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* Part I. Angular Momentum Effects on Heavy-Ion
Reaction Cross Sections
I shall discuss a few topics of heavy-ion in-beam spectroscopy.
There are a number of advantages in using heavy ions, but also some disadvantages.

In general, there are four features that are emphasized when using heavy ions

for in-beam spectroscopy. One is that projectiles have a high nuclear charge.

That leads to £_heir almost exclusive use today in Coulomb excitation studies.

I shali talk about Coulomb excitation in the last two lectures. Another feature
that may be emphasized with'tﬁe usé of heavy ions is the possible transfer of

a large amount of angular momentum in the reaqtion. The third feature is that
there is a large lihear momentum transfer. And a fourth feature is that if‘you
choose the target-projectile nuclei properly, you can get rather good proauct
specificity when-méking a particular neutron-deficient nucleus. The last is
not an enormous advantage, because i1f you don't have a great range of particles
available to you, you can still make the desired product with protons or alphas.
But if you have heévy—ions available and pick the right.reaction (usually the
first reaction to occur above the Coulomb barrier) then usually you can obtain
the product more cleanly than is possible with protons. A (zssi,4n) reaction

is cleaner usually than a (p,10n) reaction, for example, if you're trying to

-make a particular product.

In the first two lectures I want to talk about two results of the
large angular momentum transfer with heavy ions, and the following two
times I'll talk about Coulomb excitation. The fact that a heavy ion can

bring a large amount of angular momentum to the reaction, whether it makes

"a compound nucleus or not, influences the results in a number of ways, but
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let.me mention two. It can influence the reaction itself,zthe reaction mechanism.
Aﬁd that, in fact, is the topic I want to take up with you now., But it can also -
and thi; is what is more commonly discussed - influence tﬁe nature of the decay
of the excited state.  For example, if a projectiie hits a target nucleus and »
is absorbed to form a compound nucleus; it will start thé nucleus spinning.

Whereever it hits, the nucleus will spin around én axis which is in a plane
perpendicular to the beam difection. _If there is a large amount of angu;ar

momentum transferred, you now have a nucleus with high spin, but the angular

momentum is essentially all.in the m = 0 substate. You have a very well-aligned
nucleus, and that is of_coufse something that the low-temperature physicists and
chemists work very hard to obtain. As a result of this alignment, one can measure
the angular distributions of the de-exciting gamma—r&ys to learn something about

their multipolarities. This is a singles experiment, howeQer, in contrast to a
gamma-gamma angular correlation one which is a more thne—gonsuming and difficulfz
coincidence experiment. This is»an important technique. in in-beam spectroscopy. I
should also mentiqn‘that you can perturb that angular distribution with an applied
magnetic field and by this means you can meésure magnetic moments of excited states.‘
But this topic is not éomething that is new ‘to you heré; Workers at the University
of Oéaka and Tokyd.are among the leaders in this field, so I'm not going to discuss

that subject. What I will discuss next time has to do with the fact that a

. i
compound nucleus that has been made by heavy-ion bombardment has a lot of angular
momentum and that influences the decay path of the gamma-ray cascade. Predominantly g

states of high spin are observed, and the cascade goes down from one state of

high spin to the next, picking out préferentially the states of highest spin at
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a given energy, the so-called "yrast" cascade. Tomorrow I want to discuss

examples of such cascades and what they indicate about a new coupling scheme

in odd-mass nuclei.

Today we shall discuss ways by which the large amount of angular momentum

"involved in heavy-ion reactions can influence the reaction mechanism. Let's

consider what happens when we bombard the target nﬁcleus with a beam of pro-.
jectiles; theré are a number of different impact paraméters. Some projectiies
will be defiected without touching ﬁhe nucleus; their distance of closest approach
will be tens of Fermis. The process then is mainly elastic (Rutherford)
scattering with some Coulomb excitation..’If on the contrary, the impact parameter
is small (and the projéctile is not at too high an energy) the nucleus can be

considered like a black body; it absorbs the projectile and forms a compound

- nucleus., A particular intermediate case is where the distance of closest-

approach is just barely larger than the sum of the nuélear radii. The projectile
comes close enoﬁgh to the target so that just the tails of the nucleon densities
overlap and allow transfer reactions to occur, but the trajectory still looks
mainly like a Coulomb orbit. This is called quasi-eiastic scattering. It is
hHarder to exchange many particles s$o usually one or two particles are transferred.
Such direct reactions, and the already mentioned compound-nuclear ones, and
inelastic scattering are the main £ypes of reactions poséible. Now, let's
consider making a cqmpound nucleus with a very heavy ion. There's a possibility
that a very larée amount of angular momentum is put into the resulting nucleus

if the heavy ion hits at the surface but gets captured. éome years ago, SQiatecki,
Cohen, and Plasil discussed a related problem; they calculated the decrease in

the fission barrier of a nucleus of given mass with an increase of angular
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momentum. That is, with an inérease of angular momenﬁum, the nucleus rotates

faster, fission becomes easier, and it flows apart. .Wé can see this from a
poten£ial energy diégram. Since the nﬁcleus normally doesn't fission, it has _ £
a barrier againét fission, when the potential energf is drawn vs. the coordi-
nate for fission, say the distance between the separating fission fragments.
Béyond the peak of the barrier is the fall-off due to'the Coulomb potential.
Normally the nucleus is sitting.in the potential wellvénd cannot easily |
penetrate the barrier, so it does noﬁ fission. But that is for angular
momentum zero. If we now rotate this nucleus, we must add a centrifugal
potential, (h2/23) I(I+l).i This falls very steeply with distance (assuming
S r2( for exampie) and so if the angular momentum is large enough, the well
and barrier shrink to an inflection point; the fission barrier goes to zero.
In.the time it takes for .particles to traverse the nuclear dimension,

a something in the'ofder of 10-22 seconds, the nucleus blows apart. If that

idea is wvalid, then you might expect with a heavy-ion reacﬁion where a large
amount of angular momentum can be brought in, the'cqmpound nucleus may not
always form. The compound-nuclear cross section would not go up as rapidly
with energy as the total reaétiqn Ccross section. And tﬁat is shown in Fig. 1-1
where ﬁhe cross section is plotted as a function of bombarding energy for

neon and oxygen on aluminum. The total reaction cross se¢tion has actually
been measured for the case of oxygen on aluminum by Wiikins and Igo, and up

to 165 MeV oxygen it is increasing, approachiné o1k barns.at that energy. But “
the experimeqt of Kowalski, Jodogne; and Miller just a few years ago, shows

thét the compound-nuclear cross section, as measured by counting the tracks

of the recoiling compound nuclei in a mica or plastic detector, falls with
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increasing enefgy above a certain value. 1In fact, with 160 MeV oxygen or
200 MeV neon on aluminum, the compound-nuclear cross section is only about
one-fourth or one-~fifth of the reaction cross secfion, only 300 - 400 mb

of the l%‘; 2b total reaction cross section.

So the problem, an interesting problem of only the last few Years, is where
is the missing cross section? It is not in compound-nucleus formation; it is not
in inelastic scattering. It might bebin'quasi—elastic scattering, in one-, two-,
three-particle transfer reactions in which the (modified)’projectile goes off near
the limiting elastic angle. It might be that in a still closer collision a new
type of process occurs. This is not a new hdea; it was suggested more than ten
years ago by Wolfgang and Kaufmann when they first starged working with héavy—ion
beams at the Yale Hilac. They talked of a "grazing" reaction where the nuclei
barely touch as they pass, and so the nuclear interactions come into play for a
short time. The path, the trajectory, gets deflected forward, because the nuclear
interaction is attractive, and nucleons can be exchanged during the collision.

