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I. INTRODUCTION

This is a progress report, describing the accomplishments in basic
research in nuclear physics carried out by the theoretical nuclear physics
group of the Department of Physics of the University of Texas at Austin,
during the period of January 1, 1976 to December 31, 1976.

The major part of the report is contained within subsections A, B,

C, and D of Section II. The subsection A is a complete presentation of
our research achievements and their significance. Both work completed

and work in progress are covered, the coverage of the latter being given
in somewhat more detail than that of the former. In subsection B, title
prages of papers published during the year are reproduced, while in sub-
section C, first pages of papers submitted but not yet in print are
reproduced. These papers are numbered as B-1 through B-18 and C-1 through
C-7, according to the order in which they appear in these two subsections.
In subsection D there are copied abstracts of talks presented at APS
meetings.

The subsection A was written in such a way as to give an overview ot
our work, its interrelations, and its relation to work done by other groups.
As is seen, a large variety of subjects are included as part of our work,
and thus they are presented in seven separate parts; (i) through (vii).
The overall subject discussed in each part can be found in the list of
contents given at the beginning of this report. In the presentations of
subsection A, frequent reference is made to papers in subsections B and C
and also to many other papers. These papers are summarized in the list of

references given at the end of subsection A.



II. THEORETICAI, RESEARCH

11. A. OVERVIEW OF THE WORK PERFORMED



1. Nuclear Scattering

One of the subjects we engaged in during the past year was to inves-
tigate the effect of interference between nuclear and Coulomb scattering
in inelastic processes. This is a fairly old subject, but interest was
revived recently by an accumulation of accurate data, particu._arly for
heavy-ion collisions. The new heavy-ion data do seem to require that
one performs full quantum wechanical calculatiors, including the Coulomb
excitation effects, which has been rather difficult because they were
extremely time consuming.

Nevertheless, Feng in collaboration with Barnett and Goldfarb at
Manchester nerformed a systematic full quantum mechanical calculation,
not for very heavy ions but rather for (c,c') scattering from a number
of target nuclei.l The calculations were made by using the computer
code PATIWEN, developed by Feng and Barnettz. One of the results of

such calculations is reproduced in Fig. 1, which presents dg dg

DWCE’ nuc

and doc * These are DWBA inelastic cross sections calculated by

N’
including only the Coulomb form factor, only the nuclear form factor,
and both, respectively, the distorting potential having nuclear and

Coulomb parts all the time. Fig. 1 also presents the ratios of these

cross sections to the pure Coulomb excitation cross section do.., as

CE

well as the ratio of the elastic to Rutherford scattering cross sections

dcel/dURuth'

As is seen, chN/doCE deviates from unity more strongly than does

dcelld th’ indicating that the inelastic scattering is more sensitive

URu

to the nuclear-Coulomb interference than is the elastic scattering.

It is also clear that do agrees very well with experiment.

CN
Beside PATIWEN, a code JPWKB which carries out coupled-chamnel (CC)

*
Tigures are given on p. 45-60. Note that they do not necessarily appear

in the order as they are numbered.
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calculations for the inelastic process was also developed by Kim gg_gl.3
In order to speed up the calculation an approximate but rather accurate
method proposed by Alder and Paulih, was used 1n solving the CC equation
outside the nuclear force region. Inside the nuclear force region
JPWKB performs exact CC calculations taking into account both nuclear
and Coulomb excitations. A user's manual has been written for JPWKB3
and this program can be obtained by request.
By using JPWKB and thus by taking into account the Coulomb excitations,
Kim analyzed5 data for 1%Na(l2c,12¢") scatterings. This was done in
order to prepare for reanalyzing the !“*Nd(!2c,1%C)!%2xd reaction data
which we analyzed earlier7. The results of this reanalysis will be
discussed below in part (iii). Here we show in Fig. 2 only the fit
obtained for the inelastic cross section. The parameters deduced from
this good fit were then used in the reanalysis of the transfer reactions'
The work performed by Shamu gg‘gl.e was to measure and interpret
the energy averaged total cross section, i.e., the s-wave strength
function for neutrons. It is well known that the gilant resonance in
the s-wave strength function observed in the mass region of A= 150-180
(rare earth region) is split in two and further that this splitting
can be well accounted for by a coupled chamnel calculation which couples
the s—wave to the d-wave, the coupling being caused by large deformations
which the nuclei in this mass region have. Shamu et 1.8 measured the

total cross section o, of meutrons from three Sm isotopes; 14871522 154gy,

A
for the incident energies, En’ ranging from 0.75 to 14.5 MeV. They found
that the excitation functions for 152»154Sh which are both well deformed
nuclei, are rather similar with one another, but are largely different

from that of "“8Sm, which is known to be spherical. In Fig. 3, we

duplicate a figure from ref. 8, where (0152_0148)/0148 and (0154—0148?/0148

-2-



are plotted against En, and it is seen that CC calculations fit these
excitation functions rather well. ©Note that the CC prediction is rather
sensitive to the deformation 82 assumed for the nuclel involved and

8

thus the above fit determines B, rather accurately. Shamu et al.

2

found that the 82 values for 152»15%gp thus determined were about 10%
lower than the 82 for the nuclear charge distribution extracted from the
Coulomb excitation, electron scattering and other methods.

Finally, Osterfeld, Udagawa and WOlter9 solved a long standing
puzzle in the theory of the (h,t) reaction, which may most naively be
considered a charge exchange scattering. With this understanding and
with the simple DWBA, however, one could not fit data. Toyama10 was the
first to go ahead to perform successive one nucleon transfer calculatioms,
and analyzed particularly the “BCa(h,t)“BSc reaction leading to the
lowest 0+, 2+, 4+, and 6+ states of the (f7/2”1f7/2) configuration.

He considered only the two-step h~o>t process and found that the two-step
mechanism could explain all observad features of the reaction.

However, it was found that the fit to the data obtained in this way
1s essentially destroyed if the usual one-step process is also included
in the calculationsll, because the interference between the one-~ and two-
step processes 1s destructive. As a result, calculated cross sectioms,

particularly those of the d+ and 2+ states, become extremely small

n
-

compared with experiment. Toyama and de Takascy thus arbitrarily
reversed the sign of the interference to obtain a good fit to the data.
Similarly disturbing results have also been found in some other cases.
We suggested earlierls, however, that this difficulty might be
removed if important nonorthogonality corrections are included in the

calculations, and what Osterfeld.gg__g}_.9 did was to perform a calculation
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along this line. In the calculation, the nonorthogonality corrections
and the usual one~ and two-step processes were all included. Tensor force
effects in one-step charge exchange process was also included. It was
found that such a calculation explains all the observed features of the
+

+  + +
data, not only of the normal parity 0 , 2 , 4 , and 6 states, but also

- 97 5T = -1
of the unnatural parity 1, 3, 5, and 7 states of the (f”2 f7/2)
configuration. One example of the result is reproduced in Fig. 4,

where the calculated cross sections are compared with experiment. The

agreement obtained is very good.
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ii. One~Nucleon Transfer Reactions

Most of the work published or completed during the past year for one-
nucleon transfer reactions concerned with EFR-CCRA analysis of heavy—ion
induced reaction data. However, a successful analysis was also made by
Ray and Cokerla of a light-ion induced reaction: 28Si(3He,d) 2%, leading
to the lowest seven states of 2°P.

The highest four of these seven states are proton unbound, and thus
were treated using complex energy Gamow states. Both CCBA and DWBA cal-
culations were performed, and it was found that good fits were obtained
onlv when CCBA was used. One example of the fit obtained with the CCBA
is shown in ¥ig. 5 for the cross section of the 1,38 MeV, 3/2+ state, and
for three different incident energies. It is seen in the figure that the
results of CCBA calculations, given by solid lines, fit the experiment
very wei , but a DWBA result given by the dotted line for 35.3 MeV fits
the data rather poorly.

Ray.gs_gl.ls analyzed the reaction 285i(13C,12C)295i, leading to the
ground and the first excited states of 295i, for which data were taken by
Westfall and Zaidi16 at tine University of Texas, and fairly extensive
analyses were made using both the EFR~-DWBA and EFR-CCBA methods. As in
the case of the above light-ion-induced reaction, good fits to experiment
ware obtained only when a.CCBA calculation was made, as is seen in the
example present2d in Fig. 6. In this figure, the solid, dashed and dash-
dot curves are the calculated cross sections obtained, respectively, by
including the inelsstic coupling in the exit channel only, in the incident
channel only, and in Loth. As is seen, the best fit was obtained when the
coupling is included in both channels, although the quality of the fit

is not so much deteriorated so long as vone of the couplings is maintained.
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The fit becomes very poor, however, if both couplings are ignored.
Another work that was published during the past year was the EFR-

CCBA analysis of 19F(160,15N)20Ne data, taken by a group at Orsay17.

A particular significance in the data was that .__ b+ member, as well as

the 0+ and 2+ members, of the ground band were strongly excited, whereas

the transition is strongly forbidden through a one step mechanism. The

observation of the strong excitation of this 4+ state may thus be considered

as strong evidence of multistep processes.

1
Low, Tamura and Udagawa 8 thus performed EFR-CCBA calculations and

+

?

obtained results that are shown in Fig. 7, where the calculated 0+, 2
and 4+ CCBA and the 0+ and 2+ DWBA croass sections are compared with experiment.
It should be noted that CCBA fits the cross sections of all the three states,
both in shape and magnitude, while the DWBA fit to the O+ and 2+ Cross
sections Is rather poor. This shows that even a transition which is not
forbidden for a ome-step process can be significantly affected by higher
order processes.

An interesting heavy-ion study which could be analyzed also in terms
of CCBA was reported by a group at Brookhavenlg, who observed one-nucleon
transfer reactions induced by 13¢ on a series of even Ca—-isotopes. The
data showed that the angular distributions were out of phase between the
(13¢c,1%9) and (!3c,12C) reactions. The DWBA calculations fit well the
angular distributions of the (!3c,!2C) reaction, but predicted very similar
angular distributions for the (!3C,!“N) reaction as well, thus disagreeing
completely with experiment.

It is tempting to attribute the source of this angmaly to the contri-
bution of the multistep processes via strongly collective 3 states that

are known in Ca targets. A possible pitfall in this approach, however, is
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that the multistep contribution may at the same tire mocify the (}3C,'2C)
cross section, thus destroying the DWBA fit that has been obtained.

The authors of ref. 19 thus cast doubt on the possibility of explaining
the observed anomaly in terms of multistep effects.

Low, Tamura and Udagawazo, nevertheless carried out detailed CCRA
calculations, particularly for the “OCa(13C}2C)“1Ca(7/2—) and “0ca(l3c,
1"l~1)3‘3l((3/2+) reactions, and tuund that the calculations consistently fit
both the normal and anomalous angular distribations. They found that such
results came about because the effect of the indirect transition via the 3
State was very strong for the (13¢C,1%N) reaction but was weak for the (!3c,
12¢) reaction.

One of the sources of this difference is the difference in the '"Q-
matching” in the two reactions. Take the (!3C,1"N) reaction, for example.
The Q~value for the direct transition to the ground 3/2+ state of 39K
is ~D.77 MeV, which 1is rather far from the optimal Q-value; Qopt = +5MeV.
On the other hand, the Q-value for the indirect process via the 3" state
is +2 MeV, which is much closer to the Qopt' As a result, the indirect
transition is relatively enhanced as compared with the direct transitiom.
The situation is completely reversed., however, for the (!3C,!2C) case, making
the indirect contribution strongly inhibited.

There are two more sources which also give effects similar to those
of the Q-values, i.e. the difference in the binding energies and the j< and
3> nature of the transferred nucleons. Since these three effects work in
combination, the indirect contribution becomes almost comparable to the
direct contribution for the (}3¢,!%N) reaction, but is almost negligible for
the (13¢,!'2¢) reaction. 1In Fig. 8, the final resulis of the CCBA analysis
are presented, and it is seen clearly that the anomalous behavior in the

Brookhaven data is accounted for very satisfactorily.

-7



iii. Two-Nuclecn Transfer Reactions

About two years ago, we reported on an EFR-CCBA analysis of the
7
1buNg(12¢,1%c) 1%2Nd reaction leading to several states in 1"‘ZNd, in
which it was shown that a CCBA calculation can give in a natural way a nice

+
simultaneous fit to an "anomalous' 2

1 and to a normal Oz angular distribu-

tion, predicting their relative magnitudes also in agreement with experiment.
It was noticed, however, that the 2; angular distribution deviated from
experiment at large angles, the theoretical cross section decrcasing too
fast. It was further noticed later that the agreement obtained with experi-
ment could not be maintained, had optical parameters6 , extracted by
fitting new actual scattering data between 144NG and 12C, been used in the
EFR-CCBA calculations of ref. 7.

It often happens in heavy-ion induced reactions that the partial
waves that are most important in determining the scattering cross section
are quite different from those that play the dominant role in determining
reaction cross sections. Therefore, one can say that the above discrepancy
need not be taken too seriously.

We nevertheless recall that in the CCBA calculations reported in ref.
7, the effects of the Coulomb excitations were entirely ignored, mostly
because, with the technique available at that time, the inclusion of
the Coulomb excitation made the calculation much toc time consuming. As
was discussed in part (i) above, however, it has now become possible for us
to include the Coulomb excitation without lengthening computational time too
much. Thus, Kim 3 reanalyzed the “*%Nd(l2c,!%c)i%2nd data’ and obtained
tbe results given in Fig. 9. As is seen, the agreement is much improved
from that i: ref. 7, particularly fitting the large—angle data for the

2? cross section. It should be noted that the optical parameters used were
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those that fit the elastic scattering data of ref. 6, as was discussed
in part (i) above; see Fig. 2.

In spite of the improvement thus achieved, there still remains a
discrepancy between theory and experiment. The thecretical cross sections
were multiplied by a factor N=9, before they were plotted in Fig. 9.

We shall discuss below, in a somewhat systematic way, this probiem of too
small theoretical cross sections.

With the interest of seeing the difference in the behavior of the
"removal' and "additional” type pairing states involved in the two—nucleon
transfer reactions, a reaction ll'2Nd(180,“50)l“‘L'Nd, which is inverse to
the 1"’“Nd(lzc,1"C)1“2Nd reaction, was also investigated21 and we show in
Fig. 10 the cross sections of the 0; and 2; states of !¥2Nd. It is seen
that, contrary to the case of the (12¢,1%C) reaction, both angular distribu-
tions are normal, a situation which was expected because of the fact that
both states are of "additional" nature and the reaction was also "additional.
In obtaining the fit to the angular distributions, optical parameters
were used which fit the elastic scattering of 180 by !42Nd, and no Coulomb
excitatiorn was included in the CCBA calculations. The results do not
depend strongly on the Coulomb excitation, because both the 0; and the 2;
transitions are dominated by one-step amplitudes.

A somewhat systematie investigation of (160,1%C) reactions with three
Ge 1sotopes, 725745 76Ge, as targets were performed in colloboration with a
Saclay groupzz, and a portion of the results of this work is presented in
Figs. 11 and 12 where EFR-CCBA calculations were performed with 0+—2+ and
0+—3_ couplings, respectively. The optical parameters used were those
that were obtained by fitting only the elastic scattering, and not the in-

+
elastic scattering, of O by Ge, which explains why the fitting of the Og

+ .+
cross section is much better in Fig. 12 than in Fig. 11. The 0 =2
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coupling is so strong that, when CCBA calculations are made, it modifies
the wave function in the 0; channel a bit more than is realistic. Ideally,
the optical parameters should have been derived by fitting inelastic
scattering data as well, but unfortunately such data was not available.

The fit to 2+ and 37 cross sections is not always very good, but the
theory does reproduce correctly the mass number dependence of the experiment-
al cross sections, showing that CCBA calculations can be in fact a useful.
tool in explaining these data. Concerning the absolute magnitude, however,
we encounter here a trouble which is more grave than it was in the above
Inkng (12¢,1%C) 1#2Nd reaction. In plotting in Figs. 11 and 12, the theoretical
cross sections had to be multiplied with a factor N which was about 700,

As we saw in a few examples given above of two~nucleon transfer reactions,
a rather rconsistent trouble we encounter in these reactions is that the
theoretical cross sections are always too small compared with experiment
(and yet the relative cross sections as well as angular distributions are
predicted rather satl:factority for most cases). A factor N which is defined
as the ratio of the experimental over the theoretical cross sections ranges
from 10 to 1000.

