extremely useful characteristics for inves
tigating high-spin cluster states ' ) . In this report, several examples of such 
reactions are presented in order to consider some of the spectroscopic problems 
extracted from actual expemental results. 

The presentation in not intended to be a review of the subject, and the exam
ples quoted are from the work carried out at Texas A & M. The discussions are made 
along with experimental findings and explicit theoretical treatments are not men
tioned. The detail of the reaction mechanism is not the purpose of the present re
port, however, the basic characteristics is illustrated, since that is an essen
tial factor making the reactions considered uniquely useful for the spectroscopic 
study. There are two such essential characteristics, the selectivities reflecting 
the reaction dynamics and the structure effect on the reaction mechanism. After 
establishing such basic features, we consider actual examples of two-, three-, and 
four-nucleon transfer reactions emphasizing spectroscopic problems. In each exam
ple, different types of problems are mentioned to demonstrate a variety of possibl 
investigations involved. 
REACTION DYNAMICS 

In the early stage of the study of transfer reactions induced by heavy ions, 
we learned that the reaction dynamics plays a drastic rcle. A cross-section for a 
transition to a certain residual state strongly depends on its reaction Q-value 
and residual spin. It is customarily called "Q-value effect", "Q-window" or more 
precisely "transfer angular momentum and Q-value effect". A quantitative estimate 
of such an effect is of course to be made by performing a proper reaction mecha
nism calculation for each actual case such as DWBA analyses. However, it is not 
difficult to figure out the gross feature in general without carrying out an ac
tual calculation, and it is briefly illustrated. 

The basic characteristics which determines the beha.'ior of the heavy ion trans 
fer reaction comes from several factors involved. A large linear momentum due to 
heavy masses gives rise to large angular momenta during the collision process. The 
transition amplitude is proportional to the spatial overlap of the bound state 
wave functions of the transferred particle in the projectile and residual nuclei, 
that in turn yields a tight spacial localization at the surface region. Consequen
tly, a pn . v-ss can b ated with well confined partial wave components of the 
relative motions cf the initial and final channels. For a given reaction, the 
values of these angular momenta contributing to the process are different in the 
initial and final channels due to the changes of the compositions of masses and 
charges, «md reaction Q-value. Such a difference, transfer angular momentum, must 
be absorbed in the outgoing nuclei as their intrinsic spins. In an actual reaction 
where the ejectile usually 3tays in its ground state, the spin of the residual 
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nucleus thus takes a series of allowed values from this difference. However, it 
was pointed out 2) that the cross-section is further enhanced for the transition 
with the angular momentum transfer being [Lj-Lfl, where Li and Lf are some criti
cal angular momenta of the incident and final channels» respectively. We should 
see if such a picture is really materialized in actual reactions. 

As examples, the two-nucleon transfer reactions initiated from N + , 2 C with 
the 155 MeV incident '^N beam •*'. Energy spectra measured simultaneously for the 
(np)-, (pp)-, and (nn)-transfers are shown in Fig.l. Several observations can be 
made here. It is first noticed that the yields are vastly different between the 
(np)-transfer and the other two. In the 'ZcO^N, >2C)'*N channel, there are many 
peaks in the low excitât'on energy region, while towards the high excitation ener
gy region, a continuum spectrum developes. In further details, strong transitions 
are seen for the 5* state at S.96 MeV, and possibly for the 4* state at 12.7 MeV 
in the residual '*N nucleus. In addition, there appear to exist strong transitions 
to these states with the , 2 C nucleus in its first 2* excited state at 4.44 MeV as 
indicated. The first question is to figure out the large difference in cross-sec
tions between the (np)-channel and the other two channels. In Fig.2, the angular 
momentum transfer and Q-value effect mentioned above are illustrated. The solid 
curves show the values of |L£-Lf| as a function of the excitation energy, where 
L's were simply estimated from the relationships between the incident eneigy, 
Coulomb and centrifugal barriers. The points represent the known states *) with 
spin assignments. There are many more states reported without their spin values 
assigned, especially in the high excitation energy regions (shaded areas). The 
dashed lines are just connecting the highest spin states to indicate the effective 
yrast lines. In the top figure, the (np)-transfer channel, it is seen that the 
most probable transitions along the curve |Li-Lf| lie below the yrast line, indi
cating expected transitions to many states, and that is what is observed in the 
actual spectrum. In the high excitation energy region, the process must populate 
many overlapping states yielding a continuum spectrum as observed. 

