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I. INTRODUCTION

This is a progresé report, deséribing 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, 1979 to December 31, 1979.

The major part of the report is contained within subsections A, B, C,
and D of Section II. The subsection A ié a compléte 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 fofmer° In subsection B, title pages of papers published during
the year are reproduced, while in subsection C, first pages of papers éubmitted
but not yet in print are reproduced. These papers are numbered as B-1 throﬁgh
B-18 and C-1 through C-9, according to the order in which they appear in these
two subsections. in subsection D there are copied abstracts of talks presented
at APS and other meetings.

The subsection A was written in such a hay as to give an overview of our
work, its interrelations, and its relation to work done b§ other groups. As
is seen, a large variety of subjects are included as part of our work, and thus
they are presented in five separate parts; (i) through (v). The overall subject
in each part can be'found in the list of contents given at the beginning of
this report. In the presentation; of subsection A, frequent referen;e is méde
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. THEORETICAL RESEARCH

II. A. OVERVIEW OF THE WORK PERFORMED



i. REACTIONS INDUCED BY LOW ENERGY LIGHT IONS

a). Exact finite range:DWBA calculations of two-nucleon transfer reactions
(Takemasa, Tamura and Udagawa)

For the heavy-ion induced reactions, tran;ferring one- or more nucleons,
it is customary to perform éalculations based on the exact-finite-range (EFR)
method. This is not yet, however, ﬁhe case with the light-ion induced reactions,
-including two-nucleon transfer reactioﬁs (TNTR). This is partly because one
rather naively believes that the zero-range (ZR) approximation works there.

The other reason is that the EFR calculations for light-ion induced reactions
are surprisingly time consuming.

Wg noticed, however, that the interpolation technique, introduced by Low
and Tamural and used in a computer program SATURN--MARS2 for heavy-~ion reactions
can be applied to the light-ion reactions as well. Takemasa, Tamura and Uq?gawa
thus modified the previous heavy-ion TNTR program,3 and completed a new program

to be used for light-ion induced TNTR. With this new program, detailed analysis

were made of 92Zr(t,p)gazr reaction with Et==20 MeV, leading to the O+, 2;, 2;,
+ 208 206 . _— _ A /

and Al states, and also of the Pb(p,t) Pb reactions with Ep-—32 and 40 MeV,
) + 4+ - .

leading to the 0., 21, 41, 6l and 7l states. These calculations were made by

using realistic triton wave [unctiens and a multi-configuration space for two-
neutrons. Such calculations have become possible for the first time, because
of the fast method we employ.

| The results4 of the calculations were compared with those of the ZR cal-
culations, as well as with experimental data. It was found thét, as far as

angular distributions are concerned, the EFR and ZR calculations gave results



which are almost identical and agree well with experiment. This feature was
found for all the % values and the incident emergies considered, and some of
the examples that demonstrate this fact are shown in Fig. 1.

It was further found that finite-range effects were not important even
in predicting relative magnitudes of the cross sections leading to different
final states, if the incident energy was rather low. However, this ceases to
be the case for reactions with higher incident energies. We in fart found,
for instance, that the 7 crﬁss sections in thg 209Pb(p,t) reaction, relative
4to the O+ cross section, differed by 50Z in the ZR and EFR calculations.

The absolute magnitude.of the cross sections was found to agree ﬁith ex-
periment within a factor of several, when the EFR method is used. On the other
hand the ZR calculations underestimated the magnitﬁdes by more than a factor of
10 to 50. The absoluté magnitude depends rather sensitively on the potential
parameters used in the calculations. Therefore, the agreement with experiment
witﬁin a factor of several may allow us to conclude that the EFR calculations
can explain even the absolute magnitude of the croes sections.

Thé computer program used for the EFR—DWBA calculation discussed above
was then extended so that EFR~CCBA (coupled-channels Rorn approximation) cal- .
culations can also be performed. An application of this new program has then

118Sn(p,t)ll6Sn reaction at Ep==52 MeV,5

been made to analyze data for the
and this work was published vp;y recently,6 A &cry important aspeclt vl uging
the EFR rather than the ZR method is seen conspicuously in Fig. 2, in that the
dié at about 10° in the anéular distribution of the ground state transition is
very nicely fit with EFR calculations (either DWBA or CCBA), but not wiﬁh the

ZR calculations. Note that the theoretical reproduction of this dip has been

a long standing problem among those working in the TNTR problems.7



1
The fitting of the ground state éngular distribution alone cannot discrimi-
nate between the EFR-DWBA and EFR-CCBA methods. However, with the former, the
.magnitude of the 2+ cross section relative to the'ground state cross section
is predicted too small by about a factor of 3, while with the latter, it.ié
too large by only a factor of 1.3. It would thus be obvious that EFR-CCBA
calculation is needed, albeit the need of a.fairly computational time, in order

to fit the data with satisfaction.

b). Analysis of a (d,p) reaction to unbound states (Coker et al.)

We have made a lérge number of studies in the past of (d,p), (d,n) and
(3He,d),reactions populating unbound states (see for example Ref. 8). Recently,
Coker in collaboration with experimentalisté at Michigan State, carried out an
analysis of the 10Be(d,p)llBe reaction at 25 MeV incident deuteron energy. The
1/2+ ground, 1/2° 0.32 MeV and 5/2+ 1.78 MeV states were strongly populated
and were described using DWBA and CCBA approaches. DWBA and CCBA were found
to agree almost perfectly, despite the strong deformation of lOBe. The Gamow-
state approach of Coker8 was used to extract spectroscopic factors and neutron
decay widths of the levels, which were compared to other experiments and éo
the theoretical predictions of Cohen and Kurath. It is on the basis of our
new eXperimental‘data, and our calculations, that an assignment of 5/2+ is

made for the 1.78 MeV state with high confidence. This work has been published.9

¢). Pick-up-like contributions to the (p,p') cross sections in the
continuum (Tamura, Udagawa and Amakawa)

Previously, we showed that the use of the multi-step direct reaction (MSDR)

theory was rather powerful in fitting cross sections of various reactionc in



the continuum;lo A somewhat more careful analysis made later particularly for
the (p,p') process revealed, however, that our approach needed a further im-
provement. The calculated cross sections turned out to be too small at vefy
small angles, and at almost all the angles for the transitions corresponding
to large values of Ex’ the excitation energy of the residua}‘nucleus. We shall
discuss the second poinf in tﬁe next esubgcetion d). In the present subsection

we shall discuss the first point,

209 11

In Fig. 3, we show data of the Bi(p,p') reaction taken at Ep==62 MeV.
This figure also gives the‘earligrbMSDR results; the dotted lines were obtained
when only the one-step processes wefe.considered, while the dashed lines were
6btained when the two;step contributions were added.lo Fig. 3 shows that, even
with the latter, there remains a large discrepancy at smaller angles, the dis-
crepancy increasing as Ex increases. With the belief that this discrepancy

could be removed by adding contributions of (p,2p) and (p,np) type processes,

we undertook the following calculatioﬁs.

The calculation was made assuming that the above processes can be described
as pick-up type reactions leading to an unbound but mutually attracting di-proton
or proton-neutron system. For simplicity, a zero-range (ZR) approximation was
made, allowing us to perform the éalculatinns in almost the same way aa what
is well known for a (p,d) calculation; the only difference was that we had to
reevaludte the so-called DO tactors. The cross sections thus obtained were .
added to the previously calculated MSDR cross scctioné (dashed liﬁes in Fig. 3),
and the total cross sections thus resulted are plotted in Fig. 3 by solid lines.

It is seen that the solid lines agree very well with experiment. This result

12
was reported at a conference.



To be more precise, however, the newly obtained pick-up type cross sections
were multiplied by an arbitrary factor of 2.5, in obtaining the solid lines in
Fig. 3. 1In other words, the calculated cross sections were too small by a
factor of 2.5, although their aﬁgle and Ex dependence is in good accord with
expériment. It is quite possible that this underestimate resulted from our use
of the ZR approximation. ' Had we used the EFR method instead, this problem mighf
not have been encountered. This possibility is under in&estigation in‘coopera—

tion with Amakawa.

d). Microscopic versus collective form factors in calculating the (p,p')

cross sections In continuum (Lenske and Tamura)

Iﬁ the preceding subsection, we noted that the MSDR resultslO tended to
underestimate somewhat thé cross sections at very large EX. A conceivable way
to remove this difficulty is to add the contributions ofAstéps higher than the
one and two which have been considered so far. Before undertaking suéh an
elaboration, however, it would be worthwhile to reinvestigate the validity of
one of thg approximations made in Ref. 10, and elsewhere, in order to make the
calculations feasible. It isAthe use of the so-called collective form factors.

In Ref. 10, it was argued that the use of the collective form factor can
be justified, in view of the fact that we are interested in fitting oniy the
summed (or averaged) cross sections, and this may ‘indeed be the case to a°
large extent.' When the discrepancy in the magnitude we are faced with is only
by a factor which is much less than two, however, it becomes meaningful to
make a ﬁore subtle investigation of this point. A possible approach is to

compare the predictions of the cross sections made by using the collective

form factor, on the one hand, and the microscopic form factor on the other.



We (Lenski and Tamura) thus took up again the‘zost(p,p') reéction,11
and performed calculations to obtain mic;oscipic cross sections to exciﬁe a
variety of one-particle-one-hole (1plh) states. In order to describe the radial
parﬁs of the wave functions for nucleons occupying the particle and/or Hold
orbits, the harmonic oscillator‘wave functions were used througﬁout. The
effective inferaction between the projectile proton and the target nucleon was
taken as Gaussian with V; = -15 MeV and the range parametervu==l.8 fm. The
.knockout exchange cohtributions ﬁere included by using the LEA method of
Petrovich, EE.El'»13 whiéh was later confirmed14 to be a good approximation
for the 208(p,p') reaction (for comparatively low EX). An imaginary form
factor was also taken intb account in the sense of Satchler's hybrid model.

fhe choice of a specific pair of particle and hole orbits decides a
Q-value, and for such a Q-value the cross sections were also calculated by
using a. (Q-independent) collective form factor. A conclusion drawn from these
calculations was that the angular distributions obtained with the collective
model (CM) and the microscopic model (MM) are essentially the same irrespective
of the choice of a 1lplh pair, and thus of the Q-value, and also of the trans-
ferred angular momentum L. This result is very reassruing in that it justifies
the use of CM in Ref. 10, at least in predicting correctly the I-dependence
of the angular distributions.

The L—dependencé of the predicted magnitudes of the cross sections do
differ,lhowever, between CM and MM, and this is the result we expected to have.

9
allows L=3, 5, 7 and 9. Let us denote by R the ratio of the angle integrated

Také, e.g., the excitation of a (lh_}2,2g9/2) state with Q=-6.91 MeV which

CM and MM cross sections, normalized in such a way that R=1 for the lowest



possible L, i.e., L=3. Our calculation showed that R=1, 0.57, 0.46 and 0.32
for L=1, 3, 5 and 7, respectively. This means that CM underestimated (rela-
tively) the cross sections corresponding to larger L. As another example, we

took the (lg;}z,l ) state at Q=-18.2 MeV. We found that R=1, 0.63, 0.61,

Y172
0.70 and 0.58, respecfively, for L=2, 4, 6, 8 and 10, .repeating the same trend
as shown above.

We noted above that the MSDR cross section was slightly too small.10 The
above result, which shows that we had somewhat underes£imated the cross sectiomns
§corresponding to larger L, may be taken to prévide a way to remove this diffi-
culty. Since we had evaluated the cross sections cqming from lower L values
- move accurately,10 in tﬁat the sume-rule limits15 were carefully watched and
spectroscopic strengths derived microscopically16 were‘used, we may retain their
values as they are. The above result then shows, that we may multiply the old
MSDR values with large L by a factor of R_l, which is in the range of two, as
far as the above examples are concerned. We already have obtained the R

factors for a number of other 1lplh pairs, and found that R < 1 in a large frac-

tion of cases. However, there are cases which give R > 1 for larger L. A

-1
7/2°7717/2

R=1, 4.28, 14.23 and 52.25, respectively, for L=5, 7, 9 and 11. Since our

notable example is the (1f ik ) state at Q=-30.5 MeV. Here we have
experiencelO shows, however, that the two-step contributions begin to supércede
the one-step contributions, the above counter-example may not be too serious

a problem. Up to now, the residual interaction within the nucleus was neglected
in the MM calculations. Presently, calculations are in preparation in which
configuratidn mixing effects will be studied. The averaged first step contri-

bution of the continuum cross section is then given by a sum of elementary

lplh-cross sectivus. We expect that the averaging will wash out the above



stated differences between the MM and the CM cross sections. At this stage

d

it seems to us that the CM and the MM will give within a constant factor

essentially the same results for. the continuum cross section.

e.) Analyzing power in the continuum (p,p') reaction (Chang, Tamura
and Udagawa)
Recently, Sakai eﬁ gl.l7 measﬁred the analyzing power A in reactions
leading to the continuum, induced by polarized proton beam with Ep==65 MeV.
Targets used were 28$i, 58Ni and 209.Bi, and it was found that A was surprisingly
large even at large angles and at comparatively lafge Ex.
It should be noted, however, that the statement that A was "surprisingly"
large was based to a large extent on intuition. (ne may expect that the cross
sections at large angie and large Ex are sums of various'complicated contribu- =
tions, and thus that any particuiar signature like A would simply he washed aut.
We have shown, however, that the.(p,p') continuum cfoss sections can be
fit to a rather satisfactory degree by the MSDR methéd.lo' We (Chang, Tamura
and Udagawa) thus thought it would be worthwhile to see to Qhat extent essentially
the same method would appl& in reproducing the observed A, and thus undeftook
the following calculation.
In Ref. 10, protons were treated as spinless particles. In obtaining
nonvanishing A, however, this simplifying treatment has to be abandoned. Thus
a fairly large modifica£ion had to be made iﬁ the computer program ORION-1.
This also resulted in an increase of the computational time (by a factor of -

three or so). In order to avoid being faced with a too large number of partial

waves, and also with too light a target, we chose 58Ni(p,p') as an example. In



the new calculation the optical potential of Menet EEHQL.IB was used, as in
Ref. 10, éxcept, of course, we now set Véo #0.

The result of calculation is compared with experiment in Fig; 4. . The
dashed lines represent the predicted A, without making any artificial modifica-
tion. It is seen that they fit data nicely for all Eé, i.e{, for all EX con-
sidered, in the angular range of 30°-60°. They overshoot, however, the experi-
mental A at angles larger than 60°, We show in Fig. 4 also the célculatéd A
times 1/3, by solid lines, and it is seen that they give a much better overall
fit to data. It should be noied that the experimental A in the 6 > 60° region
is only very weakly dependent on the angle, having values of abéut 15%, 10% and
1%, respectively, for EX==12-16, 20 ~ 24 and 28 - 32 MeV. Since the calculated
A.Qas multiplied by the same factor of 1/3, irrespective of Ex, the above fit
means that our calculation has succeeded in predicting the Ex dependence of A
correctly.

From what we discussed in the beginning of the present subsection, it is
rather surprising that the theoretical A was itself too large compared with
experiment. Such a result céme about, because the individual cross sections,
which are to he summed to give tﬁe continuum cross. section and thus the A in
the continuum, all had very similar and large A values, particularly at larée
angles. This was true for both the one- and two-step cross sections, and thus
the expected washing out of A did not take place. We have not yet understood
clearly why A stays so large even for two-step processes. Probably there exists
a rather simple geometrical explanation.

It may be possible to obtain9 better fit to data, even without an artificial
factor like 1/3, by modifying slightly the spin-orbit interaction in the Menet

. . . 19 |
et al. potential. Tt appears that a similar need was noliced in a work in



which A was measured in a (p,p') process, leading, however, not to the continuum
but to (almost) discrete states.
The discrepancy we have in Fig. 4 at 6 =20°, might also be removed in
this process as well. However, it is more likely that the discrepancy is due
to the neglect of the pick-up type process we discussed in the above subsection

c). Note again that thie process dominates the small angle cross sections.

f.) Breakup of 3He into d and p (Udagawa and Tamura)

The break up orocesses in nuclear collisions have attracted a greatly
- revived interest recently. Earlier studies of this subject almost exclusively

- - 20,2
concentrated on deuterons. 0,21

More recently, however, it was found that not
only deuterons, but also more strongly bound projectiles, like o, are broken

22 :
up rather easily. Very detailed coincidcnce data were taken for the so-called

elastic and inelastic break up of 3He;23

We have analyzed this data,24 and a
brief summary of this work will be given heré.

We start with the EFR-DWBA theory, as formulated by Rybicki and Austern.25
We view the process as an inelastic excitation of the projectile which may be
called a into a continuum. This nucleus a will eventually be broken up into
two constituents, x and b, say. The DWBA amplitude is then written as a six
dimensional integral, familiar in the EFR-DWBA theory; containing the coordi=~
ﬁate I describing the position of a with respect té the target, and the

coordinate describing the relative position of X and b. For the latter

b
degree of freedom, the upper limit permitted to the orbital angular momentum

L is Very severely limited, because if 2 > 2, the above transition amplitude

becomes extremely small. We can thus construct easily the explicit form of:

10



the wave function of Ex

b degree of freedom, and thus perform the three dimen-

sional integral over Tb? obtaining a form factor to be used to describe the

b
inelastic excitation of the projectile a. To be more precise, this form factor
depends on &, r, and E;, the last quantity describing the kinetic energy (in

the asymptotic region) of the relative motion between x and b. We may thus

write the form factor as FR(Ei;ra).

A great deal of simplification was then made by noting that the inelastic
process concerned is highly peripheral, and‘thus that it is a good approximation
ito replace the above FQ in the following factorized form; FQ(E;,ra) = AQ(E;)fQ(ra).
Orce the functional form of the factors A'Q and fz are obtained, the calculation
of_the breakup process is reduced to a féirly small number of sets of inelastic
scattering calculations, which is performed rather easily.

We show in Fig. 5 part of tﬁe results obtained. Shown is the triple dif-
ferential cross section, where Gd is fixed at 15°, while Gp and E,y are varied.
(Since this is the case of an elastic breakup, Ep is fixed once Ed is given.)

It should be noted that a constant normalization factor of N=2.9 was multiplied
to the theoretical cross sections in presenting them by solid lines in this
figure.

The agreement with ekperiment achieved in Fig. 5 is very good. The gradual
shift of the peak value of Ed’ as |6p| is increased, is well reproduced. Also .
the relativé magnitudes of the triple cross sections agree very well with ex-
periment for each value of Gp. This means that, since the above factor N=2.9
was ﬁsed independent of 6p, our theory also fits the angular distribution of
the cross section with respect to ep (for a fixed ed).