So a multinucleon transfer occurs, but it is not an increase in the quasi-
élastic transfer cross section because it does not go on a Rutherford trajectory;
but at a more forward angle, Relatively many particles may transfer,

because the nuclei actually make contact, but\the contact is not strong enough
to peimit them to hold together, to form a compound nucleus. There have been
two ways to study this problem.(in the last few years there have been a number
of studies). Wolfgang and Kéufmann did it by radiochemical methods. ' They

used thin targets, and so let the nuclei recoil out of the target into thin

catcher foils. After irradiation, the catcher foils were dissolved, the
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different elements were séparated chemically, and then counted, With hemi-
spherical catéhef foils, it Was.possible to measure angular distributions of
the products, and with stacked foils range measurements wére obtained, so they T
got a lot of information. But it is a lot of work and ti@e—consuming. >
In the last three or four years, éounter telescopes have been used to look at
the scattered projectile, but hot the recoiling product. Again, a
great deal of inforgation is obtained, but there are some difficulties with
this, too, because the cross sections may vary markedly with the angle of the
scattered particles. It becomes especially difficult to use a counter telescope
at small angles where you éet wiped out by the beam itself. And yet, measure-
ments must be made to near 0° if therebis appreciable cross section at small
forward angles. Magnetic spectrometers can do this, they have only come into
use véry recently, and it is still an extremely time-consuming experiment
because you have to measure many angles with good statisﬁics, and do this at
several bombarding-energies; This may require weeks of runningvtime, and that
is not available to most groups. So, in fact, very complete studies have not
been made - i£ is just too time-consuming. However, a lot of information comes
from such studies, because'you obtain not only the total excitation function
and angular distxibution, but those to individual states of the target and
.projectile., That is, there may be structure in the érojectile spectra, and
that tells ybu something about the states you are producing in the projectile
and in the target. There ﬁay.also be a continuum; wusually there are both.

Our iéea was to use the'technique of gamma-ray spectroscopy and merely
look at the target with Ge counters - look at the gamma-rays coming ouf of

the target - both in-beam and between beam bursts (the Hilac beam is pulsed
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so that we have V5 ms on and v 23 ms off). .The wofk was done mainly by

Dr. Falk Pﬁhlhofer, who was with us for half a year."if such - work is done

in a selected reéioﬁ of the periodic table, you can identify the nuclides

by their gamma—réy“spgctra alone, andrthis method has the advantage that it
is extremelyvquick. The total bombardment time for the experiments described
below was about ten hours. Only one or two angles need’be done, because,
roughly speaking, the gamma-ray angular distributions are isotropic; their
anisotropy is not very lafge, about 30-40%. That can be taken into account,
and even if done roughlf, the erxror in the cross sectiog is much less. So a
number of bombarding energies can be run_through in a few hours to get
relative cross sections. But the resulté are crosé sections for production
of a paiticular gamma ray; not éf that nuclide. That ié an important
distinction; and they are not the same thing, of course. If the nucleus is
made in its ground state, you don't see it by this method. Or, if it is made

in a very highly excited state which decays to the ground state with a very high-

energy transition, it may not register.in the‘germanium counter, especially if you

use small counters as we did at first. The method is complimentary to the
particle experiments but in no way supplants them. You just don't get enough
information. - But it is a nice start - it gives some information quickly.
e ' . ‘ 20 16

The systems we chose to study had aluminum as a target and Ne, 0, -and

C projectiles. These were picked because there already were some.data on.

16 20 ' . - .
the 0 and Ne systems, the resulting gamma-ray transitions were fairly

unique, and such 1ight>systems would magnify the effect of large amounts of

angular momentum brought in,
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We can obtain information on the mechanism of production 'of the

product nuclides by determining how much linear.momentum is given them, If
a compound nucleus is made by bombarding aluminum with ﬁeon; the resUiting d
compound nucleus is only a little over twice the mass of the original . : -
projectile,'so there is a large center-of-mass motion;'a_large linear
momentum traﬁéfer to the product nucleus. If, on the_qther hand, a compound
nucleus is nbt made but a direct reaction*, such as a transfer reaction,
occurs, then the projectile itself continues with essentially the same
velocity it had.to start w;th. That.is, the projectilevhas a large final
momentum, but the target.receives very littie momentum,.so it stays put. We
want to be able to distinguish between these two reaction mechanisms in our
gamma-ray studies, and there are two ways to do that which are complimentary.
One method is to use targets of varied thickness. When a target foil
is thin compared to the‘recoil'range of the compound nucleus, the compound
nucleus recoils out of the farget. If the gamma-ray lifeftime is large
compared to nanoseconds, the %ecoiling nucleus will go quite a few centimeters,
before it emits.the gamma ray. Then our gamma counters close to the target
may not detect it, vathe target is made thicker, we may still not detect
‘iﬁ. ~But at some point the target becomes thick enough so that a compound
nucleus formed at the front of the target has its entire range inside the
target; it stops in the target. The detector will see it, and as the target B

is made still thicker, we shall see an increase in the yield from then on.

A plot of gamma-ray yield against target thickness for a compound-nuclear

* . . i . . . .

) I'll use the term direct reaction or non-equilibrium reaction to mean any
reaction .that does not go through a compound nucleus. There is not uniformity
in the literature on this terminology, so this definition is wvalid for this

talk, but not generally in the literature,
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ré;ction will show nothing up to a thickness equal to the recoil range, and
then the yield wili go up linearly. The range for the Compound-nucleusvin
the reactionéuI shéll descrige below is "V 4k mg/cmz._ Eﬁén the use of as
few as thrée taréet thicknesses will give an estimate of whether there has
been a full-momentum transfer, a compound-nuclear reaction,vgr not. For

if the gamma ray‘comes from the nucleus derived from the target in a direct
reaction, tha£ is, from a product with low linear momentum, the yield curve
will rise linearly with the target thickness starting esséntially at zero
thickness., These two cases are shown schematically in fig. 1-2.

That is a way of distinguishing a high-momentum transfer-product
nucleus from a low-momentum one if the life-time of the gamma ray is long
compared to nanoséconds. I1f the life-time is very short compared to nano-
seconds, we can see whether the gamma-ray is Doppler—shifted. It will show
a Doppler-shift if the detector is at a forward angle, and even at 90° it
will be broadened because the counter has an appreciable solid angle. There
are three possible cases. If the gamma-ray comes from either a compound
nucleus or a ﬁrdduct derived from the projectile, there will be a Doppler—shift.
If it comes from a product derived from the target in a direct reaction,

there would be no Déppler—shift or broadening.b So again by this method you

‘can distinguish whether the gamma-emitting fragment had a large velocity or

not.

Well, that's the idea; it is a simple experiment. The work is mainly

_ invanalyzing the data. You must go through the reams of spectra and identify

the gamma rays, correct their intensities for the detector efficiency, and so

obtain absolute values for the cross sections to produce them, Some 30
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gamma rays from 22 nuclides were identified in the reactions of 20Ne and 16O

on 27Al, and Fig. 1-3 gives examples of the spectra. The top two figures are

Ne on Al and the bottom one is O on Al. Note that there are a finite‘number
of gamma;ray lines, indicating the experiment can be done, which is the first P
thing we had to convinée ourselves. Almost all ofvthg méjor gammé—rays can
be identified. We look separately both in-beam and ouﬁ—of—beam, and some of
the useful data comes from the out-of-beam spectra which are gamma-rays
following B~decay and give the cumulative mass-chain yield. But remember
we are not observing the yield of a nuclide, we are observing the yield of
the gamma-ray. This gives only a lower limit on the yiéld of the nuclide,
Neon iqns'of 85 MeV ehergy on aluminum are at a reasonably low energy,

so one can expect mainly compound-nuclear reactions, and that is what is

42,43 42,43

observed. Argon 38 and Ca, Sc are all compound-nuclear products,

as will be indicated below from target thickness vs. yield curves and also
from the excitation. functions. At higher bombarding energies, the yields

of these partiCﬁlar nuclides decrease and other compound-nuclear products )
. : . . 32

appear that involve the evaporation of more particles., For example, P

shows up as a reaction product at higher energies. But with the highest

: 20 ' _
energy 20Ne beam, 200 MeV =~ Ne on 27Al, a number of products such as 18'19F,

9,2 '
19, lNe, 22'24Na, stg, and 26'28Al appear, all in the mass range 18 to 28.