In the middle in Fig.2, the (pp)-transfer, the (Lj-Lf| curve lies far above 
the yrast line due to the large negative Q-values involved. Therefore, extremely 
small cross-sections are expected for any transitions, i.e., a badly mismatched 
reaction. A similar situation is held for the (nn)-transfer reaction. The gross 
features of these reactions are thus explained qualitatively by such a simple sche
matic model. In fact, detailed DWBA calculations showed 3) that the observed dif
ferences in cross-sections are well explained by the reaction dynamics. 

It is seen in the examples above, that the reaction dynamics plays an important: 
role, and corss-sections can vary by a great amount. It is now noted that this 
feature can provide an advantageous situation. In the bottom, the three-nucleon 
transfer reaction '2c(l°B, 7Li)' 50 with the 100 MeV incident energy is considered. 
In this case, the most probable transitions along the |Lj-Lf| curve crosse the 
yrast line as seen in the figure, thus we expect enhanced transitions to isolated 
states in this crossing region. In addition, in the low energy region, no strong 
transitions are expected, and in the high energy region, it should yield many 
overlapping low spin states resulting in a continuum. The actual spectrum 5) is 
shown in Fig.7, and indeed very selective populations to the 11/2, and 13/2* states 
are observed strongly together v;ith a large continuum spectrum towards high exci
tation energies. This selectivity is the crucial quality, because without such 
strong differentiations it is very difficult to observe those high spin states out 
of a large number of states present in such a high excitation energy region. 

In the spectrum of , 2C('*N, , 2C) , 4N, the strongest transition was obtained to 
the 5* state at 8.96 MeV in '*N, besides the complicated ppaks containing the de
tection of , 2C*(4.44 MeV). This 5 + state in '^N is considered to be the stretched 
configuration state having the (ds/2) 2 structure coupled to the , 2 C core. This 
finding of a strong transition to the stretched configuration state is not an iso
lated case. In fact, it is rather common feature observed, and a qualitative un
derstanding of such an enhancement may be made in a very simple classical picture. 
If one considers the process classically, the nucléon transfers should be easiest 
when they all go into the orbits which are on the reaction plane. Then these 



nucléons all have m = j, thus the tot.'l magnetic quantum number to be the sura of 
all these j*s, resulting in the stretched state. 

The arguments above and many other details would actually be obtained if we 
develope a more quantitative reaction mechanism theory. Brink '»*' has given a 
semiclassical theory for these reactions considered here. The model treats the 
angular momentum algebra properly, and also the structure information is incorpo
rated through the spectroscopic amplitudes as usual. Actual cross-sections can be 
evaluated in this model, and the experience applying to a nuitk^ous reactions shows 
that the general trend in a given reaction is correctly predicted. Because of its 
simplicity and lack of any other accurate theoretical treatment make the model 
quite useful. 

Finally brief comments should be made on the DWBA theory. Heavy ion reactions 
initiated enormous developments in the theory of DWBA. One has quite sophistica
ted programs in which the finite-range interaction and recoil effects are exactly 
treated. A systematic investigation of the single-nucleon transfer reactions have 
undertaken to learn the validity of such treatments, and the results were quite 
encouraging ''. It is convinced that the single-nucleon transfer reactions in the 
present energy range and masses are quite accurately **) analyzed by the DWBA. As 
to multinucleon transfer reactions, the situation is not so clear at the present 
time. The problems are manyfold. The angular distribution (even for the single 
nucléon transfer) does not show any structure in general, but an exponentially 
decaying pattern, partly because the recoil effect effectively introduces additio
nal transfer l's of opposite parity **), Also large angular momentum transfers, in 
which case we are really interested in, destroy any clear oscillational patterns. 
Therefore, the magnitude of the transition is the only information to be dealt 
with, and it is well known that evaluation of the absolute corss-sections are much 
more involved. For a long time, the two-nucleon transfer reaction has been a sub
ject of the DWBA analyses in which the absolute cross-sections are usually not 
reproduced 10). 