In the study made so far, we confined our interest to the elastic breakup

process. However, the data of Ref. 23 iuclude those of inelastic breakup, and

11



its analysis would also be very interesting. The technique developed in the
present work cén be extended fairly easily to this new analysis. We first
describe the inelastic scatfering to an excited state in the target, and fhen
continue the calculation to describe the breakup that follows. The new calcu-

lation is thus certainly more involved, but it is feasible.

g.) Adiabatic treatment of the deuteron break-up --a possible examination
nof its validity. (Amakawa et al.) '

The adiabatic treatment of the break-up effect on stripping26 and elastic

. 2 ’
scattering

of deuterons has been shown to lead to a good fit to some of
the data of reacfions inducéa by deuterons. It seems to us, however, that some-
what more general investigations are needed concerning the validity of this
approximate treatment. This may be made by comparing results of calculations
made with and without the adiabatic treatment. We shall make such a coﬁparison
by taking a simple three-body model, because results with this model and with
more accurate three-body treatment and/or coupled-channel calculations are
available.zs’29

The model consists of a proton and a neutron, with a relative coordinate
?, moving-a;ound an infinitely heavy nucleus, the center of mass of p and n
from the nucleus being measured by R. The Hamiltonian of this system may be
written as H==KR-+V(¥;§)-+Hr. Here V(;,ﬁ) simply denotes sum of interactions
Vp, between p and the nucleus, énd Vn’ Setween n and the nucleus.

The adiabatic approximation is to simply replace Hr’ the Hamiltonian to
describe the relative motion between p and n, by ~€4» the binding energy of

-> > >
deuteron. Then the Hamiltonian depends on r only through the potential V(r,R),

. e
and thus the corresponding Schrodinger equation can be considered as that of R,

12



the coordinate T being treated only as a parameter. We can thus solve this
equation for each value of ?, obtaining the scattering amplitudes T(;). Once
T(?) is obtained, the deuteron elastic and break-up amplitudes can be obtained
and T, =J g (x) 127 (%) d¥ and o, = Jcpl’:(?)T(?)(pd(r)d? where ¢, and ¢y are,
respectively, the wave functions of the deuteron and the p -n continuum states
with momentum k.

The three-body calculation by Austern, Vincent and Farrell28 is available
at Ed (=E-+€d) = 22.9 MeV with the Gaussian potentialvfor Vp and Vn' Fig. 6
:shows the elastic partial-wave S-matrix elements of Austern et al., illustrated
by open circles, those calculated by the adiabatic approximafion (——) and
‘ those by the Watanabe model (--+—-). One sees that the adiabatic treatment
removes the trouble which the Watanabe model had for lower partial waves. The
break-up cross sections ob(k) to p-n conﬁinuum states with momentum k afe
éalculated in the adiabatic approximation and are compared in Fig. 7 with those
" calculated from the tabulated amplitudes of Ref. 28. Closeness of the two
results is rather assuring albeit is somewhat surprising. The average excitation B
energy, €_. , defined by e, = Jdkekob(k) /Jdkob(k) is found to be about 4.3 MeV.
The inverse of the collision time (v/R) in this case is about 8 MeV, and the
ratio (4.3/8 =~ 0.5) gives a crude idea of the validity of the adiabatic
treatment.

Coupled-channel calculations applied to essentially the same three-body

model as in Ref. 28 were performed at E, =40, 60 and 80 MeV, by the method of

d

Nisﬁioka gg_gi.zg The calculated partial-wave S-matrix elements at Ed:=40 MeV
are compared in Fig. 8 with those obtained based on the adiabatic treatment and

on the Watanabe model. The agreement between the results of the coupled-

13



channel and the adiabatic calculations is quite good, indicating that the
adiabatic treatment becomes more reliable at this high energy, as expected.

We also found that beﬁter agreement was obtained at still higher energies;
Ed==60 and 80 MeV, It thus seems that the adiabatic treatment has a rather
wide range of validity. This work has been done in collaboration with A. Mori,

H., Nishioka, S. Yamaji and K. Yazaki.

14



ii. HEAVY ION INDUCED REACTIONS
a.) Parametrization of overlap integrals (Udagawa, Tamura and Price)

During the past year, as in two preceding years, we were rather heavily
involved in MSDR (multi—stép direct reaction) analyses of a variety of continuum
spectra in reactions induced by relatively-light heavy ions. As we have remarkec
in a number of earlier occasions, our MSDR calculation became practicablé‘because
we were able to'gxpress, among other things, the overlap integrals of DWBA by
én analytic function with a few parameters. In our earlier publications, however,
we did not have opportunity to explain in detail how this parametrization was
" done, and how faithfully the parametrized overlap integrals reproduced their
original DWBA values. 1In order to f£ill this gap, we worked out in great detail

100, l&N 12 0,31

. ' 3 .
the parametrization for the case of a Mo ( B) reaction, and explained

it in a recent paper.32 Here we shall summarize briefly what was done in this
paper.

(1)

The one-step DWBA overlap integral, I , depends, among other things, on
the orbital angular momenta Qa and Qb of the partial waves in the incident and
exit channels, on the reaction Q-value and on the transferred orbital angular
momentum, 2. For transfer reactions, they further depend on 21 and RZ’ the
orbital angular ﬁomenta which the transferred particle has with respect to the
rest of the donor and recipient nucleus, respectively. Our procedure is to

(1

express I as accurately as possible by an analytic function which has the

Q-value and the above angular momentum quantum numbers as variables.

(1)

In Ref. 32, we found that I can be expressed as a product of 4 factors.
Two of them have gaussian forms, representing the well known f-window effects.

The third factor, which is also well known, is a phase factor vriginating from
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the two-distorted waves involved, and expresses the optics of the beam. The
fourth factor, which we called NO’ had not been investigated very carefully in
any earlier publication. We thué concentrate on this factor.

First of all, we found that N0 is almost Q—indepeqdent. This implies that
(1)

the Q-dependence of the magnitude of I is entirely taken care of by the two

window factors. The N0 factor was found, however, to have a rather subtle
dependeﬁce on the angular momenta involved. Its dependence on £ is the most
Juporcant, particiularly because it describes effects such as recoil.

The N, with the non-normal parity £, often referred to as the recoil term,

0

is very small for small Qa. However, its magnitude relative to N0 of the no-.
" recoil term (f.e. the term with a normal parity £) increases with the increasing
Qa’ becoming comparable at a certain value of 23. This Qa—dependence of the
relative magnitudes of the recoil to no-recoil terms describes, of course, the
well known energy dependence of the recoil effects. N0 depends also on other
angular momenta involved, particularly on 2d==2b-2a, It was found that the
details of this Rd dependence varied according to.the value of %, particularly ..
whether it was of normal of non-normal parity. It was shown in Ref, 32, that
we were able to trace the origin of such subtle behavior, bf looking very
closely at the way the EFR form factors are constructed for differen; % values.
bnce the parametrized form of the overlap integrals is thus obtained, it
becomes. possible to express in analytic forms also the cross sections and
other quantities, such as polarizations of the reaction products. This was
already discussed in last year's progress report; see also Ref. 31. In our
recent publications, similarly simple expressions were also derived to describe

the cross sections and angular correlations of the breakup processes; see below.

These expressions are very useful, not only in facilitating the numerical
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calculations, but also in obtaining good physical insight into the mechanisms
of the reaction.

We also confirmed that these simplified expressions do reproduce very well
the exact results. In Fig. 9, we compare the cross sections obtained by using
the approximaté formula (full line) and the exact expressions (circles). fhe

good agreement obtained amply justifies our use of this simplified formulas.

b.) Transfer reactions leading to polarized 12B (Udagawa and Tamura)
. 31 . . . . 30 12
Earlier, we succeeded in explaining the polarization™ of “"B produced

. in the lOOMo(lAN,lzB)lozRu reaction with incident energy Elab==90 MeV. More

recently, similar data were taken by Ishihara et al. at Texas A&M for the

232Th(13C,12B)233Pa 197Au(19F,12B 204

. . 33 .
and ) Bi reactions. Calculations were

thus made for these reactions, following the same method as Ref. 31. 1In these
calculations, we treated both reactions as one-step processes, transferring

one and seven nucleons, respectively, and then used the spectroscopic densities,

(1)

pg > obtained based on the shell model. In Fig. 10, we summarize results of

31,33

such calculations, together with data. The figure includes both the cross

sections ¢ and the polarizations P.

We first note in Fig. 10 that the measured P has a common characteristic

feature as a function of the outgoing energy Eb of 12B. ‘It has comparatively

large positive values for the highest Eb’ and then decreases monotonically as

Eb decreases, until it hecomes zero-at an Eb' where the O reaches its peak value.

For still smaller E _, P becomes slightly negative and stays almost constant.

b’
Our calculations reproduce very well this observed feature, particularly in

the higher Eb part of the spectra.
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As was discussed in Ref. 31, our theoretical P can be Qritten as a sum of
two terms, Pl and PZ’ where P, specifically describes contributions from the
interference between transition amplitudes of successive % values. Thus,
clearly, P2 is entire;y due to ﬁhe recoil effect, and in this sense has a
genuinely quantum mechanical origin. Corresponding interference effects never
take place in the cross section, and thus the information conéerning the
polarization provides us with a qnique test of our theory.

We plot in Fig. 11 Ffontrihutions from P aﬁd P, scparately. As seen, P

1

is negative definite, while P, is pnsitive definite. Tho valuc of r, is

1

particularly large at the higher E It is thus seen that P2 dominates at

b
" higher Eb’ making P positive there.
It is also interesting to examine the dependence of P on the incident

.energy.Ea. As is well known, the recoil effect, because of which P2 is non-
vanisﬁing, becomes more important with increasing Ea' Therefore, it is expected

that the observed P will increase with increasing Ea' An examination of this

energy dependence was made, and the results are shown in Fig. 12, where the P ..
14 12

at the highest Eb of the (7N, "B) reaction is plotted as a function of Eeff
(=Ea—VC, V; being the height of the Coulomb barrier).30’34 So far there are
14, 12

available only three (~ N,  B) data with different Ea and/or different targets.
Yet, one sees clearly that the observed P indeed increases (approximately
linearly) with lncreased E_gg» 85 was expected.

The above success in explaining the behavior of the ébserved P seems to

convince us that the higher E part of the spectra are indeed due to the one-

b
step direct reactions. This conclusion may not be too surprising as regards
reactions like (130,12B) and (14N,12B), in which a very small number of nucleons

are transferred. It is however, somewhat surprising to find that the same is
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true, as seen in Fig. 10, even in reactions like (lgF,lzB

), in which seven
nucleons are transferred. 1In this regard, it may be wbrthwhile to point out
that there are other types of measurements which indicate the presence of
(one-step like) direct reactions, yet transferring more than ten nucleons. A
notable example of such processes is what is calléd "massive transfer."35
Thus, after all, a transferAéf a large number.of nucleons in direct reaction
processes appears to take place rather commonly, and not exceptionally.'

The theoretical prediction present;& by solid lines in Fig. 10 begins ta

disagree with experiment as we move to lower E_ regions. To be noted in

b

particular is the fact that the E at which the calculated and experimental

b’
0 starts to disagree, shifts toward higher values, as the number of the trans-
ferred nucleons increases. This is not inconsistent with our picture that the
multistep contributions, which we have totally ignored so far, will become
important at the higher Eb the larger is the number of nucleons transferred.

Finally, we point out that the higher E_ part of the spectra, which remains

b
unexplained by the one-step calculation, seems to be related to the so-called
deep inelastic évents. We feel it is the case because the spectrum observed
for the above (19F,12B) reaction at a larger angle (6 > 50°), where the deep

inelastic events are believed to dominate, has a shape very similar to what

was left unexplained at ©=25° (being represented by a dashed curve in Fig. 10).

c.) Alpha-transfer reactions and their competition with breakup processes
(Udagawa and Tamura)

It has long been considered that the breakup of a projectile is one of the
typical examples of peripheral processes, and may contribute importantly to the

continuum spectra of reactions induced both by light and heavy ions. This is
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indeed the case, and very recently many experimental evidence has been accumulated.
.In order to analyze such data, we developed a very simple, yet rather accurate
method, and it was outlined in subsection i -d.

As was discussed there already, we view the breakup as an inelastic excita-
tion of a projectile a, consisting of b and x which are initially bound together,
into a cbntinuum state which may be written as a'=b+x. The resultant transi-
tion amplitude is then written as a coherent sum of products of two féctors,

the spéctroscopic amplitude, A and the DWBA transition amplitude, Bzm' The

Q°
A2 factor describes the strength of the transition a+a'=b_ +x while B%m does
the transfer of the energy from the relative motion between a and the ta?get to

" that b and x, % being the transferred angular momentum. The above mentioned

sum is taken coherently ovér 2. It is the Az—factor that decides the ways with
which different projectiles are broken up.

The Al depends on many physical quantities that the projectile is described
by. They are, e.g., the binding energy B (the kinetic enérgy E,) and the orbital
angular momentum Qz(lx) of the initial bound (final continuum) staté other than.
2. It has been thought for a long time that the B-dependence is the most im-
portant and thus that projectiles with small B, like 2H and 6Li would most
easily break up. We found, however, that the dependence on 2—, Qz- and Ex was
also very important.

First of all we emphasize that A, decrcacco quite rapidly with increased

2

. - 2
2. This was discussed in detail in our previous studies.

Because of this
fact, it is quite safe to ignore contributions from £ beyond 2. (Usually the
2=0 contribution dominates.) When considered as a function of Ex’ Ag has a
strong.peak at Ex around the energy equal to the height of the Coulomb barrier

between b and x. This height is in the 2 to 4 MeV range for light heavy-ion
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projectiles. This means that the breakup proceeds with very small Ex’ i.e.,

by transferring a very small amount of energy into the relative motion between
x and b. Ong important consequeﬁce of this fact is that the value of ix must
also remain small. Indeed, we.have found that the process is usually dominated
24,36

by the 2x==0 component, i.e., by the s-wave.

The above #- and Qx—dependence of A, leads to an interesting projectile

L
dependence of the breékup. Let us compare the breakup of 2ONe and 14N into
o+ 6O and a-kloB, respectively. As is well known, the dominant component of
.& in the 20Ne and 14N ground states are,‘respectivgly, in the s and g states,
i.e., 22==O and 4. In order to excite these o into the s state, i.e., 2x==0
" we must have £=0 and =4, respectively. Since, as we remarked, |A4| << IAOI,
it is evident that the breakup of 14N is much more suppressed as compared with
that of 20Ne. We shall shoﬁ soon that a very clear evidence for the breékup
of 2ONe was found, but not - for 14N. The B-dependence also works unfavorably
to the bréakup of 14N{ In 14N, B=11.6 MeV, while B=4.7 MeV in 2ONe.

So far we have discussed only the AQ factor. The Bim factor gives rise
to an important effect as well. It is reduced strongly when the Q-value is
large. Recall that the breakup is dominated by the £ =0 contribution. The
2=0 process'is, however, poorly Q-matched for large |Q|, reducing the cross
section. However, the Q-mismatch decreases with increasing incident energy.
Therefore, even if the breakup is too weak to be observed at low energies, it
may be observed at higher energies. Some evidence of this energy dependence
will bé discussed shortly.

A very clear evidence of the zoNe breakup was found recently by an experi-

ment by Nagatani gE_gl.,37_39 who observed inclusive spectra of reactions,

4
'OCa(lBC,gBe), éOCa(14N,loB) and 40Ca(20Ne,;60) with the incident energies of
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149 Mev, 153 MeV and 262 MeV, respectively. It was found that at very forward
1

(<]

angles, say 5° - 8°, the observed cross sections for the (ZONe, 6O) reaction are

larger by an order of magnitude compared with those for the other two reactions.

0Ne,l60) reaction

It should also be remarked that the cross sectioné of the (2
decreases: very raﬁidly as the angle is increased, making the (ZONe,l6O) cross
section about the same as those of the other two at larger angles.

It was also found that the theovetical cross sections obfained by assuming
4 one-stép O~transter process37 explained very well the observed cross éection
of the (13C,9Be) and (14N,10B), but not of the (20Ne,160) reactions. From this,"
It was concluded that there ﬁas in fact some other mechanism contributing to
" the (20Ne,160) reaction, presumably the breakup of 2ONe. This idea was further
supported by the fact that the position of the peak in the spectra lie at about
4/5 of the incident energy.

Having this evidence in mind, we performed numerical calculations of the
transfer and breakup processes36 and the results are presented in Fig. 13. As
seen, the calculation reproduces the observed data very well. Note trhat the
experimental peak cross sections increase by about a factor of 2 to 3 as the
incident energy increases from 149 to 262 MeV, and our calculation reproduces
this as well. This is evidence of the energy dependence we discussed above.

A fact to be noted here is that we have introduced aﬁ arbitrafy normaliza-
tion factor of 1.6 in the breakup cross sections in ohtaining the fit in Fig.
13. As will be shown below, the inclusive data seems to contain not only the
elastic breakup, but also the inelastic breakup contfibutions. The above
normalization factor may be interpreted to take into account the latter.

A further insight into the process may be obtained by measuring coincident

, 3 .
data, and such an experiment was also done by Nagatani et al. 9, We present in
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Fig. 14 the result of the measurement and the corresponding theoretical predic-
tions, which are seen to fit the data very well. A remarkable feature seen in
the measured angular correlation curve is that the width is extremely narrow;

about 5°. Such a narrow width has never been observed in the angular correlation

’

L otne typical width observed being about

20°. This fact presents an indirect support of our previous conviction that 14N

Co14 .
data taken in =~ N induced reactlons,4

is véfy unlikely to break up;at least for those energies (E<210MeV) studied so far.

Probably, 16O is one of the best candidates for breakup other than 2oNe.

Indeed, the l6O breakup yields have been observed by a Berkeley group42 with
E(160)==310 MeV. Nagataﬁi.gglél.39 also performed a similar eXpériment finding
that the breakup begins to take place at E(16O) around 200 MeV for a 58Ni target.>
This is another evidence of the energy-dependence of the breakﬁp.