Actually the‘same problem of too-small theoretical cross section has
already been encountered in the light-ion induced two-nucleon transfer
reactions, i.e., in the {(p,t) and (t,p) reactions, although the discrepancy
factor N was only of the order of 2 to 3. Feng et al. viorked earlier on
this problem23 and showed that N could be reduced to become very close to
unity, if the form factor used in the DWBA calculations were constructed by
first carrying out shell-model calculations with a large basis of ascillator
functions. They had demonstrated thisz4 for a pair of nuclei, 189 and 180,
and recently extended25 the calculation to another pair, %0ca and “2Ca,

26

finding that N for a “ZCa(t,p)“OCa reaction can be made as small as 1.3.
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They have not taken into account in their calculation the contribution of
a successive transfer mode; t+d+p, however, bhad they added this contribu-
tion, they might have obtained N#1l. This can be guessed from a very similar
analyses we carried out for heavy-ion induced reactions, to which we now
proceed.

During the past year, we have taken up as one of our major projects
the problem of explaining the anomalously large experimental cross sections
for two-nucleon transfer reactions between heavy ions, and made the
first successful calculation27 which obtained N=1. This was for the
case of a *%a(}80,160)>0ca reactionzs, and the comparison between theory
and experiment is made in Fig. 13. 1In this figure, the 0; cross section Ul
was obtained by considering only the one-step (simultaneous) transfer of
two neutrons with the form factor obtained from a shell model calculation
performed by using a fairly limited number of configurations. The cross
section o, was then obtained in the same way as was o

2 1

extended shell model basis was used, as in réf. 25. It is seen that G,y

, except that an

is about twice as large as is og,. The cross section g., on the other

1 3
hand, was obtained by assuming only the two~step (successive) one-nucleon

mode; 180+»170+160. As is seen, the magnitudes of ¢, and g. are very

3 2
close to one another, and are both about a quarter of the experimental
value. In the actual comparison with experiment, however, the one~ and
two~step modes should be considered simultaneously, with amplitudes that
may interfere constructively. The cross section o, was calculated this
way and it is seen that it agrees almost perfectly with experiment. We
thus get N=1,

Encouraged by this success, we undertook similar calculations for

various two-nucleon transfer reactions, and the results together with the

details of the calculation will be published very shortly.29 We give
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in Figs. 14 and 15 part of the results of this workzg. Note that in
these figures the quantity N3 has the same meaning as oexploé in the
sense of Fig. 13, i.e., it is the N value we obtain when both one- and
two—-step processes are taken into account, the former being calculated
with an extended shell model basis.

As is seen in Fig. 14, which collected the results for (!%0,160) and

(160,180) reactions, N, is very close to unity, the worst case being

3
N3=2. In Fig. 15 in which (10.!%*C) reactions are collected, however, the

situation is not as good as it is in Fig. 14. The largest N. we have is

3
still as large as 30, although it is worthwile to note that N could have
been as large as 300, had the effects of two-step process were not taken
into account. It is also worthwhile to note that even with the (160,

l4c) reaction , we . obtaimed N,=1 in one case, i.e. in the *8cCa(lf0,
1L'C)50T:l(0+;7.19MeV) reaction.

An important difference of this last reaction, compared with the
other two listed in Fig. 15, is that its final state is an excited state,
while in the others, the final states are ground states. In the former,
the Q value is rather close to its optimum value, while in the latters,
it is rather far off. We may then note further that the reactions that
are listed in Fig. 14 all have Q values that are rather close to optimum
values.

What the results of Figs. 14 and 15 show is now rather clear. When
the reaction Q value is not very far away from an optimum value, we can
get sufficiently large theoretical cross sections for two-nuclecn transfer
reactions, 1f one~ and two-step processes are taken into account cimul-
taneously. This analysis is still not sufficiently realistic, however,

for cases in which the Q value is far away from the optimum value, i.e.,

for cases in which the "Q-matching" is very poor.
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In the lM‘Nd(lzc,ll’C)“‘sz reaction we discussed above, the Q-
matching is fairly good, and thus the above recipe may be used to reduce
N from its present value N=9., 1In applying this remedy, however, the
scheme of the calculation of Refs. 27 and 29, which added the successive
mode to DWBA, "as to be extended so that the successive moce is added
to CCBA. This is to be one of our future projects. In the Ge(!80,l%¢C)
reactions of Ref. 22, on the other hand, the Q-matching is very poor,
and thus a new approach beyond what was used in Refs. 27 and 29 would
have to be found.

We found above that the theory predicts a large cross section if the
Q-matching is good. We also saw, from the comparison of cases (b) and (c)
in Fig. 15, i.e., of two 48ca (160,14%¢) 50T reactions, the one leading
to the ground state and the other to an excited state, both of 5°Ti, that
the processes with highly excited states have a better Q-matching. These
facts would suggest that a possible approach is to carry out a CCBA type
calculation, in which the intermediate states are a number of highly
excited states, rather than a few low lying collective states, as has
been the case in most of the CCBA calculations made so far. These highly
excited states may overlap acquiring the character of '"continuum" states.
In the next part (iv), we discuss problems involved in treating such
continuum states. Techniques presented in (iv) might also apply to the
present problem, too.

A feature which may look rather surprising in Fig. 14 is that the
cross sections with a purely one-step mode and with a purely two-step mode
are very similar to one another. It is also rather surprising to find that
the amplitudes corresponding to these two modes interfere in an almost perfect
constructive way. An.explanation why such features do take place was given

in detail in Ref. 29, which is somewhat too lengthy to reproduce here. The
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éssence of the explanatior, however, lies in the fact that for heavy ions
the optical potentials are highly absorptive. Therefore, even when the
transfer of two nucleons takes place in an successive way, the spacial
points at which the first and the second transfers take place capnot be
too far apart from one another. In other words, these two nucleons
must lie together veryclosely all the time, so long as they are to contri~
bute to the two-nucleon transfer reactions, and thus behave as if they
form a single unit. In the one-step treatment, the two nucleons are
treated as one unit all the time. It would thrs not be too much sur-
prising that the one- and two-step cross sections behave very similarly.
In the above Refs. 27 and 29, we emphasized the importance of con-~
structing microscopic form factors based on multi-configuration shell-
model wave functions. A computer program to be used for this purpose
will be published short1y3o. This program is called SATTNT, standing for
SATURN for Two-Nucleon-Transfer. For microscopic two-nucleon transfer
calculations this SATTINT may replace the form factor program SATURN in

31 for EFR-DWBA calculations. The MARS,

our previous computer program
i.e., the DWBA part of Ref. 31 can then be used as it stands.

During the past three years we carried out a number of EFR-CCBA
calculations for one- and two-nucleon transfer reactions between heavy
ions. A summary of these investigations was present in the form of an
invited paper32 read at the Balatonfdred Symposium in Sept., 1975. Another

invited paper read by K. S. Low33

at the EPS meeting at Kaen, Frauce, in
Sept., 1976, also summarizes the work we have done. Low was a member of
our group until two years ago, and also participated in a number of coopera-

tive work after he moved to Saclay.
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iv., Reactions witii Continuous Spectra

—— Deep Inelastic Reactions -~

In the past few years we, the theoretical group at the University of
Texas, have carried cut a number of analyses of reactions that were in-
duced both by light-ions and heavy-ions, by using techniques which may
collectively be called the multi-step direct-reaction (MSDR) approach. Our
analyses made so far, however, have been almost exclusively confined to
reactions in which the residual nuclei were left in discrete states, the
outgoing particles thus having discrete spectra. We may call such reactions
"spectroscopic", because the corresponding analyses were directly or
indirectly done to extract spectroscopic information concerning tic discrete
statas involved in the reaction.

There have also been available, however, a good deal of data in which
the residual nuclei were so highly excited that the outgoing particles had
"continuous" spectra. In particular such reactions induced by heavy-ions
are called with various names; quasi-elastic, deep inelastic, strongly
damped and so forth. It is our belief that the MSDR techniques, which we
are famjiliar with through our experience with the previous spectroscopic
analyses, can be applied to the analysis of various "continuum" data as well.
Thus a project to perform such analyses has been initiated recently, and
we report in this subsection briefly the work which has been done along
this line. See references 34 and 35 for more detail.

For the reactions induced by light-ions, it was customary in the past
to analyze such continuum data in terms of the "pre-equilibrium model,"

36 and then extended by Blann3/. Un-

which was first proposed by Griffin
fortunately, however, in spite of its general success, this model cannot
predict angular distributions ar< thus its prediction has been compared only

38
with angle-integrated cross sections. Recently attempts have been made to
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extend the pre-equilibrium approach further so that it can be tested against
experimertal angular distributions. The extemsion was made by combining
somewhat crude application of the concept of a direct reaction with those

of the pre-equilibrium medel. It is our point of view that to make such a
combination is not necessary. We can show rather easily that it is
sufficient to carry out the MSDR calculations throughout.

The spectroscopic MSDR calculations are known to be very involved in
general. Extension to the "continuum"”, however, is not as involved as one
might suspect. The reason is that one is only interested in obtaining
multi-state summed or averaged cross sections, not the detail of the cross
sections of individual states. This fact allows us to make a few rather
drastic but nonetheless well justified simplifications of the calculation.

We first note that, for our purpose, it is quite legitimate to assume
that any state in z# nucleus is well described by the single~particle shell-
model (SPSM), which precludes any configuration mixing. A state of an actual
nucleus can of course consist of wery complicated configurations of such
SPSM states, and thus the cross section corresponding to the excitation of
this state includes interference terms for the contributions of different
configurations. However, if we sum over cross sections that correspond to
excitation of a large number of such states that lie within a fairly wide
range of excitation energies, the interference contributions involved in
the individual cross sections average out to a large extent. The summed
cross section is taus reduced to what is obtained by assuming a pure SPSM
throughout.

Once the use of the SPSM is justified this way, it is a rather easy
matter to carry out the rest of the formulation for the MSDR calculations
for continuous spectra. A somewhat detailed accoun* of this formulation

has been given in Ref, 34, in which explicit analyses were also made of
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(p»P') data of Ref.39. It was shown therey cf. Fig. 16, that the sum of
one—- and two-step contributions was sufficient to fit the data, and that,
in particular, the one-step cross section could be written in the form
oM (grse)aE = I d2(E_-E! )0(1)(}3"9) L
P P 1 P

In Ea. (1), I is the spin of the residual nucleus, which would be
.- same as the transferred angular momentum if the target had a o spin.
The significance of the form (1) is that the summand is written as a simple
product of two factors. The factor d%, which is purely structural,
contains all of the shell structure information, vet has a very simple
form. The factor o{l) is, on the other hand, purely dynamical in that it
can be calculated without any information about nuclear structure. A
factorization like that in (1) is usually impossible to make in the "spectro-
scopic" type MSDR calculations. At least in this regard the "continuum" cal-
culation is much simpler than the "spectroscopic'" calculation.

Once the one-step cross section (1) is obtained, it is easy to write
down the two~step cross section as

(2) (gt . LI 2 1 2 e (2) TLpM. ",
g (Ep,e)AEP %‘I dIz(EP Ep) d (E E )OIIIZI(EP,EP,S)dEp, (2)

(n) ' 2
and similarly o (Ep;e) with an = 3.

The deep inelastic type reactions induced by heavy ions quite often
involve transfers of a large number of nucleons as well as large energie540
Consider, for example, a (2°Ne,120) reactionbl, in which ®Be is transferred.
It is our belief, however, that the dominant process involved in this reaction

is not a one-step transfer of 8Be, but two-step successive transfers of two

a-particles. We can calculate rather easily the cross sections for such two-

-317-



step processes, if it is pussible to write the cross section in a form very
much like the one given in eg. (2) for a (p,p') reacticn.

We have found that such an expression can in fact be obtained, if the
SPSM is used again. Of course the meaning and thus the numerical values

of the d2 and the °I<§)I factors are very different for the transfer and
172

inelastic scattering processes. Still, the possibility of factorization
assures us that the rISDR analysis of continuous spectra of multi-nucleon
transfer reactions is practicable.

We may think of a somewhat simpler reaction like (2°Ne,150)al,
which will proceed as a one-step a-particle transfer reaction, or a still
simpler one-nucleon transfer reaction like (l“N,13C)42. In either case the
cross section may be written in a form as given in eq. (1), and the cal-
culation would seem as easy as it was for the one-step (p,p') process.
Actually, however, the former is somewhat more involved than the latter,
simply because any calculation of transfer reactions between heavy ions is
more involved than that of a simple inelastic scattering of light ions.

It 1s thus desirable to make a further simplification of the former type of
calculation.

It is well known that most of the cross sections observed for transfer
reactions between heavy ions can be well represented by theoretical cross
sections parameterized in a way suggested by Strutinskia3. We thus intend
to parametrize the cross section 0{1)(Q,6), which is the same as o{l)(E;;e)
of eq. (1) except that now the reaction Q value plays the role which E; did
in eq. (1).

One can think of various different degrees of sophistications in the

parametrization, but the following may be one of the simplest conceivable:

- Q-Qopt 1 1
op(Q;8) = N exp | {— 7 }zjsine exp{-T2(8-4)?/2} + exp{-T2(ew)2/2}]. (3)
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In (3) the factors, except for the first exponential factor, are well known
in Strutinski's work. The parameters T and¥ also depend on Q and I, but

the major dependence of the cross section on these two quantities Q and I

is through the first exponential factor. What this factor means is that

the cross sectiop gets smaller the more the Q value deviates from its optimum

value, Q In other words, the factor describes the so-called Q-window.

0pt'
The I dependence of the denominator ¢f the exponent, with a>0, further

means that the width of the ( window widens as I, i.e., the transferred
angular momentum, increases.

It should be noted that the introduction of (3) does not mean that we
have given up the aim to perform accurate MSDR calculations. We in fact
carry out such calculations for a number of sample values of I and Q, and
thus find the best specific paiametrization of (3).

In order to get an idea of how eq. (1) combined with (3) works, we
show in Fig. 17 a fit we obteined > for the 9210040 (lén,13¢) reactions ?.
As 1s seen, the fit is rather good. A slight discrepancy that still remains
for low E(!3C) values, i.e., for high Q values, may mean that we should
add the contribution of two-step processes in vhich one of the processes is
an inelastic scattering, while the other is a2 transfer reaction.