As you will see below, all of these are low-momentum products derived from
the target in direct reactions. It may not be obvious from Fig. 1-3, so I would

18'19F and other products in

like to point out that the relative yields of
the mass range 18 to 28 have almost precisely the same relative yields for

200 MeV 20Ne as for 160 MeV 16O on aluminum, and for 120 MeV carbon on aluminum.
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This is not true, of course, for the compound-nuc¢lear products, which show
very different yields depending on what the projectile is (and the energy).

2 : :
1Ne 351 keV transition

Another point to be noted is that the peak of the
is broad at the base for the 200 MeV 20Ne irradiation. Most of the yield,
in fact, is in the Doppler-broadened peak and not in the émall spiké. But
that same transition in’21Ne is not broadened in the spectrum from 160 MeV

16O. This illustrates that there are two mechanisms operating to make the

21 . S , ,
""Ne, one involving a large linear momentum transfer, the other a small

momentum transfer. With 160 only the latter occurs, so the 2lNe in this case
is derived from the target. With 20Ne as the projectile, it can also be made
by neutron pick-up.

Figure 1-4 shows the region of the periodic tablée involved. The target,
projectile, and compound'nuclehs'are marked and the 22 product nuclei identified
are shown. The minus signs indicate nuclides which have gamma-rays which we -
éhould have seen‘if they had been made in anyvreasonablevyield. A reasonable

yield, with this technique, means millibarns., In-beam gamma-ray spectroscopy

is not a very sensitive technique. The blank squares are the nuclei about which -

we know nothing., We did not see them, but there is some question whether we should

have seen them because of their location or because of the nature of their
décay scheme., Clearly the nuclei we did observe fall near the valley of
stability. That is not too surprising, since it rises rather steeply on each

side in light nuclides and so one cannot move very far from it with any

‘appreciable cross section. However, most of the nuclides seen appear to fall

32
into two groups. One goes from the compound-nucleus down to P, and the

other group involves masses from 28-18. The first group, as shown below, are
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compound-nucleéf products. The second group, with the exception of 19F and
part of the 21Né vield, come from the target nucleus by direct reactions, or
| perhaps more accurately, by non-compound-nuclear reactions. The single-
particle transfef reacfions leading to 19F and 2lNe ha&e the biggest cross o
sections in this groﬁp, but there is a non-negligible cross section for all
the other mass 28—18.nuclei, and one of the problems\is how do they come
about ; what are they? Before we come to some speculation about them, let
me point out one more feature on this figure which is rather striking. That
is the asymmetry in yield between the product nuclei of mass 28-18 coming from
the target,_27Al, and the lack of observation of direct reaction products of
correspondingly heavier mass also coming from the target. For example, if‘
the mass 28-18 group are the result of multi-nucleon trahsfer, multi-nucleon
transfer reactions should also be able to transfer up fo 9 particles into
the target and sé give heavier products. Now we haven't proved that they
are not made, because as I mentioned earlier, we don't really know
that most of the direct-reaction products in the mass‘range 28-38 are not
observed because of some quirk of their decay schemes. But the indication
is that there is a marked asymmetry, and that is a clue, of course, as to
what is happening.
Figure 1-5 gives some examples of the plots of gamma-ray yield vs. target -
thickness. These help decide whether the transitions come from nuclei with
avlarge velocity or not. The unshifted peak in 38Ar is typical of nuclides
made from compound-nuclear reactions. Because they recoil out of the thin
target, they cannot be seen until the target thickness is greater than the

recoil range (v 4% mg/cmz). Phosphorus 32 shows the same behavior. So these
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nuclides, we think, are made with a large moﬁentum transfgr by compound-
nuclear reactiohs, and their excitation fuhctions iﬁdicate the Samé thing,

as you shall‘see. ‘The other nuclides, particularly those from mass 28-18,
show essentially straight lines from the origin for such plots of yield
agaihst target thickness, and that indicates that they are made with little
momentum transfer, i.e., they are direct-reaction products froem the target.
Figure 1-6 shéws'some excitation functions. These are nét very good since
they have only four points, but we had very limited maéhine time before it
shut down. Again the heavier nuclei, 38Ar, 36Cl, and 32P are indicated to be
compound—-nuclear reaction products; phey show maximum cross sections and

thresholds exactly where you would calculate them for cdmpound—huclear reactions,

if the particles being emitted are considered as alpha particles whenever

~ two protons and two neutrons are evaporated and the rest as individual nucleons.

' : . 38
That would give thresholds where the arrows indicate. The yield of Ar

appears to consist of two reactions; the lowest energy one involves two alphas
and a proton evaporating, and then at higher energies, one alpha and five

nucleons come out. Now the other examples, the nuclei with masses from 18-28,

‘all show about the same behavior. Almost all show a peak with a threshold

aroﬁnd 100 MeV.  In some cases that is 50 or 60 MeV below the compound-nuc lear
threshold, even for alpha-~particle evaporation.b For example; to make 18F the
compound nuclear threshold is about 160 MeV, and the obsérved threshold is
below 100 Mev. So I am pretty sure these are not compound-nuclear reactions
and that agrees, of course, withvthe evidence thét they come from a target

nucleus with little momentum transfer,
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I might mention that the same sort of experiments were done with
.'oxygen on aluminum with the same sort of results, although they are not
quite as nice nhor as complete. With oxygen on aluminﬁm the thresholds for
these reactions seem to be about 120 MeV, a little higher in energy and they
- are notvquitg'so well marked. But again they cannoﬁ,bé ascribed to compound-
nuclear reactions.

So, what do we have? We know that the total reaction cross section
goes up monotoniéally, as is'shoWn in Fig., 1-7 for 20Ne»on 27A1, It starts”
rising at the Coulomb barrier, about 40 MeV., The compound-nuclear reaction
cross section determinations of Kowalski et al. give the points indicated,
showing a cross section decreasing from about 90 MeV on. :And we have found
that the direct reactions which lead to the products deriQed from the target
nucleus, ranging from l8F to 28A1, all start up around loQ MeV, I have not
mentioned one particular reaction which I should, and that is fission. In
particular, cbmpound—nuclear fission, The people who did the experiments
to determine compound-nuclear cross sections looked at the recoil of the
compound-nuc lear pfoducts into track plates; the latter are purposely chosen
so they will not respond to masses of the Qrder of those df the projectile.
For example, for neon on aluminum they will not respond'ﬁo masses of the order
of 20 or less. . Only heavier nuclei, corresponding‘td products derived from
the compound nucleus, 47V, will make tracks, say masses in the range from 30-47,
But that means if symmetrié fission occurs it would not have been seen, because
the fission fragments would be back in the range of 20_plus mass units, So,

i

in fact, their cross sections may be too small by however much there is of
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compound-nuc lear fiésion. wWhat if all the products wé observed in the mass

range from'18 to 28 were the results of compound-nuclear fission? I cannot
définitely say no, that is not so, but there are a number of plausibiiity
érguments against it. Fission from a compound nucleus haé a certain anqular
distribution; it has to be symmetric around 90° in the ¢. of m. system.