Under such situations, applications of the exact-finite range (EFR) DWBA "' 
were made for some of the two-nucleon tiansfer reactions considered here. Examples 
are shown in Fig.3 for the reactions , 2 C ( ' 0 B , 8 L i ) , 4 0 and , 2 C ( , 0 B , 8 B ) l 4 C with 
100 MeV incident energies. As discussed later (Fig.4), these reactions populate 
strongly the 3~ and 4 + states for which the analyses were made. As seen, the DWBA 
fits are quite successful for the snapes of the angular distributions, except for 
that of the 4 + state in '^0. The absolute magnitudes were found to be consistently 
smaller than the experimental values by about a factor of 3, except again for the 
4* state in '^0. Although this discrepancy of the absolute cross-sections exists, 
the result should be considered quite satisfactory in predicting the correct rela
tive magnitudes as well as the shapes. Several improvements can be speculated '0). 
The present calculations were made by assuming a one-step cluster (S • 0, T - 1 
di-nucleon cluster) transfer which is certainly to be examined for more detailed 
analyses. Whether the correct radial shapes of the bound state wave functions, 
especially in their tail parts, are also questionable in this conventional treat
ment. 

The failure of the theoretical analysis for the 4* state in '^0 hints 8 cru
cial problem. This is the only state here which is particle unstable, and the cal
culation was carried out by artificially making it slightly bound. In fr :, it was 
found that the calculated result is very sensitive to the binding energy assumed. 
Since the real interest in the present subject lies in the high-spin states at 
high excitation energies, we often encounter this problem of unbound states. Al
though the DWBA calculation could be properly performed with unbound states, it 
poses great complexities in practice. 
STRUCTURE EFFECTS 

In the above, the reaction dynamics leading to a possible selectivity was des-
cribpd. The experimental results show the convincing evidence of the common cha
racteristics of another selectivity reflecting the structures of the states invol
ved. The transition observed is always found Duch that the transferred nucléons 
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iK-gm here»». | a r e ,u £ n r e i a t i v e s-states with respect to each othf.r (wc consider up to four 

nucléons as a, beyond this of course s-states are not possible). This is the rea
son that the processes may be called as cluster transfer reactions» although a 
caution should be taken in defining the cluster in a precise sense. 

( A simple interpretation may be given why such clusterings are favored in trans
fer reactions. If nucléons are transferred in a single step, the wave functions of 
these nucléons can be expressed in terms of their internal wave function and their 
center of mass wave function around the core. If the internal wave function takes 
the lov.'ist number of quanta, the center of mass wave function has the largest num
ber of quanta which in turn gives the most number of nodes. Therefore, such a con
figuration produces the largest amplitude in the outer region where the transfer 
takes place. Alternatively, if the transferred cluster corresponds to a real nu
cleus, such as d,a etc., it has the tightest binding energy in the internal wave 
function, that nakes the cluster the least binding to the core, again resulting in 
a large amplitude in the region of the transfer. This clustering phenomena must be 
examined in each case, but the findings so far indicate that the multinucleon 
transfer reaction provides a mean of investigating the cluster structure of nuclei. 

