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" BECCHETTI :

Weli, today'exPerimentelists strike back. I am going to show a lot of
data. I hope I don't bore the theoreticians too much; vI have also taken the
flibertj of introdueingva bit of theory, but it is rather painless. The data I
will be-showipg are from five or six sources: the Niels Bohr Institute (NBI)
(the data are mostlyb60 MeV oxygen and carbon on various nuclei between calcium
and molYBdenum); then there's some data from Berkeley (LBL) which are at v 100 -

MeV on a number of nuclei; and then there are data‘from Argonne (ANL) and Saclay
(CEN) which are at lower energies, 40 to 50 MeV. There are also data from BNL,

Orsef, and Oxford, whicﬁ I will slip in‘occasionaliy. So please excuse me if
I don'tvreference all the data properly. |

I refer you to some conference proceedings: the Heidelberg heavy ion ‘
cénferencel_which was held in 1969; the Dubna conference2 which was held in
Februery,rl97i; the Saclay conference3 which was held last September (1971) and
published ih'alsupplement of Journal de Physique;3 and the current meeting in .

France at Aix-?-en—Provence,h which will also have a heavy ion session.

*A talk presented at the ORNL Heavy-Ion Summer Study, June 12-23, 1972

Waork done under the auspices of the U.S. Atomic Energy Commission.



as was done at Stanford.
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There are a number of features of heémy ion feactions, and I will attempt
at the end to shdw‘why one might use heévy ions rather than light ions. It is
sort of aﬁ'after—the-fact Justification, of coursé, but there are a number of
uniquevfeatures that do appear, although these were not.apparent at the beginning.
I:will start first by talking about nucleon transfer; the sort of cross sections
one expects, and then say something about<kinematics; because they pley a very

dominant role, and then give a semi-classical interpretation of the data whibh

allows one to extract a good deal of information. I will also say something

about the quantitative information one obtains, i.e. what can one learn sbout.
structure? Finally i will talk about DWBA aﬁd elastic and inelastic scattering.

Figure 1 shows what happens when one bombards calcium with 70 MeVl60,

2 This is looking with a counter telescope with time

of flight, so the mass separation is gbbd. Figure 1 shows the number of particles
transferred>to the projectile. Whaf one observes is a Gaussian distribution,
skewed, depehding on the reaction, i.e. stripping or pick up. This is a con-
sequence of some kinematic effects vhich I will discussvlater. The essentiél ’
thing is tha£ ﬁhe cross sections are millibarns for thé'one nﬁcleon transfers

and thenbdrop between a factor of v 3-10 with succeeding nucleon transfers.
However, evep for multi-nucleon tranéfers the cross séctions are still measurable.
There are some anamolies. In particular, for 16O projectiles-thié occurs for
carbon 12; which indicates.a special pfocesé. I will.discuss this later.

- GREINER: The 2

Mg - is this pick up or a spallatibn process?
BECCHETTI: One could think of that as a.spallation of the
target, I would think. We have done some measurements at

Berkeley on target spallation and this is possible.
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Figure.2 shows data for argon on thorium. These are the well known
experimenté done at Dubna using a‘spectrometer with a counter-télescope in the
focal plane.6 These data are at the graéing angle so these are, at least
partially, direct transfers. Again one observes, looking at the yields, a
‘factor of 3 t§ 10 between successive nucleon transfers. Apparently one can
extrabolate down and make a fairly gdod estimate of the cross sections for
-multi-nucleén transfers. ]

‘In Eig; 3 we show.somé spectra. This happens to be oxygen on iron.7
This target is, forvsome reason, one of the chosen targets where just about all
heavy ion reaqtibns proceed with very nice cross sections. In this cése, we
have single proton stripping from‘l60, so it should be compared with (d,n),
or (Gie.a). (3

(a,t) or (“He,d). He,d) spectroscopic factors are shown here. One can in

general make & correspondence, particularly with the high spin states, between

l6O,th), which is & proton

the two reactions. Concurrently, one obtains (
neutron transfer. The ground state is calculated to be chennel 157, and isn't
seen. The strongest states are at 0.6 MeV and 3.8 MeV. ‘These happen fo be
states of a certain cohfiguiation and indicate some selectivity for this particu- .
lar reaction.

| Figure 4 shows the carbon spectra one obtains -- this also happen. to be

5k 16o 12

on iron. Fe( » C), of course, is one of the experiments that started the

whole game, done originally at Saclay.S' The data shown are at 60 MeV. 1In Fig. 1
12C was the particle that showed the anomalous increase from the systematics.
The large bump corresponds (at least I believe and a lot of other people believe)

to a breask-up spectrum of the projectile into 120 plus alpha. The bump starts

essentially at the bresk-up Q-value (=8 MeV), is relatively independent of



Wiy

e o LBL-1208

target, and has many of the characteristics one would expect of break up,
valthough not necessarily Coulomb breék-up. Superimposed on this are a number

of sharp states. The ground state is weakly populated, and then there are a

number of states that correspond to collective levels (the 3~ in particular here). . "+ |

160’1h

At the top we havé ( C) which is a very uSefulAexperimeht since the equiva-

lent is (3He,n). In (160,1hC)

we again populate some selected levéls.

A'serious problem is the projectile break up which is inherent to heavy

ions, .One way to avoid it is by carefully choosing bombarding energies -- this

is shown‘in-Fig. 5.
D;'THOMAS: How do you know this is break up and not actual
transfer of the nucleons?
_BECCHETTI@ Well, there do not appedr to be any.states. At
least the density of the states would have to be extremely
~largé,‘and would have to be the same for most nuclei. The
States‘wbuld have to be at different'excitationvenergies, but
at about the same Q Qaiue for all nuclei. Aléo; the angular
distributions are different than those for the resolved states.

At Saclay tﬂey have shown that‘if one comes down closer to the barrier, then-

most of what I call bresk up (the mechanism is not completely understood), cen

be avoided and one obtains relatively clean 120 spectra.g As one goes up in

energy, the "bresk up" increases and eventually, as shown in Fig. 6, will domi-

160’12

nate the ( C) spectrum.

Another way to avoid the break-up problem is to choose a different pro-

jectile; oﬁe that doesn't like to break up into the particular channel one is

looking at. Figure 7 shows some recent data from SaclaylO for (leo,lhc)-and
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(th,lOB). As one can note, the cross sectlon is down -a great deal from (16 12

c).
They see'a number of states populated in both reactions and are able to answer

(16 12 )58

one particular question: A group at 4.4 MeV seen in F Ni (Fig. 5)

could be the carbon-12 first excited state. In Fig. 7 one sees this group in

both of the reactions, so it doesn't eppear to be due to the exc1ted state of

carbon-12 in (16 120) but to a state in 58Ni.

I should say something about the single-nucleon transfers since these
show some interesting properties. Figure 8 shows data taken at Berkeley with

a spectrometer and a focal plane counter.ll The abscissa is now focal plane

ShFe, the standard target. Here we compare three diffe-

rent reactions’® —- st the top,'(lQC,IlB) to 2Co (160,15N) to 55Co,,(note

16 lS 55

position. This is for
]
0) to

the differences) and ( Fe. In the latter case I have lined up the P30

55Co. There is a great deal of

neutron state with the p3/2 proton state in
selectivity and one can do a number of these analog type reactions. This of
course is nothing'different from light ion reactions except, perhaps surprisingly,

one can get a very different population of states depending on the final states. ~

I1'1]1 say something about this later concerning the selection rules for these

reactions.
Figure 9 shows some two-nucleon transfer data on 208Pb taken at Berkeley.
The top is (12 th) and the bottom is (160,180). This shows another problem

encountéred in heavy-lon experiments: the excitation of the outgoing projectile.