There has to be as'many of a given fragment in the backward direction as in

the forward direction. In the laboratory system with 20Ne on 27Al, the

forward direction means going forwara with a velocity about that of the

original projectile, and the backward direction means almost standing still.
(Exactly so if the target and projectile were the same mass and the same as

the symmetric fis;ion products.) Bqt that means we should see all short-lived
Y-fay transitions equally likely with Doppler-shift and without, because some

come from stationary fragments and some come from forward—moving fragments., In the
case .of the 351 keV. transition in 21Ne made with 16O on‘27Al, there is no Doppler-
broadened component. There should have been, if this product were the result

of compound-nuclear fission. Two other high-energy gamma rays, seen only with the
coaxial countef, alsobdo not show equal amounts of broad and narrow peaks.

- But these are not many cases, so it is not a very strong argumeﬁt. Another
argument, though again not a very strong one, is the feature mentioned earlier

that the relative yields of the products from l8F to 28Al were the same whether.

. : . 2 12 .
aluminum. was bombarded with 0Ne or 16O or C. Clearly, very different
. ' , . 4 9 .
compound nhuclei. are made, ranging from 7V to 3 K, so ycu might expect the
fission fragments to show a distribution which would véry. That is, if they

showed any probability of peaking around symmetric fission, then obviously

that peak would move down 4 mass units and sHould be noticeable in the results.
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Tﬁis did pot appear to happen. Of course; the answer tovthat could be that

fission in such light fragments under these conditions cén cover a broad range of
‘mass distributions with equal probability; there is no symﬁetric peaking but
fragments from mass 1 to mass 47 occur with almost equal probability. To that I can
answer that we should then see everything from mass 1 tb'mass 47, and we do not.

But there éurely‘ﬁas to be some fission, and we ‘can set a rough limit. We
wiil‘not see any product‘witﬁ a cross section less than a few millibarns,vso if a
hundred products are possible from the mass 47 compound nucleus, each requiring a
few millibarns,‘the total cross section coulé be a few Huﬁdred millibarns. That
is, anywhere from zero to, say, 300 millibarns could go into compound-nuclear
fission. Thus, that adds from zero to a few hundred millibarns to the 300-400
millibarns of compount-nuclear cross section already ébsefved by the track-plate
investigators for‘éOO MeV 20Ne on 27Al, so let's double their number and consider
700 mb an.upper limit for the compound-nuclear cross section, That,is still less
thanb half the total reaction cross section of "V 1.7 barns. So there is still of
the order of a barn to account for.

Let us éonsider the calculétion of reaction cross sections more quantitatively
using a simple'éharp-cutoff model. The reaction cross secfion, if you consider

- the target a black sphere with plane waves incident on it, is

Lnax

o =T 7(2 Z (21+1) = TTR2 (1-v__/E) (1-1)

R B CB '
I=0
. 1/3 , .1/3 I e
- . = = —V h “2
Loy = Keghr R=To @A77 + 270 + e, x V2U (E s (1-2)
where_Al,A2 are the mass numbers of the projectile and ta;get, respectively, U is

the Coulomb barrier.

the reduced mass, X the wave length, E thg c.m. energy, and VCB

- The reaction cross section is calculated assuming that all collisions in which the

§ : .
distance of closest approach is less than*R lead to reactions, For the radius

'q,
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parameter, r,, a value of 1.16 fm was taken. The parameter t, which accounts for

the diffuseness and the range of nuclear forces, was determined from a fit of the
. . . 16 27 : :
measured reaction cross sections for 0 on Al to be t =-2.0 fm, GR starts up at
- . 2 .
the Coulomb barrier, and goes to the geometric limit of TR” at high bombarding
energies as drawn in Fig, 1-7. The limiting angular momentum, Lmax' is the angular
momentum that corresponds to hitting the edge of the target and is given in Eqg. (1-2).

For 200 MeV neon on aluminum, the value calculated for Lmax is 60 h. Eguation (1-3)

provides the same sort of calculation for the compount-nuclear cross sections,

R max

o for L =21
cr -
; (1-3)

L
C
o =1 X (2L+1) =
CN
L=0

with Lc = minimum (Lor'Lhax)' The compound-nuclear cross section will be equal to

T X2 L (L +1) for L < L
cr cr cr max

the total reaction cross section if the critical angular momentum (that angular

momentum at'whichithé Coulomb repulsion and centrifugal forces overcome the nuclear

surface tension and allow the nucleus to blow apart) is greater than Lmax of the

reaction. That is, the target is a black body and anything.that hits it is caught

and forms a compound nucleus as long as the angular momentum brought in is less

than the critical angular momentum. But if the critical angular momentqm is lower

than Lméx' all the particles bringing in more angﬁlar momentum than Lcr Qill not

form a compound nucleus. The critical angular momentum cannot be calculated from

any simple formula, but if you have, as we do, a W. Swiatecki at your place, you ask

him to calculate it from the liquid-drop model. He does.this by calculating how

mﬁch angular momentum is needed to reduce the fission barrier to zero. An interesting

feature is that we are getting to a point where the rotational energy is becoming

comparable in magnitude to the Coulomb energy and the sur face fension energy of

the liquid drop. That is a new regime in nuclear physics.
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The criticél angular momentum on such arplot as Fig. 1-7 will be é‘hyperbola,
as the cross section for any constant value of L goes aé”kz or 1/E. The critical
angular momentum for the compound nucleus 47V is 45 h, as calculated by the liquid-

~drop model. It is less than Lmax at 200 Mev 20Ne_(6O f1), and so it would be
expected that only about one-half the total cross sectioh would go into coﬁpound-
nucleus formation at this energy, if the ligquid-drop moael picture is right. And

let me emphasize; that is a model calculation and may or may not have anything to
do with real;ty.‘ At.thé end I shall point out a somewhat different Qualitative
approach to this problemf But this calculated value for‘ch, 45 h, is still rather
large compared to the experimental results for compound-nuclear cross sections, as
they indicate a value of about 30 h (see Fig, 1-7). However, a correction has to be
made to each value. The experimental curve‘does ndt inclﬁde compound-nuclear
fission, and any such fission would raise the value of 30 h. And the calculated
valué is too large bécause the nuéleus will still blow apaft, rather than form a
compound nucleus, even with a small, non-zero, fission barrier, So Swiatecki calcu-
lated the angular momentum at which the fission barrier is not zero but is equal
to thelenergy it takes to evaporaté a particle,‘a neutron of»proton, whichever is
most likely to evaporate from this compound nucleus. (That is a proton in this
case. The Coulomb barrier is low, and the proton binding energy is.lower than the
neutron binding energy.) He calculated the angular moméntUm corresponding té a
fission barrier, no£ of zero, but V9 MeV, and came back'with the answer 30 h. 1
should point out that he did not know the experimental results, so that is pretty
good agreement, butVSOmewhat fortu;tous, of course, since both experiment and
calculation are only good to séveral units in h, But it shows that such calculations
are in the right ball park.

| We have one more number to add to this. We have observed a number of

products, which I have called direct-reaction or non-equilibrium products

coming from the target, all of which have excitation functions starting up at
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about 100 MeV. What part of the missing cross section do they represent?
Since we do not know the total absclute qroSs section for all such products,
but only for the ones we have seen, we shall have to consider the shape of
their excitétion functions as being typical, namely that they start having

_ . ’ 20
measureable cross sections above about 95 MeVv

Ne bombarding energy. This
threshold corresponds to an angular momentum limit of about 35 h. what does
this mean? We can only speculate. A value of 35 h might‘not be an unreasonable
limit for the Compoﬁnd-nuclear cross section including coﬁpound—nuclear fission

(corresponding to about 200 millibarns fission). But how much cross section

have we actually observed in the direct or non-equilibrium type reactions, as

2

- ' 0 _
Fig. 1-7 shows that at 200 MeV ~ Ne the total amount of cross section for

Og = Ogy corresponding to a 35 h limit on S is more than 1 b. We can

. , . 1 28 .
integrate the yields obtained from the products from 8F to Si and we come

up with about 300 millibarns cross section. About half of that is in the
) : . 19 21 .