Technically the structure^information is obtained from a direct reaction 
through the spectroscopic amplitudes. The definition of spectroscopic amplitude 
commonly used is a generalization of that given by Ithirara et al. '2). We follow 
exactly reference '?, and the details are not repeated here, except to mention a 
few remarks for the following discussions. It is convenient and common to use the 
SU(3) scheme to represent a cluster state, since there is a close relation between 
them '-*'. Therefore, in the following, various structure models are transformed to 
the SU(3) representation to measure the cluster strength. It should also be men
tioned that in recent years there have been a number of theoretical analyses of 
spectroscopic amplitudes of possible projectiles for various reactions, which are 
of course necessary in the present type of investigations. In fact, a reaction 
should be chosen according to such estimates to maximize the cross-sections. 

Further discussions are not necessary here, instead examples of actual reac
tions are considered in the following, and the structure effects are discussed in 
individual cases. 
TWO-NUCLF.ON TRANSFER REACTIONS '*) 
I ' l2Si]--è, jLÎ2%_and.lfÇjlVV*Ç 

Energy spectra measured simultaneously are shown in Fig.A. The selectivity 
discussed above is beautifully demonstrated. An emphasis should be made again that 
these clean spectra having only two peaks are quite impressive considering the 
level densities in such wide energy ranges. These two peaks observed in each spec
trum are identified to be the 3~ and 4* states in the residual nucleus as indica
ted. They correspond to the stretched configuration states with the transferred 
nucléons having the configurations [(pj/2) (^5/2)'I3- and [(^5/2)^4*'» respective
ly. Furthermore, they carry the strengths of SU(3) (3,0) and (4,0) symmetries, 
representing the S ° 0, T • 1 di-nucleon cluster orbiting around the '^C core with 
L = 3 and L • 4, respectively. 

For a quantitative examination, the DWBA analysis was carried out as mentioned 
above. The spectroscopic amplitude obtained by Cohen and Kurath '5) w a 8 u g e (| for 
the projectile 'OR, The jj coupling wave functions given by True '°' were trans
formed to the SU(3) scheme for the residual states 3" and 4* states (for the lat
ter a small mixture of the configuration (^5/2)(^3/2) w a s also included). The 
successful results obtained in such analyses confirmed the arguments of the cluste:• 
transfer and to a degree of accuracy in the DWBA used the wave functions *>t these 
residual states. It should also be mentioned that the use of these analog reaction) 
automatically provides a simple method rf finding analog states without any detai
led analyses 5). 

The energy spectra shown i:i Fig.5 demonstrate similar features to those in the 
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above. In the present reactions, however, the I 6 0 core has already filled the Pi/2 
shell, thus the 4* state seen is the only dominant peak. It is also noted that the 
selectivity due to the reaction dynamics in these cases is slightly relaxed compa
red to the reactions on '2c, making weak but definite populations to the first 2 + 

states. The DWBA analyses using the mass 18 wave functions from the recent shell 
model calculations by Lawson, Serduke and Fortune '*' confirm-id our understandings 
for nhese observed states. 

It was noted, however, that there exists a puzzling problem. The shell model 
calculations "»'°'always indicates that the first 4* state observed here does not 
exhaust the SU(3) (4,0) strength. In fact, a larger strength should be attributed 
to the third 4* state yet to be discovered at around 8 to 9 MeV ' ? ) , i.e., the 
wave functions of two states concerned in the jj coupling scheme from reference ''* 
and the amplitudes projected '*) to the leading SU(3) (4,0) are : 

4| ; . 9 8 6 | d 5 / 2
2 N > + .15l|d 5 / 2 d 3 / 2 > .576 (amplitude of leading SU(3) term) 

4 3 ; —.II 3| d3/ 2
2^>"*" , 9 0 8 | d 5 / 2 S / ^ , 7 6 2 < a m P l i t u d e o f leading SU(3) temr). 