Summarizing, wé have seen the presencé of the projectile- and enefgy—
dependencies of the breakup, and that they can be understood very well in terms
of the present theory. The théory is found to describe very well also the angular
correlation data. Our theoretical treatment has so far been confined to the
elastic breakup; A coincident measurement,39 however, revealed that there are
sizable contributions form the inelastic breakup. To deal Qith inelastic

breakup processes, we have to extend the present theory, but it will be dome

without much difficulty.

d.) Higher—step direct reaction analyses (Udagawaj Price and Tamura)

As was discussed in subsection a) the calculations that include only the
one-step contributions fail to explain the so-called deep inelastic component

of the spectrum. It would then be natural to investigate whether these deep
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inelastic components can be attributed to the contributions from higher-step

processes. We studied43 as an example of the two-step process the ?7Al(20Ne,120)‘

reaction at Elab==120 MeV.44 The calculation was made by first fitting the
16 '

2
data of the 7Al(ZONe, 0) reaction, assuming there a one-step g-transfer

mechanism. This fitting fixed several parameters involved in the calculation.
. 20 12 . :

Then the two-step calculation for the (" Ne, C) reaction was made without

introducing any additional parameter. The results of these calculations are

shown in Fig. 15 and are compared with experiment.

It is seen that the overall qualitative agreement of the calculated results
with experiments is good. However, quantitatively the calculated cross sections
'~ are too small by about a factor of 2, the discrepancy increasing as the energy

12
of the outgoing =~ C increases. In Fig. 15 there are also plotted the difference
(dotted line) between the calculated and experimental cross sections. One
notable feature seen is that the position of the peak of the dotted line appears
at a slightly higher E(lZC) than that of the calculated two-step cross section.
It might be possihle to ascribe this unexplained part of the spectrum to the
one-step direct 8Be transfer.” Such an investigation will be done in the future.

In order to study further the effects of the multi-step processes, we took

. . . 16 58, . .
np Aalso the inelastic scattering of 0 by Ni at the incident energy of
45 o . R .
E =100 MeV. The spectrum at 35° is shown in Fig. 16(a). It is seen that

lab
there.are two ﬁumps at EX==0-—15 and 15 - 40 MeV regions, where EX is the exci-
tation energy of 58Ni. These two humps are normally asctibed to Lhe quasi-
elastic and deep-inelastic processes, respectively.

In addition to cross sections, measurement was also made45 of the circular

polarization of y-rays emitted from the residual nucleus, 58Ni*. The y-ray

: . 58 K
circular polarization allows one to extract the polarization PN’ of Ni", and
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it was found that at the 160' energies correspond to the first and second humps,
respectively, BN was negative and positive. This .implies that the quasi-elastic
and deep-inelastic components are associafed witﬁ the  processes coming from the

near side (positive deflecti&n) and the far side (negative deflection) processes.

The measured PN are reproduced in Fig. 16(b).

In order to facilitate the estimation of contributions from the two-step,

as well as the one-step processes to the cross section, O, and to PN, we first

(2)

investigated the‘possibility of parametrizing the overlap integral, I , of

(2)

the two-step processes. We found that I

(1)

similar to those of I . The windows in I

was also characterized by windows

(2)
(1)

were found, ﬁowever, to be some-
' Qhat less characteristic than they were in I in that the shape of the windows
were distorted rather strongly from the simple gaussian form, and also that the
values of some of the window parameters dependend in-a complicated fashion on
the other parameters involved, making it very difficult to express analytically
the former in terms of the latter. Also some parameters were very sensitive

to the other parameters involved in the calculations, particularly to the
imaginary part of the optical potential, which is not very well known for the
channels involving highly excited nuclear states. Therefore, it was unavoidable
that the parametrized amplitudes did not always reproduce faithfully the exact
two-step DWBA amplitudes.

Nevertheless, we tried to fix the parameters in a way very similar to what
we did for I(l). Important. features of the résults obtained may be summarized
as follows: i) The values of the deflection angles W(i) (i=1 and 2, respec-
tively, for the one- and two-step process) were definitely positive and negative
(1)

for i=1 and 2, respectively. The magnitudes of V¥ depend only very slightly

. o 2
on the Q-values, making it acceptable to set W(l)==10 and W( ) =-20° for all
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the Q-values involved. ii) The Q-dependence of the centers of the windows of

e 1 (1) (2)

is nearly the same as that of I and T we can

Thus for both I

=0.6Q and 2(0) =48+0.6Q. iii) The most poorly deterﬁined parameters

b
are the widths of the centers for I(z)

(1)

Those for 1 are, however, rather well determined to be about 5. The widths

use Qéo)

, Wwhich are somewhere between 5 and 10.

of the two-step process is thus larger than those of the one-step.

The calculations of ¢ and PN were then performed by using the spectroscopic
densities (i.e., the densities of the deformatjon strengths, or the response
functions) calculated by Liu—B:own.l6 The orbital angular momentum rransfpf
of 2=0-8 were considered in the calculations. 1In Ref. 16, such calqulations
were made for only up to £=4. Those for £=5-8 were thus calculated by using
a simple model of the multipole fofces.46 Slight modifications were introduced
to thus obtain spectroscopic densities so as to improve thé fit to experimental o.

The theoretical one- and two-step cross sections are plotted in Fig. 17(a),
separately by dotted lines. As seen, the one-step contributions explain very
well the observed first hump at the lower excitation energy, Exr=0-15 MeV.

As will be discussed shortly, the one-step contribution also explains very well
the observed PN at this region of Ex' The two-step contribution, however, is
not sufficient to explain the rest of the spectrum, in particular the spectrum
under the second hump. This discrepancy may indicate that the contributions

of still higher order processes have to be taken into account. In order to
make a crude-estimate of such higher order contributions, calculations of the

(3) (2)

third order processes were made by assuming that I =al , where the constant
a was fixed so that the resultant total spectrum agreed with the data at 20°.
The calculated total cross sections at 35° are then plotted in Fig. 16(a) by a

full line. As seen, the overall agreement with the data is now very good. The
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assumed value of a, however, is somewhat too large as compared with that expected
from a simple extrapolation of the overlap integral. Probably, this effiectively

includes the fourth and higher order procésses. In Fig.16(b), we also include

the final calculated P, by a full line. The agreément is seen to be very good.

N
THére are a few other papers either published or submitted during the
past year. They include the summary talk47a at the International Conference on

"Dynamical Properties of Heavy-Ion Reactions"”, held at Johannesburg, August,
1978, a lecture note af the Posf—Conference School also at Johannesburg47b, an
invited paper presented47c at the International Workshop on "Reaction Models

for Continuous Spectra of Light Particles', Bad Honnef, November, 1978, and
finally an invited paper47d presented at the International Symposium on Continuum
Spectra of Heavy Ion Reactions, San Antonio, December, 1979. We organized this
last Symposium ourselves, in collabotation with the experimental group at the
.Cyclotron Institute, Texas A&M University.

Two papers were published in Computér,Physics Communications, the one48a
dealing with Coulomb wave functions with complex angular momenta, the other4
with a new method of constructing form factors for EFR-DWBA calculations.

Another paper dealing with the calculation of the Regge poles will be published .

shortlyasc. Finally, a paper which dealed with a problem of dissipation in the

time-dependent Hartree Fock calculations was also published recentlyag,

27



iii. MEDIUM ENERGY PHYSICS

*
(W.R. Coker )

a.) Preliminary

Since 1976 we have been very actively engaged in a collaborative program of
experimental and theoretical research in medium energy nuclear physics, princi-
pally the study of scattering and.reactions of 800 MeV protons oﬁ nuclei., Our
theoretical efforts_actﬁally began about a year before our experimental program,
ﬁaking use of 1 GeV proton elastic scattering data for a variety of target nuclei,
obtained at Saclay and Gatchina.

From the very beginning of our research program, we have held very firmly
to the‘pragmatic philosophy that hard resqlts are of primary importance, and
can only evolve from precise, reliable experimental data and sophistica?ed,
state-of-the~art. theoretical analyses. As will be apparent‘from what follows,
in our studies to date experiment and theory have merged to play complementary
and very closely linked roles. Our program has provided the nuclear physics -
community with a large quantity of accurate data on elastic scattering of
0.8 GeV protons on a wide range of target nuclei, as well as the results of
theoretical analyses aimed at learning as much as possible concerning the
matter density distributions of the varioﬁs térget ﬁuclei. To date ébdut a>
dozen papers havg appeared in print presenting the aata and the resqlts of

the analyse,s.so_63

*Most of the research described here was carried out in collaboration with
Assoc. Prof. G. W. Hoffmann and Dr. L. Ray, whose research is currently
supported by DOE contract EY-76-S-05-5224, Task B, This collaboration
is expected to continue,

Ll
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The original motivation given in the 1960's for doing proton elastic and
inelastic scéttering experiments at intermediate energies was that the theoretical
approaches which could be employed to deduce nuclearlstructure information from
the data were thought to be free from various ambiguities which plague studies
at incident proton energies of 300 MeV or less. Tﬁe standard argument went that
at medium energies the impulse approximation is expected to work well. As a
result, one could begin from the free nucleon-nucleon scattering phenomenoclogy
and derive microscopic optical potentials or distorted wave impulée approximation
(DWIA) transition matrix elements that would very directly describe proten
elastic and inelastic scattering in terms of nucleon densities and moments of
the target nuclei. Furthermore, the incident momentum at proton kinetic energies.
of about 1 GeV is large enough that the'spatial resolution afforded by the
available momentum transfer range would bé.sufficient to extract fairly detailed
information concerning the radial shape of the nuclear matter density distribu-
tions involved in the scattering and reactions. It was evenAasserted frequently
in the literature that information could be obtained regarding ﬁhe positional ..
or momentum correlations of pairs of nucleons in nuclei, and a vast amount of
theoretical effort was devoted to deriving formal expressions for contributions
of various kinematic and dynamic nucleon-nucleon correlations to the predicted
cross sections.

It is not too great an exaggeration to s;y that up until new data from
Saélay and Gatchina appeared medium energyAphysics was essentially a dataless
field, and many of the problems in related theoretical work could be traced
back to this disconnection from reality. As we began to analyze these new
data theoretically, however, we saw that the problems of the field were far

from over. First, the nucleon-nucleon phenomenology itself is in a sad state
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at these energies._ASecond, it became apparent that serious reliability problems
still existed even with the new 1 GeV proton-nucleus elastic scattering data.
This experience provided valuable guidance to our experimental effort, since it
demonstrated clearly how certain errors in scattering angle determination or
absolute cross sgcfion calibration could completely erase the éubtle nuclear
structure effects which one is interestéd in learning more about through analysis
of such data.

In many ways, the results of existing theoretical analyses éf such data
documented in the literature were almost as disturbing'as the apparent unreli-
ability of the data itéelf. Tremendous efforts were focussed on the relatively
minor contributions to the séattering.process from nucleon-nucleon correlations,
but the overwhelmingly important first-order, density—felated contributiéns were
handled in ways that were absurdly crude and which we found in our own calculations
to be quite incapable of describing the experimental data more than qualitatively.

We hoped to avoid both the experimental and theoretical errors we had
encountered in earlier work, A fairly massive experimental effort was mounted
at the High Resolution Spectrometer facility of the Clinton P; Anderson Meson
Physics facility in Los Alamos, to provide medium energy proton elastic scat-
tering cross sections of unprecedented reliability and range of momentum transfer.
Elastic angular distributions and‘analyzing powers were obtained at LAMPF.for
800 MeV polarized proton elastic scattering from the target nuclei 12C.

40,42,44,48;  46,48,501, 54y 58,64y, 90, 116,124 4 208, 50-64

All
of these data have now been reduced to final form and made available to the
"nuclear physics community in tabulations.

As was explained in detail in last year's annual report and elsewhere, we

intended to have from the beginning a reasonably unified treatment of elastic
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and inelastic scattering and analyzing power, in terms of a microscopic
‘description of ‘the nucleon-nucleon interaction potential.65 Because of the
reasons also given in last year's annual report, we avoided the use of a multiple-
scattering diffraction theory66 in obtaining cross sections, relying instead
insofar as was possible on the equation-of-motion techniques developed by

Feshbaéh and his cdllaborators.65’67

A notable advantage of the use of the
latter is that it can be reduced directly to corresponding low-energy forms,
permitting one to make use of various established nuclear phenomenologies at
. . . 68 '
intermediate energies. We also note that we took special care in deriving
. - . . .69,70
spin and charge dependent part of the nucleon-nucleus optical potential
: 65
- based- on the KMT approach.,
o 50-52 . P
When our preliminary analyses were found to be very primising, and

to give densities in surprisingly close agreement with Hartree-Fock predictions,
we completely redid the analyses, constructing an approximately model-independent
neutron density, and making a very careful and thorough study of experimental

. . . .56 .
and theoretical sources of error and uncertainty in the analysis. The resulting
uncertainties amounted to +0.07 fm in the root mean square neutron radius; as
far as the radial neutron densities were concerned, the error envelopes became
significant in width only well within the nuclear interior. This encouraged
' 4 L . , ‘ 62 .
us to increase the sophistication of our analyses still further. We included
the (very tiny) effects of center-of-mass, Pauli and dynamical nucleon-nucleon
correlations within the nucleus, and electromagnetic corrections to the proton
density arising from the electric and magnetic form factors of the neutron and
the magnetic form factor of the proton --which tended nearly to completely

cancel the correlation effects. These corrections reduced the error ultimately

to about +0.05 fm in the rms uneutrun radii, of which about +0.03 fm arises from

31



uncertainties in the free nucleon~nucleon ampiitudes.62‘ Further significant
reduction in the uncertainties is not practical until the experimental situation
in medium energy nucleon-nucleon physics changes drastically. With all sources
of error taken into account, the agreement between the deduced neutron matter
.densities and the corresponding densities predicted by Hartree—Fock formalisms
is extremely impressive, and has provided much of the motivation for our further
work in this area, both experimental and theoretical. See Figs. 17-21.

Our inelastic scattering studies, both expcrimcntal and theoretlcal, have
concentrated so far on low-lying colleetive states of even—cven nuclei. As a
" result, we have used the DWBA (as opposed to the so-called DWIA) and the coﬁpled
channels approach -~ for the first time at medium energies, so far as we know.68
In the theoretical analyses, the inelastic analyzing power data which have become
available from the LAMPF HRS proton elastic and inelastic scattering survey with

58,64 In our collective

polarized proton beams have played an important role.
DWBA form factors, if one bégins with the microscopic KMT proton-nucleus optical
potential, one automatically generates a so-called "Full Thomas form" for the
, . P . . . 64 . .

spin—-orbit contribution to the inelastic transition matrix element. This
additional term, usually neglected in low energy inelastic proton scattering
analyses, is important at medium energy in giving the inelastic angular distri-
butions the proper slope, and the inelastic analyzing powers the proper shapes.
In two recent papers, we have emphasized both the experimental and theoretical
. . . 11] . PR 1] . . . 58,64
importance of this "deformed spin-orbit'" term in the inelastic form factor.

In the coupled channels framework we have studied inelastic transitions

. . . . 12 24 .

to various highly collective states of C and ~ Mg, and shown that the wvarious

paths by which -the reactions can occur have distinct partial angular distributionms,

allowing one to determine the deformation parameters for the various collective
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nuclear shapes far more accurately than has hitherto been possible in proton

- and 4He scattering studies at 25 to 100 MeV._SS’63

Aiially non-symmetric nuclear
shapes were particularly important in accounring for the éhapes and magnitudes
of the inelastic angular distributions for population of various members of the
gamma-vibrational band in 2éMg.63 See Fig. 22.

Some other experiﬁental user groups at LAMPF have focussed much effort on
obtaining data for proton inelastic scattering to particle-hole states, and
some usable data now exist for several nuclei. However, the microscopic DWBA
approach used for such transitions at low eneréy is notoriousiy unsatisfactory,
and there is no reason to expect that its DWIA form will work any better at
800 MeV -- in fact somé preliminary studies indicate that if anything it works
worse than at low energies. Therefore we don't see a great deal. of hope that
these data for weak inelastic transitions will be able to provide the sort of
relatively clean nuclear structure information we have been able to extract
from the elastic scattering and from the inelastic scattering to strongly
collective states. -

We now turn to a discussion of the work published duringll979, and a brief

description of work in progres..

b.) Uncertainties in neutron densities determined from an approximately
model-independent analysis of 0.8 GeV polarized proton scattering
from nuclei ‘

This work was discussed in some detail in last year's progress report and

56,62 The first order, spin-dependent

will be mentioned only briefly here.
microscopic KMT optical potential was used to study 800 MeV polarized proton

elastic differential cross section and analyzing power data for target nuclei
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58
Ni, 90Zr, 116’1248n and 208Pb. Approximately model-independent target

neutron density distributions were constructed in order to investigate the
uncertainties in the deduced neutron densitieé resulting from the statistical
error of the experimental data and the finite raﬁge‘of momentum transfer in

the experimental angular distributions. Numerous other experimental and
theoretical sources of error and uncertainty were considered in obtaining a
realistic estimate of the total error in the deduced neutron density distribu-
rions and their root mean square radii. The typical error from the first orderx
analysis was foundﬁto be.ip.07 fm. Impressive agreement was found between the
deduced model-independent neutron matter density distributions and the corre-
sponding densities predicted by Hartree-Fock approaches, as seen in Figs. 17-20.
(In further work,62 an extension of that just described, the few important
second-order terms were included as well as equally small electromagnetic
corrections to the proton form factor, reducing the error to #0.05 fm. Coker

was not directly involved in this later work.)

c). Effects of spin-orbit deformation in inelastic proton scattering
at 0.8 GeV (in collaboration with experimental groups from Rutgers,
UCLA, Minnesota, Oregon and Northwestern).

New differential cross section and analyzing power data for 0.8 GeV

polarized protons incident on 12C, 116,124

Sn, populating the first 2+ excited
state, were obtained by the University of Texas experimental group in collabora-
tion with those listed above. These data were analyzed theoretically in terms

;f the DWBA using collective form factors which included spin-orbit contributions.
It was found that a reasonable description of the analyzing power data could be

obtained in this way, although of course the breakdown of the DWBA at backward
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angles (greater than 15° in the c.m.) for 12C was notable (and well understood).
Without the deformed- spin orbit term it was not possible to describe the

inelastic analyzing power data, even qualitatively.ss’64

d.) Elastic differential cross sections and analyzing powers for polarized

protons inéident on 40’42’44’48Ca at 0.8 GeV (in collaboration with
experimental groups from UCLA, LAMPF, Rutgers, Minnesota, Northwestern,
Oregon and Pennsylvania)

As an extension of our original elastic scattering survey, data for the
calcium isotopes were analyzed using the first-order KMT approach.61 Very good
fits were obtained to the elastic cross sections and analyzing powers; neutron
density distributions and neutron and proton rms radii were obtained from the
analyses. See Fig. 23. The difference between the neutron and proton rms radii
for 'each isotope could be compared to results of a large number of independent
experiments, including other medium energy and low energy proton scattering
data, 4He scattering data, Coulomb excitation studies, pionic atom data, pion
elastic scattering and pion t6t31 cross sectién data. Considering the rather
different ranges of experimental and theoretical error in the various methods
ot determining the rms radius ditterences, generally good agreement was found
between our values and those resulting from other approaches. There was also
good agreement with Hartfee-Fock predictions. See Fig. 17. However, whellf
model predictiéns gave results much too large and attempts to estimate such
differences using Coulomb energy systematics give results much too small, com-

pared to all the other approaches, for these isotopes.
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e.) A coupled-channels analysis of proton inelastic scattering to the

gamma-vibrational band in 24Mg

As this work was not discussed in last year's progress resport, it will
be presented in more detail here than the previously discussed work.