Analyses along the lines described above are underway, and the results

will be reported in the near future,
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v. Medium Energy Nuclear Physics

For about a year and half we have had several projects underway in
the general area of medium-energy nuclear physics, partially in collabora-
tion with two groups of experimentalists, at UCLA and at LAMPF of Los
Alamos Scientific Laboratory. Our work so far has been based heavily on
two computer programs, a relativistic optical model program with great
flexibility, called at nresent BIGMEP, and a relativistic distorted-
wave-Born approxXimation program basea on the earlier program DWBA—VENUSAA.
A number of other programs have been assembled into usable form, but
have not yet led to independently published results; these include
programs which construct the nucleon-nucleus optical model potential from
nucleon-nucleon phenomenology, using various techniques of nuclear
matter theory, and a program which treats coupled-channel effects in
inelastic gcattering at medium energy, based on the earlier non-
relativistic program JUPITER 1.45

We will now dl’scuss some of the published and unpublished work com-
pleted during the contract period for 1976. The UCLA experimental group
has obtained elastic scattering data for “He + “He at 0.65 and 0.85
GeV; a prelimipary analysis of this data by our group was included in
the first published report of this data46. A more complete analysis
was published later, in Physics Letters47. Results of this analysis
are summarized in Fi~. 18. The scattering is strongly Coulomb-dominated,
and a dout le-folding procedure was used to obtain a realistic “He + “He
Couiomb Iinteraction, with Gaussian charge form factors. The nuclear
scattering was found to be describable only if the real prtential has a
short-range repulsive core. In Fig. 18, the dashed curve is the typical

result of a calculation in which the nuclear potential is purely attractive;
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the solid and dot-dashed cruves show results in which the real part of
the nuclear potential is, respectively, purely short-range repulsive
and u amixture of short-range rspulsion and long~range attraction. This
short-range repulsion is already a characteristic feature of most low-
ene.rgy analyses of “He + “He scattering, and comes about because of the
"clipping” of the low partial wave functions, within the overlap region, as
required by the Pauli principle. In future work
of this sort, it w.ll be interesting to attempt to construct the *He + YHe
potential in a microscopic way, using adaptations of the familiar
resonanting-group method.

in & more recent publication in Physics Lts:tt:e'rs/*8 Ray, Coker and
Hoffman analyze medium-energy elastic and inelastic scattering data for
protons on 58Ni and 298pb and “He on 40ca, using a medium-energy DWBA
formalism. Two types of optical potentials are used in solving the
Schrddinger equation with relativistic kinematics; a phenomenological
potential; and a microscopic potential constructed using nuclear matter
techniques, within the framework of the Kerman-McManus-Thaler multiple-
scattering approach to the nucleon~nucleus optical modefg. This latter
approach is discussed in detail at the end of this section. Results are
quite similar with both sorts of potentials—-except for the large-
angle inelastic 5B8Ni cross sectioms, about which there is some experi-
mental guestion, the inelastic data are beautifully reproduced in both
shape and magnitude, with no adjustable parameters. The inelastic form
factor is obtained in the conventional way, so that the collective
parameter BL has the same meaning as in low-energy nuclear physics.
Thus BL in each case was simply fixed at the value earlier determined by

low energy analyses. An important feature of these analyses was the
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inclusion of spin~orbit coupling, which has a drastic effect on the
theoretical predictions. Earlier analyses of such data, in terms of the
qitestionable Glauber approach, which omitted these spin-orbit effects,
e2gswutially have nothing te do with physical reality. Results of the
DWBA ¢.olculations are summarized in Fig. 19a-c. The solid curves result from
as2 nf -n empirical potential; the dashed curves result from use of a
microscapic potential constructed from the Kallio-Kolltveit effective
n: 7leon—nucleon interaction and Hartree-Fock neutron and proton matter
densities Sfor the targets under consideration. No microscopic potential
vus consteucted for the “He + “0Cz case.

Racei.tly, we have examined the old Saclay inelastic scattering
data for » + 12¢ at 1040 MeV, in terms of the coupled-channel approach,
au 2xtension nf our earlier DWBA analysesAs. We find that the i+, 4.44
MeV state ran be very well fit, and that effects of channel coupling
are relatively unimportant: DWBA and CC give rather similar results.
towever, when in the CC calculations a full nonspherical potential
is used ior !2¢, the fit is considerably improved by the "reorientation"
couplirng of various partial waves. For the 3-, 9.€4 MeV state, multi-
step mechanisms ave far more important, as is suggested by the anomalous
“smeared'' experimental angular distribution. So far, computer time
linitatiyns have prevented us from carrying out a realistic multi-step
analysis of this transition, but we will complete the analysis during
the coming year.

We 70w turn to our work on the microscopic nucleon-nucleus optical

moGel pmtential?o

Since this work is not yet in print, we will cover it
in somet hat more detail than the published work discussed above.
1h¢. nucleon—-nucleus interaction potential, however defined, is

eaerg sj~ilerandent. Over the past 25 years a vast lore has built up concerning
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the empirical energy—-dependence of the local, phenomenological nucleon-
nucleus optical model potential. This phenomenology now extends from a
few MeV, up to and beyond a GeV. Over the years, there have been a number
of efforts to understand and explain the energy dependence and magnitude,
particularly of the real part of the phenomenclogical optical potential.

Out of necessity, most early studies covered low incident nucleon
energies (é 100 MeV), where the data seem to show a linear dependence
on energy. The literature abounds in theoretical analyses of one kind
or another which successfully reproduce this empirical linear kinetic-
energy dependence. 31

To be more specific, let us define Uopt (0) as the value of the real
part of the optical model potential evaluateqd at the center-of-mass of the
target nucleus. Various authors have calculated Uopt(o) using various
techniques and have obtained an adequate reproduction of the low-energy
phenomenology51.

However, studies of the empirical real potential volume per nucleon,
or of Uopt(o)’ which have extcnded to 1 GeV and beyond52 show that the overall
energy dependence of the real part of the optical potential is a logarith-
mic one. Extrapolation of the low-energy linear dependence indicates that
Uopt(o) should go to zero at about 250 MeV. Empirically, the zero is found
to occur neay 500 MeV, the potential becoming increasingly repulsive
thereafter.

A formal theory of the nucleon-nucleus optical potential exists, which
gives what might be called a "multiple-excitation series" for the nucleon-
nucleus interaction49. Only the first term of this series is~generally
used for calculations; in momentum-transfer space this first term has the
approximate form t(q2) x F(q?), where 1(q?) is the nucleon-nucleon T -

matrix in nuclear matter, and F(q2) is the nuclear matter distribution.
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In all numerical applications known to us to date, a further approximation
is made: namely, T(qz) is replaced by t(q2), the empirical free nucleon-
nucleon scattering t-matrix.

Calculations using this approximate potential again suffer from too
much repulsion at medium energies, and in addition give an energy dependence
which does not agree with results of phenomenclogy. One is thus left with
a puzzle. Does the discrepancy arise from the approximation v % t, as one
would naively expect, or is it due to higher-order terms in the "multiple
excitation series'"? In the present work, we are attempting to answer both
of the questions just raised, by avoiding the use of an empirical nucleon-
nucleon t-matrix and also investigating several types of higher-order
correction terms.

Our calculations are based upon the Reid soft-core potentia153, which
we use at energies up to 1 GeV. Following the techniques of nuclear-matter
calculations, we are able to use instead of 1, the nucleon-nucleon t-matrix,
the so-called nuclear matter G-matrix, GN, which allows us to take into
account many-body effects and off-shell behavior in a relatively straight-
forward manner.

1f we are to use the accumulated lore of nuclear matter calculations,
we are in effect treating the interaction of the incident nucleon with
infinite nuclear matter. At medium energies (V1 GeV) the wavelength of
the incident nucleon is quite small compared to the nuclear radius, parti-
cularly for the heavy nuclei we consider in this work and we are interested
only in the value of the optical potential at the nuclear center of mass.
Therefore, while the use of GN involves approximations, they are reasonable
ones, and far superior to the usual "impulse" approximation T % t.

For example, the corrections due to the third order terms in the

expansion of GN in terms of GF, the corresponding free-space quantity,
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are routinely consideredlin nuclear matter calculations, and have been shown
to be significant for high relative momenta. Rajaraman54 has found that
these higher-order effects may be properly accounted for by the device of
neglecting the nuclear interaction in relative odd states and by increasing
the statistical weight of the even state forces by a factor of 4/3, as
explained further in the next section. However, as pointed out by Sprung
__5_31,55 this correction procedure fails for relative momenta ko Ay kf,

the Fermi momentum; for the higher erergi-s we consider, the Rajaraman
correction should be a valid procedure, and as we can show, gives good
agreement with the empirical results, The calculational procedure as given
by Rajaraman applies only to central fcrces and hence is only approximately
valid in our case, since we include tensor forces in our nucleon-nucleon
interaction. However, the influence of the tensor force is diminished at
high energies and so this approximation should be fairly good, although

a more quantitative evaluation will very likely be necessary once the
experimental data become more refined.

We need to emphasize repeatedly here the advantage of the G-matrix
approach as opposed to the more familiar Rayleigh-Lax-type calculation in
which a phenomenological nucleon-nucleon T-matrix is used, in terms of
the ability to deal with the important many-body corrections we have discussed.

In order to compare our calculated potential depth with empirically deter-
mined values we must first eliminate the usual potential well depth and geometry
ambiguities which always plague low-energy phenomenological analyses. As
has been frequently demonstrated, a unique quantity determined by optical
model fits to elastic scattering data is the volume of the real potential.

Thus we have taken the volumes of several tabulated optical model potentials

from different sourcesb® for pd-“DCa and for p + 208pp gyer a wide range
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of energies from 30 to 1040 MeV. Given this empirically determined real
potential volume and assuming a Woods—-Saxon geometry as given by Becchetti
and Greenlee557, where in the usual notation T, = 1,17 fm and a0 = 0.75 fm,
we thus obtain a consistent set of experimental values for the depth of
the real optical potential which we may compare to our calculated values.

In Fig. 20 we show predictions for the real optical potential for
208ph, where the solid curve represents the calculation using only the
even state forces, and the dashed curve gives the result of using all angular
momentum states. The data points were taken from the tabulation of Perey
and Perey56 and from previous microscopic and empirical analyses of the
1GeV data32 They were renormalized as explained above.

The cross-hatched region of Fig. 20 gives the prediction of the more
usual t-matrix or Raleigh-Lax potential, which depends upon the free-space

nucleon-nucleon t-matrix conventionally parameterized as
t(q?) = (ikocT/4 YA - ia)exp(-pq2/2), A

where q is the 4-momentum transfer, GT 1s the total cross section and a and
B are parameters obtained by fitting the differential nucleon-nucleon cross
section data. In the T-matrix approach the optical potential is computed
using t(q?) and the Fourier transform of the target nucleus charge distri-
bution as explained in the literatureSB. The large width of this shaded region
is a reflection of the experimental uncertainty in the three parameters
Ops @ and B; the largest uncertainty occurs in the a parameter for protons
on protonssg.

We observe that the even-state calculation gives good agreement through-

out the entire energy range considered, although it is a bit too attractive

at low energies. The potential becomes repulsive at about 500 MeV. At low
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energies where the Rajaraman correction is known to fail the complete cal-
culaticn using even plus odd state forces does rather well. Notice that the
T-matrix calculation is quite poor both in absolute magnitude and in the
predicted slope of the energy dependence.

We find that the sum of the various second-order, three-body-correlation
and impulse-approximation correction terms of nuclear—matter type amount
approximately to +10 MeV at low energies and +2 MeV at 1 GeV incident proton
energy. With the exchange force included, the net correction at low energy
would be small since this force would contribute about -10 MeV so that our
calculations shown in Fig. 20 should be fairly accurate and are consistent
with the existing data at both low energies and at 1 GeV.

This puts us in a position to say something about why the T-matrix
approach, which is overwhelmingly the most often used in various medium-
energy nuclear reaction and scattering studies, fails as it does. The T-
matrix approach has the great advantage of being straightforward.

It is so strajghtforward that one can see in advance it will fail, as will
any approach which relies on the empirical nucleon~nucleon t-matrix (Eq.
4)). Through the strong energy dependence of the empirical parameters

o and B in Eq. (4), the real potential well depth and geometry acquire an
unphysical energy dependence which does not agree at all with phenomenology
but which cannot be avoided within the approach because of its very
straightforwardness.

There thus seem to be two problems, perhaps related. The first is that
the parameterization of Eq, (4) 1is for some reason physically unreliable
below 1 GeV, even when the approximation vt is a reasonably good one, so
that t needs to be constructed directly from a nucleon-nucleon interaction

rather than via the uncertain phenomenology of Eq. (4). The second is, as
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shown in this work, that the Rajaraman-type corrections cause a sizable
difference between t and T throughout the medium—energy range; these correc-
tions affect more the magnitude than the slope of the logarithmic energy
dependence.

The work just described will appear shortly in Physicai Review C.
A continuation of this work by Ray and Coker involves the calculation of
the geometry of the intermediate-energy proton-nucleus optical potential,
including the nuclear-matter corrections found important in the earlier
work. That is, we must obtain 7(q?) for the range of q2? appropriate to
the specific scattering case considered. The imaginary part of the proton-
nucleus optihal potential is, at least in the energy range 800 to 1100
MeV, about 5 times the strength of the real potential and roughly independent
of energy. Because we cannot hope to obtain this imaginary potential by
explicit consideration of the various reaction channels open to the proton-
nucleus system, we are forced to determine it essentially as is done in the
conventional application of KMT, which we have called above the T-matrix
or Raylejigh-Lax method. However, this seems adequate, since the behavior
of the imaginary potential as calculated in this way is not in disagreement
with phenomenology, in contrast to the behavior of the real potential.

To obtain the correct geometrical form and energy dependence of either
potential, however, we have found that the usual Fourier transforms must
be taken with great care. 1In earlier work by various authors, the trans-
forms were taken analytically integrating over q from zero to infinity.
» where k_ is the

0 0

incident nucleon momentum in :he two-nucleon center—of-momentum system.

It is vital to use the physical range for q, zero to 2k

With this proper range, the Fourier transform of t(q?) gives an imaginary
potential geometry and energy dependence in good agreement with phenomenology.

The geometry of the real potential is quite different depending upon whether
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t(qz) or T(qz) (as obtained via our G-matrix approach) is used. Thus we
have found that it is necessary to construct r(qz) in terms of the usual
phase~shift expansion, and the Rajaraman prescription (odd par:ial waves
omitted-- this is also required by the Pauli principle for the » + p part
of the scattering amplitude). A number of analyses of the available p +
“He data from 500 to 1200 MeV have been made with this approach, and we find
remarkable agreement with an earlier phenomenclogical analysis, to the
discussion of which we now turn. At least two publications will be forth-
coming on the nuclear-matter approach for constructing both the energy-
dependent well~depth and geometry of the proton-nucleus optical model
potential.

One example of the many preliminary results of this work is shown in
Fig. 21. Here, the solid curve is the result of a calculation with the
nuclear-matter approach just discussed, while the dashed curve is the result
of a single-folding calculation of T-matrix or Raleigh-Lax type, except
that instead of using the simple Gaussian effective interaction resulting
from Eq. (4), we used a Kallio~Kolltveit effective interaction. Finally,
the dotted curve shows the effect of inclusion of one type of spin-orbit
interaction; note the extreme importance of the spin-orbit effect, which
has been generally ignored in mcst medium—energy elastic scattering analyses
in the literature.

In last year's progress report, mention was made of an extensive
phenomenological analysis of the available medium energy p + “He data,
which now includes incident energies of 348, 578, 587, 600, 650, 720, 1200,
1050 and 1154 MeV. This is a vastly greater range of energies than is
available for any other uedium—energy elastic scattering process involving
nucleons, and we have used it as a crucial test-bed for our present efforts

to construct a microscopic nucleon—nucleon potential. Results of the un-
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published phenomenological analysis mentioned in last year's report are
shown in Figs. 22 and 23, for selected energies. In Fig. 22, the dashed
curves are the results of a conventional T-matrix or Raleigh-Lax microscopic
potential, using the best available nucleon-nucleon parameters, those of
Bystricki and Leharsg. The solid curves are the results of using a purely
phenomenological potential of KMT form, namely (V + iW)p(r), where
p(r) is the nuclear matter density constructed from the charge form factor
F(qz) as usualss. In Fig. 23, results are shown for inclusion of a spin-
orbit term. The solid and dashed curves show phenomenological results
with inclusion of two different sorts of spin-orbit terms. The solid curves
use a Dirac-equation form of the spin-orbit term, involving a derivative of
the real potential. The dashed curves are calculated with a complex spin-
orbit term of the sort obtained by Lawbert and Feshbach from a nucleon-
nucleon phase~shift analysis.

Details of these phenomerological analyses will eventually be included
in the appropriate paper on our microscopic G-matrix nuclear matter approach

as applied to the p + “He data.
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vi. Time-Dependent Treatment of Heavy-Ion Collisions

One of tlhe recent trends of developments in heavy-ion physics is
an increased emphasis of the dynami_al as»ects of nuclear matter flow.

The dynamical aspects in nuclear fission have been explored and emphasized
for several years particularly by GriffinPo. In the rapidly developing
field of heavy—ion collisions on the other hand, one often observes

large mass transfers between the colliding nuclei. Hence one can vis-
ualize a large nuclear matter flow to be taking place when the two
colliding nucleil are in contact with each other.

To study the dynamics of matter flow, we start with the simple but
fundamental problem, namely, the problem of deriving the matter-flow
dynamics from the time-dependent Schrddinger equation for a single quantal
particle. This study begins with the thesis work of Kan at the University
of Marylandél. Publications62 are belng generated basing on his thesis
research. We now briefly summarize this work as follows.

The fluid-like properties of the single-particle time-dependent
Schrédinger problem with a time-dependent potential were extracted
following Madelung63 by use of the ansatz that the solution is in polar
form. The unilque firrotational) velocity field v of the single-~particle
state and the fluid demnsity p, were seen to emerge as a natural con-
sequence. It also followed that‘; is gennrally compressible and
possesses line vortices (i.e., singularities of circulation distribution
at certain lines in space). As pointed out by Dirac64, the circulation
around a line vortex is quantized. This fluid dynamical formulation
was seen to be a generalization of that of Hill and Wheeler65 which is
restricted to incompressible and irrotational flows.