I refer you first to the bottom of Fig. 9 where we have 18O coming out. 18O

has a low lying 2+ state and then a number of levels above that. The two groups
' 206

. ) - +
marked with arrows correspond very nicely to 18O in its 2 state leaving Pb.
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in its first two excited states. Altheugh it is not eompletely apparent in this

figure, these.groups are Doppler-broadened due to the gammé decay of the excited
18 '

0. This is one way of detecting projectile excitatioh. However, if one

observes a more appropriate outgoing proJectile, for-example in this case ;hc,
the excited states don't start until Vv 6 MeV, which gives a fairly clean spec-~
trum. at leaet'up to that excitation energy; Above 5?6 MeV we have some groups

that appear to be Doppler-broadened and don't appear as sharp states. Perhaps

the interesting thing here 1is the lack of strength to states in 206Pb other

than the first few collective levels. The angular distributions, however, are:

featureless and somewhat discouraging. Figure 10 Shows some other projectile

excitation effects. This happens to be for 18O induced reactions:13 (180,20Ne)

and (18 l9F) A numbef of low-lying states_in fluorine show up in the spectrum.

18 20

Similarly, w1th ( Ne) meny groups can be identifled with states in 20Ne,

and are the strOngest in the spectra.

16 th). These . data

Figure 11 shows some angular distribution for (
are from Argonne’.l‘)4 They show two angular momentum transfers (to the target)‘
£=0 and =2 te-the ground state 0+ and the first'2+'excited states in the resi-
dual nuclei. vThese data are at 48 MeV for a number of.f—p shell nuclei. If you
compare £=0 and =2 there is not mueh to distinguish beﬁween the two. This means,
of course, that therevare no signatures which one can ﬁse to assign the spin and
parity of the final states. There are eome systematics with fegards to Q value »
and targetVZ. These, however, are not related to spectroscopy. Figurevl2 shows

16, 5y , L e

the sltuatlon for the proton stripping reaction ( , (again data from

Argonne) as a function of bombarding energy and angular-momentum transfer. The

7/2 and

% is the angular-momentum transfer to the target, 2=3 and =1, i.e. f

it ’ N
f '
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'p3/2 final states. There are systematic shifts with bombarding energy, but

again no discernsble signatures. Figure 13 shows some data for 208Pb + l60

d 12C to & number of single-particle states.l2 In this case we believe

an
that most of these greigood single=-particle: states. Again, we see the geneé'
ral-characteristic of peaking at an angle, which corresponds to a grazing
collision, and then a fall—off.from that angle. Again, no discernable signa-
 tures. Figure 14 shows some data taken at Argonne forvlso induced reactions.ls_
In this case the outgoing projectile can be excited and one sees a difference

| 18, 20

in the angular distributions. In particular, for ( Ne) leaving 2ONe in

its 1.63 MeV state (2+), the anguler distribution is shifted forward in angle

180,19F) reaction leaving fluorine in its excited

by v 10°, Similarly the (
statevis elgso shifted forward. Thisvmay be explained, eventually, by a micrqf'
scopic model. It is another way of telling if the prqjectile is excited. The
éhapes of c(9),vﬁowevér, do not depend strongly on L-transfer.

This situation (léck of #-signature) does not hold for inelastic scatter-

160’160) 208

ing, however. Figure 15 shows data taken at Berkeley for ( on Pb at

10k MeV.l6

The elastic data are also shown. I've shown the databunbiased by
calculations. In this case we're excitipg the 3~ octupole state, the 5 state,
and the 2+ state. We sée characteristic shapes which depend on %-transfer
(also Q value). There is an indication that the mechénism here isidifferent

or that somé_other.feature, something about inelastic scattering,»is unique.

I will come back to this later.

| GRIENER: What is the Coulomb barrier?

BECCHETTI: The barrier is about 75 MeV. All the data I

am showing were taken above the Coulomb barrier.
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Now if one looks at the magnitudes of transfer cross sections, there

are a number of'systematics. Figure 16 summarizes some deta taken at the Niels

7,13,17 for the one nucleon transfer reactions indicated:

(18 19

Bohr Institute

16 15N)

0), and (
the z1rconiun 1sotopee show a very rapid change in“the cross section with the
target isotope.‘_This.cannot be explained by spectroscopy alone. For example,
at the closed proton shells, ﬁe're adding Just a proton. This leads one to a
consideration of the kinematic effects since these, in meny cases, determine

whether or not_one can do an experiment easily. The changes shown are roughly

one to two orders of magnitude and can be correlated with the Q values. The Q

values are only changing by a few MeVs and the cross sections, however, change

‘rapidly over the limited range of Q value. This also applies to the multi-

nucleon transfers, which are shown in Flg. 17. These‘are-ground—etate multi-

(16 lh aﬂ“ Lhy N). and (:l‘-‘8 16 0 and 20Ne). If we look, for example, at the

two-proton transfer on a closed proton shell nucleus, we see the same sort’ of

| behavior Ca— rapid variatione of cross sections with the target. Agein, these

can be correlated with Q value.
16 12 9
?igure 18 summarizes some of the Saclay ( Cc) data in which a
number of isolated levels are populated in many cases very strongly and in

other cases not so styongly. Because of the klnematlcs, however, one has to

SEL

be very careful when interpreting the epectra. What I've shown in Fig. 19 are

spectra as_functions of Q value. This shows my own particular bias in looking
16 lh
c) (

at these spectra.  This is for two-proton trensfer (

60,62,64,66

from Copenhagen) into the nuclei Zn and into some heavier nuclei:

again mostly data

(160’170

F). The proton transfers on the nickel and
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zirconium and molybdenum. If one looks at a particular type of state, for
. example the ground statea or the 3~ states, there tends to be a preferential
Q value. In thls case it's “'-10 MeV for the two-proton transfer. If one

16 120) to a spec1f1c type of state, say

now looks at the h—nucleon transfer (
the collective states, agein we see (Fig. 20) a preferred Q value., For example,
the ground states which are well off the preferred Q value are populated weakly.
An 1llustration,of how thls effects the comparison of spectra is shown in Fig. 21.

16 120) and (16 1k 52

dual nucleus (date from Saclay). This shows the spectra as functions of excita-

The top is a comparlson of ( ¢) into ““Cr, i.e. the same resi-
tion in 52Cr-. One‘sees & difference in the two spectra; If you then compare
these spectra as functions of Q value, as shown below, you find that the strongest.
states in both spectra are at about~the'same Q value. Therefore, one has to be
very careful in comparing spectra without consideration of the kinematic effects.
Now.comes the painlesa theory, If one looks at kinematic parameters,
one sees that they are completely different than those for light ion reactions;
Flgure 22 is & plot of the Coulomb parameter N versus the inverse wave number Kv
One can cla581fy transfer reactions in terms of quantum—mechanlcal and semi-
clagsical processes. The (d,n) and (3He d) reactions for example, are charac-
terized by low values of K and n and are quantum—mechanical in nature.h The
typical L—transfers are comparable to the angular momentum being brought‘fnto
the reaction and this. leads to diffraction phenomena in the angular dlstrl-
butlons. For heawy-lons however, one has a situation where n>>1, and the
angular momentum transfer is typically less than the angular momentum brought
in (in the reactions I hawe shown, typically 20 to 60 h). The wavelength

for these reactions above the Coulomb barrler is on the order of a few fermis.
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If one calculates a mean free path, it is extremely small in nuclear matter i.e.
much less than a nucléar radius. For projectiles where the motion of the wave-
packet can be dgscribed semi~classically, one finds that the‘overlap between
trajectorieé in either a semi-classical model or a distorted—wave model (; quan-
tum-mechanical model) becomes extremely critical. This is shown very nicely in
the work of Buttle and Goldfafbl8-using a quantum-mechanical tfeatment for sub-
Coﬁlomb reactions (CWBA). One finds that this same type of treatment should be
applicable aboverthe barrier; In fact, it may be even more appiicable_sincé

the waveldngths become even smaller. In the case illustrated in Fig. 23 the
overlap of some Coulomb-waves for a hypothetical reaction (L=0 neutron tfansfer)
is shown.l8 The overlap is chafacterized by the parameter Aa, which is the
differencevin distance.of closest approach in the incident and final channel.