In the even-even deformed nuclei, the first several exciped states can be
classified as belonging either to the ground state rotational band, or the the
R~ and Y—vibratidnal band sequencés. For the specific case of 24Mg, a number
of analyses have.been made of proton and 4He inelastic scattering data, employing
the collective rotational model and the coupled—channelé formalism. While these
analyses have met with considerable success, there have also been significant
" failures. Calculated angular distributions for the 2+, 1.37 MeV and tﬂé 4+,
4.12 MeV members of the ground state rotational band, as well as the 2;, 4.24
MeV "baﬁd—head" of the y-vibrational band in 24Mg, agree quite well in shape
and magnitude with the measured cross sections and confirm the applicability
of the simp;g rotational model to this nucleus. On the other hand, very drastic
disagreement betweeﬁ predictions and data is found for the 8.12 MeV 6+ state,
gssumed a member of the ground state rotational band, as well as for the 5.2
MeV 3+, the 6.01 MeV 4; and the 7.8 MeV 5+ states, assumed to be members of
the y-vibrational band.71

: However, if one has recourse to a apherically symmetric description of
24Mg and the ordinary one-step distorted wave Born approximation (DWBA)ﬁg'one
can obtain a good fit to the inelastic scattering data for the 6.01 MeV 4;
state.. At 800 MeV, for instance, the DWBA fit to the 4; state is good at
forward angles although it becomes out of phase with the data at the back

angles. This fact supplies the clue to what may be wrong with the coupled-

channels calculations. Previous descriptions of the intrinsic nuclear
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vibrations about a deformed equilibrium shapé have been restricted in such a
way as to rule out a direct transition from the ground state to the 4; state,
by allowing (in the notation of Bohr725 only (Y52-+Yé_2) vibrations. Naqu
and Blair73 have previously argued that there exists a large AQ==A as well as
A% =2 transition strength in 24Mg, based on a particle-hole description of the
4; state. The éimplest way to take into account direct A% =4 paths is to‘include
in the coupling éotential such térms as (Y£2-+YA_2). The coupled~channels
formalism of Tamura74 was thus extended to allow a direct coupling of the
ground state and the AzAstate in the yhvibratioﬁal band.

In an investigation of the effect'of the additional aaz(Y£2-+Ya;2)
- vibrational mode, the values of 0,9 as well as other deformation paraﬁeters
were varied freely to obtain the best description of the 800 MeV (p,p') cross
sections for the states of the ground state rotational band and of the Y-
vibrational band. These same intrinsic deformations and vibrational mode
s£rengths were then used .in corresponding coupled—chaﬁnels calculations for
the 20.3 and 40 MeV (p,p') data. Results at these threé energies are summarized ;
on Fig. 22.

The description of the Y—Vibrational band, while vastly improved, is not

perfect. The 800 MeV calculations with o,, nonzero slightly overestimate the

42
+

+ .
2 and 42 states at the larger angles, predict too deep a

magnitﬁdes of the 2
minimum near 24° for the 3+ state, and continue to fail to reproduce the

angular distribution of the 5+ state. As £hese discrepancies are rather small,
compared to the original discrepancy removed by the inclusion of the a42(Y22-+YA_2)
terms, they could well result from a complex interplay between several less

importaht»processes omitted in the present calculations. These include addi-

tional terms of the a2(Y£2-+YX_2) form, spin-flip processes, couplings to
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other bands, or even inadequacies of the simple macroscopic collective
rotational model.

We finally note that tolerabl§ good- fits are also obtained at all energies
for the 3+, 5.2 MeV state, from which one can qualitatively estimate the
importance of spin-flip contributions to the inelastié cross section fof that
state to ﬁe a diminisﬁing function of incident proton energy, and quite small

‘at 800 Mev.

f.) Elastic proton scattering at high momentum transfers

208Pb proton elastic scattering data have been

Recently, the 800 MeV p+
extende& to a center of mass angle of 42.5° (cross section) [31° (analyzing
power)]. In this interval, the cross section data decrease in magnitude by a
factor of 10 billion. These new data are consistent with, but quantitatively
superior to, the older data, possessing superior statistical accuracy in the
" region of overlap -- typically less thén 1% for angles less than 20°, 2% from
22 to 30°, énd adequate out to the largest angles. In the theoretical analysis.
we were mainly interested at first in seeing whether the larger rangé of
momentum transfer would affect the error envelopes of the neutron dengity
distributions, or the value obtained for the neutvon rms radius. We found
that within experimental error limits there is satisfactory agreement. Ece
Fig., 21. However; in the miCroscopic KMT calcuiations, a curious artifact
appeared: an accidental cancellation between the nuclear and Coulomb scattering
amplitudes at about 35°. See Fig. 24. This called into question in our miﬁds
(not for the first time) the curious treatment of the Coulomb interaction in

medium energy proton elastic scattering calculations. Up until a few years
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ago it was generally neglected totally in calculations presented in the. literature;
in formal workouts of the KMT theory it is largely ignored. As described else~-
where, we have included a realistic Coulomb interaction from the beginning.

(In investigating the origin of the cancellation, one has to study various subtle
higher-order corréétions to the Coulomb term that arise in a KMT formalism be-
cause the scattering problem solved is for a nucleus with one less nucleon than
the actual target nucleus. This work has mainly been carried out by L. Ray, in
colléboration with Prof. R. Thaler of Case Western University.)

However, there are other problems not directly related to the treatment of
the Coulomb interaction, which show up at the iarger momentum transfers. For
instance, the pfedicted diffraction pattern gets increasingly out of phase with
the experimental one past 30°. No change in nuclear densities, etc., can repair
this discrepancy without destroying the agreemen£ at smaller angles. In trying
to guess the source of this discrepancy, one is faced with the problem that a
large number of approximations are made in the conventional microscopic KMT
calculétion, which affect the optical potential in first order at high momentum
transfer. Among these are the impulse approximation itself, since a much higher
momentum can ﬁe transferred between the incoming nucleon and the target nucleus
than between two free nucleons. Other approximations that should perhaps be
corrected include neglect of Fermi motion of target nucleons, neglect'of the
total momentum dependence of the free nucleon-nucleon amplitudes, neglect of
off-shell effects in the nucleon-nucelon amplutides, neglect of Pauli blocking
in the target nucleus, neglect of coupling between the spin of thc .incoming
nucleon and the angular momentum of nucleons in the nucleus, and so on.70 All
of these approximations are clearly fairly good at 800 MeV, and it is likely

that removing each of them will require immense work and have essentially no
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effect on the predicted angular distribution at large momentum transférs... or
worse, that the various effects will tend to cancel.AAWe are trying to think of
ways that experiment éan give‘théof§ a élue as to whicﬂ direétions are worth
pursuing in the immédiate futu?e. | |

It is worth méntioning that an(dbvious first ordef correction that is
rarely even thought of, much less mentipned in this coﬁtext, is tﬁat the kinemétic
transformations used to relate the freé nucleon-nucleon amplitudes to the proton=

70

nucleus reference frame are valid only for zero momentum transfer! In short,
in asking the question of how to make reliable KMT microscopic calculations for

proton nucleus scattering at large momentum transfer, we are opening a Pandora's

box and it would be rash to predict what will emerge.

g.) Total reaction cross sections for 0.8 GeV protons on nuclei

There are approved proposals for HRS at LAMPF to measure p +nucleus total
reaction cross’sections; the actual data should materialize within the coming
year. In the microscopic reaction theories used to generate the optical poten-
tials we have used at medium energy, the absorption is generated directly from
the empirical total nucleon-nucleon cross sections, using the familiar optical
theorem. If fhere are fairly important absorption'mechanisms within the nucleus
for 800 MeV incident protons tﬁat do not involve direct collision between the
incident proton and a single target nucleon in the first step, it would be
expected that the theories predict the absorption incorrectly, and therefore
will predict the total proton-nucleus reaction cross sections incorrectly.

We have therefore made theoretical predictions of these croés sections in

advance of the experiments, in order to provide a stringent test of the commonly
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used theoretical formalism of p+nucleus scattering'at medium energies. We do
not anticipate any serious discrepancies, because all our experience to date
indicates that the absorption is very well predicted (perhaps to 95% coﬁfidence
level) by the simple impulse approximation that is the basis of the conventional
KMT approach. 'Therefore this effort is more a service to the experimentalists
than a genuine theoretical investigation. Only if interesting discrepancies
show up will these calculations be pursuéd any further. See Fig. 25.

(In a related project, L. Ray computed proton-nucleus total and reaction
cross sections for 12C, 160, 27Al, 56Fe, Cu, Ge, 1271 and 208Pb from 100 to
2200 MeV. The calculations were based on the Kerman, McManus and Thaler for-
malism, the impulse approximation and lécal optical potentials with Pauli, short
range dynamical énd center-of-mass correlations included. The proton-nucleus
scattering amplitudes were obtained from phase shift solutions or directly from

the publishéd N-N data. The proton and neutron densities were obtained from

electron and proton scattering results or from Hartree-Fock predictions.)

h.) 1Isotopic differences in neutron matter densities due to single neutrons

In the most recent proton-nucleus elastic scattering data at 800 MeV from
HRS, a statistical error of less than 1% has been achieved, while the relative
normalization from run to run can be fixed to #1.5%. This makes possible an
e#periment, and accompanying theoretical analysis, with some novel features.
Our experimental collaborators intend to propose, at our urging, an experiment
to compare proton elastic scattering from 902r and 912r targets of very precisely
known thicness. If the targef thickness uncertainty is on the order of 1 to 2%,
but not greater, it‘will.still be the dominanf source of error in the expression

[(‘do/dm“’lzr - (do-/ds'z)gozr]/ (do/dgq,, _ -
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A rough theoretical prediction of the differences between the 902r and 912r
angular distributions, due to the extra neutron in 912r, gives a verf distinctive
and rapidly oscillating (period about 5°) cross section difference-fupctibn,
which has an envelope with a slope of about a percent per degree, so that by 20°
the differencesyafé approaching 20%. It therefore‘appears to ﬁs that if we
empirically adjust Fhe neutron densitiés‘for 90Zr and ngr as they appear within
the most sophisticated KMT microscopic analysis we are able to do by the time
the data are available, we will be able to ascertain by fittiﬁg to the éxperi—
mental data a fairly informative curve.for the difference between ngr and 9UZr
neutron densities. ItAwiil be interesting to see, for instance, how closely
this difference resembles the predict;on of the ;imple shell model for the
valence neutron. If results are ﬁromising,.it may be possible to push this

sort of comparison further, along the lines already explored successfully for

nuclear electromagnetic form factors via electron scattering.

1.) Diffraction model for medium energies?

One question wﬁich has been raised several times gy our experimental
collaborators is whether or not there is a simple optical diffraction model
which one could apply to the 800 MeV proton-nucleus elastic scatfering data
in order to '"read off" the nuclear matter radius. As a matter of fact, the
simplest possible "black disk'" approximation for the scattering amplitude,

namely

do/dQ ~ (kRz)zIJl(x)/xlz, x = kRO ,

gives an excellent reproduction of the positions of the minima in the experi-

mental angular distributions, although of course it does not provide even a
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qualitative reproduction of the actual angular distribution. It is also not
entirely clear how the strong absorption radius R is related to the actual

/3

nuclear matter radius, a priori. Generally one finds R is roughly 1.2 Al fm,
ﬁaking this an excellent simple homework problem for nﬁclear physics coﬁrses,
but not terribly useful for quantitatiye work!

We therefore tried several other, more sophisticated diffraction models,
which included Coulomb scattering and a complex index of refraction within
nuclear matter. The most attractive of these was the ﬁodel proposed by Ericsbn,75

in which the S-matrix is parametrized directly as a Woods-Saxon form in angular

momentum space, namely (for spinlesé particles)
S,(E) = [1+ exp((Lo - & - ip)/8)]7

where QO, p, and A are parameters. This approach can easily be generaliied to
include spin and to predict both cr;ss sections and polarizations. However,
while one finds that one can obtain an essentially pérfeét fit to the 800 MeV
polarized proton elastic scattering angular distributions and analyzing powers
using this approach, it does not appear possible to extract a strong absorption
radius from the parameters in a consistent way. For spinless particles, R=20/k
agrees fairly Qell with the Qalue‘obtained from the black disk model, Sut for
the realistic spin-1/2 case it has not been possible so far to find a plausible,
unambiguous or empirically justifiable way to relate the nuclear matter radius
to the fitting parameters of any simple diffraction model that includes spin
effects. We have, during the course of the investigation, learned a great deal

about the unitarity of the S-matrices predicted by the KMI approach (see Section

iii (£)), not all of it good news by any means.
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iv. NUCLEAR COLLECTIVE MOTIONS

(Weeks and Tamura)

s R . 76 -
Using the boson expansion technique, Tamura and Weeks, have been describing
the low-lying positive parity states of even-even nuclei in the mass range

A=70-200. Results for Sm appeared recently77 and the results for Ru-Pd78

as well as for Os—Pt79’80

isotopes havc been completed.

The Ru-Pd Llsuropes ate basically mildly deformed nuclei which are expeéted
crudely to have a pure phonon nature. In other words, equal spacing between,
zero phonon ground state, one phonon 2+ state, two phonon triplet states (0+,2+,

+
4 ), three phonon quintet states (O+,2+,3+,4+,6+) and so on. The calculations

r 98_loaRu and 1oz-llOPd can be found in Figs. 26 and 27. We note the excellent

fo
prediction of thé 3+ state lowering out of the quintet as mass increases as well
as the fit to the ground band and the ordering of the two phonon triplet states.
Magnetic dipole, eiectric quadrupole moment and B(E2)'s were also calculated
and very good agreement with the data was obtained.78

As we leave the rare earth region where the nuclei are well deformed prolate,
and simultaneously approach the N=126 and Z =82 closed shells, the nuclear shape
should become spherical. The Os-Pt isotopes afford an excellent opportunity to
study the characteristics of this transition. Our microscopic calculations
enable us to witness the competition between the oblate nature of the few:
proton holes and the varying nature of the different numbers of neutron holes.

In Fig. 28 the. ground, and gamma band predictions for 186“19403

188—198Pt are presented.80 The lowering of the gamma band and then its increase

and

as mass increases is well described. The ground band states are also nicely

predicted.
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Our regults for the 0Os-Pt fegion have a simple interpretation in terms of
the gamma unstable model of ﬁilets and ;Iean.81 This model requires no deformation
and large aﬁharmonicity. In boson notation such a requirement demands tﬂe lérge—
ness of terms which.push'up (N, v=N-2) components of wavefunctions relative to
(N, v=N), where N is the number of bosons and v is the number of bosons not
coupled pairwise to éero angular mémentum‘ The microscopic calculations bear
this out and result in a decay scheme as shown in Fig. 29 which is a schematic

illustration for a nucleus such as 192_196P

t. The major boson component for
each wavefunétion is ‘listed. Since the E2 operator is linear (dominantly) in
the number of bosons, one can easily-understand the salient featureé of the
décay pattern, which agreeé with experiment for these nuclei. Note that the

4Y prefers to decay to the ZY or more significantly to the 4g much more strongly
than to the 3Y which is against what one would anticipate. Also the second
excited O+ state (O;) decays to the first 2+ state as oppoéed to 188_19005 where
O; decays dominantly to the 2Y state due to the larger deformation. The
appearance of the 0'-—2i-—2£ sequence which decay as shown is also a consequence
of the gamma unstable like nature.

In Fig. 30 we present potential surfaces for this region and note the
transition from prolate Os to oblate Pt with both y=0° and y =60° (the right
‘and left hand sides.of the potential plot respectively) having in most cases
comparable well depths. The overall loss of anharmonicitiy is apparentAfér

198

both isotopes as mass increases. This results in a potential for Pt where

the prolate well has disappeared. Thus 198Pt should not be expected to have

a tendency to execute oscillations which destroy axial symmetry (gamma vibrations)
196

. ‘ 8 .
as readily as in Pt. This is seen both experimentally 2 and theoretically

. . 80
in our calculations.
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All our energy spectra were obtained using two parameters (f2 and gz)
which represent the strengths of our residual microscopic interactions (quadru-
pole particle~hole and quadrupole pairing). These dimensionless numbers are
estimated to have the values f2==l;0 and g2==0.8 for all nuclei which are
collecti&e. In Fig. 31 a plot of fé (grOSses) and 89 (dots) versus A is given.
We see that they are quite consistent over a macs range of 100 uu;leons.- This
consistency occurs because of the microscopic nature of the caluulafions. Une
thing which»we'have‘noticed is that the gzlparameter is fairly sensitive to
the number of sinéle particle orbits considered in the calculation. Thus for
Os-Pt where many orbits were considered g, was reduced sowewhat.

In Fig. 32, we summarize our quadrupole moment calculations for the first
2; states as well as for experiment. Smooth lines connect the theoretical
points for the Ru-Pd, Sm, and Os-Pt isotopes. Experimental Q2 and their error
bars for these nuclei are represented by vertical dotted lines.

For Ru-Pd, we note that not a great deal of tramsition is taking place
and the theoretical and experimental points are prett& well localized. These
nuclei which are all mildly prolate ére well described by our method.

148 154
e

Th Sm isotopes are a different story. These isotopes have been

known for a long time to span a transition from the spﬁerical—iike 148Sm to

the well deformed prolate 154Sm with 150,152

Sm being typical examples of so-
called transillvnal nuclei. Uur energy levels and, as seen in Fig. 32, our
quadrupole momehts are predicted very well.