Alternative velocity fields were also considered which conveniently
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summarize the continuity relation, and satisfy other specified conditions
such as Incowmpressibility and regularity, but in contrast to ;. they are
not fixed uniquely by the state wave function. Physical implications in
the adiabatic approximation for collective momenta and energy were studied.
A variety of forms, which 3 as well as the alternative velcoity fields
allow, were explored.

In the cases where a particular kind of alternative velocity field

-
defined as a regular solution v

R of the continuity relation can be obtained,
we found for the collective kinetic energy a remarkably simple and
symmetric quadratic form involving not the square of one single velocity,
as in the classical case, but instead the scalar product between 3

d—>
and vp.

The theory of the Schrodinger fluid thus formulated was applied to
study collective rotation, especially for nuclei bound by the harmonic
oscillator potential at the equilibrium deformation and the infinite
nucleus bound by a cubical square well potential with a periodic boundary condi-
tion. It is known that the cranking model givesthe rigid moment of inertia
for these two case566’67. We found for the former case that neither the

velocity field ; for each single-particle nor the velocity field $T for

the total matter flow resemble the velocity field for rigid body rotation

3¥18' For the latter case, it was seen that although ; # ziig for each sin-
- -
gle particle, yet Vp Vrig due to the uniformity of the density and the

infinite size of the system.

In the literature there are two requirements which are believed to
be the sufficient condition for the cranking model to give the rigid moment
of inertia. They are the requirements for equilibrium deformation66 and
for equi-distribution of energy68. Bohr and MottelsonG6 have already

pointed out that the first condition might not work for potentials other
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than the harmonic oscillator. We found by using the Hill-Wheeler box as a
counterexanple that the second condition is not generally wval-d either.

In analogy to classical mechanics, a parallel axis theorem for the
cranking moment of inertia may be useful especially for the cale:.lation of
moments of inertia in heavy ion collisions. However, we found no such a
theorem in the literature. By utilizing the theory of the Schrdding-r
fluid, we proved such a parallel axis theorem.

The study of nuclear deformation was also made by emphasizing the
dynamical compressibility of the Schrédinger fluid of the partiele occupy-
ing the last level. Physically, this associates with the motior of density
ripples in the nucleus. This phenomenon was illustrated with the case of
crossing of two harmonic oscillator single-particle levels in a quadrupole
deformation, in which the particle adiabatically adjusts itself in occupy-
ing the lower level. The corresponding single-particle density distri-
bution was seen to change its nodel structure, and at the same time vV was
seen to acquire compressible vortices as contrast to the case of noncrossing
harmonic oscillator levels, which gives Vv identical to the incompressible
liquid drop velocity. The strength of these vortices was shown to be
related to the large deformation Inertia occurred in case of level crossing
and estimated by Griffin69.

A quantity, which we label the "dynazmical rippling' was constructed
to measure the deviation of the Schrddinger fluid from the incompressible
1iquid drop velocity field. It was seen that this ''dynamical rippling"
peaked at the crossing deformation and therefore is believed to be an
appropriate index for the rearrangement of density ripples in the
Schréodinger fluid.

Another time~dependent approach to heavy-ion collisions in which Kan

and Tamura worhled during the past year is the time dependent Hartree-Fock
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70
(TDHF) calculations’ , for which several papers have been reported recently,

71

intending to elucidate the mectanism of the collision between heavy-ions
Their results looked rather exciting. For example, they have obtained
for the two partners in the collision process a lowering of the translational
kinetic energy after the collision. This seems resembling to some extent

the phenomena of deep-inelastic processes observed in many recent experi-
mentsAO.

In spite of these exciting results however, certain aspects in the
TDHF calculations, especially those concerning the limitation of :he
theory and the problem of extracting the cross section from the calculation,
do not seem to be well stood yet. Our present investigation aims at these
aspects.

A charac:eristic feature in the TDHF calculation is that the spacial
dependence of the wave functions has to be obtained numerically at each
time step. It follows that the total period of time and the range of
space which appear explicitly in the calculation must both be finite.
Therefore, the approach has no room for the concept of an aysmptotic form
of the wave function, which is utilized in all time-independent collision
theories, and is vital in defining the concept of the theoretical cross
sections. We would thus have to find ocut a way to extract cross sections
from a theory which does not allow for the use of the asymptotic wave
functions.

In the present investigation we have found that due to the restric-
tion of the TDHF solutions to the one-Slater~determinant manifold ( a res-
triction which 1is intrinsic to TDHF) the TDHF theory does not allow a
quantum mechanical wave packet for the center of mass (c.m.) motion, thus

requiring that at least the c.m. motion be treated classically. This
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classical behavior is most clearly seen in the initial situation in a
collision process, but can in fact be traced throughout the time evolution
of the TDHF solution. Hence it follows that if the calculation is to be
fully quantum mechanical, the one-Slater-determinant restriction, and
hence the TDHF {tself, has to be given up.

In lifting this classical restriction, we have proposed a time-
dependent generator-coordinate (TDGC) approach as a possible extension or
replacement of the TDHF approximation. It was seen that the initial wave
function in TDGC caa be constructed so as to have the correct guantum
mechanical wave packet nature, thus satisfying every guantum mechanical
requirement.

Just as the time-independent GC method72 was an approximation to the
time-independent Schrddinger equatiom, the TDGC ( as well as TDHF)
is an approximation to the time-dependent Schrédinger equation.

The time-independent GC method has been used in the nuclear structure
problems, particularly in describing collective motions7? Its application
to reactions has also been made, successfully analyzing the data of a—a
scattering74. Its extension to TDGC is an interesting problem, and

we made a few qualitative investigations of how such an extension may be
made.

In whatever way the TDGC equation may be solved, it is very likely
that the solution obtained has a wave packet nature, and is obtained with
a restricted time-period and spacial-range, just as was the case in TDHF.
We have thus studied the properties of such a small packet by taking,
however, a time-dependent Schriddinger equation for a one-body protlem,
rather than the TDGC equation for a many-body problem. More precisely, what
we have tried was to figure out what sort of initial wave packet should be

chosen, how the packet would behave during a finite period of time, and
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and hovs the cross section can be obtained out of such a packet. At the

same time, the problem of constructing outgoing channel states for the TDHF

sclut ! ons was also investigated, by incorporating collective vibrations

to th: particle excitaticns. This will help to interpret the TDGC solutions

whic¢h would be obtained in the future.
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vii. Nuclear Structure

With the purpose of providing a tool to describe the properties of
various collective nuclei, Tamura has engaged, together with Kishimoto of
Texas A & M University, in improving the Boson expansion theory75. The
first paper of this project was published some time ago76, in which the
formulation of the theory was made in such a way that the Hamiltonian in-
cluding terms up to sixth order was given in a very compact form. This
formulation was further developed later, and numerical calculations based
on this improved formulation were also made. The results of this new work
were published very recent1y77.

The most important improvement in the reformulation made in Ref. 77
over that of Ref. 76 was that the effect of the coupling between the collec—
tive and noncollec;ive branches of the excitation modes was taken into
account explicitly. Another modification made was to add to the original
Fermion Hamiltonian a quadrupole-pairinyg interaction term. Earl:ler76
the Hamiltonian had only the monopole-pairing and the quadrupole-particle-
hole interactions. In the course of the numerical calculations, it was
found that these two modifications were vital in obtaining good agreement
of our results with experiment.

Numerical calculations in Ref. 77 were made for twelve nuclel with mass
ranging from about 100 to 200. These nuclei were chosen so that they
represent different collectivities that are found in different regions of
the periodic table. TFor example, it is known that nuclei with mass from
about 100 to 120 have a fairly good vibrational character, and we picked
110pg, 11%cq and 122Te as typical examples of such nuclei. Two nuclei,
126%e and 128Ba were then chosen to represent the Y-unstable type nuclei,

while 19205, 19%pt and !98Hg were chosen as nuclei that are typical
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of those that lie in the region in which the transition from oblate to pro-
late shape takes place as the mass aumber is increased. Finally,
148,150,152, 154y yere taken so as to exemplify the power of our theory in rep-
roducing the well known rapid transition from sherical to deformed regions
in the course of adding only six neutrons.

We show in Fig. 24, as an example the comparison of our theoretical
spectra with experiments for the pair of nuclei 126Xe and !28Ba, which as

we remarked above, are expected to have a Y-unstable nature. A character-

istic feature of a y-unstable nucleus is that the 2; and 4: states are
+ 4
nearly degenerate, and also the 31, 42 and 6: states are nearly degenerate.

It is seen in Fig. 24 that this feature is very well embodied by the
experimental spectrum, particularly of 128Ba, and that the theory re-
produces this spectrum rather well. The above near-degeneracy of the
le~els is less conspicuous in the experimental spectrum of 126Xe, and it
is seen that the theory again reproduces this fact.

The examplas presented in Fig. 25 show the transition from prolate to
oblate shape in the A + 200 region, and this feature is most clearly seen
in the caculated potential-energy surface which is drawn or top of the
theoretical spectrum (marked A) " .- each nucleus. It is seen that 192q¢
is oblate, but the heaviecr elements, 19%p¢ and 198Hg are both prolate.

We shall not go into detail of the fits obtained for other nuclei,
because the interested readers can find them in Ref. 77. One remark we
wish to make here is that the nuclei chosen in Ref. 77 all lie very close
to the stability line. It may then be of interest to see whether a similar
good fit can be obtained as well for nuclei that lie somewhat away from
the stability line. Having this interest in mind, Weeks and Tamura recently

undertook an analysis of data for 102pq apnd !0%Pd and the results are
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shown in Fig. 25. Note that an analysis of 110pq was made successfully
in Ref. 77, and essentially the same parameters were used also in Fig.
25. As is seen, the agreement obtained is fairly good, in particular
agreeing almost perfectly with the experimental information78 concerning
the electromagnetic properties.

Rigorously speaking, however, the result of Fig. 25 has a fairly
serious difficulty; the QZ(ZI) calculated for 192pd is too large by about
a factor of two, compared with experiment. The experiment78 showed that
QZ(ZI) for the Pd isotopes decreases gradually as the mass number decreases,
becoming very small for 192Pd. Our calculations do reproduce this trend,
but the decrease is not as fast as it is in the e:zperiment. It 1s our
conjecture that for nuclei away from the stability line, a good choice
of single-particle energies where our calculation begins gets more and
more important. Since we plan to extend the calculation of Ref. 77 to
a much larger number of known collective nuclei, we may have to find a
better way in choosing the single-particle energies, than that we used in
Ref. 77.

It has been planmed to improve the calculation of Ref. 77 also by
including the sixth order terms and also the explicit excitation of the
noncollective modes. Necessary formulations and the corresponding programming
of the computer code have been almost completed, and it is hoped that we
can begin a very systematic calculation very shortly.

A short summary of our previous Boson expansion calculatioms in combi-
nation with reaction analyses was reported as an invited paper at the

7
Balatonfiired Symposium 9.
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Systematics of Coulomb excitrtion with limited effects from nuclear distortion™*

Da Hsuan Fengt
Department of Physics, 'niversity of Texas at Austin, Anstin, Texas TST12

A. R. Barnett
Departmert of Physics, Schuster Laboratory, Umiversity of Manchester, Munchesteyr, 11K, M1 ap],
L. J. B. Goldfarb
Department of Theoretical Physies, University of Mlanchester, Manchester, UK. M11 907,
{Received 10 September 1975)

A wide-ranging survey has been made of (o, a’) scattering from various target nuclei.
Particular vmphasis was given io determination of the departures of the cross section from
Coulomb cxcitation, which are due mainly from nuclear interaction. The energy range in
this study covers the region from the Coulomb barricer and downwards. Calculations were
performed to first order only via the distorted-wave Born approximation method and the
usunl collective model was assumed. It is fourd that the inelastic seatiering is more sensi-
tve to the nuclear distortion than the elastic scattering, which conforms with results of
recent experiments. A discussion is given of the Igo ambigaity in clastic and inclastic seat-

tering near the barrier.

and heavy-weight nuelei, Coulomb-nuclear interterence, Coulomb barrier, safe

I' NUCLEAR REACTIONS Elastic and inclastic a~particle scattering on modium-}

- distance, multipolarities, o ambiguitics, strong absorption radius,

1. INTRODUCTION

The influence of the nuclear interaction between
the projectile and the target during inelastic scat-
tering has not been studied systematically in the
bombarding energy range below the Coulomb bar-
rier. Cotlomb excitation theories,'~® and espe-
cially those describing the reorientation effect
(due to static quadrupole moments of the nuclei) or
other higher order processes,* specifically as-
sume that there is no interaction between the two
charges aside from the electromagnetic field;
thus deviations from the first-order calculations
are attributed to the effects of static quadrupole
moment* and of higher moments. It 15 consequent-
lv of great interest to establish quantitatively that
nuclear effects do not upset the validity of the
Coulomb-excitation approximations. We have
completed a series of calculations designed to
reveal the degree of importance of nuclear ef-
fects in some Coulomb-excitation experiments.
These are the (o, o) and (@, @') reactions on the
target nuclei '*2Sm, 2*Pb, and **U as a function
of bombarding energy.

Recently 2a number of e -scattering experiments
have been performed whose object has been to
measure nuclear and Coulomb interference ef-
fects both in the Coulomb barrier region and at
a sufficiently low energy that nuclear effects are
negligible. The deformed targets '**'*Sm and
me\v's lsasm. 150 ) and 182 w'e len gy and ma.lunw"l

13

and eight rare-earth isotopes from '*8m to ™ yh®
have been studied by this method and in each case
quantal coupled-channel calculations have been
made. Nuclear and Coulomb effects are both in-
cluded in such calculations.

The ** safe energy,” which is the energy below
which nuclear effect is negligible, is defined in
terms of a minimum distance between the two
nuclei in a head-on collision

S =(Z,eNZ,2)E™Y — 7,V 2 +4,0Y), ("

where Ze and A are the charge and mass number
of the particles, F is their relative center-of-
mass kinetic energy, and r; is a nuclear radius
parameter. Various attempts have been made to
estimate values for S for which nuclear effects
are indeed negligible; de Boer and Eichler* pro-
posed §>3 fm with »;,=1.25 fm, and it was soon
recegnized experimentally that this choice was
not stringent enough; Cline ¢/ al. showed that the
condition S >5.1 fm?; later'” $ > 6 fm, is neces-
sary, while the Purdue group'' demonstrated that
with r, set equal to 1.6 fm, then S>3 fm. It is
important to realize that these experimental tests
all refer to I, = 2 excitation with projectiles of
mass 16 to 32 incident of medium-mass targets.
Thus the use nf these criteria for widely dif-
ferent mass regions will lead to widely different
predictions for values of S(E).

The terms " safe” and “negligible” are clearly
subjective in nature. We might arbitrarilv adopt

1151
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PATIWEN - A CODE FOR COULOMB-NUCLEAR INTERFERENCE CALCULATIONS *

Du Hsuan FENG

Deparrmens of Theoretical Physies, University of Manchester, Manchester M13 9PL, UK
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PROGRAM SUMMARY

Tule of program. PATIWI N
Catalogue numper. ABPD

Program obrainable from. CPC Program Library, Queen's
Unwversity of Belfast, N. Ireland (see application form in this
issue).

Computer: Installation® Daresbury Nuclear Physics

IBM 370/165 Laboratory, Cheshire, UK.
CDC 7600 UMRCC, Manchester

Operatirg svstem: QSRLSE 21

Program langrage used TORTRAN [V

High speed storage required : 344 K words

No. of bits ina word. 32

Overlay structure . Nong

No. of magnetic tapes required- None

Other peripherals used: Line peinter, casd reades

No. of cards in combined program and rest deck: 1256
Card punching code: I'BCDIC

CPC Library subprograms used:

Cat. no. Title Ref in CPC
ABPC RCWFN 8(1974 377
AR 0001

(optional) PCWFF to be published

* Work supported by the United Kingdom S:ience Research
Counci] and the U'.S. Encrgy Research and Development
Administration,

** Present address,

Keywords: Nuclear, clectric multspole, Coulomb excitatjon,
differential, cross sections, inelastic, scattering, rad wil integrals,
partal-wave expansion, Ex Coulomb matnx elements, con-
tinued fractions.