If the Q value is changed slightly, in this case 5 MeV (corresponding to a
mismatch of 1.2 fermis, which is now on the order of the wave packet dimenéion)
the overlab becomes very poor. A conéequence of this is a strong Q-vélue depend~
ence in the cross sections as shown in Fig. 2k, Thé'vaalue is shown at the
bottom ang qVérlap paremeter Aa, in fermis, is on the top. One sees that for

Aa > £ 1/2 fm; the cross séctions fall exponentially with Q value. Now above
the barrier one can also use this type of approach if one introduces, instead

of Aa,‘AD which is the difference in distances of closest approach for grazing _
collisions, that is, for the grazing angle [D = n/k(l#e); AD = Df - bi; »
£~ cs¢6/2]. One can do better,13 but for.the purpose here I have used the
semi-classical expression. Some one- and two-nucledn transfer data are shown

in Fig. 25. Ground-state to ground-state and some ground—state-té excited-stéte

transitions are shown for a series of isotopes as a function of the parameter AD,
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the overlap parameter, in fermls. For example there 1s ( C) on the
7,9,13,1k4,19

nickel and iron 1sotopes. The data shown come from several sources.
There are also-neutron_transfer reactioﬂs. Fdr example on the zirconium,
molybdenum and nickel isotopes, neutron pick up and stripping are shown. One
findslﬁhat.ebove the barrier‘the criterion ADNO appears to be applicable; The_

toé of Fig. 25 shows some single-nucleon transfer data, again on series of

isetopes, so the spectroscopy should nbt enter very stfongly”(of.course; it

does enter). Aéain; one finds the orbit mismetéh limited to AD< * 1 fermi,

and beyond that the crossesections drop rapidly.* Figufe 26 shows some DWBA
calculations using the Tobocman form factor with the DWBA program DWUCK (P.D. Kunz):
The-data are aﬁ 60 MeV, i.e. well above the barrier and, if you recall, the. V
Buttle and Goidfarb calculations which were sub-Coulomb, showed exactly the same
behavior{“Shown are proton transfers on nickel plotted versus AD. I've shown

two diffefent L transfers (See Fig. 46). There is an effect due to L transfer. *
This can be ineluded, if you like, using some simple expressions.13 We see the

same general behavior: a Q value change of a few MeV can change the cross sections
orders of magnitude.

16 12

Figure 27 shows the four—nucleon transfer { C), again on a series

of isotopes, leading to the same type of final states. These are for the calcium
and nickel isotopes. There are data from Saclayg (h8 MeV) and some data from
Cdpenhagenl (nickel —> z1nc) Again we see the same sort of behavior with

the overlap parameter AD, The calculatlon shown is a DWBA calculatlon due to

Von Oertzen,zo assuming a cluster-type transfer mechanism. Thus ADNO holds for

multi-nucleon transfer cross sections.

*he range of allowasble mismatch, AD(D¢0)0<-(2L+1) AD(L=0).



~12- '  LBL-1208

RASSMUSSEN: How is AD calculated above the barrier? As

if Coulomb waves go on in?

BECCHETTI: Yes. So there is an approximation'fhere.

In the simple semi—classical plcture AD appears as an exponential factor in the
overlap integrals.* I refer you to a paper by T/h'.n’t:her.2l Also in the theory
of Tautmann and Alder, the overlap appears as an ékponenfial :f‘actor.z2 This
has the consequence that the optimum Q-value can be written, at least in first
order, as

Q/E = Zt/zi
where Zi is the charge transfer to the projectile and Zi is the projectile éharge._
This is the criterion given by Buttie and Goldfarbls and appears to be applicable_:
above the barrier also.

The gngular distributions .can also be'interpreted in terms of semi-classi-
cal theory. Figure 28 reviews the theory (most of the theory is due tb Rutherford,
or actually‘Képler, or 7). That's ebout all one needs for a qualitative inter-
pretation. Unfortunately, there's a quantum jump between obtaining qualitative
results and the quantitétive or quantum-mechanical results. But anyway, for
elastic scattering we assume that we havevwell defined orbits given by the inci-
dent anguiar momentum, energy and charges. There is én impact parameter b, a
distance of closest aﬁproach, D, and an éccentricity €. For elastic scattering
we have € = 1/sin(6/2). We also have the relation that D(8) = n/k(l+€), which
reduces to the expreséion shown. For transfer reactions, one must be careful

. 2 ,
¥The dependence of the cross sections with AD is exp - %aﬁ-lép { where o is the
bound state parameter. (see Ref. 21)
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since the eccentricities are not simply‘rélated to:the{dbéervation anéle, 9,
unless 6ther-épproximations aré made.13 The'angular'momeﬁta are relatéd by
the relation shown ﬁhich involves D, K, and n. To describe the angular dis; .
tributions.it is uséful to define thé é?sidal distance aistribution do/dD which
is Just a geomefrical factor times the angular distribution ,dc/dﬂg One sees
that-fér'elasfic Scéttefing'this transfbrms the angulaf distribufion which is
a function of 8 into a linear distribution in D, where O =:1806 to 0° and
D = a/2 to infinity. Fof transfer.reactions'Breit and‘Ebe123 among'othérs,
showed that in the semi;classidal picture qo/dD has avvery simple form.given
‘essentially bybthe expression shown in Fig.v28} The main’dependence with angle
is_given”bj an'éxponential term sexp(-2ab), where a is the bound-étate barg—
meter of-ﬁhe transferred nucleon. To be symmetric, one takes,averages‘for o,
D, etc. One finds that log (dc/dD) is nearly linear, with slope related to the
bouhd—state ﬁarameter of the transfepred nﬁéleon.' One caﬁ make‘some hand wa#iﬁé
arguments that the apsidal distance distribution‘is approximately equél to D3‘
times’thé squére of the form factor (as a function of D) times a quantiﬁy (l;Pabé)x
which I'll call the absorption factor (I'll show how one gets this quantity B
later). One sees that for Rutherford scattering or_tfanfer reactions (andfalso‘
I'11 show for inelastic scattering) one can make a relation between features in-
the ahgular distributions and features in the radial part'df the form factor.

So thaﬁ's the_painless theory and now I have to convince yoﬁ_that it .

has éome application. Figure 29 shows do/dD, the apsidal distance distribution,

versus a quantity do, which is D, the average distance of closest.apprbéch,

1/3 1/3
1

+ A2 . This gives an idea of where the reactions are taking :

divided by A
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place. We find (if D has any physical meaning, which is another problem) that

dg = l.6—l.8fm i.e. Vv 60% larger than the sum of half density radii and well out-
side the nuclear interiors, I've shown in Fig. 30 a numbérlof diffefent nucleon
transfers as.functions of energy and masses. We see af a .certain radius that

the angular distributions turn over and fall off; Figure 31 shﬁws the same sort
of thing for'some multi-nucleon transfers. The angular distributions here ére
not so pronounced, as far as features, but again one can say that thé maximé
occur in the same interaction region, which is well outside the nuciear interiors.