The Os-Pt region is even more-interesting. As mass increases in Os, we
find that deformation isAlost, as the prolate nature of the many neutron holes
is reduced. ﬁevertheless, all the Os isotopes are predicted to be prolate and

for l86—19205 our results agree almost perfectly with experiment. For Pt,
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however, the nuclear shape is predicted to change from prolate for 188_190Pt

192-198
to oblate for Pt, and what's more surprising is the fact that the quadru-
pole moment is increasing as mass .increases. This of course can be understood
as being due to the gradually decreasing prolate nature of the neutron holes as

194—198Pt is experiment known and we agree very nicely

mass increases. Oﬂly for

although in 198Pt we may have too small a prediction. Nevertheless, the experi-

mental Os-Pt transition from prolate to oblate is clearly reproduced. /
Having now a fairly good description of collective states we may consider

the excitation and coupling of noncollective modes so as to extend the scope

of our work. Iﬁ this regard we are looking at the O+ states in the Ge region.

Here we plan to couple the pairing vibrational solution to the collective

solutions to reproduce energies and two nucleon transfer data. We solve the

RPA equations. for the pairing interaction and find that the 0+ states so obtaingd'

are(orthogonal to the. spurious state and that the collective pairing vibrations

for 70-72

Ge lie slightly below 2A. Choosing a constant G and single particle
. ‘ N
energies taken from Ref. 84, our agreement with the experimental 0 states is
. very good, as seen in Fig. 33. The coupling to the purely collective states is

70—72Ge. The experimental O+ in

needed to push the 0+ energy still lower in
4Ge is probably a collective state and should come out of the regular boson
expansion calculations.
Preliminary work attempting to describe the backbending phenomena85 by

coupling previously truncated higher energy quasiparticle pair modes to the

collective spectrum has also been begun. In Fig. 34 we show the results of the

2

coupling of (113/2) I=2,4...12

to the collective quadrupole spectra and its
comparison to experiment. We see that the microscopically derived coupling

which used the same strength as in the collective calculation and hence
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involved no parameters, is a little too strong. This result is somewhat
encouraging and more detailed analyses will be forthcoming.

Fiﬁaliy a better understanding of the boson expansion procedure which
enablgs the calculations to be done has been put fort}{.86 In addition, the
limitations and domain of validity.of the calculation has been drawn out. In
this work, the understanding of the Pauli principle preserving terﬁs in the
coustrucrion of the boson representation of the collective fermion operator
has been given. The results are that the boson series ronverges with little
violation oflthe Pauli principle when the fermion operator contains many quasi-
particle pair components with individually small amplitudes. In that case and
when the physical nature of the problem justifies the ansatz that the structure
of many states may be thought of as arising.from multiple excitations of this
collective mode then the boson expansion can be expected to work quite nicely.
Our success for a large number of nuclei shows that this assumption is valid

for the low energy states, even in nuclei that lic feirly cluse Lu clused shells.
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Received 7 February 1979

Abstract: Exact finite-range (EFR) distorted-wave Born approximation calculations were performed for
light-ion induced two-neutron transfer reactions, by using a technigue 10 caleulate the form fuctors
rather fast. The use of this method made i possible to carry out caleulations even when realistic
hght-ion wave functions and multi-configurational two-neutron wave functions were used and
large transferred angular momenta were considered. [t was found that, at lower bombarding
eneryies, the predictions of the EFR and zero-range caleulations agree very closely both in angular
distributions and relative magnitudes of the cross sections, though they difter significantly in
absolute magnitude. As the bombarding energy increases, the discrepancy between the predicted
absolute magnitude becomes still larger, and noticeable differences are scen even in relative cross
sections. For all the energies considered, the EIFR caleulations predicted the absolute magnitudes of
the experimental cross sections to within a factor ol several units.

1. Introduction

As is well known, two-nucleon transfer reactions offer a useful tool 10 extract
information on certain important aspects of nuclear structure, and a great deal of
work has been reported in the past. Historicully, light-ion induced reactions were
investigated first, and in most cases, analyses were made by using the distorted-wave
Born approximation (DWBA) with a zero-range (ZR) approximation. The work with
heavy ions then followed, where the use of "a ZR approximation was evidently
meaningless, and analyses consistently used exact finite-range (EFR) DWBA,
although 4 nu-recoil approximation was also used occasionally,

In spite of the fact that the majority of analyses of light-ion induced two-nucleon
transfer reactions used ZR-DWBA, a limited number of EFR-DWBA calculations
have in fact been reported ' ~¥). However, most of these calculations > %) were
based on somewhat oversimplified forms for the wave function of light ions (such as
¢ and «) and for the interaction that causes the transfer. Others ' %) used more
realistic forms for the light-ion wave function and the interaction, but assumed a
single configuration to describe the motion of the two nucleons in the target or
residual nuclei. except for cases **) in which the transferred angular momentum

t On leave from Department of Physics, University of Saga, Saga 40. Japan.
' Supported in part by the US Depurtment of Energy.
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A FULL FINITE-RANGE CCBA ANALYSIS OF THE ' '8Sn(p, t) '*sn REACTION

T. TAKEMASA', T. TAMURA and T. UDAGAWA

Department of Physics = The University of Texas at Austin, Austin, TXA 78712, USA

Received 2 August 1979

l‘.xnul't ;mnc-rungc coupled-channcl Born approximation caleutations, using a microscopic form factor, were performed
. (11 165, reuction. C ; i i : 3 o1 distri
for the Sn(p, 1) Sn reaction. Good agreement with experiment was obiained, both in the shape of the angular distri-
! 1 N Y Y at1 B H < * oo 1 A . . . .

Hutions and the relative magnitudes of the cross sections. Corresponding results using a zero-range approximation were

found to agree much more poorly witih experiment.

A number of coupled-channel Born approximation
(CCBA) calculations, performed for light-ion-induced
two-ncutron transfer reactions, showed that the effects
of indirect transitions via inelastic processes are of im-
portance for both spherical vibrational [1,2] and de-
formed nuclei [3,4]. However, alt the CCBA calcula-
tions reported so far used the zero-range (ZR) approxi-
mation. This is due mainly to the long computational
time required when full finite-range (FR) caleulations
are carried out in a straightforward manner, In fact,
there does not exist any known proot justifying the
usc of the ZR approximation.

Recently we developed a method to construct
rather fast FR form factors for use in distorted-wave
Born approximation (DWBA) calculutions, for (p, t)
and/or (1, p) reactions [S|. The method utilizes an in-
terpolation technique, which was originally developed
for heavy-ion-induced transfer reactions |6] . This
technique allowed us to speed up the caleulations by
a factor ol 15- 20, without loss of needed accuracy
in the resultant cross section [5]. Because of this in-
creased speed, it is now practical to perform exact fin-
ite-range (EFR) CCBA calculations. The purpose of
the present paper is to report on the first result of
such calculations, with the 118Sn(p, t) 116Sn reaction
at £, =52 MeV [7] taken as an example. We show the

! On leave from Department of Physics, Saga University, Saga
840, Japan.
2 Supported in part by the US Atomic Inergy Commission.

significance of using the EFR-CCBA method by com-
paring its results with those obtained with the ZR-
CCBA nmiethod.

As in ref. [5], the interaction responsible for caus-
ing the transfer was taken as the sum of two-body in-
teractions between the incident proton and each ot the
transterred neutrons: 4

V= V(rp, ) * ¥(rpny) (1)

where ]

V(ry=PyVo(r)+ PV (r) 2)

and '

Yoy =%, ifr<re,
(3

= .- Vg(” exp[—ko)(r —re)l, ifr>fc .

Here Py (P ) is the spin-singlet (triplet) projection oper-
ator. This potential and the parameters involved are
those of Tang and Herndon {8] (TH). Thusre = 0.45
fin, V8 =277.07 MeV, V%’ = 54926 McV, kg =2.211
fm—71, and Ky =2.735 fm--1. The triton wave function
used in our-(p, t) calculation was obtained by a varia-
tional calculation, also discussed by TH. (In the follow-
ing we shall simply refer to the “TH triton”, meaning -
the combined use of this triton wave lunction and the
potential of eqs. (1)-(3).)

Below we also present results obtained by assum-
ing gaussian forms tor both the triton wave function
and the interaction potential. (We shall simply refer

25
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STUDY OF THE '°Be(d, p)' 'Be REACTION AT 25 MeV !
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Cyelotron Laboratory and Department of Physics, Michigan State University, East Lansing, Michigan 48824
and

W. R. COKER *

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

Received 18 July 1978
(Revised 25 September 1978)

Abstract: The distribution of the single-neutron strength up to an excitation energy E, = 7.0 MeV in
"'Be was investigated with the ""Be(d, p)' 'Be reaction at £, = 25MeV. The 1, gs., }7,0.320 MeV
and 1.785 MeV states are found to be excited with significant strength. The angular distribution for
the 1.785 McV state is typified by an orbital angular momentum transter /, = 2. This together
with other available data indicate that its spinis J™ = (3)" . The spectroscopic fuctors for these three
states are compared to the shell-model calculations of Teeters and Kurath and of Cohen and
Kurath.

NUCLEAR REACTIONS '°Be(d. p), E = 25 MeV; measured o(#); deduced spectroscopic
factors. Reuactor-produced 1YBe target.

1. Introduction

Due to the work of Kurath and collaborators ! ?), shell-model wave functions
are presently available tor both positive and negative parity states in 4 = 11 and
A = 13 nuclei. The wave functions for the negative parity states were obtained by
Cohen and Kurath ') in 1965. An important step on the way to the wave functions

for the positive parity states was the derivation ) of a particle-hole interaction which
iscapable of reproducing the A-dependence of the2s,-1d, splittinginthell £ 4 £ 17
nuclet. The ordering of the I1d, and 2s, orbits changes with decreasing mass in this
mass range, with the 2s, orbit lying lower in energy below mass number 4 = 15.
This particle-hole interaction was subsequently used by Teeters and Kurath ?) to
calculate the wave functions for the positive parity states inthe 4 = 1l and 4 = 13
nuclei. A full vector space compatible with the (1s)*(1p)* ™2 and (1s)*(1p)*~3(2s, 1d)

' Work supported by the US National Science Foundation under Grant No. PHY 78-01684.
' On leave trom the Institute of Nuclear Research, Warsaw, Poland. :
* Rescarch supported in part by the US Department of Energy.
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Prevalence of Direct-Reaction Mechanism in a Deeply Inelastic Reaction, 97Au(1%F,!2B)

M. Ishihara,!® T. Shimoda,'® H. Frohlich,(® H. Kamitsubo,'® and K. Nagatani
Cyclotron Institute, Texas A& M University, College Station, Texas 77843

and

T. Udagawa and T. Tamura
Department of Physics, University of Texas, Austin, Texas 78712
(Received 1 February 1979) :

Continuum cross sections and spin polarizations of *B produced in the reaction
B1Au("F, 1?B) induced by 186-MeV '°F were measured. The observed data were repro-
duced very well in terms of a distorted-wave Born-approximation theory, indicating that
this reaction transferring as many ao seven nucleons proceeds ag a direct process.

Recent measurement’ of the spin pnlarization
nf the ejectile “B produccd in the reaclion
10000 (N, 2B} added a new dimension to the un-
derstanding ol the mechanism of heavy-ion reac-
tions leading to continuum excited states. The po-
larization (P) measured as a function of the ener-
gy (E,) of ‘B revealed a unique feature character-
ized by a large positive P at the highest £,, fol-
lowed by a rapid decrease to negative values of P
with decreasing E,. It was recognized® that such
behavior of P is completely opposite to the pre-
diction made by a classical macroscopic model
based on the frictional force.®> A theoretical anal-
ysis* using an exact-finite-range distorted-wave
Born approximation (EFR-DWBA) achieved a suc-
cessful fit to the data and provided a quantitative
explanation. Two ingredients inherent in the EFR-
DWDBA were cruclal In reproducing the experi-
mental observation: 'The transverse recoil effect
yields large positive P values for high E,; the I-
window effect causes the decrease of P towards
lower E,. This theoretical finding suggests that
such behavior of I’ may generally be considered
as a “signature” of a one-step direct reaction.
We recently studied a one-proton transfer reac-
tion 2**Th(*3C, *B) to corroborate this argument,
and found that the observed P indeed exhibited
the same behavior.®

The study was then extended in order to see
whether the direct-reaction mechanism persists
even in reactions involving much larger mass,
charge, and energy transfers. The reaction
197Au('°F, '?B) at 186 MeV was chosen as an ex-
ample of such a deeply inelastic. reaction. Sur-
prisingly enough, the same feature was found to
prevail in this reaction. The discussion below is
concerned with this unexpected result.

The experimental procedure was similar to that
of the previous study'; several improvements,
however, were made to cope with complexities in-

volved in the "F-induced reaction. The spin polar-
ization of '*B is determined from the asymmetry
of the 8 rays in the decay of *B(g.s.) to '°C(g.s.),
measuring the intensities in the directions of 0°
and 180° with respect to the polarization axis
[defined parallel to the (k,xk,) axis]. The 190-
MeV °F°%* beam from the Texas A&M cyclotron
was used to bombard a gold target of 5.6 mg/cm?
thickness placed at 45° to the beam (the effective
incident energy is estimated to be 186 MeV as a
result of the energy loss in the target). The beam
was pulsed with 40-ms duration and 130-ms rep-
etition period; the g rays were counted during

the beam-off intervals. The ?B ejectiles scat-
tered at the laboratory angle 25° were implanted
into a platinum stopper foil which was placed

in the vertical external magnetic field. An alu-
minum energy-degrading foil, whnse thirkness
was varied, was inserted to select the '?B energy
bin. The B8 rays from the stopper foil were detect-
ed with a pair of threefold plastic counter tele-
scopes placed above and below the stopper. To
compensate for possible asymmetry in the count-
ing efficiencies of the two telescopes, the spin
orientation of the implanted '?°B was externally re-
versed in every second counting period using the
NMR technique of the fast adiabatic method. For
each thickness of the absorber the measurement
was made both with a 15-um and with a 5-um plat-
inum stopper. This, in turn, provided the cor-
rection for the depolarization effect due to the
hyperfine interaction.

In the present reaction, the presénce of a large
number of background 8 emitters was noted in an
independent measurement of charged-particle
spectra using solid-state counter telescopes. Tak-
ing advantage of the large decay energy of ‘’B,
the low-energy threshold of 8 rays was set high,

" typically at 6 MeV, to eliminate a strong contri-

bution from *F as well as other background. The

© 1979 The Am7%ric-.m Physical Society 111
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Breakup processes in heavy-ion induced reactions

T Udagawa and T. Tamura
Department of Physics, University of Texas, Austin, Texas 78712

T. Shimoda,* H. Frohlich,! M. Ishihara,* and K. Nagatani
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(Received 29 May 1979)

Cross sections for breakup of ?*Ne into '*O and a during scattering from ‘°Ca were calculated in terms of
the distorted wave Born approximation. The inclusive '®O cross section observed in the *°Ca(**Ne, '*0)
reaction was then found to be fitted very well by the sum of this breakup contribution and that of the a-

transfer reaction calculated in our previous work.

NUCLEAR REACTIONS “Ca(®Ne,!%0) breakup reactions, calculated ¢%6/d dE;
E("Ne) = 149-262 MéV, direct reaction mechanism for heavy-ion renction.

In a recent publication,! we reported on mea-
suréments of continuum cross sections of a-
transfer (like) reactions with a "°Ca target, in-
duced by **Ne, N, and **C ions with incident en-
ergies. k., respectively, equal to 262, 153, and
149 MeV. The continuum spectra were taken at
several angles between 0, =5 -20", and the re-
sults were analyzed in terms of the distorted
wave Born approximation (DWBA) assuming that
the reaction procecded as a one-step «-transfer
process. It was found' that the calculation re-
produced very well the experimental spectra at
wll angles for two of the three reactions, i.e., for
(*'N, '"B) and (**C, “Be) reactions. On the other
hand, for the (**Ne, '®0) reaction, it was found
that, although we were able to fit very well the
experimental spectra at 0,2 16", the theoretical
cross sections became progressively too small
compared with experiment, as v,, was decreased.
A very similar situation was again experienced
‘in the analysis of more recent data taken at
I, (*'Ne) = 149 MeV. '

The purpose of the present article is to discuss
ways this discrepancy can be removed, i.e., to
explain the part of the experimental cross sections
that were left uneaplained within the framework
of the DWBA calculations reported in Ref. 1. This
unexplained part of the cross goction has two dis~
tinct features, as can be seen in Fig. 1 of Ref. 1
{and by the dotted rurves in Fig, 2(a) of the pres-
ent work]. The first is that it is forward peaked,
as we already rcmarked above. The second is
that the cross section, seen as a function of
k£, (**0), is peaked at 205 MeV, which is 4 of
L, (*Ne), i.e., just the kinetic energy which the
150 cluster had in the incident *’Ne ion. These
lwo fealures indicate that the exeess cross sec-
-tion can be explained as the cross section as-

20)
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sociated with the breakup of the incident **Ne. We
shall show below that such a supposition can in-
deed be proved correct.

To our knowledge not many calculations of the
breakup cross section have been done for heavy-
ion induced reactions. In the regime of light-ion
induced reactions, however, it has been one of the
classic problems, and a number of investigations
have in fact been reported, sece, e.g., a recent
review by Baur and Trautmann.? Consider, as an
example, the DWBA treatment of deuteron break-
up, the amplitude being described in the post
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Alpha-Transfer Reactions with Large Energy Transfers

H. Frohlich,™ T. Shimoda,® M. Ishihara,” and K. Nagatani
Cyclotran Institute, Texas A & M University, College Station, Texas 77843

and

T. Udagawa and T. Tamura
Department of Physics, University of Texas, Austin, Texas 78712
(Recejved 1 February 1979)

Alpha-transfer reactions. (**Ne, o), (1N, !"B), and (*3C,’Be) on a ‘°Ca target were stu-
dled at 262, 153, and 149 MeV, respectively. Analysis in terms of the direction-reaction
theory reproduced the observed continuum spectra and angular distributions well, except
for the cross section of the reaction (Ne,'®0) at small angles, which is attributed to a

projectile breakup process.

Heavy-ion reactions with bombarding energies -
well above.the Coulomb barrier generally pro-
duce continuum spectra. .One of the intriguing
features in such reactions is the appearance of
enhanced cross sections at ejectile energies con-
siderably lower than the incident energy; that is,
the process involves a large energy transfer.