Since the reaction dynamics also affects the cross-sections, the DWBA calculations 
were made to estimate the actual cross-sections, and it was found that the third 
4 + state assuming at 8 MeV should show at least a halt the strength of the obser
ved first 4 + state. Therefore, the absence of this state is still not understood, 
and further investigations pre required to solve this puzzling problem. 
3. |u B^ Li2 F_and NjÇ B^ B£ N 

As the last example of the two-nucleon transfer reactions, we consider odd-odd 
nuclei. The energy spectra are shown in Fig.6. In the '"F spectrum, the doublet 
in the low excitation energy region are identified to be the 2" and 3" states in 
'&F, which predominantly have the (pi/2) 2(^2/2)' configuration. The analog of 
these states in '*>N are unresolved in the present spectrum, but the strength and 
the width of the lowest excitation peak is consistent with the populations of 
these states. In the high excitation energy region, there are three strong peaks 
and one weak peak in each spectrum. 

From the knowledge of the reactions leading to the mass 14 discussed in I 

but 
expect 

the populations of the 2" and 3" states from the coupling of the 3" configuration 
(4~ is not possible from this configuration), and indeed they are the doublets 
seen. Similarly, the coupling of the 4 + configuration should split into the 3 + , 4 + 

and 5 + states which are not known at the present time. It is expected that any 
detailed structure calculations should identify them as those strongly populated 
states at high excitation in Fig.6. In the absence of such theoretical predictions, 
simple estimates of the central energies of these triplets were made using the 
Bansal-French-Zamic 19,20) particle-hole coupling inodel. In the model, the excita
tion energies of the 4* parent state in mass 16 systems are calculated by relating 
to the relevant mass energies of known states, and the particle-hole and Coulomb 
energies arc estimated from the systematic survey of empirical values, i.e., 

M [ , 6 N ( 4 + , T - J)] - M[ , /*N(g.s.)] + M [ , 8 0 ( 4 + , T - 1)] - M[ , 60(g.s.)] - 4a 
M [ , 6 F ( 4 + , T « I)] - M[ , 4N(g.s.)J + M [ , 8 N e ( 4 + , T - 1)] - M[ , 60(g.s.)] - 4a • 2c 
where a and «. are parameters representing the particle-hole and Coulomb energies, 
respectively. Using the parameters from the Zamic's analysis 2 0 ) t the central 
energies for the '&N and '*>F were evaluated to be 6.34 - 6.62 MeV and 6.94 - 7.22 
MeV, respectively (two values are obtained depending on the two parameter sets in 
reference 20), These values are in quite good agreement with the observed three 
strong peaks. 

In further details, the observation of small transitions to the previously 



jknown 5 + state at 5.74 MeV in , 6N (and its obvious analog at 6.33 MeV in , 6F) pre-
sents an intersecting problem. From the '^Cfa.d)'^ reaction study 21), this state 
is considered to have a dominant structure of |(d5/2)|,+ T „ Q © C 0 * T - ll5*' 
Therefore, the observation of these states must mean either that the reaction me
chanism is more complicated or there exists a considerable mixing with the 5* stats 
discussed above through the (o.a)(T.T) type interaction. In either case a further 
study is strongly desired to understand this finding. 
THREE-NUCLEOi; TRANSFER REACTIONS 
'• l?Ç(!°Bi_!ii)l!î>.and.:V°Bi_W5N 5) 

The general features involved in these three-nucleon transfer reactions are 
quite similar to that of the two-nucleon transfer reactions discussed above. In 
addition, the details of this particular study is described elsewhere ^\ and also 
a thorough discussion is given by the Oxford group ' ) . Therefore, only a brief 
description is given here. The energy spectra are shown in Fig.7, where only twe 
dominant p.-aks are seen in each spectrum. These strong transitions correspond to 
the populations of the H/2~ and 13/2* states. The configurations of these states 
are considered to have the (pj/2)'(sd)2 structure for the 11/2" state, and the 
(sd)3 structure for the 13/2+ state, thus again the stretched configuration states. 
Comparisons of the various shell model calculations show consistent pictures ') 
with the observations. 