One would expect a simple behavior for (do/dD) from tunneling.23 The absorpiion

‘factor (l_Pabs) which appeared (Fig. 28), can be determined by measuring the

elastic scattering (lePabs= O/OR). This is shown in Fig. 32. I've plotted the

elastic scattering, which was measured for a number of nuclei,l3’2h

d, parameter, D(@)/Ai/3 + Aé/3."We see that the elastic scattering turns over

at doki.Gfm, which was the sane dd that the apsidal distance distributions turned
' 13

versus -the

over. One can represent the elastic scattering by a two paremeter model.

Such a model comes out of a simple semi-classical picture whefe one tekes Coulomb

orbits and introduces absorptioh13 (there will be a paper‘by Winther et al. on

" this subject)f In this simple picture, then, we have an absorption factor, which

we can now divide out and in principle get the funhelling distributions. These
are shown in‘Fié..33. Téking out the absorption,in fhis sort of a crude manner,
one obtains do/dD versus D. Determining the slopé, gives a parameter here which.
I will call k. In other words, dc/dD o e-KD. Above the barrier K can be con-

sidered to be a phenomonlogical parameter. Essentially only one parameter, K,

is necessary to describe an angular distribution and K should be related to the
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form factor. This ié shown in Figs. 33-34 fof some one-; two-, and three-nucleon
transfers.l3_ This is all "super-Coulomb" and one finds the typical vaiués of K
shown; We see as we go towards the barfier,.this phéno@enoloéical parameter K,
converges toward the value expectéd:in the simple funnellng model, K*20. In

this picture‘then,.the angﬁlér'distribufions should have little L-signature.

The angular distributions mostly reflect some geometrical properties of the

form factor and db_not depend on L-transfer, unless the form factor itself

~ depends strongly on L transfer. For single nucleon transfer, we are looking

at the asymptotic part of the form factor, since the strong absorption limits

the transfer to large separations. This yields a simple, featureless angular

distribution, as is observed.

An indication of L-signature comes from inelastic scattering,l6 as shown
in Fig. 13. I Wiil go into the details of . the form‘fgctbr later, but it may
haveka'hode at a (Large) rédius depending'on‘the L-transfer. One can see that
this produces oscillations in the angular distributions. By dividing out the
absorption, O/OR, one can see the correlation‘befwegn ﬁhe radial dependenée of
the form factor and angular distribution. Shown in Fig. 35 is a forﬁ faa.c:tcar_z)4

plotted versus D(6). In principle the minimum in do/d should occur at the

-same radius as the node in the form factor. In fact, we find that there is a

shift. This may be attribﬁtéd to distortion effectsf The qualitative piéture
appears to be valid, however, | |

| Figure'36 shows an excitation funétion.‘ In the simple model do/af
o d0/dD o f(D) and one can vary either the bombarding energy or the scattering

angle to measure do/dD. The last figure showed an angular distributionzb this
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figure shows some data (taken at Copenhagen where the bombarding energy was

varied. A minimum appears, in this case at D(9) &111.5 fm, which is againinear
the node in the form factor.

Well all this may be very interesting to someéne inferested'in semi-
classical theory. What does it say about nuclear stiuéture, however? This is
more complicated since we usually héve to do calculations. There are soﬁe things
that we can leaﬁn by Jjudiciously comparing specﬁra, for example. I will give

some examples but will not say anything very quantitéfive. Figure 37 shows

(16 1k 52

C) into °“Cr. We compare, in this case, (p,t), (t,p), and two-proton

16 1h ¢)

transfer. What one does not see in ( is strong excitation of the second

0% and 2+ states. What one does see is the ground state and a 37 state; this,

I pelieve, says something interesting about the states seen in (p,t) and (t,p).

160’1hc)

In Fig. 38'I-have taken cross sections to some 27 énd 3~ statesvséenbin (
as ratios to the ground state cross section and plotted these versus residual
nucleus. Theée ratios have been modified by a semi;eﬁpirical Q value dépendence.
What one. sees is that these ratios are largest in the Ni and Zn region and then
fall off as A —> 100. I would say that this indicates that in regions where

we have a neutron excess, we get a reduction in the_crdss section to fhe collective
states for the two proton transfers, i.e, thefe appears to pe a blocking effect

(calculations will be needed to show if this is kinematics or spectroscopy).

The next figure, Fig. 39 shows some p-n transfers 6btained at CopenhagenY’13

and Oxford.26 One finds in the reactions (160,th) and (lZC,lOB) that the étrong

groups can be identified with high spin states of a particular configuration.

16 1h 56

In this casé, ( N) to “~ Co populates'a 5* state at 0.6 MeV which is considered

to be a f proton coupled to a p3/2 neutron with their angular momenta aligned

T/2
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N - ' 4
to give J = 5+. We see also a number of other cases, for example,

‘(g9/2) _ (d5/2) coupled to T*. Cross sections here are typically 50 to 150

12 10B) “ 42

microbarns/sr. Similarly, for the reaction ( t Sc, the Tt state

at 600 keV.is (f )2. One observes in the single nucleon transfer that 1f

7/2

P3/0° lg9/2'and'2d5/2

~ that the.p—n transfers populate high-spin states (the so-called stretched

| 7/2°
states areé also populated strongly.-'One”can say from this

states) where the angular momenta arevaligned. THis appears to be verified

27

by microscopic DWBA calculations.

Figure 40 shows some data taken at-Orsay28 at fairly high energy com~-

160,1hc) and (160’1h )

paring two analog reactions, if you like, ( N). Agaih these

56

populate high spin, stretched states.v'The L+ analog in “"Ni has been aligned

56

with the corresponding state in ~ Co. One can identify many of the states in

56 56

Co and perhaps make assignments then for the analog states in Ni.

There is also the possibility now to obtain quantitative information
using DWBA programs. Tobocman and co-workers, in particular, have a form
factor pfogfam which,canvbe used to do DWBA calculations, Also,’Bhttle and
Goldfarb have shown18 how one can include‘the finite—faﬁge effects in a very
simple way Which would also appear to be applicable to multi-nucleon transfers. ™
Figure k4l shOWS'somé DWBA calﬁulétibns. These use thé Tobocman form factor
program‘with‘DWUCK. The only parameter adjusted is g‘normalization~factor.

One finds in many cases rather good'fits, even as a funption of b&mbardiﬁg
energy (fiied normalization). So at least the kinemetic features seem to be
accounted for by DWBA. The‘spectroééopic faqtors are in most cases reasonable,.
and what one might expect from other light ion reactions, but there are some

discrepanéiés for certain statesle’l3 and also for the very negative Q value

29
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reactions. The latter can be related to the overlap parameter AD, and suggests
that for a poor'overlap'in the semi-classical picture, the DWBA also apparently
does not work well. Figure 42 shows some work done at Argonne.30 Again,

ziese are DWBA calculations and one sees this mismatch with large negative

Q values. The SPectroscopic factors compared to (3He;d) are reasdnable, however.*

The states analyzed are particular states, though, in that they are the states
that have their spin and orbital angular momentum parallel (j =% + 1/2). One
finds that in the other cases (where the spin and angular momentum are anti-
12,13

parallel) the spectroscopic factors are not so reasonable.