The surprising appearance of the deeply inelastic
process has lead to various theoretical attempts
introducing a variety of concepts, such as fric-
tional forces, mass and energy transport, and
so forth.! ' }

Recently, however, a quantum mechanical treat-
ment using the direct-reaction model, which has
been routinely applied to analyses for discrete
spectra, was extended to analyze data with con-
tinuum spectra.?”* If this method can demonstrate
a wide range of applicability, especially for reac-
tions of a deeply inelastic nature, it will provide
a new theoretical approach for understanding the
heavy-ion reaction. It should also be pointed out
that the application of the direct-reaction theory,
which is coupled to @ microscopic description of
the nuclear structure, may open up the possibility
of using the heavy-ion reaction in the study of nu-
clear structure in the continuum region, such as
the extraction of the spectroscopic density of
multinucleon states with very high spins in high
excitation regions of the residual nuclei. The
choice of the present a-transfer reactions was
made for specific reasons,

The projectiles **Ne, '*N, and '*C are known to
have large a-transfer spectroscopic amplitudes.
In addition, the angular momentum (L) of the
cluster relative to the core in **Ne, '*C, and “'N.
is dominantly 0, 2, and 4, respectively. As dis-
cussed later, the difference in the L, values re-
sults in a subtle difference in the spectral shape.
Therefore, a simultaneous study of the a-trans-
fer reactions with these projectiles on the same

1518

target should impose a stringent test on the theo-
retical analysis. .

The experiments were carried out using 262-
MeV 2°Ne*, 153-MeV “N**, and 149-MeV “*C**
beams from the Texas A&M cyclotron on a seli-
supporting natural calcium target of 1.0-mg/cm? -
thickness. Outgoing particles were detected using
solid-state counter telescopes. Some of the ener-
gy spectra are shown in Fig. 1, and the angular
distributions of the energy-integrated cross sec-
tions are displayed in Fig. 2. Several observa-
tions can be made from these spectra. Each
shows a continuum spectrum and, within the sta-
tistics, no discrete peaks are observed. In the
reactions (**N,'°B) and (*°C,°Be), the angular de-

_ pendence of the spectral shapes is weak. On the

other hand, at small angles the spectra of the re-

‘action (*Ne, '°Q) show an extra hump in the high-

energy region; this disappears at large angles.
This difference is more conspicuous in the angu-

" lar distribution of the reaction (**Ne, '*0) which

has a steeper slope in forward angles as com-
pared with the other two reactions. Remarkably,
the magnitude of the forward-angle cross section
of the reaction (**Ne, '°0) is much larger than
those of the other reactions.

Theoretical cross sections were calculated by
using an exact-finite-range (EFR) distorted-wave
Born-approximation (DWBA) method, assuming
direct a-transfer processes leading to many over-
lapping continuum states. The details of the meth-
od have already been explained® *; several salient
points are noted below. The continuum cross sec-
tion is given as a sum of products of the EFR-
DWBA cross sections and the a-spectroscopic
densities in the same residual nuclei of “*Ti,
where the sum is taken over the spins of the final
states. In the EFR-DWBA calculation, the over-
lap integrals are expressed in an analytic form,
which includes the quantum numbers and the @

® 1979 The A'nhedican Physical Society
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ANALYSIS OF CONTINUOUS SPECTRA OF THE REACTIONS (29Ne, '60) AND (20N, 12C)
IN TERMS OF MULTI-STEP DIRECT REACTION THEORY
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A multi-step direct reaction theory, which is completely quantum mechanical, is applied to analyze the deep inelastic
cross seclions of the (29Ne, '60) and (29Ne, '2() reactions. Possible extension of this method to more complicated cases is

also discussed.

One of the most interesting subjects in heavy-ion
induced reactions is to clarify the mechanism of the
so-called deep inelastic collisions, i.e., processes in
which a large amount of energy is transferred from
relative to intrinsic degrees of freedom, often being ac-
companied by a large mass and charge transfer be-
tween the colliding partners [1]. Actually, however,
similar processes do take place in light-ion induced
reactions, and we showed recently that such processes
can be explained nicely in terms of the multi-step di-
rect reaction (MSDR) theory {2].

In the present article, we attempt to extend the ap-
plication of the MSDR theory to heavy-ion induced
reactions. We take as specific examples the (20Ne,
160) and (20Ne, 12C) reactions, induced by 120 MeV
20Ne impinging upon 27 Al |3]. We are interested in
seeing whether we can fit the data by assuming that
the (20Ne, 160) reaction proceeds primarily as a one-
step a-transfer reaction, while (20Ne, 12C) proceeds
as a reaction in which two a-particles are transferred
successively.

In the MSDR theory [2], the continuous spectra
are described in terms of the ith Born cross sections
o) and of appropriate spectroscopic densities p. Thus

! Work supported in part by the U.S. Department of Energy.
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the contribution from the one-step (a + A - b + B) pro-
cess may be written as

dot(E, 0)/dE,
= 2 ol (0" > 1y Ealiy ). (1)
Ig(=h

(Note that, as in ref. [2], we assume that the target
has spin 0. Throughout the present article we use the
notation of ref. [4].) Both o%\’v and p depend on the
transferred angular momentum / (which equals the final
state spin /;3) and on 1:‘,;, which is the excitation ener-
gy of the residual nucleus B. This /7 is related to the
reaction Q-value, Q, by £ = Q, ~ Q0 = 0, ~ (Ey - £,),
Qg being the Q-value for the ground state transition.
The corresponding two-step (A+a - C+c—> B+b)
contribution may be written as :

doD(Ey, 0)/dE, = 27 dEG

b )/dEy I(j(=1|).’B-12f ¢
X o{R (0% > Ic kG > (1 )R ER) @
X p(l EC)pUyEy - ).

[t is understood in o{2), that an angular momentum /;

is transferred in the ith step, and that I'g =/} +/,. At
the end of the first step, i.e., in the intermediate state,

349



Summary talk

International Conference on
Dynamical Properties of Heavy-ion Reactions,
Johannesburg, South Africa, 1-3 August 1978

Taro Tamura

Taro Tainuta
Department of Physics, Uiversity of Texas, Austin. Texas, 1ISA

If I am to summarize this Conference in one word, I would
say that it has been a great ‘success’, and 1 heartily con-
gratulate Professor Sellschop and his colleagues of the
Crgenizing Committee for their achievements. The Confe-
rence has attracted a large number of delegates from many
countries, and the material presented during the past three
days has been very dense and of high quality. I am sure that
part of the attraction was supplied by the animals in the
Kruger National Park, but their contribution cannot have
been that significant. Al of us have come o do good
physics, and it has been done. | hope this summary turns
out to be sufficiently good to keep up with the high standard
of papers presented so far. I hope the glass of sherry 1
just had can help me to achieve this.

This Conference opened, very reasonably, with a paper
by Greiner. He was supposed to give an ‘overview of the
field’, but what he actually did was to talk exclusively of his
own work. | am not complaining about this, however,
because Greiner has worked in so many subjects of heavy-
ion physics, that to talk exclusively of his own work is not
too different from talking about the overview of this field.

Greiner talked about a number of subjects, starting with
the application of the two-centre shell model calculation to
predict fission asymmetry. He and his co-workers have
been working on this subject in the past few years, and thus
the idea is not necessarily new. They have succeeded
recently, however, in overcoming a theoretical difficulty in
applying this method to cases with very large mass
asymmetry. As a consequence, they managed to produce a
mass asymmetry curve which has in it four peaks, rather
than two (or sometimes one), as had been the case earlier.
Greiner then remarked that Epperson of Duke indeed found
experimentally such a mass asymmetry curve with four
peaks, although Wilhelmy commented that Epperson's
result is not yet completely free from controversy among
experimentalists in this field.

Concerning the mass asymmetry in fission, an extremely
interesting contribution was made by Wilhelmy, who talked
about spontaneous fission of very heavy actinides, in par-
ticular »*#2*Fm. The surprising discovery made was that,
while lighter elements **2¢27Fm all favour asymmetric
fission, this feature is abruptly changed by adding just one
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more neutron: the clements ******Fm suddenly begin to
favour symmetric fission. It is also remarkable that the
symmetric peak in the fission of ***Fm is extremely narrow.
Wilhelmy further noted the fact that thé average kinetic
energy release (TKE) in the tission of *****°Fm is about 240
MeV, meaning an abrupt increase of TKE in going from
lighter to heavier Fm elements. ***2**-3"Fm all had TKE of
about 200 MeV.

Nix summarized beautifully the present status of the
game of either finding in nature or creating in the laboratory
the super-heavy elements (SHE). This is a story of the
struggle of a number of people over the past twelve years,
which has not yet been awarded by success. Perhaps
because of this experimental failure, Nix’s talk was largely
theoretical.

Several groups of theoreticians who carried out exten-
sive calculations have been involved, with the hope of
coming up with suggestions to experimentalists as to where
and how to look for SHE, and such efforts are still being
made. As an outsider to this field, I was a little surprised to
hear that so many theoretical uncertainties still exist,
although it is clear that this is the case largely because the
calculations have to be made by extrapolating to the SHE
region knowledge well tested only for lighter elements.

In spite of the above theoretical discrepancies, however, it
appears that everybody agrees with the presence of a sea of
instability between the island of SHE and the actinide
region, so that it is very unlikely that SHE were formed by
the r process. Nix therefore stressed the use of heavy-ion
reactions to create SHE. He suggested three possibilities;
fusion -fission, compound processes and transfer reactions.
The best experimental efforts made so far came up with the
upper limit of 10 * ecm? for the cross section for creating
SHE, if we talk about SHE that live longer than a day or so.
Nix thus stressed the importance of looking for SHE of
much shorter lifespan. In the extreme situation, the lite-time
may be as short as the nuclear transit time, which means
that one might try to seek SHE created in the form of a
resonance.

Concerning the possible presence of SHE in nature,
Molzahn reported on efforts to understand the origin of
some of the giant halos. His group located several big halos
in Cordierite from Rrazil, and measured a and fission
activities. They observed no high-energy a-particles, nor
spontaneous fission, casting doubt about the responsibility
of the high-energy a-particles (£ > 14 MeV) suspected in
early work of this field. Molzahn also talked about measur-
ing fission in meteorite Allende, for which Flerov had
reported the presence of unknown fission activity. Molzahn
indeed observed fission-like events, by taking coincidence of
fission fragments and associated neutrons. He wanted, how-
ever, to defer making a definite conclusion until a confir-
mation of fission is made by scanning the mica plates on
which the samples were deposited. In general his tone
sounded rather pessimistic about finding SHE in nature.

Boleu presented an interesting piece of theoretical
information, discussing the energy surface, as a function of
the deformation parameter ¢, for nuclei way away from the
stability line. In fact an example considered was 25U (as
well as 2*2U). According to Boleu, this nucleus 2¢*U has
threz maxima in the energy surface, compared to two in
22), [ am wondering whether he can predict a similar



MULTI-STEP DIRECT REACTION ANALYSIS OF DEEP INELASTIC SPECTRA IN NUCLEAR REACTIONS

T. Tamura -and T. Udagawa
A x '
Department of Physics , University of Texas

Austin, Texas, U.S.A. 78712

Abstract
Application of direct reaction theories in the past has been limited to
reactions with discrete final states. In these lecture notes, we show that
the applications can be extended to data with continuous spectra as well. Ex~
qmples of analyses of data of reactions induced by both light- and heayy-ions
are discussed. The latfer.application is limited so far to examples with co@—
ﬁaratively light heavy-ions. The Scope of its extension to cases with heavier

projectiles is also discussed.

Invited lecture delivered at the Post-Conference School -
"Topical Themes Ln Heavy-ion Scattering”, at the
University of the Witwatersrand, Johannesburg,

" 9°- 11 August, 1978

* Supported in part by the U.S. Deﬁartment of Energy.
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Invited talk given at Workshop
held at Bad Honnet, Nov. 1978.

Multi-Step-Direct-Reaction Theory Applied to Continuum Spectra
in Light- and Heavy—Ion Induced Reactions
Taro Tamura
Department of Physics+, University of Texas

Austin, Texas, U.S.A. 78712

It is my understanding that fhese proceedings are to be published as a
collection of memoranda, largely intended for the use of the participants of
the Symposium, rather tHan the use of the general public. I thus feel it
appropriate to present in this note only the basic ideas of our work, and the
results obtained. Most of the contents of the present note have been publishedl-g.
This note will serve as a guide for the reader to see where to find more detaill,
if necessary.

Our group at Austin, including most notably Takeshi Udagawa, yorked in
the past; as did many other groups, on analyzing a numbér of reaction data
leading to discrete final states, induced bqth by light and heavy ions. Either
single-step (SS) or multi—step'(MS) direct reaction (DR) theory was.used,
depernding on the need. A conclusion we arrived at, through this experience,
was that the DR theory works very well in general.

If the excitation energy Ex of the residual nucleus exceeds a critical
value Ecrit’ which is a few MeV, the final states get very close together or
begin to overlap, and the corresponding spectrum becomes continuous. However,
in theé réactions with continuous spectra of our interest, the incident energy

is much higher than Ec Therefore, it is rather unlikely that the reaction

ric’
mechanism changes abruptly, when Ex moves through Ecrit' In other words, it
seems more natural than not to expect that the MSDR theory (including SSDR

theory as its limit), which works well in the discrete region, also works well

in the continuum region. This is the point of view we take.

*Supported in part by the U.S. Department of Energy.
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COULOMB FUNCTIONS WITH COMPLEX ANGULAR MOMENTA

T. TAKEMASA * and T. TAMURA

Department of Physics **, University of Texas, Austin, TX 78712, USA

and
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Scktion Physik Universitat Miinchen, D-8046 Garching, Fed. Rep. Germany
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PROGRAM SUMMARY

Title of program: CCOULM

Catalogue number: ABND

Program obrainable from: CPC Program Library, Quecen’s
University of Bettast, N. Ireland (see application form in

this issuc)

Computer: COC 6600; Iustallation: University of Texas Com-
puter Center

Operating system: UT-2
Programming Iangt.lage used: FORTRAN 1V
High speed storage required: 10816 words
Number of bits ina word: 60
Overlay structure: none
Number of magnetic tapes required: none
Other peripherals used: card reader, linc printer
Number of cards in combined program and test deck: 400
Card punching code: CDC
Keywords: general purpose, nuclear, atomic, Schrodinger,
scattering, reactions, Regge, complex angular momentum,
wave function, Coulomb, complex Coulomb, potential,
* On leave from Department of Physics, University of Saga,

Saga 840, Jupan.
** Supported in part by the U.S: Department of Energy.
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asymptotic expansion, phase shift, logarithm of complex
gamma function

Nature of physical problem

The subroutine CCOULM calculates regular and irregular
Coulomb functions and their derivatives associated with com-
plex angular momenta. This program may thus be used, for
example, in locating Regge poles that appear in atomic and
nuclear scattering problems | 1.

Method of sulution

The caleulation utilizes the asymptotic expansion method of
I'roberg 2. When the asymptotic expansion does not give a
satisfactory resalt at a desired p, a-larges value is chosen for p
and the differential equation is solved inward tor the irregular
solution. Then the method of Wills (3] is used to obtain the
regular solution. The complex Coulomb phase shift is obtained
by using a subroutine which caleulates the logarithm ot the
gamiit function for complex argument,

Restrictions on the complexity of the problem

Subroutine CCOULM can be used for real values p and n and
tor complex (as well as real) angular momentum ! that satisly
the condition 32 << p and 1112 << p. Lven when this condi-
tion is not fultilled, the program may be used with somewhat
reduced accuracy. :

Typical running time

The evaluation of regular and irregular Coulomb wave func-
tions and their derivatives for a given vialue of / takes about
0.3 s of the CDC 6600 computer,

References -

[ 1] T. Tamura and FL.H. Wolter, Phys. Rev. C6 (1972) 1976,
T. Takemasa and T. Tamura, ibid., C18 (1978) 282.

12} C.E. Froberg, Rev. Mod. Phys. 27 (1955) 399.

13] 1.G. Wills, 3. Camput. Plhiys. 8 (1971) 162,
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EXACT FINITE RANGE DWBA FORM FACTOR FOR HEAVY-ION INDUCED NUCLEAR REACTIONS

T. TAMURA, T. UDAGAWA and K.E. WOOD

Department of Physics *,
and

H. AMAKAWA

Cyclotron Laboratory, the Institute of Physical and Chemical Research, Wakn-shi, Snitama,

Received 17 March 1979

ADAPTATION SUMMARY
Title of adaptation: SATURN-2-FOR-EIFR-DWBA

Adaptation number: 0001

Program obiainehle from: CPC Program Library, Queen's
University of Beltast, N. Ireland (see application forny in this
issue)

Reference to original program:

Cat. No.: ABPA; Title: SATURN-1-FOR-EFR-DWBA;
Ref. in CPC: 8 (1974) 349

Authors of original program: T. Tamura and K.S. Low

High speed store required: 39 872 words

* Supported in purt by the U.S. Department of Energy.
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University of Texas, Austin, 1X 78712, USA

251 Japan

Other peripherals used: card reader, line printer

Number of cards required to effect adaptation (including
directive cards): 869

Card punching code: CDC

Method of solution

Calculation of the form factor involves a four-fold integral,
though it can normally be reduced 1o a sum of single-fold
integrals. When the original program is used for cases with
large angular momenium transier the sum results in g severe
cancellation belween summands, making the results imaccu-
rate. The present program uses a new coordinate system in
performing the above integral and makes it possible to avoid
the difficulty.

- 86 -



B - 13

PHYSICAL REVIEW C VOLUME

NUMBER 5 MAY 1979

Dissipation in time-dependent Hartree-Fock calculations

Kit:Keung Kan* and Taro Tamura
Department of Physics, University of Texas, Austin, Texas 78712
(Received 6 October 1978; revised manuscript received 5 Junuary 1979)

Dissipation is studied in a one-dimensional time-dependent Hartree-Fock system which simulates the
capture of a slow neutron by a nucleus. It is shown that this time-dependent Hartree-Fock system is unable
to approach thermodynamic equilibrium and that the time of damping of a collective vibration, induced by
the capture, is much longer than the reluxation time of realistic nuclear collective motion. The dissipation in
this time-dependent Hartree-Fock system is further compared with predictions of various one-body

dissipation theories.

[NUCLEAR REACTIONS time-dependent Hartree- Fock calculation, slow neu-
tron capture, one-body dissipation.