In terms of the cluster scheme, these two states belong to the SU(3) (5,0) and 
(6,0) symmetries, and the S « 1/2, T - 1/2 cluster (3He-and t-like clusters) 
having L = 5 and 6 motions around the core for the 11/2 and !3/2+ states, respec
tively. It is interesting to notice that while the standard structure models can 
explain the experimental findings, an entirely different cluster model also showed 
agreeing results. Buck, Dover and Vary 22) ĵ g approached the structure of these 
mass 15 nuclei, by generating the optical potential of triton (or -Hie) on the , 2C 
using the double folding method. The resulting optical potential is then used to 
obtain the rotational bands of the negative and positive parities. Confining the 
number of quanta to be 5 and 6, thus corresponding to those two SU(3) shell model 
configuration states mentioned above, they successfully evaluated the positions of 
the 11/2" and 13/2+ states as well as many other quantities. Such approach in gene
ral should be encouraged, since the present type reaction studies will explore 
high lying cluster states for which the shell model needs to expand its configura
tion space and loses its simplicity and elegance. 
2 • lÎ0Llhz ^Li)! V_and_ » foC, [ °_Bx _?Be) [ ?F_23) 

Again the details are described elsewhere 23) 3nd only a few remarks are men
tioned here. The energy spectra are shown in Fig.8, where quite many peaks are 
seen reflecting less stringent selectivity in the reaction dynamics. In these 
reactions, we expect to populate first the ground state rotational bard having 
three nucléons in the (sd) shell anc* belonging to the SU(3) (6,0) symmetry. Using 
the semiclassic.il model of Brink, the relative population strengths for these 
members of the ground rotational band were examined. Several sets of the shell 
model wave functions were taken for the residual states. In general, the agree
ments were good, for instance two of those 24,25) a r e displayed in the top of the 
figure where the theoretical values are shown by the rectangulars comparing to the 
experimental cross-sections. Besides the details 23,26)^ therefore, the transition 
to the ground state band is understandable. 

The real interest lies, however, in understanding of the extra transitions 
observed in the higher excitation region. The next band which is expected to be 
populated in the present reactions should be the SU(3) (7,0) band having the con
figuration (sd)2(pf)l coupled to the '^O core. In order to learn how the energe
tics of such states are expected, the rotation-particle coupling calculation was 
carried out. The model assumes the well known (9,0) band of 20JJC t o j,e t n e core 
and one hole in the (sd) shell with the Coriolis mixing. The result can not be so 
quantitative, but the indications were that indeed such states should be respon
sible for some of the observed transitions. Recently, a theoretical analysis using 
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a cluster model was carried out by Buck and Pilt 26) t j t t which they predicted the 
state ac 9.87 MeV in '% (the analog of this state is in the broad peak at around 
10 MeV 2 3 > ) to be the 11/2" and the scate at 14.15 MeV to be 15/2" belonging to 
this band. Ther.•> are stili many more peak° seen in the spectra. However, it is 
pointed out *°»*') that there appears tc exist strong mixing in these structure 
states with the Ap-lh configuration states, and .he understanding of the whole 
structure must await more investigations. 
FOUR-NUCLFON TRANSFER REACTION'S 
' • 1 V - N ^ V ! W 28> 

Alpha transfer reactions are certainly most interesting processes, and much 
effort has been made. At first, the present reaction appears to be a strange reac
tion for studying alpha transfers. However, it is noticed that the spectroscopic 
factor in this process is quite large, suggesting a certain advantage. Table I 
lists some of the alpha spectroscopic factors from the analyses by Kurath *''. It 
should be noted also that the process does not give a large strength to the exci
ted ejectile channel, i.e., ('̂ N, ' 0 B * + ) , while many other reactions have signi
ficant or even larger strengths to such channels to complicate final spectra. Con
sidering such advantages, a study to populate alpha-like states in 20{ie vas per
formed. The details are described elsewhere 28) ̂  thus again only interesting fea
tures are mentioned. In Fig.9, an energy spectrum taken with the 155 MeV incident 
energy is; shown. The states expected to be populated are first the members of the 
ground state band (K1T=* 0*) having the (sd* configuration belonging to the SU(3) 
(8,0) symmetry. As seen in the spectrum, they are indeed populated with the high-
spin enhancement due to the reaction dynamics, vhich is shown in the top of the 
figure by comparing to the theoretical transition strengths calculated using the 
semiclassical model of Brink. The next band which the reaction -should populate is 
the SU(3) (9,0) band having the (sd)-*(pf)' configuration. Again the reaction 
shows the proper transitions to the members of this band. These findings confirm 
that the reaction is an alpha transfer process. 