‘Wéll, why does DWBA work at all above the barrier? Many years ago,

. there were a number of doubts expressed that DWBA might'fail. In Fig. 43 we

have put a radial cﬁt-off in the form factor (this is now the Tobocman form
factor) at a large radius 's6 we see Just the.asymptotic part of the form factor.
Altﬁough this-elihinates the nuclear interior, it really does not affect the
calculations.or the spectroscopic factors. This is illustrated in Fig. Lk,
We have shown sémi—classically that the transfer occurs well outside the nuclei.
This is confirmed by DWBA.** Again, we ha?e the problem with the orbit mismatch.
We could impro?e this fit by adjusting optical parameters (without changing the
spectroscopic‘factor beyond reason, I would séy), but there may be problems
with the DWBA itself.

It thus appears then, that the tunnelling mechapism dominates even weil,
above the barrier. This is #ery encouraging since it allows one to do a lot

of the more complicated celculations e.g. multi;nucleon transfer, in particular,

¥The DWBA calculations are renormalized, however.
*fThis result is valid for strongly absorbing optical potentials.
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using the simplé tunnelling'mechanism. This has‘beenvexplored by Broglia

‘and Winther et al. at Copenhagen.29 In fact they have now, at least concept-
. ‘ , 20

ually, worked out the form féctors one needs for multi-nucleon transfef.
Figure 45 shows some calculations for four-nucleon transfer by Bonche,

5 (16 12 58

4
.(f,.{/2

the ratio of their experimental cross sections to the DWBA calculations using

c) u81ng a mlcroscoplc modef For
-2
)

Fe

et al., at Saclay for Ni they

use the configuration (p3/2) . The'number-shown at the bottom'is

this configuration. The results look very encouraging, both as to the fits of
the angular distribution and to .the magnitudeé (at least the relative magni—
tudes). In these calculatidns they find, incidentallyg_that the'so called |
stretched states are enhanced by factors of up_to ten‘f This may explain the
'(160,1h ) 16 120) and gives some support to the

enhancement seen in nd (~

quartet model. 31

I would now like to talk about some features whlch I thlnk mey be unique
to'heavy ion reactions since up to now everything I've shown could have been
done with light.ions except perhaps the 2p2n transfers, or other multi-nucleon
transfers. To étart with the selection rules, for eXample, for single nucleon
traﬁsfer are.interesting. I refer yoﬁ to artiecles by Buttle and Goldfarb, in
particular.l8 The situation is §llustrated in Fig. 46, The projectile consists
of a core plus the transferred nucleon. In the projectile, the nucleon is in
a_state.n'l'j7 whereas in the residual nucleus the nucleon has nfj.

Now for light-ion reactions things are simple becaqse the nuéleon in
the projectile has no  orbitel angular momentum (ah s state) and this leads to

‘the rule that the L-transferred is just equal to %, the orbital angular momen-

tum of the nucleon in the residual nucleus. For example, a transfer to en
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f7/2 or'fs/é orbital proceeds by L=3 for both spin orbitvpértners, and do/4af

‘may be relatively independent of j. A j-dependence cén enter, usually relatively

weakly, through spin-orbit effects. Polarization measufeménts are perhaps the
only sure way one can distinguish between different j-values. These effects
afe sméll when one does proton transfers, let's say with 3He or alphas, or uses
Qery heawy.target nuclei. In heavy-ion reactions, the above restriction (L=2)

does not appiy. If we look at (160,15N)

,'the nucledﬁ in the projectile has
orbital angular momentum with a particular coupling to spin and in the no-re@0il
approximation one obtains the sélection rules shown iﬁ Fig. 46. The angular-
mOmentﬁm tranéfer differs depending on whether j is 2 ¢'1/2. In particular

for the case J = & + 1/2, for example f7/2, the angular—moméntum transfer

L=2+ 1,;= 4, whereas for f5/2, the angular-momentum transfer (J = 2 - 1/2)

would be L £-=1, or 2. The cross section,'cgj, is then ¢

L= Olil for
=2 % 1/2 i 1e L. 12, 11,
j =% % 1/2. Now if one uses another projectile, for example in (°C, " B)

(and therefore the relative orientation of initial nucleon spin and orbital

12, 11
(¢,

angﬁlar momentum) the allowed L's change. In particular, for the B)

reaction, the cross section is an incoherent sum of two angular-momentum
transfers which will be the same for both spin-orbit partners (see Fig. 46).
Typically we find in the DWBA calculations that the cross section for L = & + 1

dominates by factors 2-10, over L=%-1. Therefore, one éxpects a j-selectivity.

12, 11
(7°c,77B).

One finds enhancement in (lzc,llB) because of the additional allowed angular

momentum transfers. Another way of seeing this is' shown in Fig. 49, This

55 63 209

compares cross sections to spin-orbit pairs. This is for Co, Cu, Bi

(work done at‘Berkeley).12 Comparing the spin-orbit pairs, the ratio of the
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cross sections to states J = 2 +v1/2 and j = & - 1/2 (these are known states

12C,llB).

so there's no problem), we see a difference between (;60,15N) and (
This is mostiy'doe.to the difference in allowed angular momentum transfers

and the large difference in the cross seotion for a given L-transfer. Figure

50 shows the ratio of (160215N) to (lzc,llB).versus 2; Normally we know these

.2 values from other sources and its a problem of just determioing>j-vglues.»

This shoﬁs one way to do this, i.e. by oomparing theoé two reactions, since we

: getia difference in cross séctions depending on Whether.j =L = 1/2._ Typicaily,
this difference‘is s factor of 2. For the 113/2 its perhaps extrapolating a

bit for, but we hope to improve the experimontal situation by obtaining some

more data. One finds similar curves for the other nuclei I've discussed. This, o
then, is a feature whioh is inherent to heavyéion transfer reactions, that is,

the selection rules will depend on the nucleon angular momentum in tho projectile.
This should apply to multi-nucleon transfer, as Well.‘ This is an importgnt |
featore and‘can:be very useful both as a spectroscopic aid or as a test of the
selection'rules for a partioulor reaction model.

Figure 51 shows some preliminary spectroscopic factors‘deduced from:the
data described a.bove.12 Thesevare‘for 209Bi. The L transfers allowed (Fig; L6)
are also shoﬁn. These L-transfers are.from the L seleofion rules usingothe
no—reooil approximation. Again, I refer you to the Buttle~Goldfarb paperé.

(160,15

The spectroscopic factors for N) at 104 MeV are shown along with those

et

for C,llB) at 78 MeV. For the latter, two angular momentum transfers are

120’11

allowed. The ( B) calculatioh has been normalized to the 2f7/2 state while

the (160,15N) is normalized to tﬁe sub-Coulomb transfer at 69 MeV which has'
been measured by Barnett and Phillips.,32 The 104 MeV calculation uses the same

form factor. The spectroscopic factors are shown with the normalizations as
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indicated. The cross sections change by two orders of magnitude from E = 69
to lO# MeV, and we see that the DWBA reproduces this. There's still a problem
in relative values of the spectroscopic factors and this may be associated with

*

some of the selections rules , which is another interesting problem.lg’23

But

we see by comparing the ratio of spectroscopic factors at 104 and 69 MeV that the
kinematic part:is gpparently accounted for in DWBA. There is perhapsvone
exceptioﬁ 3pl/2, but this is a very weak transition. Also shown is a calcu-
lation due to Buttle and Goldfarb. This is a sub-Couiomb DWBA- calculation,

i.e. & Coulomb¥wave Born-approximafionT They obtain the spectroscopic factors
shown. We notice that in their cglculation,,which includes a recoil correction,
there is a good correspondence with the spectroscopic fgctors obtained super-
Coulomb. So any problems with the DWBA do not appear to be associated with

fhe fact'thct oce is abo&e or below the Coulomb barrier. There still'may be

33

intrinsic problems. Figure 52 shows some data from ORIC3h (0ak Ridge), for

' (lZC,llB)Vagain at a high énergy (116 MeV), about twice the Coulomb barrier.