Nat: e of the physical problem

The program PATIWEN caleulates the differential and total
cross sections for inelastic seatternng of J4 structureless changed
particle interacting via an electre multipole of order E2-T'6
with a nuclear system. It is uho designed to accept nuclear
matrx clements (up to 150 partul waves) from any conven-
twonal DWBA program |1} and to complete a full Coulomb -
nuclear mterference catculation, A subroutine generates radiat
matny elements of the type f‘: drupthe) r~ A upe (K'r), Where
A > tand where gy (kr) isa combunation of Coulomb wave
tfunctions, for positive, negative and zero values of the Sommer-
1eld parameter, n.

Metnaod of solution

The numeneal calculition closely follows the guantum-
mechanical theory of nuclear and Coulomb eavcitutions in the
distorted-wave Born approximation | 2]. The projectile is as-
sumed to be a point charge. The radial matrix elements are
integrated by the gaussian quadrature {3] technique. Ths re-
presents an *ttractive procedure as the Coulomb tunctions
needed for the mategrand cin be calculated independently at
any radius using subrounine RCWEN {4]. An adaptation {§})
of RCWFN which requires loss array space can be used.

Restriction on the complexity of the problem

The calculation is non-relativistic and is dimensioned for 600
partial waves; more cin be included if necessary. There is no
inherent restriction to the scattering of like charges, although
only this case has been tested.

-
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QUADRUPOLE DEFORMATION PARAMETERS OF 148152183 g1y DETERMINED
FROM NEUTRON TOTAL CROSS SECTIONS

R.E.SHAMU! CIL LAGRANGE
Centre d'Frudes de Bruyéres-le-Chdrel, C.P. no 61, 92120 Montrowse, France

E.M. BERNSTEIN, J.J. RAMIREZ
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T.TAMURA?

University of Texas, Austin, Texas 78712, USA

and

C.Y. WONG*
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Received 5 January 1976

Quadrupale parameters of the nuclear potential were determined tor M48:352.153g, yanp coupledchannel cateula-
tions. ' hie g3 values for V529598 are about 10 percent tower than gy values for the nuddear charge distnbution ob-
tained from Coulomb excitation, cleetron scatlering, and g-nicson X iy eaperiments.

Neutrons are particularly suitable probes for inves-
tigating the shape of the nucleur potential since, uniike
the case for a-particles and protons. electromagnetic
effects can usually be neglected. Ht has been known
for many years that certain low-encrgy neutron scatter-
ing parameters. e.g., the s-wave strength function,
have a “trong dependence on nuclear deformation {1].
Recent total cross-section measurenments indicate that
nuclcar de{ormation has a substantial effect on neu-
tron scattering in the MeV region as well {2, 3].

In the present work, neutron total cross sections for
1485, and total sross-section differences for 1521488,
and 154.19851y were measured from 0.75 to 14.5 McV.
These Sm isotopes are appropriate nuclei for deforma-
tion studies because they span the region near NV =88
where nuclear deformation changes rapidly with mass
number. For each of the nuclei 148:152.1545m the qua-
drupole deformation parameter has been obtained from
these data using non-spherical optical-model coupled-

! Permanent address: Western Michigan University.

2 Wark supported in part by the Rescarch Corporation.
3 Work supported in part by the USERDA.

4 Work sponsored by the USERDA.

channel caleulations and is compared with values ob-
twned from other types of experiments [4 - 8], A pre-
hnunary 1eport of the present work hus been presented
previously |9].

The 14881 total crosssection measurements and
the total cross-section difference measurements were
made at the Western Michigan Univarsity tandem acce-
lerator facility. Eacli Snt samiple consisted of about
40 ¢ of powdeied Sm> O3 with an isotopic enrichment
> 9357, The ¥88&m total cross section was measuied
in the usual way usiig as sainples “’*5111203. BeO. Be,
and a blank can. The total cross-section difference,
c.g.. between 1328m and H8Sin, was determined di-
rectly by measuring the transmission iatio for the
oxides of these two isotapes. The presence of oaygen
in the sumples did not affect this ratio, because cach
S cuniple contained essentially the same number of
oxypen nuciei. Other experimental detzils are given
elsewhere {3].

The coupled-channel calcutations were similar to
those reported previously [10]. The philosophy of the
picsent work was to fit the data using a minimtan of
adjustable parametess. Exeept for the addition of a
real isospin term, the non-spherical optical-potenual

29
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Multistep inclastic processes in the reaction 2*Si(*He, d)*°P leading to bound and unbound
states*

L. Ray and W. R. Coker
Department of Physics. University of Texas, Austin, Texas 78712
{Received 8 December 1975)

We analyze the stnpping reaction *Si(*He, d)*°P at an incident *He energy of 35.3 MeV, considenng seven
residual states. These extend tn excitation energy 10 4 8 McV with the highest four being unbound to proton
emission and described via complex energy cigenstates. The results of a distoried-wave Born-approximation
analysis are rather disappointing. Through a coupled-channel Born approximation analysis, inelastic excitation
1n both the entrance and exit channels is shown in several cases to be important in accounting for the detailed
shape of the angular distnbutions. Additional data obtained at 20 and 40 MeV are included in the analysis as
a check of the optical potentials and spectroscopic amplitudes adopted. The spectroscopic amplitudes used are
consistent with results of large-basis shell-model calculations. Good fits to the ('He, d) data are obtained in
both shape and magnitude, suggesting that the coupled-channel Born approximation should replace the
distorted-wave Born approximation ia the analysis of experimental data for .ingle-nucleon transfer reactions in

this mass region

NUCLEAR REACTIONS *Si('He, d), £=20, 35.3, 40 MeV, DWBA and CCBA
caleulations of o(£,,0). Deduced multistep inelastie contributions and
spectroscopic amplitudes.

1. INTRODUCTION

The use of ("He, d) and {(d, *He) reactions for de-
tailed studies of the nuclear spectroscopy of pro-
ton particle and hole states began in earnest about
ten years ago.! Since then, a vast number of
studies have been carried out using these reac-
tions, at nuclear science facilities all over the
world.

In recent years, it has been realized that excita-
tion of inelastic channels during nucleon transfer
reactions can have important consequences; anal-
ysis of direct reaction cross section data using the
conventional distorted -wave Born approximation
(DWBA) can lead to erroneous spectroscopic con-
clusions, and fails to account for many remark-
able, systematic features of the angular distribu-
tions.?

The (*He, d) reaction has also been used {requent-
ly to explore the low-lying proton continuum. Data
for ("He,d) to proton-unbound states has generally
been analyzed in terms of ordinary DWBA with
weakly bound s.ates as residual nuclear form fac-
tors. Again, in recent years it has been realized
that, even for proton resonances of width 10™% MeV
or less, use of a weakly bound state form factor
in DWBA can lead to erroncous conclusions.®*

In the present work we discuss an analysis in
which both of these difficulties are present. The
reaction *®Si(*He, @)**P has been studied at 35.3
MeV incident 3He energy by Leleux etal.’ From
previous coupled-channel Born approximation

(CCBA) analyses of the mirror reaction *i(d, p)-
281, it is known that inelastic excitation in en-
trance and exit channels has an important effect
on certain transitions to states with small single-
particle spectroscopic factors.® Further, a num-
ber of the states observed by Leleux elal. are un-
bound to proton emission.

Anpular distributions are available covering cen-
ter of mass angles from 10 to 70° for the following
states in ®P: 1* ground, !* 1.38 MeV, 3* 1.95
MeV, 3* 3.1 MeV, I 3.45 MeV, 3" 4.34 MeV, and
3* 4.76 MeV. The last four of these states are un-
bound to proton emission.®

Because of magnitude anomalies, to be discussed
in the next section, we have also included in our
analysis data for the *P ground state and the first
excited state at 1.38 MeV obtained at incident *He
energies of 20 MeV by Mertens, Mayer-Boricke,
and Kaitenborn® and at 40 MeV by Stupin, Ristenen,
and Schwandt.”

These data have been analyzed in terms of the
CCBA? using complex-energy eigenstates’ to de-
scribe the unbound finad nuclear states, To the
hest of our knowledge, this is the first instance of
a CCBA description of direct reaclions to unabound
final states. In Sec. Il we present the details of
the analysis, and iu $Sec. Il we draw conclusions.

In the CCBA analysis we have considered a num-
ber of alternate couplings in both entrance and
exit channels, and have also made a study of the
sensitivity of our results to variations in the rela-
live phases of configurations contributing to parti-
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Exact finite-range coupled-channels Born approximation analysis
of 13C-induced reactions*

L. Ray, J. Lynch, and G. Westfallf
Department of Physics, Universily of Texas, Austin, Texas 78712
(Received 23 Oclober 1975)

Differenl descriptions of the reaction 3s1(3¢, '2C)®5i at 36 MeV leading to the ground and
first excited states of #Si nre examined. Sensitivity of the reaction cross section to various
families of optical parameters is investigated and the so~called “‘surface transparent poten-
tial” ig used as an alternate treatment. Exact finite-range distorted-wave Born approximation
and coupled-channels Born approximation analyses of the reaction are performed, showing
that the coupled~-channcls Born approximation analysis, even in its presently restricted form,
leads to an improvement over the distorted-wave Born approximation predictions.

NUCLEAR REACTIONS 2si(1%C,!2C) calculated cross sections using exact finite-
= range CCBA with “surface transparent potential.”

L. INTRODUCTION

In recent years interest in *C as a projectile
in heavy-ion-induced reactions has greatly in-
creased, with a number of facilities now having
C peams available.'*? However, the usefulness
of ¥C as a means of revealing nuclear structure
information remains somewhat dubious because
of the collective nature and uncertain gross struc-
ture of this nucleus. In this paper we will pre-
sent a study of the importance of multistep pro-
cesses in the reaction data for 2%8i(*?C, 2¥C)*’si
at 36 MeV incident *C energy leading to the
ground and 1.27 MeV 3" first excited states of
2353, which should additionally reflect upon the
usefulness of *C as a projectile.

The data for this study were obtained with the
University of Texas EN tandem acceleratar using
a locally designed Middleton-~type negative ion
source. The experimental details and analyses
can be found in greater detail elsewhere.’

The theoretical aspects involved in describing
such a reaction are manifold, and in this paper
we have concentrated on the few particular aspects
which we feel best illustrate the difficulties and
advantages inherent, not only in the use of "*C
as a probe, but in treating such reactions in gener-
al.

The first facet of the problem that will be con~
sidered is that of the continuous ambiguity in
heavy ion optical potentials. Often one ignores
the fact that different sets of optical potentials
which fit the elastic data equally well can lead to
drastically different cross sections in both the
distorted-wave Born approximation (DWBA) and
coupled-channels Born approximation (CCBA)
formalisms.® Such sensitivities will be investi-
gated and the so-called “surface transparent

-65-

potential”? will be examined as a possible alterna-
tive description.

Other considerations to be dealt with are the
deformations of **C and the well-known collec-
tivity of 2%+2gj, > |n order to deal with these
elements of the problen:, multistep inelastic
processes should be taken into account, which is
fortunately now possible to do using oi:r EFR~
CCBA code (EFR denotes exact finite range)
recently developed by Tamura, Low, and Udagawa
called SATCCBA-MARSNEW .* The results from this
CCBA analysis will be contrasted with an EFR-
DWBA analysis {(using Tamura and Low’s code
SATURN-MARS’) to see if multistep inelastic pro-
cesses are indeed signilicant in describing the
reaction. To perhaps anticipate the discussion
slightly, one notes that these states in ?°Si have
been shown in light ion reactions to be populated
maijnly through direct processes****® and so DWBA
can be expected to give a reasonably good {it to the
data. However, to reproduce the finer details of
the angular distribution one would expect that col-
lective processes should also be accounted for,
and this is actually found to be the case.

Other complications encountered in describing
this reaction were the difficulty inherent in using
a low energy beam® '’ and the uncertainty in the
collective nature to be assumed for silicon, since
it lies in a transition region between rotational
and vibrational behavior, We now discuss the
optical model ambiguity problem foilowed by the
results of the CCBA analysis.

1. OPTICAL MODEL SENSITIVITY

1t is quite often assumed that different families
of optical potentials which fit the relevant elastic
scattering data equally well will lead to essentially
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Multistep processes in the "F(**Q, *N)?®Ne reaction

K. S. Low
Départemeni de Physique Nuciéaire, Centre d’Etudes Nucléaires Saclay. 8P 2. 91190 Gif-sur-Yvette, France

T. Tamura and T. Udagawa
Depariment of Physics.® University of Texas, Austin, Texas 78712
(Received 9 June 1975)

An exact-fimte-range coupled-channcls Born-approximation analysis, which takes mito account muitistep
processes, was made of the reaction '"F(**0, *N)°Ne(0*, 2*, 4'). Good fits to data were obtained not ouly for
the 0 and 2" state cross sections, but also for the 4* state which is forbidden in a one-step process. Deviation
of the distorted-wave Born-approximation resull from the coupled-channel Born-approximation result was
observed even for the allowed transition to the 0% and 2 states.

LNUCLEAR REACTIONS PF(°0,%5N), £=68 McV calculated (8) with CCBA and]
DWBA.

The importance of the multistep processes in-
volving inelastic scattering has been known for a
long time for light-ion-induced reactions, and
there is no reason to believe that the situation dif-
fers for heavy-ion-induced reactions. In fact such
evidence has been seen in many cases and analyses
of the data were made in terms of coupled-channel
Born-approximation (CCBA) calculations.! 1t is
somewhat surprising to note, however, that all
these cases reported so [ar have been restricted
to two-neutron or two-proton transfer reactions
between two even-even nuclei. It was found that in
many cases the anpgular distribution, that left one
of the outgoing partners in its first excited 2*
state, had a rather anomalous shape; and this
anomaly was explained by CCBA.!*?

In spite of the successful fit by CCBA of the
anomalous distributions, and also the magnitude
of the 2* cross section relative to that of the
¢round state, the analysis of the two-nucleon
transfer reactions has a common difficulty which
has not yet been resolved satisfactorily. The pre-
dicted cross section was found to be t00 small by
a factor of 1 to three orders of magnitude.® Al-
though there is some indication that successive
transfer reactions might provide the explanation
of this difficulty.® an unambiguous calculation has
still to be made; particularly when anomalous
angular distributions are involved.!

One may naturally expect that the nature of one-
nucleon transfer reactions 1s much simpler, and
in fact a large number of successful analyses have
been reported {or reactions in which one-step pro-
cesses were (expected to be) dominant. On the
other hand, very little has been done, either ex-
perimentally or thearetically, for one-nucleon
transfer reactions in which the inelastic effect and

13

consequently the multistep contribytion was ex-
pecled to be important. The purpose of the present
article is to fill this gap by analyzing the data of
the "F(‘°0, '*N)**Ne reaction, recently reported
by an Orsay group.” In this experiment 4* as woll
as 0* and 2* states in the ground band of *°Ne w, ‘e
strongly excited. Since **Ne is basically an s-d
shell nucleus, with negligibly small admixture of
the N =4 shell component in the intrinsic ground
state, a distorted-wave Born-approximation
(DWBA) calculation is expected to predict the 4*
cross section to be orders of magnitude smaller
than experiment. However, a CCRA calculation
which takes into account the deformed nature of
U7 and *°Ne may explain the experiment.

The exact-finite-range (FFR) CCBA and DWBA
calculations were performed using the formalism
and the technique developed in our previous publi-
cations.® Since to consider the inelastic coupling,
in both incident and exit channels simultaneously.
required avery lengthy time and a large core
slorage in the computer, we first carried out cal-
culations considering only the 0*-2*-4* coupling
in the ?°Ne channel. The deformation parameters
used for **Ne were /3, =0.45 and 8, =0.15, an aver-
age set of values obtained through work using
light-ion reactions.” The }* -u* and }* < 2* trans-
itions were treated as the transfer of an s,,, and
d,;» proton, respectively, bound in **Ne at the cor-
responding separation energies in a Woods-Saxon
well with 5,=12 fm, 2=0.65 fm, and v, =7 MeV.
For the proj« ctile-ejectile system, it was assumed
that the proton that 1s transferred comes from a
pure single-particle slate, namoly the p,,, orbit
n ‘%0, in a Woods-Saxon well with the same pa-
rameters as used for *Ne.