Many calculations for heavy-ion collision which
employ the time-dependent Hartree-Fock (TDHF)
theory have been performed since the pioneering
work of Bonche, Koonin, and Negele.' In spite of
many interesting results obtained by such large-
scale numerical calculations,® the validity of this
approximation remains, to a large extent, an
open question. Therefore, at this stage a theoret-
ical consideration or a numerical calculation
which may shed some light on the question of the
validity or the limitation of the TDHF theory could
be useful. With this in mind, we report in the
present article on a TDHF calculation performed
for a relatively simple problem. i.e., the capture
of a slow neutron by a nucleus. We concentrate
our interest on the dissipation aspect of this sys-
tem. }

If we neglect the coupling of the nucleus with the
radiation field, the excess energy of the captured
neutron will gradually be shared with other nucle-
ons through particle collisions, and the system
will gradually tend to thermodynamic equilibrihm
and become a compound nucleus. The relaxation
time for this equilibrium may be given as
Ten=1/tz. where CN stands for compound nucle-
us, [ is the mean free path of the captured neutron
inside the nucleus. and v is the Fermi velocity.
Using® /=5.2 {m and ¢, =0.27 ¢ we obtain
Ten =20 fm/e =0.7% 10"* 5. This relaxation time
may. be taken as a standard measure against which
the dissipation time derived by a TDHF calcula-
tion can be compared. )

Once the dissipation in TDHF is known, one is
naturally led to another question: How does this
dissipation compare with the prediction of the one-
body dissipalion theories?"* Since TDHF is a
one-body system. a satisfactory one-body dissi-

)
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pation theory ought to reproduce the TDHF result.
Hence, by extracting the dissipation from our
TDHF calculation, we may test the validity of the
TDHF approximation itself and, at the same time,
test the theories of one-body dissipation, This is
what we intend to do in the present article.

In describing by TDHF the capture-of a slow
neutron by a nucleus of A nucleons, we make the
following assumptions: (a) Before capture, nu-
cleus A is represented by a static Hartree-Fock
(HF) state of the A -particle system: (b) the state
of A is not affected when the neutron is brought
near to it; and (c) the neutron is captured in a
barely bound orbital of the static HF potential of
A. |[One may think of, e.g.. direct capture of a
neutron via a (d, p) reaction.] The system after
the neutron is captured is then approximated by a
TDHF system whose initial determinant consists
of the A + 1 orbitals in the stalic HF potential of
the A -particle system.

Immediately after the instant of capture, the
TDHF potential is determined by A + 1 orbitals and
will differ from the original static HF potential.
This abrupt chunge of the potential, in the spirit
of TDHF is a one-body approximation to the in-
teraction of the captured neutron with the other
nucleons in the nucleus. Because of this change
in the potential, the orbitals are no longer eigen-
states, and the corresponding energies of the par-
ticles can vary among themselves. We then ask
whether the energy distribution of this system can
approach that of a Fermi gas of finite tempera-
ture and, if it can, over what time scale?

In order to obtain the energy distribution of the

.system, we project the TDHF single-particle

states onto a set of stationary states. For con-
venience, we choose the original static HF single-

2058 © 1979 The American Physical Society
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Uncertainties in neutron densities determined from analysis of 0.8 GeV polarized
proton scattering from nuclei

L. Ray

Theoretical Division, Los Alamos Scientific Laboratory,
University of California, Los Alamos, New Mexico 87545

. W. Rory Coker
Department of Physics University of Texas, Austin, Texas 78712

G.W. Hoffmann
Department of Physics, University of Texas, Austin, Texas 78712

and Los Alamaos Scientific Laboratory

. University of California.

Los Alamos, New Mexico 87545
(Received 11 July 1978)

The first order, spin-dependent microscopic proton-nucleus optical poténtial of Kerman, Mchanus, and Thaler
"is used to analyze 800 MeV polarized proton elastic differential cross section and analyzing power data for
target nuclei S8 NI, Y Zr, V161249850 and 28 Ph, Approxinalely model-idépeident targat neutron density distiis
butions are constructed in order to investigate the uncertainty in the deduced neutron densities resulting from
the statistical error and the finite range of momentum transfer in the experimental angular distributions.
Numerous other experimental and theoretical sources of error and uncertainty are considered to obtain a realis-
tic estimate of the total error in the deduced neutron densities and their root-mean-square radii. The typical

* error in the root-mean-square radii is found to be £0.07 fm.

Impressive qualitative agreement is found between

the deduced neutron matier densitics and the corresponding densities predicted by Hartree-Fock calculations.

NUCLEAR REACTIONS Proton-nucleus scattering,E = 0.8 GeV; targets 5Ni,
907y, 16,1245y 208ph. analyzing power; spin-dependent Kerman, McManus, and
Thaler optical potential; model-independent densities; error analysis; neutron

.radii.

1. INTRODUCTION

The nuclear radius and the shape of the nuclear
matter density distribution have received contin-
ued study throughout the history of nuclear phys-
ics. References 1-21 are some of the more re-
cent works on these topics. A major goal of much
of this work has been to obtain empirical matter
densities unambiguously enough to permit meaning-
ful comparisons with predictions of the shell'mod -
¢l or various °el‘-consnstent field models®™* of
nuclei. : ‘

Experiments’ ‘with electrons and muons have pro-
vided data fom which the nuclear charge density
has been reliably determined for stable nuclei
throughdut the table of nuclides.*"? Generally,
there is good qualitative agreement between the
experimental charge densities and those predicted
by Hartree-Fock calculations.®

*  Unambiguous neutron density distributions are
much harder to obtain. Experimental data from
which one can attempt to deduce these densities

- 88 -

necessarily involve the hadron-nucleus interac-
tion; thus, scattering experiments with beams of
protons, ‘He, and pions are used to provide the
data for theoretical interpretation. Unfortunately, .
a model-independent description of the interaction
and reaction mechanism is lacking.!?"'%1% % Also,
a correct relativistically invariant equation of mo-
tion is not available.!'¥"** Because of these uncer-
tainties, the neutron distributions deduced using
different projectiles and/or different methods of
analysis are sometimes found to substantially dis-
agree. !®15:¢ varma and Zamick offer a brief cri-
tique of this situation.?

The purpose of this paper is to present a thor-
ough investigation of the sources of uncertainty in
the deduced neutron densities found from analysis

"of 0.8 GeV polarized proton elastic differential
cross section and analyzing power data for target
nuclei **Ni, *°Zr, !1%!23n and **Pb. Experimeén-
tal errérs, theoretical models, and assumptions,
as well as various systematic errors are consid-
ered. This work offers a more detailed explana-

2641 © 1978 The American Physica! Society
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Effects of Spin-Orbit Deformation in Inelastic Scattering at 0.8 GeV

R. P. Liljestrand,’® G, S. Blanpied,'® W. R. Coker, and C. Harvey
Univeysity of Texas, Austin, Texas 78712

and

G. W. Hoffmann
I'niversity of Texas, Austin, Texas 78712, and Los Alamos Scientific Labovatory, Los Alamos, New Mexcio 87545

and

L. Ray
Los Alamos Scientific Laboralory, Los Alamos, New Mexico 87515

and

C. Glashausser )
Rutgers lniversity, New Brunswick, New Jersey 08903

and

G. S. Adams, T. S. Bauer, G. Igo, G. Pauletta, and C. A. Whitten, Jr,
~ Universitv of California, Los Angeles, California 90021 .

and

- M. A. Oothoudt‘®
University of Minnesota, Minneapolis, Minnesota 55455

and

B. E, Wood
University of Ovegon, Eugene, Oregon 97403

and

~ H, Nann
Northwestern University, Evanston, Illinois 60201
(Received 10 October 1978}

New differential cross section and analyzing-power data for 800-MeV p o+ *C, 15 125n in-
elastic scattering to the first 2* states are presented. A distorted-wave Born-approximation
analysis which utilizes collective form factors and includes deformation of the spin-orbit po-
tential is shown to provide a reasonable description of the analyzing-power data.

Distorted-wave Born-approximation (DWBA)' many low-energy determinations.>”* A recent in-
analyses of some of the available medium-energy vestigation® of the sensitivity of the calculations
(-1 GeV) proton-nucleus inelastic differential to a spin-orbit contribution to the macroscopic
cross-section data were found generally to give collective form factor suggested considerable
good overall agreement for both shapes and mag- sensitivity of the predicted analyzing powers to
nitudes of the cross sections, using spin-indepen- deformation of the spin-orbit potential, but un-
dent collective form factors and deformation fortunately, no inelastic analyzing-power data
lengths consistent with averages of results of were available for comparison with the predic-

© 1979 The American Fhysical Society 363
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ELASTIC DIFFERENTIAL CROSS SECTIONS AND
ANALYZING POWERS FOR p + 4042:44.48Ca AT 0.8 GeV

G. 1GO, G.S. ADAMS, T.S. BAUER, G. PAULETTA., C.A. WIHTTEN Jr. and A. WREIKAT
University of Calitornia, Los Angeles, CA 90024, USA

G.W. IIOFFFMANN
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leferentml cross sections and analyzing powers tor the élastic scattering of 800 MeV polarized pratons fram
40,42,44 *Bcaare reported. A tirst-order, spin-dependent KMT optical potential analysis is presented from which the rms
radii of the neutron densitics are deduced. A comparison of these results with other determinations and with various theo-
retical predictions is given,

! Present udd;css: New Mexico State University, Las Cruces, 3 present address: Los Alamos Scientific Laboratory, Los
NM 88001, USA. . ] Alamos, NM 87545, USA,
2 present address: TRIUME, University of British Columbia, 4 present address: Stanford University, Stanford, CA 94305,
Vancouver, B.C., Canada. USA.
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Coupled-channels analysis of proton inelastic scattering to the y-vibrational band in Mg

L. Ray

Theoretical Division, Los Alamos Scientific Laboratory, Lus Alamos, New Mexico 87545

. G. S. Blanpied
Depariment of Physics, New Mexico State University, Las Cruces, New Mexico 88003

W. R. Coker
Department of Physics. University of Texas at Austin, Austin, Texas 78712
(Received 22 May 1979)

Results are presented of coupled-channels analyses of proton inelastic scattering data for the nucleus Mg,
in which the 2}, 424 MeV, 3*, 5.2 MeV, 47, 6.01 MeV, and 5%(?), 7.8 MeV states of the y-vibrational
band are excited, at incident prolovn energies of 20.3, 40, and 800 MeV. Previous coupled-channels analyses
of proton and a particle inclastic scattering data for these states in *Mg have completely failed to account
for the shapes and magnitudes of the 3', 4}, and §* inelastic cross sections. In the present analysis, the
inclusion of an additional nuclear vibrational multipole which permits a direct transition from the ground
state to the 4}, 6.01 McV state is shown- 10 provide a tremendous improvement in the theoretical description
of the inelastic cross sections of all the members of the y-vibrational band, at each of the three incident
proton encrgies considered. The same nuclear structure parameters are used at all three incident energies,
along with phenomenological optical potentials specific to each energy. The new results for the 37, 5.2 MeV
state also shed light on.the energy dependence of the direct spin-flip mechanism in proton inelastic scattering.

NUCLEAR REACTIONS Mg (p,p’), E,=20.3, 40, and 800 MeV; coupled-chan-
nels inualysis; deformed-vibrational model; coupling parameters, .

1. INTRODUCTION

Vibrational states in deformed nuclei have at-
tracted considerable attention from nuclear physi-
cists for many years, with a number of studies
of various kinds having been made in the s-d shell
and in the rare earth and actinide regions.'™3 In
the even-even deformed nuclei, for instance, the
first several excited states.can be classified as
belonging either to the ground state rotational
band, or to the 3- and y-vibrational band se-
quences.™'!* Generally, these excited states have
been investigated through the inelastic scattering
of either protons?~or a particles®™"! from the
nuclei of interest. In the majority of these investi-
gations, an effort was made to describe the inelast-
ic scattering.data in terms of macroscopic collec-
tive models of deformed nuclei'? and a coupled-
channels reaction theory formalism, as develcped,
for example, by Tamura.'®

For the specific case of ?*Mg, a number of anal-
yses have been made of inelastic scattering data,
employing the collective rotational model and the
coupled-channels formalism.?=%!% While these
analyses have met with considerable success,
there have also been significant failures. Cal-
culated angular distributions for the 2*, 1.37 MeV
and the 4*, 4.12 MeV members of the ground state

20
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rotational band, as well as the 27, 4.24 MeV “band-
head’ of the y-vibrational band in **Mg, agree quite
well in shape and magnitude with the measured
cross sections and confirm the applicability of the
simple rotational model to this nucleus. On the
other hand, very drastic disagreement between
predictions and data is found for the 8.12 MeV 6
state, assumed a member of the ground state
rotational band, as well as for the 5.2 MeV 3°, the
6.01 MeV 4;, and the 7.8 MeV 5° states, assumed
to be members of the y-vibrational band.*"%1° In
this paper we will be particularly concerned with
these latter discrepancies and their extirpation.
The 7.8 MeV state is not definitely known to be

a 5°* (Ref. 16) but, following Blanpied el al. ? it

will be assumed to be in what follows.

The nature of the failure of previous coupled-
channels predictions?™® ! for the angular distribu-
tions of the 3*, 4;, and 5* members of the y-vibra-
tional band of 2*Mg can be summarized as follows:
Magnitude predictions are too small by one or two
orders of magnitude, and the predicted shapes
bear little resemblance to the data, often having
slopes of the wrong algebraic sign. The drastic
failure to predict the observed strength of the in-
elastic cross sections is common to both proton
and « particle inelastic scattering®'® and is not
affected by inclusion or exclusion of spin-flip

1236 © 1979 The American Physical Society
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Sixth-order boson expansion calculations applied to samarium isotopes

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

T. Kishimoto*
Cyclotron Institute, Texas A&M University, College Stution, Texas 77843
(Received 26 October 1978)

In previous publications we reported on calculations based on the boson cxpansion method, and showed
that good overall fits can be obtained to levels of a number of collective nuclei chosen over a wide range of
the periodic table. In the present paper we concentrate on Sm isotopes and obtain much improved results,
the fits to experiment being very good in all cases. In achieving this, the calculations are made by first
removing a few crrors committed in the previous work and also by including all terms up ta sixth order in
the Hamiltonian. In addition’to calculating energy levels, B(E?2) values, and quadrupole moments as in our
previous work, we also calculated isomer shifts and spectroscopic amplitudes for two-nucleon transfer

reactions.

_ INUCLEAR STRUCTURE 148,150,132, 1345 microscopic calculation of encrgy
levels, B(E2)'s, static quadrupole moments, isomer shifts, two-nucleon trans-
fer spectroscopic amplitudes, boson expansion,

I. INTRODUCTION

In the past few years, two of us (T.K, and T.T.)
have been engaged in describing nuclear collective
motions in terms of a boson expansion technique.

A paper' which dealt with the formulation (here
called 1) was published some time ago. -The second
paper (here called II) which dealt with additional
formulation, as well as numerical calculations,
was published recently,? (Heferences to a number
of earlier publications made by other authors can
be found in these two papers.) In this second pa-
per, about ten nuclei were chosen over a wide
range of the periodic table, and it was shown that
our calculations successfully reproduced important
characteristic features of all the nuclei considered.

These calculations were nevertheless made to
serve primarily as a general survey of the appli-
cability of our boson-expansion method. There-
fore, little effort was expended to obtain further
impfoved fits to data for individual nuclei or iso-
topes. Encouraged by the success achieved in I,
we have since been engaged in performing improved
calculations, and to report on the results obtained
so far for Sm isotopes is the purpose of the present
paper. The Sm isotopes were chosen because of
the experimental fact that a transition from spher-
ical to rotational character takes place in going
from %Sm to. !™Sm. Because of this, the Sm iso-
topes have been used as an example by a number of
authors in the past to test various theories of nu-

20
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clear collective motions.*”®

In Sec. Il we, very briefly, summarize the form-
ulation given in | and Il and used in the present cal~
culations. The results of the new calculations are
given in Sec. Ill. As will be remarked in Sec. II,
a few errors were committed in I and II which have
now been corrected. Also the calculation was re-
stricted in I1 to fourth order, but it has now been
extended fully to sixth order. It will be evident
from Sec, IIl that thcac modifications nllow us to
get much better agreement of the obtained results
with experiment than was possible in II. It will al-
s0 be seen in Secs. Il and 111 that the present work
has been cxtended beyond that of I and II, in that it
now includes calculations of isomer shifts and of
spectroscopic amplitudes for two-nucleon, transfer
reactions., The results obtained for these quantities
also agree rather well with experiment, Discus-
sion of the present work is given in Sec. 1V.

. RRIFF SUMMARY OF FORMULATION

The Hamiltonian that we take as our starting
point is given as a sum of a single-particle Ham-
iltonian, a particle-hole type quadrupole-quad-
rupole interaction, and a pairing interaction of both
monopole and quadrupole types.'* Taking first the
single-particle Hamiltonian and the monopole-type
pairing interaction, the Bogoliubov transformation '
is made, so that the original, shell-model type
single-particle system is replaced by a system of

307 © 1979 The American Physical Society
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BREAK~-UP OF STRONGLY ABSORPTIVE PROJECTILES

-- Application to (h,dp) Reaction --

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

Austin, Texas 78712, U.S.A.

ABSTRACT

The well known DWBA formula for break-up processes was first
simplified by introducing several approximations, all of which
are believed justified fof strongly-absorptive high-energy |
projectiles. This made the theory very traqsparent and the
ensUing numerical calculations rather easy to perform. This
new formula, which was applied earlier with success to the
break-up of 2ONe,'is applied in the present work to that of

¥
3He, again with success.

NUCLEAR REACTION Distorted-Wave Born approximation; Break-up

reaction of strongly absorptive projectiles;SIV(3He,dp) reac-

tion, calculated djo/dnd‘ndn; E(3He)=9o MeV.
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PARAMETRIZATION OF EFR-DWBA OVERLAP INTEGRAL- FOR REACTIONS INDUCED BY

HEAVY IONS

T. Udagawa, T. Tamura and D. Price

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

ABSTRACT

In a few recent publications,'which utilized exact-finite-range
distorted wave Born approximation, .we successfully fit continuum
- spectra observed in a variety of heavy-ion inducéd reactid;s.
In making it feasible to carry out numerical calculations involved,
we found the use of properly parametrized transition amplitudes

was very powerful and almost indispensable. In the present article,

the method of this parametrization is explained in detail.