The cuiﬁeé shown‘are calbulations based on the 78 MeV LBL data i.e. the same
'optical parameters and form'factor.are used.' The spectfoscopic factors shown
are similar to those obtained at the lower.energy (fig. 51). There is one
interesting‘featurebwhich these data show. I mentioned the cross section should
be an incoﬁerent sum of the two allowed angular—momentﬁm transfers. Now the
calculation doesn't predict this to produce a visable effect.. The two L values .
are predicted to have the same shape and hence add tc give the same angulér
distribution. But in fact if you look carefully at this data, and also other

dcta? there may be features which indicate the presence of two L—contributions.

-

This et'fect should show up in some cases.

*Recoil will allow L-transfers in addition to those given in Fig. 46. 1In particular,

L=¢ will be allowed for (160,15N) and (12¢,11B) {Ref. 33).
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Now I would like to talk a little bit ébout‘iﬁelastic scattering. This
isenéther ihterééting topic. As I mentioned earlier, the inelastic scattering
shéws structure.‘ In the simple picture (shown in Fig.:53) we use the collective
model to give a Coulomb excitation and a nuclear excitation form factor. In a
‘light-ion reactioﬁ abové the barrier, nuclear excitaﬁion-dominates. When one
.usés heavy;ioné, bne_finds that both must be‘ihcluded at all energies. The
heavy-ion form factor has fhe interestihg‘properfy that the Coulomb énd nuqlear
excitation parts have opposite signs and can:c#ncel near the nuclear surface.

This leads to a marked interference effect. One problem in heavyéion reactions

is the definition of the deformation parameters. In the simple collective quel

B is the potential deformation and includes the .finite size of the projectile.
L] : :
It should be smaller than the mass deformation of the target. One way to obtain

the corresponding mass deformation from B is to compare the deformation lengths

as shown.hefe, although there are better prescriptions. Figure 53 shows the form

factor: the nuclear part, which is a derivative of the optical potential, and

, with 3 having an L-de-

the Coulomb part.  These add to give a form factor, F L

L
pendent node outside the nuclear radius4A Satchler has pointed out that one can
add a phaée factor and determine explicitly the phase betweeﬁ the nuciear and
Coulomb interaétions from the interference effect‘35 Figure SM_shows a DWBA
calculation.for some data teken at Berkeleyl6 which_I.showed earlier (not all
the data afe shown on this slide). Tﬁis shdws ﬁhé'two effects. Coulomb excita~
tion (with DWBA) is shown as the dashed line.  It includes distorted wéNes, but
not the nuclear interaétions iﬁ the form factor. The ddtted-solid line shows

the effect of just the nuclear part of the interaction. The solid curve shows

the combined effects of the two excitation processes. The latter depends on
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the L transfer mginly since the Couloﬁb excitation depends sensitively on the

L transfer. The‘potential deformations, Bg, are indicated in Fig. S54. These

are smaller thap‘the corresponding mass deformations (from a,a' e.g.). Figure 55
shows the saﬁe effect‘(data from Copenhagen2h). The data are primerily for the

96

3~ state in “ Zr, although the 2% and 3~ states are not resolved completely.
Again we show Coulomb excitation (with DWBA), nuclear excitation, and Coulomb
plus nuclear excitation, where we adjust the deformation pérameter of the

potential to fit the data. The deformation parameter, incidently,Achanges

both the shapeAand the magnitude of the cross section. This is different from

light-ion reactiqns where the deformation parameter just scales the DWBA calcu- -

" lation, and requires that 6ne fit simultaneously the magnitude and shape of

do/d. The calculations also depend on the phase of the form factdr. In this

case we've taken the phase to be the one obtainéd from the collective model

(a = 20°). That is a real, attractive plus a smaller, absorptive (imaginary)

~ nuclear interaction with the ratio given by the optical potentials for the

J

elastic scatfering. Figure 56 shows some other transitions, but the data are

not so cx)m.ple‘ce.g’4 Again, we don't have too much degree of freedom cver the

calculated shapes for do/dQ, but we can deduce Bg rather unambigiously. Figure 5T

compares some different results. The‘B(EL)'s are fixed from Coulomb excitation,
and we extract the deformation (which is the potential deformation) end then
equate potentiél”and mass deformation.lengths to obtgig a mass deformation. At
leasf this is a first approkimation.to the caresponding mass deformation of the
target, and can be compared with other measurements: (a,0'), (d,d'), (p,p'), etc.
In general, the correspondence is good, particularly for low-lying transitions

for which we believe the collective model should work.
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Fignré 58bshows another interesting feature of the inelastic scattering.
If we fit just the elastic scattering, we find that we obtain a wide ranée of
potentials which, in fact, differ substantially in the interior. I've shown
three dlfferent optical potentials which fit the elastic data.2h The solid line
is for two that have the sameidiffuseness,(a = 0.5fm). We find that everythlng
is dominated-at the exterior where‘these'potentials'are similiar. However, if
we look at the ‘nuclear exc1tat10n (whlch is determlned by a derivative of the
potentials) we find that there is a distinction. The problem with the elastic
scattering'is that we have the dominant Coulomb amplitude which hides many
details of the nucleai potential. "This is removed‘Whendwe look at the inelasticd
scattering. Fignre 59 shows calculations for.different optical nodelvsets. inr
particular, the solid curve is with a diffuseness of 0.5fm, Whiledthe dashed
curve is with a diffuseness of 1.0fm. Again, the shapes also depend on the B.
parameters. This, then, is one way of determining optical parameters. We find
that in fitting the data on 2O_8Pb, e.g., and some othef cases, that the optical
potentlal ‘diffuseness must be about 0.5fm to fit the. interference pattern in
the inelastic data. Flgure 60 shows the calculated 1nterference effect as a
funotion of L-transfer and_Q—value. " We see that for the low-lying states, which
are dominated by Coulomb excitation, the effect is less pronounced than for
hlgher ex01tat10ns, which are domlnated by the- nuclear exc1tat10n. In between
there is a region where the effect is very much L dependent -and can probably be
used to assign L-values.

In conclusion, although kinematic effects and the lack of L-signatufes‘
(for tne nucleon transfers) are limitations, the selection rules and the stroné -
_Couiomb and nuclear interactions for neavy-ions produoe many interesting effects

which can be useful in spectroscopy and the stndy of nuclear interactions.
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DISCUSSION

GOLDFAEB:

I think there is a danger of over complacency. You have a very happy
picture from many of the curves you show from DWBA calculations and I think
this must have to do a little bit with the simpliéity.of the curves. That
is there is not much structure and the‘numbers thét you get out of the curves
involve many, many parameters that go into the'calculations, certainly with
thé high enefgy work, and I think the same remarks épply at low enérgy in the
sub—Coulomb_region;“particularly with semi-élassical5treatments. In.the sub-
Coulomb region you have a tremendous change in the cross éection with very
small changeé iﬁ parameters and this, I think, can'léad to wrong information
about nuclear structure. |
BECCHETTT :

- Yes, I'm not really happy with DWBA for a number of reasons. For ex-
ample, apbaréntly it ﬁorks only when ydu have the so-called quasi-elastic case
i.e. where the orbits are very similar (ADNO). DWBA does not»work very well
when the orbits are mismatched, which is the case where yoﬁ need it to work.
But I would éay, as you mentioned, that sub-Coulomb everything is very sensitive
to parameters. Aﬁove the barrier the célculatioﬁs mey be less sensitive to
parameters in that things aren't changing rapidly with bombarding energy, etc.
I think perhaps super-Coulomb may be a little safer thén sub-Coulomb, or at
least T think.there are no inherent problems in goihg above fhe barrier.