1f the Nilsson model” is used, the spectroscopic
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12NJ( 180, 10 )9Nd reaction and its contrast to !*Nd(*2C, 1"C)"**Nd reaction®
K. Yagi,! D. L. Hendrie, U. Jahnke,i C. F. Maguire,§ J. Mahoney, and D. K. Scott

Latwrence Berkeley Labovatory,” University of California, Bevkeley, Calitornia v122¢
D. H. Feng,IT, Udapawa, K. S. Low,!l and T. Tamura
Physics Departinent,*® Univevsity of Texas, Austin, Texas 78712
(Received 15 March 1976)

An investigation is made of the '¥Nd (%0, !%0)!**Nd reaction, in which it was found that
the first excited 2* state was populated strongly with an angular distribution characteristic
of one-step transfer. This is in contrast ta an earlier result for the inverse-type reaction
14Na2C, e *Nd, in which the first excited state was found to be populated dominantly by
a two-step process and to have an anomalous angular distribution.

[NUCLEAR REACTIONS '2N(%0,'0), £ =98 MeV; measured o(8), DWBA |
analysis. J

Investigation of two-nucteon transfer reactions
included by light ions, such as (p,!) and ({, p) reac-
tions, has been recognized as a powerful tool in
obtaining information concerning the correlation
of the nucleon pairs which is revealed, for exam-
ple, in the excitation of the pairing vibrational
states.! Simifar information on this correlation
can be obtained by carrying vut two-nucleon trans-
fer reactions induced by heavy iuns. In the present
article the "*Nd(*0O, *O)'**Nd reaction leading to
the quadrupole-pairing vibrational states of re-
moval (RQP) and .ddition (AQP) types is investi-
gated, and conipared with the inverse-type reac-
tivp MNd(*C, "*C)"*Nd which we reported earlier.?

A characteristic feature of an RQP (AQP) state
is that it is excited strongly (weakly) by a pickup
reaction, like (p,!), while the situation is reversed
for a stripping reaction. In fact, previous (p,f}
work?* showed that the transitions to the RQP-
type 2' states were strong and were of direct (one-
step) nature. OQn the other hand, the transition to
the AQP-type 2° state was much weaker and also
had an anomalous angular distribution. A marked
example of such an anomalous angular distribu-
tton was that of the “'Nd{p, /)**Nd (2;) transition,®
which could be fitted well by coupled channel Born
approximation (CCBA), but not by distorted wave
Born approximation (DWBA). A very similar situa-
tion was encountered in the '**Nd{'*C, *'C)'**Nd (2;)
reaction.?

It is interesting ta perform the inverse stripping
reaction, but to carry out a {/, p) reaction, particu-
larly at high energy, is difficull. On the other
hand, it is quite {easible to carry out two-nucleon
stripping reactions induced by heavy ions, and it
is for this reason that the present (**0, *O) experi-
ment was underiaken. A similar comparison be-
tween pickup and stripping reactions on Sn targets

14

——

was reported recently, showing that the interfer-
ence between the direct and indirect transitions to
the final 2; state was caanstructive {destructive) for
pickup {stripping) reactions.”

The present experiment was performed by using
a 98-MeV '®Q beam from the Berkeley 88-inch
cyclotron. Reaction products were detected with
the quadrupole-sextupole-dipole (QSD)-type mag-
netic spectrometer.” Particle identification
and energies of the reaction products were ob-
tained by a combination of magnetic rigidity,

a double dE/dx measurement, and the time-of~
fight method.” Figure 1 shows an energy spectrum
of the QO ivns {rom the "Nd(’*Q. **O}**'Nd recac-
twon. A 350- ug/em? self-supporting, isotopieally
pure metallic *“Nd target gave a resolution of 250
Kev.

The differential cross sections tor the '“Na(**Q,
Q) reaclion leading tuv the ground state (0,) and
the first excited 0.69 MeV (2;) state of ''Nd are
shown in Fig. 2. As is seen, Luth the 0; and the
2; states are strongly pupulated, and both display
bell-shaped angular distributions characteristic
of vne~-siep transitions. The peak of the cross
sections oceurs at 8, = 50 .

The theoretical analysis was performed by using
an exact fimte range (EFR) microscopic version?®
of the DW BA code SATURN-M/RS-1." The wave
functions used fur '“Nd and “*Nd were constructed
in the same manaer as in Refs. 2 and 11, Both
the pairing-type {of moaopole and quadrupole na-
twr 2) and the particle-hole-type (of quadrupnle na-
ture) interactions were used and thus the wave
function for the two extra nucleons in “Nd had
rather complicaled configuration mixing. For the
two extra nucleons in 'O, we used the cunfigura-
tion mixing described by Bayman,” The radial
part of the wave functions for the single neutrons
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Multistep processes in iransfer reactions induced by 56 MeV 'Q beam on >7*5Ge isotopes

M. E. Cobern, M. C. Lemaire, K. S. Low, M. C. Mermaz, and H. Sztark
Département de Physique Nucléaire, Centre d'Etudes Nucléaires Saclay, BP 2, 91190, Gif sur Yveite, France

T. Udagawa and T. Tamura
Department of Physics,® University of Texas, Austin, Texas 78712
(Reccived 29 September 1975)

Angular distributions of the (15Q,¢C) reaction on ¥+ ¥+ ®Ge targets were measured using a
56 MeV %0 beam in 2° steps between 13° and 17° laboratory angles. The experiments were
performed using three scolid state detector telescopes. The observed difference between the
shapes of the angular distributions of the ground states and the excited states indicates that an
important role s played by multistep processes, involving vibrational excitation of the target
and residual nuclei. It was found that the exact-finite-range coupled-channel-Born-approxi-
mation calculations were able to reproduce qualitatively the observed variation of the angular

distributions.

[ NUCLEAR REACTIONS T+ M. TGed80, i), £ =56 MeV; measured o(6) and cnl-]
culated o(6) with EFR-CCBA and DWBA.

I. INTRODUCTION

It has long been known in hight-ion-induced re-
actions, particularly in (p,t) reactions, tha. mul-
tistep processes involving core excitation of target
and residual nuclei play an important role in
transfer reactions. 1t has thus been expected that
such might also be the case in reactions induced
by heavy ions. It is anticipated that anomalies in
the shape of the angular distributions, as well as
in the absolute and/or relative magnitudes, could
be used as a clear signature of the presence of
such higher order processes. Indeed, it has al-
ready been found that in the reaction *°Ca-

(*%0, ?*Ne)*®Ar! the first axcited 2* state of 2°Ne
has a drastically differert (forward peaked) angu-
lar distribution compared with the vell-shaped
angular distribution from the ground state. Vari-
ous CCBA (coupled-channel Born approximation)
analyses®® have since then been made for heavy-
ion-induced transfer reactions, showing that the
anomalous angular distributions can, in general,
be rather well accounted for by such an approach.
In the present paper, we report on our study of the
effects of multistep processes in the 2.74,75Ge-
(1%0,14C)™+78.785¢ reactions. All these Ge and Se
isotopes involved are known to be strongly collec-
tive and we expect to observe two-step effects.
The present study is an extension of our previous
work*%$ for the reaction ™Ge(**0,'C)"8se, to in-
clude all the ihiree Ge isotopes and also the transi-
tions leading to the octupole vibrational state of
3". The theoretical analysis is made in terms of
EFR (exact-finite-range)~CCBA, the coupled-
channel calculations which included the Coulomb

13

excitations being made iri both incident and exit
channels.

In Sec. Il we prese.it the experimental data and
discuss their qualitative {eatures. Formulation
of the EFR-CCBA calculations is presented in |
Sec. LI and comparison of the theoretical result
with experiment is made in Sec. 1V. Discussions
about the results are given 1n Sec. V.

1. EXPERIMENTAL PROCEDURE AND RESULTS

The experiments were performed in a scattering
chamber with three counter telescopes each con-
sisting of two solid state detectors and using a 56
MeV '°O beam delivered by the Saclay FN Tandem
Van de Graaff. The thickness of each silicon sur-
face barrier AL counter was about 30 um. As
discussed in our previous paper,* the reaction
products were identified by using a function
F(A,7)=AE(A,Z)+0.32E(A, Z), where AE(A,2)
and E(A,2) are, respectively, the energy losses
in the first and second counters. The constant
0.32 is determiined by the thickness of the first
detector, which was 30 um in the present experi-
ment. For a wide variety of reaction products and
a large range of energy, wie function F(A,Z) has
a unique value for each pair of A and Z. The elec-
tronics have also been described earlier.” A
typical energy spectrum for the reaction *°Ge-
(*%Q, *C)™Se is presented in Fig. 1. The energy
resolution is about 200 keV. In these experiments
use is made of thin targets of 50 pyg Ge on a 20 pug
backing 1 order to prevent the destruction of the
targets by beam-energy-loss heating.

The two proton transfer angular distributions
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NOTE ON THE HARMONIC OSCILLATOR CALCULATION
OF TWO-NUCLEON TRANSFER FORM FACTGRS

M. VALLIERES!
Physics Department, Mclaster University, Hamilton, Ontariv L8S 4311
DA HSUAN FENG !
Center for Nuclear Studics, University of Teaas, Austin, Texas 78712
and
R. H. IBARRA ‘!
Plysics Department, University of the Philippines, Quezon Ciry, Philippines

Reccived 2 June 1975
(Revised 26 August 1975)

Abstract: In a recent publication, lano and Pinkston showed that the zero-range form factor for
two-nucleon transfer rcactions ohtained through their shell model calculation was well ap-
proximated in the asymptotic region by the one calculated using the standard well-depth
procedure, We wish to show that such an agreement is merely due to the restricted space which
they have used. 1t is found that by including a larger working basis, the form factor may
increase in the asympiotic region by as much as 50 $; over the onc obtained by the well-depth
procedure; this in turn will bring the theoretical cross section to within 3 of the experimental
one for the reaction *°Ca(t, p)**Ca.

1. Introduction

A number of calculations '~*) have recently been done to determine accuritely
the two-nuclcon transfer overlaps. The sudden interest in this subject has arisen due
to the apparent failure of the distorted-wave Born approximation (DWBA) thee
using the well-depth (WD) unsatz ®) to predict cortectly the mar.itude of the ex-
perimental cross scctions of two-nucleon transfer reactions 7-8). There are now reu-
sons ! 7%} 1o believe, at least in light-ion induced reactions ®), that this is largely due
to the inadequacy of thc WD procedure in caltulating two-nucleon overlaps. In a
recent publication by Iano and Pinkston (IP) *), however, a contrary conclusion was
rcached. On the basis of their “truncated™ shell model calculations® they concluded
that the WD two-nucleon overlap approximates very well the “‘correct™ overlap
they obtained in their calculations.

T Work supported in part by the National Research Council of Cunada.

1t \Work supported in part by USERDA.
1t Work supported in part by UPNSRC.

{ Strictly speaking, all shell modcl caleulations are done within a truncated space but in tais
present problem it is possible to truncate the basis only when convergence of the wave function at
some large radial distance is achieved. This is very simiar to the partial wave expansion in clastic
scattering.
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Absolute cross section of the reaction “*Ca(*®0, %0)*°Ca

Da Hsuan Feng,* Taro Tamura, Taxeshi Udagawa, and James Lynch
Department of Physics.t Unvensity of Texas, Austin, Texos 78712

K. S. Low
Dépz-tement de Physique Nucléaire. Centre d"Etudes Nucleaires de Suclay, Saclay, France
(Received 12 January 1976)

It is shown hat the long standing difficulty of very small theoretical cross sections for heavy-ion-induced iwo-
nucleon transfer reactions appears to have been solved, at least for the case of the **Ca(‘*Q, '*0)*“'Ca reacuon.

NUCLEAR REACTIONS ¥Ca (%0, *01%Ca, E=50 MeV, 0" ground state and ©° ex-
cited state. DWBA and coupled-reaction-channel analysis, density-dependent
correlations.

Distorted wave Born approximation (DWBA) and/
or coupled channel Born approximation (CCBA)
analyses made in the past of two-(identizal)-nu-
cleon transfer reactions between heavy ions have
consistently shown that not only the angular dis~
tributions but also the relative magnitudes of ex-
perimental cross sections for various final resid-
ual nuclear states were fitted rather well.,! 1t has
also been consistently noted, however, that the
theory underestimates the absolute magnitude of
the cross section by one to two orders of magni-
tude, contrary to results for one-nucleon trans~
fer reactions? in which such a difficulty has not
been encountered.

One source of this difficulty could have been the
use of a relatively crude cluster approximation
in some earlier calculations. Recent studies
which used a detailed microscopic description
for the two-nucleon bound states, rather thana
cluster approximation, however, still found too
small cross sections.? On the other hand, there
have also been reported calculations' which showed
that the contributions of the two-step successive-
transfer mode dominated that of the simultaneous
iwo-nucleon mode by one order of magnitude, i.e.,
that

o(successive)/o{simultaneous) = 10. Q)

However, the numerical details of these calcula-
tions may be suspected, because of the use either
of a Ssemiclassical or of a no-recoil {(NR) approxi-
mation. An example which shows that NR calcula-
tion of o(successive) is rather unreliable was
presented recently by Kammuri, Yoshida, and
Yamaji.’

Kammuri et al.® also performed exact finite
range (EFR) calculations, as we did sometime
ago.® One example we analyzed was for **Ca('°O,
1*C)*Ti data,” and it was found that N=o,,,/0,,

= 200, if only the simultaneous process was taken
into account. However, it was also found that N
was reduced to about 20, if the successive process
was added, thus showing that the rule Eq. (1) holds
also in the EFR calculations. Almost exactly the
same result was reported in Ref. 5 too. This is
certainly a drastic improvement, but to have an

N which is still as large as 20 means that the
original problem has not yet been solved satisfac-
torily.

Insofar as we are aware, no case has yet been
reported in which N= 1 was obtained. To be a
iittle more precise, however, we should note that
Kammuri e¢f «!.° reported the case of the
12C (110, 1O 'C reaction® in which they obtained a
o,, which even exceeded o, , giving N=0.4. The
theoretical angular distribution which theyobtained
agreed, however, rather poosly with experiment,
being completely out of phase. Also the optical
potential they used had an unusually weak absorp-
tion. Furthermore, Schneider e! al.? pointed out
the importance of taking into account the contribu-
tioun of the *C(*"0, '*C)'*0 mode of the reaction to
the 2C('*0,'0)*'C mode. Therefore, the achieve-
ment of N=0.4 may very well be suspect. It
should also be noted that Scott ¢f al. (the third
paper of Ref. 1) claimed that they obtained N as
small as 2.5 for the reaction '*Sn{'Q,*0)'*%Sn, by
considering only the simultaneous process. Their
calculation was made, however, in the NR ap-
proximation. We reanalyzed the same data with
EFR calculations and with the conhgurauons as
their’s, we found that A = 8.

The purpose of the present article is to show
that at least in one example of the **Ca(*?0, 1*0Q)*°Ca
reaction, we are able to obtain N=1. The results
of the EFR calculations are presented in Fig. 1,
together with experiment.!® Since all the theoret-
ical curves in Fig. 1 are presented without any
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MULTI-STEP PROCESSES IN TRANSFER REACTIONS BETWEEN HEAVY IONS+

T. Udagawa and T. Tamura

Department of Physics, University of Texas, Austin, Texas, U.S.A. 78712

A discussion is given of how nuclear structure informa-

tion can be extracted or tested, by performing analyses of
data of heavy ion transfer reactions. Some aspects of the
reaction calculations, particularly pertaining to the heavy-

ion induced reactions are also discussed.

1. Introduction,
In the past a few years rapid progress has been made in the under-
standing of the mechanisms of transfer reactions between heavy ions. This
was achieved largely because it has become possible to carry out very fast
exact=-finite-range (EFR) calculations, not only with DWBA but also with
CCBA and CRC approaches as welll.
In the present paper, we focus our attention to the two-nucleon

transfer reactions, and present as an example th2 analysis of the reaction

14 Nd(lzc,14 )142 . 142 .2

Nd leading to a few low-lying states of Nd~. Since the
quadrupole collective mode is involved in the reaction, particularly in the
excitation of the first 2+ state, the analysis has to be made including the
effect of multi-step inelastic processes. Recoil effects3 and thé problem
of obtaining the correct absolute magnitude for the two-nucleon transfer

reaction will also be discussedb.