An extension of the argument leads to the next alpha-like states belonging tc 
the SU(3) (12,0) band with the (pf)^ structure. It was thus sorted if any of the 
peaks observed can reasonably correspond to the transitions to such states. Assi-
gnements tentatively suggested are shown in the figure. It was noted, however, 
that the strength of this band appears to be smaller than the simple SU(3) model 
prediction (the theoretical estimate '2) predicts the alpha spectroscopic strength 
of this band to be 3.14 compared to that of the ground state band of 1.00, while 
in the figure it was taken to be 0.7). In order to understand such a discrepancy, 
a SU(3) shell model calculation was carried out with much extended configuration 
space to include higher shell orbits. It was then '.ound that the (9,0) strength i: 
considerably fragmented into many orbits. Such finding is significant, since the 
ordinary shell model with a limited space really shows its insufficiency for such 
high lying cluster states. 
, 20.. ,14., 10„v24M 2. Ne( N 2 B) Mg 

24 For the final example, the alpha transfer leading to Mg is considered. The 
addition of the (sd) (8,0) particles to the 20jje ground state should produce the 
states belonging to the SU(3)(8,4) symmetry in 2^Mg, which may be classified into 
three bands with K1f « 0 +, 2 +, 4 +, It was noted that the alpha strengths distribute 
among those states in an interesting manner. Table II lists the relc ive alpha 
spectroscopic factors calculated by Draayer 30) f using the SU(3) shell model. It 
is seen that there is a unique trend in these strengths, i.e., strong transitions 
are to the states 0 +, 2 + (W = 0 +) ; 4 +, 6 + (Kïï » 2+) ; 8+ (Kïï - 4+). Therefore, 
the strengths are distributed according to the K quantum number, which may be 
called as the (K,L)-selection 'I), 

An experimental spectrum taken with a 155 MeV '^N beam is shown in Fig.10. The 
K-dependence is clearly seen in the spectrum, i.e., weak populations to the 4 +, 6"* 
and 8 + sta'es in the Kïï = 0 + band (the 0 + and 2 + states are not strong, but they 
arc deppressed by the reaction dynamics, while the 4 +, 6 + and 8 + states should be 
S.^yçU:^).±.y-^^^%^c./*tj>^A.^*^^P.PJLfi...iVLt-^9-.^. ".J?+ hand are indeed strongly_p£[>u-



latcd. In the negative parity bands, similar feature must be present because the 
spectrum shows also non-uniform strength distributions. Furthermore, the high 
lying states decay by alpha particle emissions, providing opportunities of direct 
alpha width measurenents. In fact, some known results 32) a r e consistent with the 
estimates mentioned above. The understanding of this K-dependence in the alpha 
strengths is most interesting, since the K quantum number signifies how alpha clus
ter orbits are favored in the deformed field, providing one more information about 
clustering phenomena. In practice, this characteristics may also give an additio
nal mean of finding K quantum numbers. 
CONCLUDING - REMARKS 

The characteristic selectivity due to the reaction dynamics and the clustering 
structure among transferred nucléons was described first. Using such an advanta
geous selectivity, we can sort out certain states, i.e., high-spin cluster states. 
Examples were then mentioned where such characteristics are well demonstrated. In 
each example, it was tried to mention different problems extracted from the study, 
in order to see various aspects involved in this type of investigations. It is 
clear that lack of reaction mechanism theory hinders quantitative arguments at 
present time. On the other hanû, richness in the experimental results is tremen
dous suggesting the future study of this kind. Especially, the refinements of ex
perimental measurements, such as better energy resolution measurements, use of 
various incident channels to study a given residual nucleus, variation of incident 
energies to change reaction dynamics, etc.. should be explored. It is also inte
resting to extend to heavier mass region, to more massive particle transfers. Con
sidering these, it may be said that the study of the multinucleon transfer reac
tions is still at the very primitive stage. 