one-particle transfer reactions to make F and Ne. But we did not see
1 19 . ' :

Na and Ne, so if they are equally produced, the cross section. should be
doubled. 1In fact, I think they should be larger than that because we do not
observe any cross section directly to the ground states, we do not observe
any cross section for a projectile-derived product that decays by a gamma-
ray transition with a life-time greater than nanoseconds. We do not
observe high-energy gamma-rays that come from high-lying states and go straight
to ground because, unfortunately, most of these measurements were made with a
small planar detector. We used a coaxial detector only in the last run, and
we did observe additional 1 to 2 MeV gamma-ray transitions. So, the fact that
we have only measured 300 millibarns cross section does not seem too bad. I

believe that the cross section for these reactions could easily be twice that
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figure. quéver, I am a little bit worried»aboﬁt how to get that number up
~ to 1 barn which is about what we are missing.
iet us ldok-at this situation in a slightly different way. What are
the types of reactions we are considering? The projectiles that hit the target o
at not too high an energy are absorbed to form a compound‘nucleus. If they
hit off cénter, there is a large amount of angular momentuﬁ transferred.
The projectile stickS'td the target, a neck formsvbétween them, and while
they rotate around, the neck gets larger until they mérge into a single
cémpound nucleus.
The other extreme situation is where the projeCtilé goes by and does
not quite touch; "quasielastic" scattering. One or two nucleons can be
exchanged, but noﬁ‘very many because there is too much distance between
nuclei. The projectile trajectory is essentially that of an elastic
scéttering.' Finall?,'the reactions we want to talk.aboﬁt,-the grazing
reaqtions, or the direct reactions, or the non—equilibrium reactions (and
you'll see why I use that term) are the ones iﬁ-betweeh.‘vThe projectile
actually hits.on the surface. If the energy is high enough, it will hit and
start to form a neck, but as it‘fotates around ﬁhe target the following forces
are acting on it. .The attractive nuclear force is pulling it in to amalgamate
with the target. The Coulomb repulsion is trying to separate the two nuclei,
to blow them apart. And finally, the linear velocity of ﬁhe projectile is
‘initially pushing the projectile inﬁo the target, holding them together and letting hd
the neck form. But when the two nuclei have rotated at most 90°, the motion
of the projectile is now away from the térget, with the Coulomb repulsiqn

and against the nuclear attraction. If the original velocity is high enough,
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there is going to be a reasonable chance that the projectile goes off - it
does not stick. -If the original velocity is not too high, the projectile

will continue around the target, the neck will grow bigger and bigger,.and

it will form a compound nﬁcleus. And there is éoing to be every grédation
in-between. What happens to the projectiles that pull off? They have rotated
some small angle around the target, so, clearly, they willvnot show a
quasielastic pattern. The nuclear interaction has deflected them from

that path, pulled them forward. They will appear in‘a cone at smaller

forward angles than the "critical" angle for quasielastic scattering. And
since fhey havé been in close contact witﬁ the target for a fraction of a
nuclear rotation; they can have exchanged nucleons with it. Multinucleon
transfers are quite possible, but the collision is a very drastic, a traumatic,

experience for the two nuclei to undergo. They hit very hard, but not at

~a high enough relative velocity td go through each other. (A 100 MeV proton

goes through a nqcleus, but these projectiles are at 5-10 MeV per nucleon,

so they cannot go through the target.) They have to go afound each other on
the surface. In so doing, théy are obviously heating up.that surface. There
is a large amount of frictional energy expended. In the pfocess, small pieces
of nuclear matter are chipped off and sent forward, naﬁely protons, alphas,
and neutrons. Actually, the protons and alphas were observed. ten yeérs ago
in early experiments at the Yale Hilac; there is a large cross section for
producing protons and alphas at small scattering angles from this kind of
reaction. It was noﬁ-quite understood why at that time, but it was obvious
they had to come from some splitting up of the projectile and/or target. The

resulting products of both the projectile and the target are thus going to pe
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smaller in mass,:and this will.be accentuated by the evaporation of still more
nucleons by the local heating. There is a reasonable.eonsistency to this
picture, because it helps explain‘why we see products beidw the target more
reaaily than those abo&e. Products derived from the projectile in such
collisions should also favor smaller masses and should be predominantly’at
forward anglés. They also should have their linear velocity reduced, because
a lot of energy;was used up against friction and in breaking-off these small
fragments. That is exactly what has been observed in_the experiments, for
example, at Orsay by Prof. Lefort's group. However, this picture does not
explain everything; it is merely a suggestion, not a faéﬁ. What are the possible
consequences? "Fi;st of all, it is clear that with the usé of very heavy ions -
and we hépe té bevworking with very heavy ions in the futﬁre - there may be

a lot of trouble seeing compound-nuclear reactions. In fact, I would guess
that to make compound-nuclear products, argon is as big a projectile as you
want to use. For larger ions the cross section may get so small that it will
not do you any good. That is very serious, of course,.for the people who want
to make super=-heavy elementé. They are going to have.real trouble making

them by compound-nuclear reactions with very heavy projecﬁiles, and they are
well aware of this. The cross sections do seem to be ge;ting lower and lower
as more wbrk is done with such ions. Not a lot is gained by going to transfer
reactions, because the multinucleon transfer reactionvisvthe only way to make
big changes and they tend to go preferentialiy one way, to émalier products.
(I don't think they are all multinucleon trénsfer reactions in the literal
sense, because I do not think they are all two-body réactions, but t@ree-body,

. . ' : 9
and many-body reactions.) The particles lost from the 7Al target when
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bombarded withIZONe are not all picked up by the Ne; many'of them are lost.
That isvnot to say'that there are no multinucleon transfer reactions. There
are, but the cross sections ére quite small. I do not think you are going
to see several hundred millibarns in muitinucleon tfansfer reactions. . But

I think that much of the missing cross section may well be in reactions like
those I have just described, where the nuclei hit but_do not stick to form
a compound nucleué. Energy is lost against friction as the two nuclei roll
around each.other, and energy and nucleons can be interchanged between then,
but they separate before any equilibrium is achieved. That is why I tend

to call them noﬁ—equilibrium feactions. We have not préved that they exist,
This is only a sﬁggestion, a hypothesis. It is quite obvious that many more
experiments mus£ be done to settle the nature of the reaction mechanisms

and to account for the unknown cross section.
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Part I

Figure Captions

. ' . : 2
Fig. 1-1. Compound-nuclear cross section vs. beam energy for ONe {(upper curve)
L. 27 '
and 16O (lower curve) on Al. ¢
Fig. 1-2. Gamma-ray intensity as a function of target thickness. Case 1l: y-rays
from nuclei formed from the target in a direct reaction (no momentum trans-
fer). Case 2: y-rays from nuclei formed in compound-nucleus reactions
(full momentum transfer); this curve holds for nuclei which are stopped in
the target} Gamma rays from recoiling nuclei are either absent, if the
lifetime is ﬁuch larger than 1 ns, or they can be distinguished by the
Doppler effect. A narrow range distribution is assumed.
L . . 20 ‘16 27
Fig. 1-3. Gamma-ray spectra obtained in the Ne and 0 bombardments of Al.
Fig. 1-4. Reaction products identified in the experiment with the ONe beam.
Projectile, target and compound-nucleus are indicated by dark squares. A
minus sign indicates that a nucleus has not been observed although it should
be detectable in this experiment.
) -, . . 20 27 .
Fig. 1-5. Experimental yield functions for 206 MeV Ne on Al. A correction
for the energy loss in the thickest target has been included. The energy
of the transition and the lifetime are indicated.
. PO . ' 20 27 .
Fig. 1-6, Excitation functions measured for Ne on ‘Al. The arrows labeled
. .CN indicate the calculated threshold for compound-nucleus reactions (with

emission of nucleons and O-particles). Error bars include only statistics

and errors due to background subtraction.
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Fig. 1-7. Energy dependence of the reaction cross section, GR’ and of the

) 20 2 .
total compound-nucleus cross section, OCN’ for Ne on 7Al according to
the sharp-cutoff model described in the text. The curve parameter is

L _, the upper limit of the angular momentum of the compound-nucleus.