+ Work supported in part by the U.S.E.R.D.A.
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THE ELiSTIC SCATTERING OF «-PARTICLES
FROM HELIUM AT 0.85 AND 0.65 GeV'

J C.FONG ", M. M. GAZZALY.G. GO, A. D. LIBERMAN """, R.J RIDGE. S. L. VERBECK "'
and C. A. WHITTEN. Jr.

University of Califorma, Los Angeles, California 90024

V. PEREZ-MENDEZ2
Lavwrence Berkeley Laboratory, University of Caltfornia, Berkelev, California 94720

and

W. R. COKER

University of Texas, Austin, Texas 78712
Received 13 January 1976

Abstract: Elastic scattering of a-particles from helium has heen measured at bor irding energies of
0.8S and 0.65 GeV over the range of four momentum trunsfer from 0.9 to 3.8 (GeV,'c)?. The results
are compared with the predictions of an x-x potential obtained by a folding procedure using a p-*He
potential and *He charge distribution,

NUCLEAR REACTION “He(z, ). £ = 650, 850 MeV; measured o(#). Results compared
E with the predictions of a *He-*He potential obtained by a folding procedure wiich used a
p-*He potential and *He charge distribution.

Very little is known experimentally about a-a scattering above a bombarding
energy of 140 McV [ref. !-2)]). One measurement at 900 MeV [ref. 3)] exists but the
statistical accuracy is low and the angular bin size is large. There are ¢c.mpelling
reasons to study further the a-a reaction over broader ranges of total energy squared
s and four-momentum transfer squared ¢. The reasons arise out of theoretical studies
of the a-a interaction itself, and from the need for the s- and r-dependence of z-a
scattering in order to understand results obtained from quasi-elastic knockout of
a-particles from nuclei by a-particles. At least two different approaches have been
taken to try to understand a-« elastic scattering. The first is based on a raper by
Swan %) who suggested that in elastic scattering where complex structures are
involved, certain states are forbidden by the Pauli principle. Swan inferred that these

' Supported in part by the Energy Rescarch Development Agency.
1 Recipient of support from Associated Western Universities, Inc.. 136 East South Temple, Salt Lake
City, Utah 84111,

*** Present address: High Energy Physics Laboratory, Stanford University, Stanford, Cafifornia.
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PHENOMENOLOGICAL ANALYSIS OF 4He + 4He SCATTERING
AT 0.65 AND 0.85 GeV™

W.R. COKER and T. TAMURA

Department of Physics, University of Texas at Austin, Austin, Teaas 78712, USA

Recewved 20 1 ebruary 1976

We present results of a plicnomenological analyss of recently obtained data for SHe + e elastic seattening at
1,65 and 0 85 GeVangident laboratorny energes. We tind that the observed angular distributions canne® be 111 unless
the nuclear polential has a strong, short-range repulsive contribution, i agreenient with the results of microscopic
and phenomenolopical analyses of low enerpy 4 + 4Hc scatenng.,

Very recently, Fonrget al, |1] have obtained data
for elastic scattering of 4He from “1le a1 0.85 and
0.65 GeV incident laboratory ¢nergies, covenng cen-
ter-of-mass angles from about 50 to 100°. This repre-
sents the first useful incasurement of the 4He + 4He
cross section above about 150 MeV lub energy |2].
These data are of interest because of pievious spectt-
lation as to high-encrgy behavior of s and d phase
shifts for He + 4 e scattering, based on a gencralisa-
tion of Levinson's theorem. For detz.s and referen-
ces, sec the work of Neudatchin et al. [3]. The 4He +
4He interaction at low energics has of course been of
considerable interest historicatly because of the exis-
tence of the “alpha-cluster™ model of hght nuclei,
and there is an extensive literature which it would be
irrelevant to reference here [4] .

The data are also of intemst simply because such
data have not existed previously, and have not been
analyzed theoretically. Because of the extreme im-
portance of exchange cffects and the Pauli principle
in 4He + 4He scattering, Jow encrgy data (c.m. ener-
gies from 1 to 15 MeV) have been most meaningfully
analyzed within the framewauk of the resonating
group method |e.g. 5,6] although there have also
been a number of useful and complementary pheno-
menological analyses, using /-dependent optical mod-
el potentials {7,8].

We have no reliable theoictical guide to the precise
form of a phenomenological optical model for medi-
um energy 4He + 4 He scattering, and therefore some
exploratory calculations seemed worthwhile. These

* Research supported in part via contract with the USERDA,
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are reported here.

In our numerical calculations. we made usc of an
uptical model program which solves the non-relativis-
tic Schrodmger equation with exact relativistic kine-
matics. This program was written with the analysis of
1 GeV nucleon scattering from nuclei mn mind. Since
for the present case the ratio of lab kinetic encrgy to
M, ¢ is closer to 14 than to 1. we took some care
that the relativistic expressians for kinematie paam-
eters appearing in the Schiodinger equation reduced
accurately to thewrr non-relativistic values.

The Schrodmger equation was solved in the foun

n? d? } RN+ R332
[--il-—l E;—Z +U(r) + 1 (r) +~ :“;i’-— — . —{u(r)
=0‘

(1

wheie k = (M /hic)|[ K (Ky + 2M QM (2 +
I\',_))”Z. K bemg the tab Kinetic energy of the in-
coming YHe and M, the mass of *He in MeV. Simi-
larly, u is the *“reduced energy™, [2] given in this case
by u =€ /2. with €2 = (hkc) + M2, The Coulomb
potential ¥, was obtained by a double-folding meth-
od, via the obvious expression
YRSV N

d3r d3r”.
Ir+r -r"\

l@u)=z1zﬂ%{ )
Unless otherwise noted, a Gaussian charge foim Fac-
tor (nornnalized to unity) was chosen; that is,
pa(r) = win)3? exp(—pr?), with »=0.533 fm 2.

To get the calculations started, we constructed a
nuclear potential using the famihar single-folding
model, well-known in low-energy heavy-ion scatiering
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DWBA APPROACH TO INELASTIC SCATTERING AT MEDIUM ENERGIES®

W.R. COKER. L. RAY and G.W. HOFFMANN'
Department of Physics. University of Texas, Austin, Texas 78712, USA
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Medium energy proton elastic and inelastic scattering to states of 58Ni and 298Py and *He efastic and inelastic
scattering to siates of 3Ca, are analyzed using the partial wave approach, by solving the Schrodinger equation with
relativistic kinematics and using the distorted wave Born approximation. Our results can be compared with results of
several p:-vious analyses of the nucleon inelastic data using the Glauber apprc <imation. Our calculations are absolute,
using nuclear collective parameters obtained from a survey of a large number of low-energy analyses of jnelastic scat-
tering of electrons, nucleons and nuclei from 4°Ca, 58N and 208pp.

In 1973, the Saclay Saturne group {{] obtained
elastic and inelastic scattering data for protons incident
on 12C, 58Nj and 208pp at 1040 MeV. We present
here, for the first time insofar as we know, a full dis-
torted wave Born approximation (DWBA) analysis of
the inelastic scattering data for 58Nij and 208Pb, includ-
ing effects of spin-orbit coupling.

Since 1973, several analyses have appeared in the
literature of the elastic and inelastic angular distribu-
tions, but all of these analyses [2—4] have made use of
the Glauber approximation, in which the scattering
amplitude is obtained directiy from an optical poten-
tial via a semi-classical multiple-scattering expansion
15]- A discussion of the limits of validity of the Glauber
approximation is beyond the scope of this letter; suf-
fice it to say that it is appropriate for rath=r high
energy, and its use t intermediate energies requires
a rather careful treatment of Coulomb [6] and spin-
orbit [7] interactions, as well as nucleon overlap and
motion in the target nucleus [8,9}. Such corrections
have generally »ot been made in the published analyses.
Furthermore, as pointed out by Ahmad [4]. scine
previous Glauber analyses of inelastic scattering [3]
have omitted multiple-scattering terms lareer than the
ones they keep!

When the various effects mentioned above are in-
cluded to 3 degree which insures reasonable accuracy
in the final calculated elastic and inelastic cross sections

* Research supported in part by the U.S.E.R.D.A.
! Present address: C.P. Anderson Meson Physics Facility, Log
Alamos Scientific Laboratory, Los Alamos, New Mexico 87544.
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Fig. 1. Elastic and inelastic scattering of p + 53Ni at 1.04 GeV.
The solid curve is the result ot Schridinger or DWBA calcula-
tions using an empirical optical potential, whilz the dashzd
curve is the result of calculations using a microscopic poten-
tial obtained from a realistic effective nucleon-nucleon inter-
action and Hartree~Fock proton and neutron matter densities.
Both potentials include a spin-orbit term.

at the larger momeutum transfers, the original analytic
simplifications which made the Glauber approach at-
tractive are almost completely lost. Finally, it is often
difficult or unwise to relate the various parameters used
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Colliding heavy ions: Nuclei as dynamical fluids*T

James J. Gnffin¥

Depurtnent of Phyvscy and Astronomy. Universuy of Murylund. College Park. Marvlund 20742

Kit-Keung Kan

Departimant of Physics and Astronomy, University of Muryland. College Park. Maryland 20742
and Department of Physics. Universuy of 1exas. Ausin, Texas 78712

Heuvy 1on expenments are alresdy ennching nuclear science with a tapestry of new phenomena which
requirte explanation In response, thenretical nuclear physies v rapdly expanding 1ty mstghts 10 encompass
these new observanions, espevially those concernied with the macroscopie aspects Prelimmary theoretead
studies wlrcaay cageest that the dynamica! nuelear fluid nust sometimes be consdered  asgous,’
compresable, andzor rotational, 1f s mueroseopre properties are 10 he encompassed  These and some
threads already well praced i the pcture will b discussed  Other reasons will be aited 1o support the
ex, tanon that theoretical gulear macrosc.piss may more and more come to be flutd dynanicists who
spectalize i those tesw theusand fluds cafled nucler. Three such reasons are (a) the promised nchness of
therr sructure as dy mamical flinds, (b) their unigue prospeet, among all the ohjects of modern physical
saienee, of allowang o complete microscope, as well av 3 phenomenolopieal macroscopre, desenption, and
() the posable ovarflon of such nuclear imphicanoens into classical fwd theory, from the vicwpoint of

which the nuclear heavy 1on data are a epmficant novelty.
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'1n retrospec:, the word “dissipative™ might better have been
uscd here to avoid any sugpestion that (he microscopie struc~
ture of the dissipative process (so far unknown) is necessarily
associated with the partcutar *hydrodynamieal® form familiar
from the Navicr—~Stokes equation,
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{. DATA, PARAMETERS, AND
THE HYDRODYNAMICAL ANALOGY

This paper attempts to communicate a few siniple
ideas on the general subject of nuclei as dvnamical flu-
ids, It is in no sense a “review” ol the subject, which
is probably too new anywav for cataloginy, but rather
an outline of one still changing viewpoint, and of some
recent related research.

The first section of the paper attempts to demonstrate
for those who are unfamiliar with recent heavy :on
studies that heavy ion data s rich and complex. It also
supgpests the view that the utility of fluid dynamical
parameters is alreadv well established i organizing the
phenomenology of heavv jon collisions. As an 1llustra-
tion, we emphasize the idea that macroscopic higuid
droplets in collision are very interesting bases for gain.
ing insight into nuclear collision.

A. Heavy ion data is rich and complex

Figure 1 is taken from Kratz ¢/ al. (1974). It presents
the results of their radiochemical studies of the pro-
ducts fromt *'Kr accelerated against 2**U at a labora-
tory energy of 605 McV. (We emphasize that this data
is thick target data so that reactions occur over a range
of energics. and that radicchemistry measures onlv
those products which live for a substantial time after
the collision. Both of thesc limitations {o the informa-
tion available in this dati should be kept in mind.)

B. Some qualitative features still need explanation

Of richness, Figure 1 is . remarkable example. In
the lower half of the figure the several components—one
might more precisely say. “Components as inter-
preted”—in the distribution are labeled by letters A, B,
C.D,E,F,G.

Component A is a broad distribution of the type which
is exgccicd to follow the formation of a compound nu-
cleus (the ‘“‘complete fusion” process) by the amalgama-
tion of the krypton nucleus with a uranium nucle.s into

Copyright © 1976 Americal Physical Socwety 467
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DESCRIPTION OF NUCLEAR COLLECTIVE MOTIONS
IN TERMS OF THE BOSON EXPANSION TECHNIQUE
{11}. Additional {ormulation and numerical calculations

T. KISHIMOTO
Cacloiron Institute, Texas A&M University, College Station, Texas 77843
and
T. TAMURA
Deparrment of Physics, University of Texas, Austin, Texas 787121t

Received 26 January 1976
(Revised 24 May 1976)

Abstract: A formulation of the boson expansion tcchnique given in our previous publication has
been developed further by adding the contributions of the quadrupole-pairing interaction and
the coupling between the collective ind noncolleclive modes of excitations. Based on this
formalism numerical calculations were carricd out to describe the propertics of a number of
collective nuclei found in various regions +f the periadic table. In gencral, very good agreement
with experiment was obtiined both for vibrational and rotational nuclei. Companison with
earlier theoreticul work is also made.

1. Introduction

In our recent publicatton *) whaich will be referred to henceforth as paper I, a
detanled formulation of the boson expansion technique was given, such that it can be
applied directly to the description of the properties of collective nuclei. The purpose
of the present article 15 to report on the result of some numericat calculations based
on the formalism of | We shall not grve herv references to carlier work on the boson
expansion technique, 1.or discuss the motivation of using it for actual numerical cal-
culations. These references and discussions can be found in 1, as well as 1n more
recent review articles 2),

The Hamiltonian derived in I included terms up to sixth order in purely collective
bosons. In the course of numerical calculations, however, it became more and more
clear that, in order to get a good fit to experiment, it was vital to include the effect of
noncollective bosons in one way or another. Tt was also found that the fit to data was
improvad significantly by including the quadrupole-pairing interaction, in addition
to the monopole-piiring and the quadrupole particle-hole interactions which were
aiready considered explicitly in 1.

t Work supported 10 part by the National Science Foundation.
** Work supported in part by the USERDA.
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INTERACTION BETWEEN COLLECTIVE AND NONCOLLECTIVE MODES IN THE

NUCLEAR EXCITATION¥

T. Tamura and T. Udagawa
Department of Physics, University of Texas, Austin, Texas, U.S.A. 78212
and
T. Kishimoto

Cyclotron Institute, Texas A & M University, College Station, Texas, U.S5.A. 77843

We shall begin this paper by showing to what extent one can des~
cribe the nature of sa~called collective nuclei in terms of Boson
expansion technique, in which the effect of noncollective exci-~
tation mode upon that of collective mode is taken into account,
We shall then show how the theoretical predictions are modified
i1f the Boson expansion technique is extended sc as to treat the

noncollective mode more explicitly.

The use of Boson expansion technique to describe nuclear collec~
tive motion was £irst proposed by Belyaev and Zelevinskyl, and ploneering
nymerical work along this line was carried out by Sorensen?. Marumori and
his coworkers3 proposed another formulation of the Boson expansion tech~
nique, which apparently takes into account the Pauli principle more accu-
rately than does the Belyaev-~Zelevinsky approach. The Marumori apprecach,
however, has a convergence problem and not much numerical work has been
made along its line. Several other formulations were also proposeda, but
again it appears that not much numerical work followed them.

Our present work follows basically the Belyaev-Zelevinsky app-
roach and may be considered an extension of Sorensen‘s work. As will be
geen below, our work differs from Sorensen's in two major respects. We

have in the original (Fermion) Hamiltonian the quadrupole-pairing inter-

*
ws;k supported in part by the U.S.E.R.L.A.
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COULOMB EXCITATION EFFECT IN THE REACTION

Byung-taik Kim

Department of Physics
University of Texas

Austin, Texas 78712

ABSTRACT

144 l2C 14 142Nd

The Coulomb excitation effect in the reaction Nd ( sy C)

at 78 Mev has been studied with a special emphasis on the transition to

the first excited ?+ state in 142Nd.