Finally, I wish to thank my colleagues M. Hamm, C.W. Towsley, K.G. Nair, 
R.G. Hanus and T. Kisl.imotc with whom the studies mentioned were carried out. I 
also wish to thank DPh-N/Be Sac!iy for my stay during which some of the work and 
die preparation of this article were made. 
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FIGURE CAPTIONS 
Fig.I Energy spectra of ( , 4N, , 2 C ) , ( , 4N, , 2B) and ( , 4B, l 2N) on "*C at 5.5* 

with the 155 MeV incident beams. The prominent peaks arc identified with 
the known states. Possible ejectile excitations are also indicated in the 
top spectrum. 

Fig.2 Relationships between the enhancements due to reaction dynamics and the 
known states for the reactions l2c('*N, 12C)1*N, , 2 C ( , A N . , 2 B ) , 4 0 and 
I2C(10B, 7 Li)l5 0. The solid curves indicates the most probable transitions 
estimated by the simple schematic model, and the points correspond to some 
of the known states (shaded area denote many possible states). The dashed 
lines show the effective yrast lines by connecting the highest spin states 

Fig.3 Angular distributions of the 3~ and 4+ states populated by the ractions 
indicated. The curves show the EFR DWBA fits described in the text. 

Fig.4 Energy spectra taken at 8.4° with the 100 MeV incident beam. 
Fig.5 Energy spectra taken at 10.8* with the 100 MeV incident beam. 
Fig.6 Energy spectra taken at 10.8* with the 100 MeV incident beam. 
Fig.7 Energy spectra taken at 14.0* with the 100 MeV incident beam. 
Fig.8 Energy spectra taken at 10.8* with the 100 MeV incident beam. In the top, 

the cross-sections to the ground state band members are compared to the 
theoretical predictions using the semiclassical model of Brink with the 
shell model wave functions of Rogers 2^)(b) and Strattman 25)( c). 

Fig.9 Energy spectrum taken at 9.3* with the 155 MeV incident beam. The three 
bands discussed are indicated in the middle, and in the top, the cross-
sections are compared to the Brink's model. 

Fig.10 Energy spectrum taken at 9.0" with the 155 MeV incident beam. The known 
members of the various bands are indicated. 
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»* TABLE I 

Spectroscopic f.-^tors from reference 29) 

S 
Reactions £ 

X 
L - 0 L = 1 L >= 2 L - 3 L « 4 

( , 6 o , , 2 c ) 0.000 0.2348 

< % . % ) 4.435 1.3007 

('Y'0*) 0.000 0.0122 0.6845 

<'V%) 0.717 0.0041 0.1254 

( , 2 C 8 B e ) 0.000 0.5567 

( , 2 C , 8 B e * + ) 2.9 0.7130 

( n B , 7 L i ) 0.000 0.2590 0.3952 

f n B 7 L i * > 0.478 C.00I? 

('°B,6Li) 0.000 0.0000 0.0027 

( , 0 B . 6 L i * + ) 2.184 0.22C3 0.5972 0.2455 

( 6 L i , d ) 0.000 1.125 

( 7 L i , t ) 0.000 1.19) 

TABLE II 

Spectroscopic factors for Ne + a -> Ilg (8,4) normalized to the 
ground state take.i from reference 30) 

JV 

K* 0* 2 + S 6* 8 + 

0 + 1.00 0.37 0.00 0.15 0.00 

2 + 0.05 0.46 0.71 0.05 

4 + O.OO 0.04 O.tiO 