The data points for OCN are from L. Kowalski, J. C.-Jodogne, and J, M, Miller,

Phys. Rev. 169 (1968) 894,
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Part II. A New Coupling Scheme and Some Examples

This morning I want to talk to you about a new coupling scheme for
odd-mass nuclei, but I shall start with a little histofy.v About ten years
ago, Ray Sheline suggested that there might be a new region of deformation
for nuclei with both the number of neutrons and protons.in the range of
50-82, Wwhen nuclei are well away from closed shells, fhére are enough particies
to polafize and thus to deform the core, and this happens in the rare-earth
region, 50 < z <82, 82 < N < 126, and in the actinides, 82 <z, 126 < N. It
might also hapben in the new region with both neutrons and protons between 50
and 82. It does indeed seem that there is a tendency towards deformation in
this region, as is shown in Fig. 2-1. Here, I have plotted for the Ce nuclei
the ratio of the energy of the a* state to the 2* state fwhich for a rigid
rotor would be 3.33) and of the 6+ state to the 2+ state (which for a rigid
rotor would be 7). The singly-magic nucleus, l4OCe, is in the middle of the
figure, and you see the ratio is very, very far from 3.3 to 1. But at the
wings, as you move away from the magic number of neutrons, either going to
fewer, or to more, than 82 neutrons, these‘ratios do approach those of the
rigid rotor. The lightest nucleus, 124Ce, and the heaviest, 156Ce, do show
approximately the right ratios., So, there is an indicétion of moving towards
deformation in both of these cases. The neutron-deficient nuclei were studied
by us in heavy-ion reactions; the neutron-excess ones were studied in the
sbonténeous'fiSSion of 252Cf by stan Thompson's group at‘Berkeley.

I am going to be interested, primarily, in the neutron-deficient region.

If these nuclei are deformed, in what way are they deformed? Are they prolate,

are they oblate, are they triaxial? How do you answer that question? It turns
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~out that it is not easy. You can easily look at the_enéfgy levels or the
fact that véry iarge B(E2) values are involved and think that you are going
towards deformation, but it is very hard to determine exéerimentally the
nature of that deformation. With stable nuclei, you could measure the static
quadrupole moment by nuclear reorientation. But, these are not stable nuclei,
so how dovyou find out what is the nature of the deformétion? A suggestion
has been méde that you could fell if you looked at the odd-mass nuclei. In
this fegion - the light cesiums and lanthanums ~ we are dealing with hll/2
protons. If you look at a Nilsson diagram for the segment including the h11/2
proton, you see that on the prolate side the hll/2 subshell fans out with'the
Q = 1/2 level lowest, and then the Q = 3/2, 5/2, 7/2, 972, and 11/2 levels in
order. On the oblate side the order is reversed, with the Q = 11/2 level
lowest and § = 1/2 highest. Omega is the component of the particle angular
momentum along the nuclear symmetry axis, and £ = 1/2 means that the 3j of
the barticle is almost pérpendicular to the symmetry'a#is, while Q = 11/2

has the angular momentum almost parallel to the symmetry axis. The point of
all thié is that it was thought that if you looked at anqud—mass nucleus

and identified a low-lying 11/2 spin state or a 1/2 spin‘state, that w&ﬁld
tell you whether the nucléus was oblate or prolate. 'And so, a lot of work
was done looking in the barium and lanthanum and cesium nuclei totry to observe
such states. 1In fact, isomers of spin 11/2 were found in almost all of |
these odd-mass nuclei. And so the hypothesis was made that these nuclei were
oblate, becauseAthe only easy way to account for low-lying 11/2 isomers in

these nuclei'WOuld be if they were on the oblate side.



-35- : LBL-2346

But the story is not that simple., First of all, if the nuclei were
prolate and reasonably deformed, the low-lying § = 1/2 band would not be regular
at all. For such a band, one must consider the effect of the.deqoupling
parameter, which can change the level order in the band if strongly enough
deformed. There may not be a regular sequence 1/2, 3/2; 5/2, 7/2, « * *, but
rather the disturbed order of the strong-coupling limit; the lowest state would
be a degenerate pair of levels, of spin 372 and 7/2, and the next level would
be the 11/2. Thus, you can get a 11/2 state lying low in either the
oblate or prolate case. So that is not the conclusive test that it might be.

We got interested in this problem and thought that perhaps one way to shed some
light on it would be to study, not the lowest-lying level, but the band that

is built on that lowest-lying level. The reason for this is given in Fig.

2-2, 1If the lowest-lying level is a K = 11/2 level, then there will be a

band built on it which is just a normal rotational band. It will have spins

11/2, 13/2, 15/2, 17/2, 19/2, = - « ., By using a heavy-ion reaction and the
techniques of in-beam spectroscopy, a large amount of angular momentum is given

to the product nucleus, and you see a gamma-ray cascade in-beam which will
correspond to the left-hand side of the figure. There will be E2 crossover
transitions, and M1-E2 mixtures which will go between states of spin differing

by 1. So there will be a rather complicaﬁed gamma-ray spectrum, and the level
order will be 11i/2, 13/2, 15/2, 17/2, » -« » . For the other case on the prolate
side, there is, in the strong-coupling limit, a disforted K = 1/2 band, with the level
order as shown iﬁ Fig. 2-2. But the reaction makes the nucleus at high spin, so the

only states observed will be the high~spin states at any particular energy; the low-spin



-36- : . LBL=-2346"

states are by-passed. The gamma-ray cascade will pass just through the 19/2
state, 15/2 state, and the 11/2 state. There will only be stretched E2 transi-
tions; no Ml—E2:cascades, because the decay only goés between the states of
" high spin, which differ by two units. So the spectrum would look different.
And more importantly, the transition energies are quite different, If
you look, for example, at the spacing between the 11/2 and 15/2 levels, you
will see that the energy difference on the oblate side‘(K_= 11/2 band) is more
than twice as large as that on the prolate side (K = 1/2 band). These are
calculated for the same moment-of-inertia. So, if we can identify the 15/2 - 11/2
transition, we will see a characteristic spacing. Fof comparison, and because
it will be important for what comes 1ldter, the energy levels of the even-even
core, which go 0%, 2%+, 4+, 6*, . . . are also shown in the middle of the figure,
calculated with the same'moment-of—inertia. When made in a heavy-ion reaction,
this gamma-ray cascade will be a series of stretched E2vtfansitions. Notice
that the spacing of the first excited state (2 - 0) is small. It is 6 g;; ’
and this is about two and one-half times smaller than the 15/2 -+ 11/2 spacing of
the K = 1/2 band and about 4 or 5 times smaller than the 15/2 -+ 11/2 spacing
of the K = 11/2 band. |
So,>we* decided to look at the odd-mass lanthanum nuclei in-beam, and to
look,.in particular, at the band built on the 11/27 state._vThere are several
such isomers known in the heavier lanthanums, anavwe studied the lanthanums
from mass 125 to 137. 1In every case, we found an 1l/2_ isomer, and in the
in-beam spectrum we saw a number of strong transitions;'one, two, or three
of these strong transitions could be identified cs forming a stretched E2

cascade feeding the ll/2_ isomer. There are also occasionally strong transitions

* L
We are Hugo Maier, of the Hahn-Meitner Institute in Berlin, Kozi Nakai, of the

University of Tokyo, Jack Leigh, of the Australian National University,
Frank Stephens, and myself. '

I
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which were not in that cascade, but they were the ones de-exciting the isomer

to ground. In most cases, we worked out how the isomers decayed to ground.