GOLDFARB:

Could I ask you something about what you said about the Saclay experiment?
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You said fhaﬁ in this5plateau regiép,~the negative Q—Qélue regidn; tha£ this
had sbmething to do with the break up of 16O into‘lQC;.wDo-you mean that's
different from the Q-dependence that you've been talking abdut?

BECCHETTI :

Yeé. Thai'svapparently another process, projecfile‘break uﬁ,'which
can obscufe direct reactions. There is apparently a mechanism which 1¢ads to
the bresk up: | 16, s 120,

GOLDFARB: | | |

But isn't it true that the‘Q—depenaence does point outvthat the peak
should be just where yoﬁ would expect it to be.v |
BECCHETTI : | |

16 12

Well, for ~ 0 —> C+a, the Q for the break‘up_is -8 MeV which happens

to be near the optimum Q-value for the 2p2n transfer (;60,120), so this will

always be trﬁe.- But if you look at other reactiéns.wﬁere thé break-ub Q-value -
is é little ‘different theh you find break up.occuring af noneoptimum Q-velues.
There:ére data;'for example,'for neon’aﬁd other projeétiles which bresk up into
cértain other channels andvyou see essentially the same phenémena.

ALDER:

I would like to make a comment on the distorted—wave Born—approximatioﬁ_
versus the ciassicél approximation.'.l think it has been pdinted ouf by Winthér
that-for such transfer reactién where the]pafameter n is SO large; tﬁé ciassical
picture is a very natural picture and one should usually use it, but on the othef'
hand there is a‘very close correspondence between DWBA and the classical picture. o
The classical picture, at least in'firét'ordef, islcompletely equivalent to the

distorted—wave'Born approximation. In the distorted-wave Born approximation
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sometimes one neglects certain interactions. The same neglection occurs in
semchlassical‘theory. éometimes the form factor is includéd,o£ not included.
The same you can do also in the semi- -classical theory In this way'thé two
plctures ‘are completely equivalent and the only thlng is that the seml—cla551cal‘
picture probably is a much more natural picture; it is simpler; it is very
easy to understand, . and it cén very easily be parameterized. |
EECCHETT:» | |

_Aléo I.thinkkthe semi-classical picture will'be‘necessary to do a cou-
pled chanhelsvéalculation.
ALDER: |

Yes, that is just a remark I would like to make. Of course, in such
collisions éiways Coulomb excitation occurs, it might even sometimes be multiple
Coulomb exéitation.‘ And, if these effects play a rule;vthen I think the dis-
torted-wave Born—approximation cannot be applied. But, the semi-classical
picture can be generalized, even to such pictures as inclusion of multiple
excitation, and so on. I think really onebshould use in the future the semi-
claésicél theory of these ideas to analyze the data. | |
BECCHETTI:

I think what one would hope for is a transferbcode equivalent to the
Winther-deBoer code for Coulomb excitation.
ALDER:

Such a code is now being developed by different people. It is underway.
And I would like to ask a question. I have seen this slide where you have 2_08Pb,
and there was a curve for Coulomb excitation and the nuclear interaction. This
curve for Coulomb excitation had some wiggles in it,_and I am wondering very

much if these wiggles are not due to too little angular momentum being teken

into account.
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BECCHETTI: |

‘ Partially,:tﬁe:calculations only went ﬁp to*lho_pértial'waves, which
ié not enough to do accurately Coulomb eicitation fdr.small angles.
ALDER:
| Finally, I would like to menﬁionAthat you mention & forthcoming paper
by Winther ébout_inelastic scattering. I have this paper here; I gotvit just
two days before I léft,'and_anyone who is interested.can have a look at‘it.'
BECCHETTI:

‘I beiieve he now usesythé semi-classical treatmént for the inelastic
scattering. |
ALDER:

Eiastic and inelastic scattering, yes.
HOREN : | |

of all‘the data thatvyou have shown I would.like to ask, how much
nuclear sfrugture do you feel that you could have éxtracted if you did not
havebthé light"ion erk upon which to base the analysis?
BECCHETTI:. | |

nglg I think for the single nucleon transfer it is really essential
that you have the light ion data to compare'with to give you the f-values, for
e*ample. I think_the most useful thing one can do is to compare different heaNyb
ion rgactiqns, as épposed tOPméésufingzangular distributions. So, I gue;S'it
is up to the theoreticians to decide how much information is going to céme out.-
There are a humber of reactiona,fbf examplé the multi-proton tranéferg_and'the
four nucleon fransfers, which at the momeht we can only do wéll with heavy'ionsbi:

I think there are a number of cases, e.g.‘if‘the‘theoreticians can show that we
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l60,th), where one could learn something

should populate stretched states via (
sbout nuclear structure without necessarily having information from light ion

reactions. But it may take a lot of faith in calculations.
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FIGURE CAPTIONS
. T ' 16, . Lo
Fig. 1. Reaction products from ~ 0 + Ca (Ref. 5).

232Th. A specﬁrometer with a AE-E

Fig. 2. Reaction products from.hOAr +

counter telescope was used (ref._6).

Fig. 3. 5% ana th spectra frbmvl60 + 5)‘LFe (Refs. 7,13). Levels and transi-

tion strengths observed'in_(3He,d) and (3He,p) are indicated.

4 1k 12 16 5

Fig. . C and C spectra from = 0 + Fe (Refs. T7,13). Levels and transi-b

tion strengths observed in (3He,n) are indicated.

16 54

Fig. 5. 12C spéctra from ~ 0 + Fe as functions of bombarding energy (Refs..

593,
6. 2%re(1%0,120) spectrum, E_ = 80 MeV (Ref. 28).

hy 195) ang (*80,%%¢) reactions (Ref. 10).

Fig.
58,

Fig. 7. Levels in ~ Ni observed in (

Compare with Figs. L-6.

Slipe (12, 11 )55 o, Fe(l6 15 055 54e(160,150)55xe

5500.,.‘

Fig. 8. Spectra for Co, and

(Ref. 12, and unpubllshed data) The enérgy scale'refers to states in
208P (12 14 206Pb and,2°8Pb(16o,;8 )206Pb (Ref. 12, and

Fig. 9. Spectra for C)

unpublished data).
Fig. 10. Spectra'for some 180 induced reactions. Positions of groups from target
-~ or projectile excitation are indicated (Ref. 13).

(l6 th) on some 1f-2p shell nuclei (Ref 14).

16, 15 ) h8

Fig. 11- do/df tor
Fig. 12. do/dQ for ( Ca (Ref 1h). Tran51tlons to 2=3 (lf7/2) and
=1 (2P3/2) flnal states are 1ndlcated (Ref. 1k4).

QOSP (16 15 209B1 -The.known spins of the final states

Fig. 13. do/dQ for. N)
are indicated with excitation eﬁergies given in parentheses (Ref. 12, and
unpublished data). The allowed orbital angular momentum transfers (no recoil,

Ref. 18) are shown.



~3h- . LBL-1208

Fig. 14, do/d? for some 18O induced reactions (Ref. 15).

Fig. 15, do/dQ for inelastic scattering of l6O from 208Pb (Ref. 16). Known

spins and excitation energies are indicated.