NUCLEAR REACTIONS Distorted-wave Born approximation; ]
exact-finite-range form factors; parametrization of

overlap integrals; recoil effects; heavy-ion reactions;

continuum spectra. -

b
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DIRECT REACTION ANALYSES OF LIGHT HEAVY ION INDUCED
DEEP INELASTIC REACTIONS

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

We first discuss the basic concept, based on which the
multi-step direct reaction (MSDR) theory became appli-
cable to describe the continuum spectra in nuclear reac-
tions. We then show that, in applying the MSDR theory
to heavy-ion reactions in particular, an important
technical develobment was made. It was to parametrize,
i.e., to express in terms of an analytic function, the
overlap integrals appearing in the DWBA theory, the
building block of the MSDR theory. We show how this
function looks like, and how closely it reproduces the
values of the original overlap integrals. It will
further be shown that, in many circumustances, the above
functional form allpows one to express analytically even
the final forms of cross sections and other related
quantities, like polarization. Results of calculations;
made by using thus constructed theoretical framework,
will then be presented. We first discuss the one-step
transfer processes, with a particular emphasis of des-
cribing the polarization of 12B, that comes out as an
ejectile. Transfer of alpha-particles is then discussed,
considering at the same time its competition with the
break-up processes. Reasons for why some projectile
breaks up so easily, while the others do not, will be
explained in a very transparent manner. We finally
consider processes in which higher-step processes seem
to be playing a significant role. A notable ex ple is
the very deep inelastic scattering of 16g by gN

will be shown that the spectrum of 160 and the polarl—
zation of 38Ni” are explained very consistently this
way. :

I. INTRODUCTION
It is already a decade since the deep-inelastic pheno-

" mena were first discovered in heavy-ion induced reactions.
A huge amount of experimental data have been accumulated
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COMPLEX ANGULAR MOMENTUM MUTHODS TFOR ELASTIC SCATTLERING

WITH AN OPTICAL POTENTIAL

T. Takemasa and T. Tamura

Nepartment. aof Physics, University of Texas

Austin, Texas 78712, U.S.A.
and
H. H. Wolter

Sektion Physik, Universitaet Muenchen

D-8046 Garching, W.-Germany
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BOSON EXPANSION DESCRIPTION OF COLLECTIVE STATES IN Ru AND Pd- 1SOTOPES

K. Weeks and T. Tamura
Department of Physics

University‘of Texas, Austin, Texas 78712

4

. ABSTRACT

: wé have applied the boson expansion method to describe the Tow
lying positive parity states of even-even Ru and Pd isotopes. Energy
levels, B(E2)'s, branching ratios, and magnetic dipole and electric
quadrupole moments have been calculated and are in good agreement
with experiment. In particular, the lowering of the 3; state energy
Iin this mass region can'be understood with our method. This is in
contrast to some of the parameterized theories such as IBA which fail

—1in this respect.

NUCLEAR STRUCTURE 8-104p, 102-T10p4 - reray tevels,

B(E2)'s, branching ratios, magnetic moments, static
unadrupo]e moments, Boson Expansion.
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190 196

Descriptidn of Collective States in Os and Pt in terms of

the Boson Expansion Theory
K. J. Weeks and T. Tamura

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

ABSTRACT

It is shown that the boson expansion theory can describe very well
various features of nuc]eitin the 0s-Pt region. In particular it

fits the sign and magnitude of the static quadrupole moment of the
2; state, where the 0(6) theory encounters difficulties.
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BOSON EXPANSION DESCRIPTION OF COLLECTIVE STATES

IN OSMIUM AND PLATINUM ISOTOPES

- K. J. Weeks and T. Tamura

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

Abstract

The boson expansién theory, based on which successful
explanationslwere made earlier of collective properties
of Ru, Pd, Sm and other isotopes,lis applied heré to

the Os and Pt isotopes. These nuclel are characterized by
the fact that their energy spectra and the E2 transitions
embody in themselves a very strong y-unstable nature,

vet making the quadrupole moment Q(ZI) have very

large values, being negative in Os énd positive in

Pt isotopes. It is shown that all these properties

are explained by the boson expansion theory in a very

natural manncr.

NUCLESR STRUCTURE 186-194 188'198Pt, energy

lavels, B(E2)'s, branching ratioe, magnetic
moments, static quadrupole moments, boson

expansion theory.



FENITE AND INFINITE BOSON EXPANSIONS

F.J.W. Hahne* and T. Tamura
Department of Physics, University of Texas

Austin, Texas 78712

ABSTRACT

A comparison between the finite Dysoh—type and the infinite Holstein—Primakofff
type boson expansion is presented, considering both particle-hole and pairing
type excitations. Tﬂe significance of truncating to the truely collective
branches is emphasized, and the convergence of the Holstein-Primakoff expansibn
is discussed. It is shown that in both expansions there is no need to construct
physical basis states. Complete equivalence between the two types of expansion
is exhibited by treating these excitations within models thch are schematic

but not totally unrealistic.
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REMARKS ON THE USE OF THE BOSON EXPANSION THEORY FOR THE
'DESCRIPTION OF COLLECTIVE NUCLEI

K. J. Weeks and T. Tamura

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

Abstract
A clear understanding of how to construct thé boson expansion
of a collective fermion pair operator is given. The criteria
for the applicability of the procedure is also discussed.
Following this prescription, the Pauli-principle violation
is made negligible for the low lying states of collective

nuclei.

NUCLEAR STRUCTURE Boson expansion; Criteria for trun-

cation and convergence; collective motions.
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II. D. ABSTRACTS OF TALKS PRESENTED AT MEETINGS



APS New York Meeting January 1979

" EB2 Coincidence Measurement of Direct Break-up for the
Reaction of 40Ca{<4‘Ne, ) at Ejap = 260 MeV. E. TAXKADA ,
T. SHIMODA, T. YAMAYA, N. TAKAHASHI, and K. NAGATANI,
Toxas AGM U.*, T. UDAGAWA AN T. TAMURA, U. Texss**--We

have been studying a-transfer-like heavy-ion reactions

to the continuum and could explain auccess!u11¥ the data
by one-step a-transfer calculation, while in (20Ne, l6o)
reaction the nnTnalous energy spectra ware observed at
forward angles.® The speculation of the_direct projec-
tile breakup was made for this anomaly. To ascertain
this feature, 160-a correlation measurement has been
done. Results obtained are: (1) energy correlations show
strong enhancement along the locus of three-body

Q value = 0. (2) angular correlation showas strongly for-
ward peaking to the beam axis. These results support the
projectile breakup interpretalon for continuun spectra.
As for smaller yields in large negative Q value region,
they are attributed to the sequential a-decay from highly
excited residual nuclei in the transfer reaction. For
this zreglion analysis 18 now in progress.

1)Phys. Rev. Lett. 42, 1518 (1979).

2)T. Shimoda et al., Bull. Am. Phys. Soc. 24, 14 (1979).
3)T. Udagwa et al., . .this meeting.

* Supported in part by the National Science Foundation.
**Supported in part by the U.S. Department of Energy.

APS Knoxville Meeting October 1979

AF 12 .

Anomalous Energy Spectra in the Alpha Transfer
keaction (UNe,I®0).  T. SHIMODA, H. FROHLICH, M.
ISHIHARA, and K. NAGATANI,* Texas ASM U. and T. UDAGAWA
ard T. TAMURA,*® U. of Texas--We have studiedl the alpha
transfer reactions (20Ng,160), (14n,10p) and (13c,9Be)
40ca.  The continuum energy spectra observed were
analyzed using -the exact finite-range DWBA with the a-
spectroscopic strength function extending to very high
excitation rugion in the residual Ti. The shapes
and angular cistributions of all these reactions were
simultaneously reproduced by the theorx as direct alpha
transfers. However, in the reaction {(20ne,l60),
an anomally was observed as an additional broad peak at
the highest energy region. The angular distribution of
that component shows also an anomalously steep peaking
towards very forward angles. It is speculated that
such an anomally is due to somewhat different mechaniam
reflecting a direct breakup process. Various experi-
mental and theoretical attempts are being made to
clarify the anomally.

14, Frohlich et al., Bull. Am. Phys. Soc. 23, 941

(1978). .

*supported in part by the National Science Poundation.
**Supported in part by the U, S. Department of Energy.

on
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AF 13

Systomatic Study of Spin-Polariszation in Heavy-Ion
Transfer Reactions. M. ISHIHARA, T. SHIMODA, H. PRBHLICH
and K. NAGATANI®, Texas ReM U., T. UDAGAWA and T. TAMURAY,
U. of Texag--Using the measurements of the f-asymmetry

of 1, wo have investigatedl the npin polarization in
the reactions 232m(l3c,12p), 222qn(14y, 12y pq
197au(19r,128) at incident energies of about 10 MeV/
nucleon. The spin polarizations demonstrate quite
similar patterns; at the highest energy ends the polari-
zation shows large positive values (in Madison conven-
tion), then it decreases rapidly towards low energy
regions crossing the null polarizations at around the
energies of the optimum Q-values. Analyses were made
using a full quantum mechanical treatment in terms of
the DWBA® model, which well explained the polarizations
together with the cross sections in the highest energy
regionas. However, the thecoretical fitg deviates from
the experimental results in the low energy regions.
Detailed study to extend the understanding is explored.
*Supported in part by the National Science Foundation.
tSupported in part by U. S. Department of Energy.

. Ishihara et al., Bull. Am. Phys. Soc. 23, 941

(1978) .

. Udagawa and T. Tamura, Bull. Am. Phys. Soc.
23, 947 (1978).



Intérn. Symposium on Giant Multipole Resoneces, Oak Ridge ‘October 1979

Background of (p,p') Spectra in the QGR Energy Region

T. Udagawa and T. Tamura, University of Texas

It is well known that, when the QGR is excited by an in-
elastic scattering of hadrons, the resonant part of the spec~
trum is seen as a small bump superimposed upon a huge back~
ground. Because an arbitrariness is involved in subtracting
this background, the cross section exciting QGR cén be extrac-
ted only to within an error of, séy, 20-30%. ihus, although it
was shownl, for the (p,p') case, that the-magnitude and the
chape of this bump can be accounted for, 1f in addition to the
2=2 (QGR) contribution, those of 2£=0, 1 and 4 are taken into
account, it is desirable to have a better understanding of the
origin of the background. This may be achieved if one knows
how to explain the continuum spectra, which certainly extends
into regions way beyond the QGR energy. Such was, in fact,
atéempted2’3 with fair but not complete success, in that the
predicted cross sections, considering up to two-step process-

) es3, were somewhat too small compared with experiment, and
also that the theory failed to explain a sharp rise of the
differential cféss section at very small angles.a A possible
way Lo rumuve-(parL of) these difficulcies may bé to take into
account the contributions of (p,2p) and (p,pn) type processes.
Most simply these processes may be treatéd as pick-up process-
es to form a di-proton or an unbound deuteron. Zero-range DWBA
calculations made so far show that a sharp forward peak does
emerge this way. The obtained magnitude is, however, too small
by a factor of about two. It is our belief that the use of an
exact-finite-range DWBA method wnu'ldArpmnvp this last diffi-
culty, and such work is'underway.

1. F.E.Bertrand and D.C.Kocker, Phys. Rev. C 13, 2241 (1976).
2. G.F.Bertsch and S.F.Tsai, Phys. Rep. 18C, 125 (1975).

3. T.Tamura et al., Phys. Lett, 66B, 109(1977);78B,189(1978).
4. F.E.Bertrand and R.W.Peelle, Phys. Rev. C 8, 1045 (1973),
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Intern. Symposium on High-Spin Phenomena in Nuclei, Argonne March 1979

POLARIZATION OF 12B PRODUCED AND HIGH SPIN STATES POPULATED IN DEEPLY
| INELASTIC HEAVY-ION-REACTIONS
M. Ishihara, T. Shimoda, H. Frolich, H. Kamitsubo and K. Naganani
Cyclotron Institutet Texas AGM University, College Station, Texas 77843
T. UdagaWa.and T. Tamura

* %
Department of Physics , University of Texas, Austin, Texas 77812
ABSTRACT

The polarization P was measured oflzB produced in deéply inelastic heavy-ion

reactions such as 232Th(lSC,lzB), 1OOMO(MN,lZB).and 197Au(,lg‘F,lzB). In

all these reactions, the measured P exhibited a common feature, seen as a

function of the kinetic energy Eb of 128; it is large and positive at the

highest energy E , and is followed by a rapid decrease to negative values

b

with decreasing E . We found that this behaviour is well explained in terms

b

of a simple direct reaction mechanism. Two important ingredients inherent
to the EFR-DWBA theory, i.e. the transverse recoil and the £-window are

playing the crucial role, in that the former produces large positive values
4of P for higher Eb’ while the latter causes the decrease of P towards lowér

Eb. The presence of the %-window further suggests a preferential population

of very high spin states in the residual nucleus, and we can extract the

(relative) probability of populating these states.

. -
Supported in part by the National Science Foundation.

*

*
Ssupported in part Ly the U.8. Department of Cnergy.
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Intern. Symposium on Cont. Spectra of Heavy Ion Reac. San Antonio Dec. 1979

PHYSICAL INTERPRETATION OF (ORKELATION SPECTRA a0

20 16 20
Ca( "Ne,” Ou): INELAS'YIC EXCITATION OF Ne INTO THE CONTINUUM
E. Takada, N. Takahashi, 7. Shimoda, T.

Yamaya,  and K. Nagatani*

Cyclotrun Institute, Texas A&M University. College Stat.ion, Texas 77843

The shapes of the 16O energy spectra and
angular correlation, which are obtained from our
correlation measurement in the reaction
4ora(zone,l60n) at 259 MeV incident enerqy,l.are
well reproduced by the DWBA calculations based on
the diract breakup process.2 This process is inter-
preted as the inelastic scattering of 20Ne into the
continuum. The rusults of the theoretical calcula-
tione include the following features: 1) Spectro-
scopic strenqth for the inelastric excitation of 20Hﬂ
has a sharp peak around excitation enerqy EA(Ne) ~
9 MeV and, predominantly, at 2 = 0. 2) Angular
distbuclon ot Oyes preaks at forward angles.

‘fnus, it is instructive to inspect the two-
Jimensional spectra in relation to Hx(Nc) and the
scattering anale of 20Nc nNe' which are kiiown from
the reiative eneryy between the observed l60 and
parraicies, amd tiom thelr center-ot-mass motion,
tespectively.  Fig. 1 gives a schematio Jdiagram of
the two-dimensional spectia and shows the loci along

v

Li.e P-values (from the ¢ threshold of 2UN-.-). Ex(Ne)
and ?Hp. ft 15 anticipated that the resulting
sperctie should demonstrate strong cross sectjon at
the optamum condition of these three parameters:
g, &x(Ne) 4, and forward ”N"' Fig. 2a shows
the luvuas of © and Ex(Ne) for Q = 0, which expli-

<]
citly Lndxcatesethe kinematic condition for this
anj . lar configuration. Figs. 2b and 2c show the
uliserved spectra projected onto Ex(Ne)- pnd BNe-axis.
tespectively. In Fig. 2b oné can sce the sharp
tucrease of Cross sections as Ex(Nv) decreases and is
¢t off by Kinematics. For a given Ex(Ne), the kine-
matical condition provides two angles (one forward
and andthér backward with respect to the ONe = 5.6°,
tndrcated by the dashed line in Fig. 2a). Pigure 2c
‘learly shows a dominant contribution from the forward

‘”u gi1de. These features are also seen in the other
angular configurations.

As fur the exeitarion 'of thé tardet gnCa, the Q-
vaiue Will directly show Ex(Ca), provided 160 and
tjarticles are an their ground states. | In Fig. 1 of
et b, thee yaeld is coneentrated 1o small-yg region,
centirming that the process mainly corresponds to
J1pe. t breakup, without exciting JOVa.

These observed features consistently agree with
the prediction of the DWBA calcul.ation for the pro-
jectile breakup process.

FUROTNOTE AND REFERENCES
‘Sapported in part by the National scicnce Foundation.

1. E. Takada, T. Shimoda, T. Yamaya, N. Takahashi,
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K. Nagatani, T. Udagawa, and T. Tamura, contri-
bution to this symposium. .

2. T. Udagawa, T. Tamura, T. Shimoda, H. Fr8hlich,
M. [shihara, and K. Nagatani, to be published in

Phys. Rev. C.
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Fig. 1 Schematic two-dimensional spectrum with loci
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CORKRPLATION MEASUREMENTS IN

20 16

Ne,  Ou) W EACTTON

E. Takada, T. shimoda, T. Yamaya, N. Takahashi, and K. Nagatani*

Cyclotron Institute, Texas A&M University, College Station, Texas 77843

T. Udagawa and T. Tamura**

Physics Department, University of Texas, Austin, Toxas 78712

Alphia-transfer reactions, such as (1‘N,l°B) and
(;Jc,gae), leading to continuum regions have recently
beren studied.l The experimental results were well
vxplained by a theoretical model based on the direct

160) reaction, how-

transfer scheme. In the (zoNe,
ever, an extra component of high cnergy 160 was
«bserved in very forward angles, and the existence of
the direct projectile breakup process was suggested,
in fact, a theoretical analysis of a direct breakup
fuliowinq the inelastic excitation of 2oNe explains
the extra component observed in such inclusive energy
spectra of l(’0.~2

In order to substantiate thesc observations
and understand the mechanism more conclusively, we
porformed correlation measurements of lGo—a in the
reaction 4Oca(zoNe,lSOu) at 259 Mcev bombarding energy.
wo sulid-state detector telescope: were used
Lo obtain 160—0 coincidence spectra. In Fig. 1, an
oxample of two dhmensional spectra with the 160
counter at 9* and the a counter at -9° (negative angle
indicatus opposite side of the bcam axis) is shown.
Ar seen, the yields are concentrated along the Q = 0
fine () measures the Q-value from the a—ihreshold in
“'Ne), winich corresponds to the transition without
exciting AUCa, thus implying the direct 20Ne breakup
inocess presently considered. The energy spectra '
jrrojected to the 16O—euerqy axis at various angular
configurations are shown in Fig. 2. In addition, the
164 gingle spectra are displayed on the top for
comparison.  As expocted,z the strong peak observed
at the high energy region of the 160 single spectra
do indeed corvespond to the peak scen in the coinci-
Jeence spactra which is attributed to the breakup
process.  The spectral shapes and their cross sactions,
that is all the observed results, arc quantitatively
reproduced by the theoretical analysis, which will

e discussed.

POOTNOTES AND REFERENCES
*supported in part by the National Science Foundation.
sssupported in part by the U..S. Department of Energy.
1. H. Frbhlicn, T. Shimoda, M. Ilshihara, K. Naga~-
tani, T. Udagawa, and T. Tamura, Phys. Rev. Lett.
42, 1518 (1979).
2. T. Udagawa, T. Tamura, T. Shimoda, H. Fr8hlich,
M. lshihara, and K. Nagatani, to be published
in‘ Phys. Rev. C.
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