That did not always prove that the spin of the isomer was 11/2; the proof that
we are looking at Spin 11/2 isomers came from (a,t) experiments done in
Copenhageh by K, Nakai and P. Kleinheinz, where they bombarded barium with
alphas and observed the states in the corresponding lanthanum nuclei. 1In

the heavier nuclei; 11/27 isomers are known, and they found these were strongly
excited in the pick-up reaction. For the lighter nuclei, they observed a very
similar patterh, so they could claim that these were the 11/2 states in the lighter
nuclei. For the two lightest lanthanums, 125 and 127, we do not have proof that
they are 11/27 isomers; but we think by analogy that they must be.

I don't want to take up the experimental details, but we did the normal
things involved in in—beah spectroscopic studies. We took singles spectra and
coincidence spectré, we did angular distributions, and in some cases, we measured
the conversion-electron spectra. We took spectra, both in in-beam and between
the beam bursts. The resulting decay schemes are in Fig;'2—3. Each odd-mass lanthanum
(I left out lanthanum 135 and 137) is plotted next to the barium nucleus witﬁ
one less proton, with the 11/2- state of the lanthanum at the same level as the O+
ground state of the barium. I remind you, that these 11/2” levels are not the
ground states; they are isomeric states, lying above ground, but we are not
interested in that. We are interested in the cascade built on the 11/2 level.

And the striking feature of this fiqure is-that every one of the lanthanums has
the same spacing as the neighboring barium. That is, if you take one proton
away from the lanthahum, you have the corresponding barium, and it has

ground-band -spacings which are identical, essentially, to the lanthanum. (This
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135’137La; however, in these cases bnly one higher state is

is also true for
seen and it lies rather high.) This was completely gne#pécted. A few moments
ago I took some time to point out that what we expected was an approximation
to either the K = 1/2 or K = 11/2 limiting case, where the 15/2 to 11/2 spacing
would be either 2% or 5 times the 2+ > 0+ spacing of the corresponding even-even
core nucleus. And we do not see that at all. The sﬁriking feature that we
have to explainvié, why 'in this string of odd-mass lanthanums, the spacing of
the 11/2 band is the same as the spacing of the ground;state band in the
even-even core.
One way you might explain it is by weak coupling. If we weakly couple
an 11/2 proton to the even-even core, we get for zero rotation of the core a
state which is still 11/2. .That is the isomer, the head of the band. If we
couple the 11/2_ partidle to spin'2+ of the core, we get*five states with spins
. ranging from 7/2  to 15/2 . Coupling 11/2  to the at core.étate gives a group
of degenerate states whose spins range from 3/2 to 19/27. Now, if the splitting
of these leveis - the breakihg of the degeﬁeracy_of these ievels -is very.small,
then you have the weak-coupling model, and clearly thevspécing between the groups
of states is still the same as the core spacing. 1If you pick out the states
in each multiplet of highest spin, you will get the 19/2, 15/2, 11/2 spacing
observed in thé odd-mass La. But, we do not think that is the answer for a
number of reasons. One is experimental. If weak coupling_were éccurring, we
should see sevéral transitions between the members of the multiplets, as they
are not very different in enefgy. For examplé, if you méke'the 19/2 state, you
ére élso going to make the 17/2 state. You may not make és.much of the 17/2 as

the 19/2, but you will surely make an observable amount. And so, you should see
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the 17/2 decaying to the 15/2 and 13/2 states. The latter transition would not
have exactly the same energy as the 19/2 »* 15/2, Or, if it had exactly the same
energy in one case, it would not have the same energy in all of these cases.
And in all of these cases, we see only a single transition.between each multiplet.
So, we do not think this is weak coupling. And you will see in a moment that
we are working in a region where the splitting of the multiplet levels is greater
than the spacing of the core states, exactly the opposite of the weak-coupling
requirement.,

We obtained these results about 2% years ago, and at that time we had
no explanation. Then, about two years ago, Frank Stephensvwent to Munich on
leave. During his year there, he worked with a student on a theoretical problem
involving the Coriolis coupling of two high-j particles in an even-even nucleus
in order to explain (and I don't want to get into thisj the backbending phenomenon
seen in some nuclei for high-spin states of the ground band. But, when he came
back to Berkeley a little over a year ago, we talked abopﬁ this explanation,
and it occurred to us that if it had any validity for the even-even case, it
should be still simpler for a single odd-particle coupled to a core, and so we
ought fo investigate that situation. The idea is really quite simple, and I
want to give you the physical idea first. Let us start, not with the weak-coupling
scheme, but with the strong~coupling model of Bohr and Méttelson, We take an
even-even deformed core and add a high-j particle. The single particle rotates
around the nuclear symmetry axis very rapidly, faster than the core rotates
(at right angles to the gsymmetry axis). Thus, in the iimit, the projection of the
particle angular momentum j on the symmetryféxis is a constant of the motion

4
(usuallyAexpressed as a value of Q). This is the rigid-rotor model of Bohr
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and Mottelson. The energy levels of this nucleus will be given by the simple

. . hz > - :;.‘. C
rigid-rotor formula, E(I) =7 I(I + 1) where R and Jj couple to ;. Wwhat ~

2

this is saying is‘that when the nucleus is very deformed (has a large value
of 9 in this limit, the most economical way for the nucleus to carry angular
momentum is fo rotate as a whole. Now, what happens if we decrease the
deformation of this nucleus, of the éore?

The moment-of-inertia is proportional.to 82 in the simple hydréd&hamical
model, so if B becomes smaller, the constant ;§-become$ lérger, and the cost
in energy of rotating the nucleus goes up. At some point as you_deérease B,
it may become more economical, energy-wise, for the high—j odd-pafticlé, say an
h11/2 proton, to align itself along the rotational axis 'iathe?-than to éive
another 5 units of rotation to the core. The question then is) how much energy
does it cost to so align the particle? This amount of energ§ is related to the
spread in energy for different values of i in the Niléséﬁ diagram. But since
the energy splitting of a j-shell in the Nilsson diagramlis.roughly proportional
to B, the energy cost is smaller as B decreases (the levels become degenerate
at B = 0). That is, as the deformation decreases, the;c0upling of the particle
to the symmetry axis is weakened, and it becomes easier to change the pafticle
orientation at the same time as it becomes more difficult to rotate the core.
For a high-j particle, its alignment along the rptation axis may free considerab;é
core rotational energy. When the particle is optimally aiigned along the
rotating axis, the energy differences between different spin sta#es become just
the energy differences.of the core states, and the stétes differ by 2h, as do

the core states. The aligned particle contributes the same spin and energy to

each state.
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what values of 2 does this particular configuration of Jj involve?

It is obvious that {8 = 1/2 is a very important component, as it has the smallest
projection along the symmetry axis, and so the largest along the rotation axis.
But a pure 2 = 1/2 state has as much probability of beiné 6rientéd anti-parallel
to the rotation axis as parallel, and so a mixture of states, a wave packet,
must be created. This wave packet has = 1/2 as its largest component, but
also involves §{ = 3/2, 5/2, 7/2 « « « 4§ components with the proper phases to
produce a spatial Qrientation parallel to the rotation axis. Actually, this
will lead to a new coupling scheme in which the projection of j that is
considered is not that along the symmetry axis, {, but that along the rotation
axis, O.