Fig. 16, Systematics of peak cross sections for some one nucleon transfers:

(160'150) (16 17 (16 15 (18 19

0), N), F) for E -~ 60 MeV (Ref. 13).

L

Fig. 17. Systematics of peak cross sections for some two nucleon transfer

reactions: (160,1%0), (16O,th), (180,160), and (180,20Ne) for EL ~ 60 MeV
(Ref. 13).
Fig. 18. Levels and relative cross sections observed in (160,120) (Ref. 9).

Fig. 19. Levels and peak cross sections observed in the two proton transfer
16, 14 ¢ ‘ ' . . .
( 0o, C) at EL ~ 60 MeV (Ref. 13). Known spins of levels in the residual
nuclei indicated are labelled.

6 120)

Fig. 20. Levels and peak cross sections observed in the 2p2n transfer (
(Refs. 9,13). Known spins of levels in the residual nuclei indicated are
labelled. E_1is the 12¢ Coulomb barrier.

16 12 c) 16 th) spectra for 520r versus excita-

Fig. 21. A comparlson of ( and (
tion energy (top) and Q value (bottom). Data arebfrom Ref. 31.

Fig. 22. n vs. K for different reactions (shéded regions).

Fig. 23. Overlap of Coulomb waves for Q=0 and 5 MeV, fof L=0 neutron transfer
(from Ref. 18).

Fig. 2k4. Variation of 180° cross section vs. Q value forvneutron'transfer (Ref.‘lB);
a; is the apsidal distance in the }nitial channel, and A = af—ai[=AD(180°)] |

Fig. 25. Peak cross sections vs. AD for one and two nucleon tfansfer on different
sequences of isotopes (data from Refs. 9,13,14,19). Transitions are O+(g.s.)_r

+ .
—> 0 (g.s.) unless otherwise noted. The data for neutron transfer have

been divided by shell model spectroscopic factors.
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™
v

58,60,62 6hN (16 15 )

9

Fig. 26. DWBA calculations and data vs. AD for

EL = 60 MeV (Ref. 13).

Fig. 27. Peak cross sections for (16 12

C) vs. AD (Refs. 9,13). The DWBA
calculation is due to Von Oertzen (Ref. 20).
Fig. 28. Formulae for semi-classical interpretation of heavy ion reactions.

1/3) for. some single neutron transfer

Fig. 29. do/dD vs: d 5

= 1/3
o --D/(Al + A
data (Ref. 13).

0

Fig. 31- dO/dD vS. do for some multi-nucleon transfers (Ref. 13).

Fig. 32. Elastic scattering (ratio to Rutherford) vs. d (Ref. 13,2k4).

Fig. 30. do/dD vs. d. for some single proton transfers (Ref. 13).

Fig. 33. do/dD vs. D(O) where do/dD has been obtained by dividing the data shown
in Figs. 29,30 by 1- P ;(F a/o, (D), Fig. 32). Data from Ref. 13. o is the
average bound state parameter (see Fig. 28).

Fig. 34. Same as Fig. 33 with data from Figs. 30,31 (Ref. 13).
o . A : ) s 16 .12, 96

Fig. 35. The inelastic scattering probability of 0 and C from ~ Zr vs. D(O)
compared with a DWBA calculation. The square of the form factor vs. separa-

tion is shown below (Ref. 2k). _
. o : 16 58 .
Fig. 36. Data for elastic and inelastic scattering of 70 from “ Ni vs. ELAB
(bottom) and D(O) (top). Data from Ref. 25.
52

Fig. 37. Levels seen in two'protoneand two neutron transfers into ~ Cr (Ref. 13).

Fig. 38. Ratlo of peak cross sections 2 /g s., 3 /g s. (corrected by a semi-

16 lh

empirlcal Q—dependence) for the ( C) reaction (E_. ~ 60 MeV) leading

L
to the re51dual nuclei indicated (Ref. 13). _
16, 1h 12, 10
( ) a (*°c,”B)

Fig. 39. Strong pn transfers, B), populating knowh stretched .

" states (Refs. 13,26)
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Tig. 40. Comparison of 2p and pn transfer (Ref. 28).
¥ig. L41. Comparison of do/d for (160,15N) with finite range DWBA calculations

(Ref. 13). The allowed L-transfers are indicated (see Fig. 46).

Fig. k2. DWBA fits and spectroscopic factors for (160,15N) populating 1f and 2p
states (Refs. 14,30).
Fig. 43. The finite range form factor for 58Ni(l60,15N)59Cu(2p3/2). Data from

Ref. 13.
Fig. LL. DWBA fits for 58’6hNi(l6O,15N) including a calculation with a radial

cut off at 8.5fm (see Fig. 43). Data from Ref. 13.

5k }60,12 )58 b

Fig. 45. DWBA fits to ~ Fe( €)’"Ni assuming (ps;,) (1"7/2)_2 configurations.

The ratios of experimental to DWBA cross sections are shown at the bottom
(Ref. 27).

Fig. L6. Selectioﬁ rules for single nucleon transfer, neglecting recoil (Ref. 18):
| 21-2l i;L <A+ L lgr=dl <L <j'+ Js; & +2+L=even

(12 08

Fig. 47. Spectra for C,llB) and (160,15N) on “%%Pb. Known proton single particle

states are indicated (Refs. 11,12).

62

Fig. 48. Spectra for (lgc,llB) and (160,15N) on 2°Ni (Ref. 12). Known single

particle states are indicated.

Fig. 49. Ratio of peak cross sections for (160,;5N) and (lgc,llB) for spin orbit
partners in the residual nuclei indicated (Ref. 125.
Fig. 50. Ratio of peak cross sections to states J = Q t 1/2 for (160,15N) and .
(l2C,llB) on 208?b leading to 2093i (Ref. 12). ‘
209

Fig. 51. Spectroscopic factors for proton single particle states in Bi deduced
from the reactions indicated using DWBA. The DWBA used in the LBL calculation

was normalized to the underlined values. . The indicated L's are the values

allowed neglecting recoil (Ref. 18). See Fig. 46.



-37- - | LBL-1208

Fig. 52. DWBA fits to (lgc,llB) (see Fig. 51). Data from Ref. 3bL.

Fig. 53. Thelcpilective model form factor fbr.inelastic'scattefing.

208Pb. The potential

Fig. 54. DWBA fits to inelastic scattering of 16O from
deformations are-indicated (Ref. 16).
Fig. 55. DWBA calculations for Coulomb, nuclear, and Coulomb plus nuclear

96Zr(120,12c?). (Refs. 13,2L4).

excitatibn iﬁ _

Fig. 56. DWBA‘fité to inelastic scattering of 16O from‘sdmevlf—2p’sheil nuélei
(Refs. l3;2h)}

Fig. 57. Pbtential‘(B) and mass (Bm) aeformation'parameters deduced from 16O
'ineiéstic scattering (Refs. 13,24).

Fig. 58; Elastié.scattering of 16O (top) and optical potentials (bottom) which
‘yield fits to the data as shown (Ref. 24). .

Fig. 59. DWBA calculations for inelastic scatﬁéring‘ofvl6o using a céllective
modei form factor and different optical potentials (see Fig. 58) (from
Ref. 2&). | |

96

Fig. 60. DWBA'calculations for inelastic scattering of’l60 from ° Zr as a func-

tion of f~transfer and Q value.

UK
I
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and @ = 40v. The yields were measured for the discrete encrgies

of the reaction pr(_)ducts : E(MeV) = 41.75 ZiA.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