* Work supported in part by the U.S. Energy Research and Development

Administration.
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Effects of Nonorthogonality Corrections in Two-Step
Processes in (h,t) Reactions

F. Osterfeld
Institut fir Kernphysik, Kernforschungsanlage Jllich
D-5170 Jilich, W. Germany

T. Udagawa
Institut fir Kernphysik, XKernforschungsanlage Jillich
D-5170 Jilich, W. Germany
and
Department of Physics*, University c¢f Texas
Austin, Texas 78712, USA

and

H.H. Wolter
I. Physikalisches Institut, Universitit K8ln
D-5000 X&81:r., W. Germany
and
Institut filr Kernphysik, Xernforschungsanlage Jilich
D-5170 Jilich, W. Germany

*Work supported in part by the U.S.E.R.D.A.
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On the Difference between One-nucleon Stripping and Pick-up

Reactions Induced by Heavy Ions

K.S. Low
Département de Physique Nucléaire
CEN Saclay, BP2, 91190 Gif-sur-Yvette, France

and

T.Tamura and T, Udagawa
Department of Physics+, University of Texas,

Austin, Texas 78712, U.S.A.

ABSTRACT

It is shown that the phase difference observed between the
angular distributions of one-nucleon stripping and pick-up reactions

induced by 130 on lK’Ca i1s resolved in an EFR-CCBA analysis. The

reascn why CCBPA wor..3 1s also discussed.

*Work supported in part by the U.S.E.R.D.A..
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ABSOLUTE MAGNITUDE OF HEAVY-ION INDUCED TWO-NUCLEON TRANSFER REACTIONS+

D. H. Feng, T. Udagawa and T. Tamura

Department of Physics, University of Texas, Austin, Texas 78712

ABSTRACT

It is shown that the long standing difficulty of too small theoret-
ical cross sections for hcavy-~ion induced two-nucleon transfer reaction has
been solved, at least for a limited amount of experimental data. It was
foynd that this is achieved chiefly by using sufficiently sophisticated wave
functions for the nuclear states involved, and by including both.the simul-~
taneous and successive transfer amplitudes in the calculation. A somewhat
detailed formulation for these amplitudes is given, presenting in particular
the coupled-reaction-channel equation in a2 {orm suited for exact-finite-
range calculations. In the course of the calculation, a surprising similar-
ity was found between the behaviors of the successive and simultaneous

amplitudes, and an explanation for this similarity is given.

1-V.alork performed under auspices of the United States Energy Research and

Development Administration.
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EXACT-FINITE-RANGE MICROSCOPIC CALCULATIONS FOR HEAVY-ION INDUCED
TWO-NUCLEON TRANSFER REACTIONS*

D. H. Feng,’

B. T. Kim, 7. Udagawa and T. Tamura
Deaprtment of Physics
University of Texas

Austin, Texas 78712
and

K. S. Low
Jabatan Fizik, Universiti Ma]aya+

Kuala Lumpur, Malaysia
and

Department de Physique Nuclearie,

C.E.N. Saclay, France

*Work supported in part by the Y. S. Energy Research and Development
Administration )

#Present address: Department of Physics and Atmospheric Science, Drexel
University, Philadelphia, Pennsylvania, 19104.

+
Permanent address.
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DEEP INELASTIC SCATTERING TREATED AS MULTI-STEP DIRECT REACTION PROCESSES*

-~ Application to (p,p') Reaction --

T. Tamura, T. Udagawa, D. H. Feng+ and X.-K. Kan

Department of Physics, University of Texas, Austin, Texas, U.S.A. 78712

ABSTRACT

A possibility is investigated to treat reactions with contiruous
spectra as multi-step direct reaction processes. It 1s shown that
a few rather drastic but very reasonable approximations can be
introduced, so that the calculations can be done very easily.
Application to the (p,p') reaction shows that this approach does

work well.

* Work supported in part by the U.S.E.R.D.A.
4+ Present address: Department of Physics and Atmospherical Science, Drexel

University, Philadelphia, Penn., U.S,A. 19104.
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"Nuclear Matter” Approach to the Energy Dependence
of the Real Part of the Proton-Nucleus QOptical

*
Potential at Intermediate Incident Energies

L. Ray and W. R. Coker

Department of Physics, University of Texas, Austin, Texas 78712 U3A

ABSTRACT

We present and discuss here the results of a calculation of the real
part of the potential energy of a proton within nuclear matter, making
use of the realistic Reid suft-core nucleon-nucleon interaction. The
problem of evaluating the real part of the proton-nucleus optical model
potential at the center of mass of the target nucleus, as a function of
incident energy, is solved with the help of a number of techniques
developed in the literature of nuclear-matter theory. We find good
agreement with results of phenomenological studies over an energy range
of 50 to 1050 Mev ~ cident proton energy, for targets 4OCa and 208Pb.
Furthermore, we consider a number of higher-order corrgctions to our
initial result; all of these have minimal effect in the energy regime
we have considered, except for the third-order correction proposed by
Rajar~aman. We also discuss and use a technique for handling overlap
integrals containing potentials with strongly or infinitely repulsive
cores, which avoids the customary separation method of nuclear matter
calculations. Finally, we show that the conventional approach to the

nucleon-nucleus optical potential at medium energy, the so-called Raleigh-

*
Research supported in part under contract with the United States

Evergy Research and Development Administration.
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ABSTRACT, continued

Lax potential, which makes use of a straightforward impuise approximation
and an empirical nucleon-nucleon scattering amplitude, is in serious
disagreement both with phenomenological energy dependence of the optical
potential and with results of the present calculations. We make an effort
to shed some light on the reasons for the failure of the Rayleigh-Lax
approach, as opposed to the success of other approaches relying upon
realistic nucleon-nucleon interactions rather thah an empirical medium-

energy nucleon-nucleon T-matrix.
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TiE SINGLE-PARTICLE SCHRODINGER FLULD

.

*
I: FORMULATION

Kit~Keung Kan
Department of Physics and Astronomy
University of Maryland, College Park, Maryland 20742

and

Department of Physics
University of Texas, Austin, Texas 78712

and
James J. Griffin''
Department of Physics and Astronomy

University of Maryvland, College Park, Maryland 20742

January 1976

ABSTRACT

The protlam of a single quantal particle moving in a time—depoendent
external potential well is formulated specifically to emphasize and develop
the fluid dynamical aspects of the matter flow. This idecalized problem, the
Single~Particle Schridinger Fluid, is shown to exhibit already a rémarkubly
rich variety of fluid dynamical features, including compressible flow and

line vortices. It provides also a sufficient framework to cncompass

*Research supported in part by U. S. Encrgy Research & Development Administration.

T . . . Sy s . . .
Much of this rescarch is reported in more detail in a disscrtation submitted
.to the Graduate School!, University of Maryland, by K.-K. K., in partia!
fulfillment of the requirements of the Ph.D. dugree.

st

IL'Alexander von Humboldt Foundation U. S. Scnior Scientist at Universitiit,
Giessen, and llahn Mcitner Institute, Berlin, during 1975-76. The support
of the Foundation during the final stages of this work is greatly
acknowledged.
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TIME~DEPENDENT HARTREE-FOCK AND TIME-DEPENDENT

G.NERATOR COORDINATE METHOD*

K.-K. Kan and T. Tamura
Department of Physics, University of Texas
Austin, Texas 78712

ABSTRACT

We point out that an intrinsic classical character in the relative
center of mass motion is unavoidable in the usual time-dependent Hartree-
Fock (TDHF) theory (with the one-Slater-determinant restriction) when it
is applied to heavy ion collisions. Thus TDHF does not allow for extract-
ing the cross section in the standard quantum mechanical sense. A time-
dependent generator coordinate (TDGC) method is proposed as an extension
of the TDHF approach with the purpose of 1lifting this classical limitation,
The theory of measurement, which is well known for time-independent cal-
culations and is used to extract cross sections, 1s extended to a time-
dependent treatment which deals with a wave packet for the relative center
of mass motion. The prohlem of defining channel states in TDHF calculation

is also studied.

*
Work supported in part by U.S.E.R.D.A.
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AB 2 Energy Dependence of the Real Part of the Proton-
Nucleus Optical Potential via Nuclear Matter Tech-
nigues.~ L. RAY AND W. R. COKER, Univ. of Tex. Austin--
We have used a number of techniques borrowed from the
theory of nuclear matter, and the Reid soft-core
nucleon-npucleon interaction, to calculate the real part
of the proton-nucleus optical model potential at the
target nucleus center-of-mass, over an incident proton
energy range from 50_to 1050 MeV. Specific results for
targets of 40Ca and 208pb are in good agreement with the
trends known from phenomenological analyses. Various
higher-order corrections to the siumplest result are
estimated, and al! found to be insignificant except for
the third-order correction suggested by Rajaraman,

We also show that the cnnventional approach to the
nucleon~-nucleus optical potential at medium energy, which
uses the first term in the KMT2 expansion and the impulse
approximation, relying therefore upon an emp‘rical
nucleon-nucleon scattering amplitude, disagrees seriously
both with phenomenalogical trends and with our results.
*Sypported in part under contract with the U.S.E.R.D.A,
1r. Rajaraman, Phys. Rev. 129, 265 (1963).

2a.x. Kerman, H. McManuys and R. M. Thaier, Ann. Phys.

(N, Y.)8. 551 (1959).

AEDS Description of Heavy-lon Collision in Terms of

Time-Depeudent Slater Determinants.* K. K. KAN and

T. TAMURA, University of Texas.--Recently Bonche et a]_l
Teported on an interesting calculation based on the time-
dependent Hartree-Fock (TDHF)theory, which described the
time evolution of a single Slater determinant. the deter—-
winant belnp constructed Hire  as the ground atate of the
time-independent HF (TIHF) theory for rwo systems before
they collide. In the present study we include in the
calculation other Slater determinants  which evolve
with time starting from those that correspond to excited
states in the initial TIHF calculation. The way these
new determinants are admixed into the original single
detelrminant 1s described in terms of the time dependent
Schrodinger equation, a problem which has some similarity
to the work of Schitte and Wilets®. Tt is hoped that
this type of calculation gives some idea of how good the
single determinant approximation can be, and, if so, what
particular aspects of a supposedly very complicated pro-
cess are indeed described by such an approximate treatment.

*Work supported by the U.S.E.R.D.A.
?. Bonche, S. Koonin and J.W. Negele, to be published.
2G. Schitte and L. Wilets, Phys. Rev. Cl2, 2100 (1975).
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AE 11 Couple-Reactlon-Channel (CRC) analvsis of heavy-

fon ifnduced three-nucleon transfer reactions.* T. Udagawa,
T. Tamura and D. H. Feng, University of Texas.--Previously
we fit the data of an exotic reactiom, %5Ca(160,15C)49T4,
in terms of successive 160+160<15C apd 160+170+15¢ trans-

fer processesl, A very similar description may very well
be applied to three-nucleon transfer rcactfons, and fn fact

analysis of recent data of a few three nucleon transfer

reactions? are underway. Results of such calculations will

be presented.

*Work supported by the U.S.E.R.D.A.

IT. vdagawa, T. Tamura and K. 5. Low, Phys. Rev. Letts. 30,

30 (1975).
2p. Kovar, private communication.

AE 12 Absolute magnitude of two-nucleon transfer reactions
between heavy-ions.™ D. H. Feng, T. Udagawa and T. Tamura,

University of Texas.--To ohtain sufficiently large absolute
magnitude of two-nucleon transfer reactions between heavy-
ifons had constituted a long standing problem. Recent lyl.
however, we suceeded in fitting the magnitude of 48ca (180,
160)50Ca reaction, and then further of 42,48Ca(160,180) and
6281 (180,190) reactions. It was found that simultapeous
and successive processes contributed about equally, and
that to use a fairly sophisticated configuration mixing was
vital. In these reactions, the effect of inelastic scat-
tering was unimportant, but it becomes important for reac-
tions like 144Ng(12¢,l4c). 1In Fact 1t was shown that CCBA
fits the data very well? though not the overall magnitude.
We are applying the recipe of ref.l to this and similar
reactions, hoping to fir now the data compl_gtely including
the absolute magnitude. *

*lork supported by the U.S.E.R.D.A.
D. H. Feng, T. Udagawa, T. Tamura, J. Lynch and K. S. lLow,
to be published.

2K. Yegi et al, Phys. Rev. Letts. 34, 96 (1975).
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AB 12 DWBA Approach tc Inelastic Scattering at Medium
Energies.” W. R, COKER, L. RAY and G. W. HOFFMANN, u.
of Texas at Austin --Medium energg proton elastic and in-
eTastic scattering to states of 9BNi and 208pp, and %He
elastic and inelastic scattering to states of °Ca have
been analyzed using the partial-wave approach by solving
the Schriodinger equation with relativistic kinematics
and using the distorted wave Born avproximation. Our
calculations are absolute, using nuclear collective par-
ameters obtained from a survey of a large number of low-
energy analyses of inelassbc scatterlng Bf electrons,
nucleons and nuclei from 0Ca,58Ni and 2 If time
permits, we will also discuss results of coupled-
channel calculations for proton elastic and inelastic
scattering on 12C at medium energies.

*Research supported in part under contract with the
U.S.E.R.D.A.

BB B Time-Dependent Generator Coordinate Method and-TDRF
Theory.* K. K. Kan and T, Tamura, University of Texas.--
The rime~dependent Hartree-Fock (TDHF) approach! seems
proausing in describing varlous aspects of reactions in-
duced by heavy lons. However, we feel it desirable to im-
prove the formalism® somewhat, before a full scale numer-
ical calculation is undertaken. One such improvement is
to avoid the classical treatment of the ¢.m. motion and
hence to make the problem fully quantum mechanical. This
can be done by describing the c.m. motion in terms of a
wave packet. If this is done and then combine with the
extension? of TDHF to time-dependent Schridinger equation
approach, it turns out that the resultant equation is
that of the gererator coordinate method, though now the
generatlng function, 1.e., the packet function, is time-

pendent, Di ions will be made on features of rhis
new equation, including & way to extract observables out
of the solutions of this equation.

* Work supported by the U.S.E.R.D.A.
1p. Bonche, et al., Phys. Rev. C 13, 1226(1976); R. Y.
Cusson, et al., Phys. Rev. Lett. 36, 1166(1976).

K. K. Kan and T. Tamura, Bull. Am. Phys. Soc. 21, 511
(1976).
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DB 7 Analysis of Decp Inelastic Scattering Processes in
Terms of Multl-step Direct Reaction Theorvy T.Tamura, T.

Udagawa, D.il.Fengvand K.K.Kan, Univ. of Texas. -=- Multi~
step direct reactlon (MSDR) theories such as CC, CCBA and
CRC have enjoyed success in fitting various reaction data
that leads to discrete states. We report here on an ex=
tension of MSDR analyses to deep {nelastic scattering data
1.e. to data of reactions leading to concinuum states. By
taking advantage of the high density ot levels involved,
one can introduce & vather drastic bur well justified
simplification into the calculation. As a consequence,the
theoretical cross section is written o$ sum of terms, the
<imrand heing a product of two factors, one depending on
nucledr structure and the other on reaction dynamics. So
far a successful analysis has been completed of (p.p')
datal. Applications to nther reactions involved by beth
light- and heavy-ions are underway.

* Work supported in part by U.S.E.R.D.A,

# Presently at Dept. of Physics, Drexel Univ., Phila..Penn.
1. F.E.Bertrand and R.W.Pevlle, Phys. Rev. 8C 1045(1973)

EB 3  Description of Nuclesr Collective Motions in
Tems of Boson Expansion Technique. T. klshlmo(c.
Texas A&M bniv.'. T.Tamura, U. of Texas.** Our pre-
vious formulactonl of the Boson expansion technique
has been developed further by adding the contribu-
tions of quadrupole-pairing interaction and the
coupling between collective and noncolliective modes
of excitations. Based on this formulation numerlcal
calculations were carried out to describe properties
of a number of collectlve nuclel found in various
regions of the perlodic table. In general very good
agreement with experiment was obtain.' for not only
vibrational but also transitional and .otational
nuclel. Comparison with predictions of ocher
theories, particularly with that 3f Kumar und
Batranger will be madec.

* Supported by National Science Foundation.
*% Supported by U.S.E.R.D.A.
1. T.Kishimoto and T.Tamura,Nucl. Phys.Al92,246(1972).
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