I have a model here to demonstrate the scheme. A little gyroscope is
built into a rotating frame. The little gyroscope represents the particle
spinning on its own axis. The frame is the prolate nuclear core. The "core"
and the "particle?_can rotate independently. I couple this particle strongly
to the symmetry axis and let the core rotate. That is Bohr-and Mottelson's
strong-coupling model., Now, if I weaken the coupling of this particle to the
symmetry axis, and now rotate the core, what happens? The particle angular
momentum axis aligns itself with the rotational axis of the core. The

Coriolis interaction plays a major role in causing this alignment, and
when the rotating particle is aligned, the Coriolis force on it is zero.
But, if it moves away from the axis, the force pushesbit back into
alignment. I show you essentially the same picture in Fig. 2-4. The
big wheel is the core, and the smaller wheel represents the particle

rotating at right angles to the big one, If the small wheel is
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strongly coupled, that is fixed, to the bigger one, it has to rotate with it;
that is the strong-coupling limit. But, if the coupling to the big wheel could
be weakened, the little wheel will align itself with thg axis of rotation of
the table, and the latter can rotate more slowly for the same total angular
momentum, So, thaf.is the physical picture of our coupling scheme.

To go any.further, we will have to do some caléulations. We shall take
a very simplg'model,va particle'in a single-~-j shell; the hll/2 shell, coupled
to an even-even core. The core is deforméd and axially symmetric. The
Hamiltonian is composed of two parts, the rotation of the core and the inter-

action of the pérticle with the deformed potential of the core.

h2
EZ

HZ Hipee * 3@ : 2-u

If there is no direct particle-core interaction, then the energy depends only
on the rotation of the core. This is the weak-coupling limit. Alternatively,
we may start with the strong-coupling limit, and then work back into the

- <> >
intermediate region. To do that, we merely replace R by I-j and expand

- eqe. (l).
: 2 2 o
_ h 2, h ) 2
H o= H_ o+ 5p[0@+1) -0 32 «%) -9 +H, (2-2)

where the Coriolis operator H, can be written as

(2-3)
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We don't change the Hamiltonian; we are essentially changing the basis funétions.
We are going to use the strong-coupling wave functions because we know what
they are. We can diagonalize eq. (2) for a given spin ahd see what the
calculation will give over the whole region of coupling. In the strong-
coupling limit where the nucleus is very deformed, the Coriolis term becomes
very small because‘(és becomes»small and because the spacings between the
states of different omega become very large. The second and third terms in
the Hamiltonian are diagonal, and the only changeable term is I(I + 1). So
we have the formula for the rigid rotor in the strong—cdupling limit,

To make calculations, we must specify the natu?eféf Hintr' The

logical potential to use is the Nilsson one, but this is complicated, so

that we will use a linear approximation to it instead,

206
A1/3

302 - §(3+41)

B =G

€@ = E (nl3) + (MeV) . (2-4)

This is’a very good approximation, even to B = 0.3, for the hll/2 proton,
because this particular subshell is a unique-parity subsheil in the Nilsson
diagram. It cannot mix with other states in its shell, 6nly with those in

the shéll above, and so does follow a linear relationship;’ We also approximate
the effects of pairing correlations by the usual method of working with

quasi-particle energies rather than single-particle energies.

B = We@ - 0%+ 4% - 4 o | (2-5)

where A is the Fermi surface and A is the gap parameter. This is not important

for the solution to the problem; it‘%hanges the answers a little, but not in

an important way.
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We now have a Hamiltonian to diagonalize which contains four parameters
for a given 1I. ' They are %;?, By Ay A, These are too many. The gap
parameter, A, we can fix at 0.8 MeV, since the results are not sensitive to
its value. We also'know the reiationship Grodzins pointed out many years ago
between the lifetime of the first 2+ state in an even-even nucleus (anywhere
in the periodic table) and the energy of that 2+ state.  The lifetime is
inversely pro?ortional to the fourth power of the eneréy.' What that really
means is a relationship between the moment-of-inertia and B8, because you
can relate the energy to the moment-of-inertia, and you can relate the
lifetime to the B(E2) and the B(E2) to 82. So we have é relationship between

h2 v h2
B and 35 and we can eliminate Sxe We end up with two parameters, B and A;
B is the measure of the deformation, and A is the Fermi energy. We shall take
A to be the energy of the odd (last) particle we are dealing with on the Niissonv
diagraﬁ.' When we vary A, we shall be varying the value of ) for this last
particle. Now with two parameters, we can fix one of them arbitrarily, and

then diagonalize‘the matrix and see how the energy levels change as we vary

the other parameter,

Figure 2-5 shows the energy levels as a function of B, with A fixed
on the = 1/2 stéte. B goes from O to +0.3; this figure unfortunately only
indicates the prolate side. I shall come back to the oblate side below,
The ordinate is the energy of the state of spin I minué the energy of the

v ' +
lowest-lying state of spin 11/2 divided by the energy of the 2 core state,
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The lowest-lying level, the h level, is then at zero. The next state, the

11/2

multiplet built on the core state of spin 2, appears for B=0 at unity on the

vertical axis, ;nd as B increases, it breaks up into fiQe levels with spins .

from 7/2 to 15/2. When f§ is equal to 0.2, (approximatély the value of B for

the odd-mass Lu isotopes described earlier) the spread of_these‘levels is far

greater than the spacing of the core, and that is why I séid earlier a weak-

coupling model is not applicable to the La situation. A much smaller value of B is

necessary to yield the weak-coupling limit (8 < 0,08). However, for émall B, this

calculation gives the right order of the levels, if only quadrﬁpole—quadrupole

interactions are considered in that limit. And in the weak-coupling limit,

the order of these levels is different than that shown in Fig. 2-5 for B > 0.1.
But, the striking feature of Fig., 2~5 is that the state of highest spin

in each multiplet is behaving in a very speéial way; thus, all stay parallel

with the 11/2 state. That is, the lowest 15/2, 19/2 23/2, *+ * *, states are

staying parallel to the 11/2 state over the range of B from 0,0 to 0,3;

they keep the same spacings. It is very important to remind you that in these

calculations we have fixed A, the Fermi surface, on precisely the {} = 1/2 state.

Thét is, the odd particle is precisely on the § = 1/2 orb;t of the hll/2 subshell.
The La nuclei with which we started this dissenssion, do have A approximately

on the @ = 1/2 level (just below) and their Valﬁes of B, estimated from the

corresponding even-even Ba cores, range from 0,15 to 0,25, For that

region in Fig. 5, the spacing of the highest-spin members of each multiplet is

closely the spacing of the core itself. So in fact, we calculate exactly what

we have observed experimentally, and although there was no good reason, a priori,

why it should work, we can say that the reméﬁkable agreement indicates the

essential validity of the model,
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However, there is an obvious drawback to this model. It is based
on an axially symmetric nucleus whose core has the energy spacings of a pure

rotor,

E(I) = AI(T +1) . o (2-6)

That feature is not true for any of these nuclei, as the Ba cores are not good
rotors, but rather poor ones. Thus, we must determine Qhether or not it is
essential to this picture that the core be a good rotor; 

The customary thing to do when energies cannot‘be fit by eq. (2-6), is

to add another term,
. 2,. 2 : '
E(I) = AI(I + 1) + BI“(I + 1) . (2-7)

where B would be negative, and is supposed to account in first order for
rotation-vibration interaction. The fits are better. If still not good
enough, a third term in CI3(I+1)3 is added. This is not a good expansion
for the enefgy, because you sometimes need only one less term then you have
eneréies to fit., But it works for not too high spins;"So'we fitted the
levels of the Ba core by a three-term éxpansion and obtained values of A, B,
and C. Then we used these values in an expanded Hamilﬁoniﬁn where we added a
Br* and a cr® termbto the AR? of eq. (2-1). Since with the B and C terms
we can fit the Ba core energies, we can see if we still obtain the right
behavior for the 15/2, 19/2, 27/2 ° + *, levels in thisvnew calculation.

In this more complicated Hamiltonian, we again'replace E by ; - ;
and obtain an enormous number of terms., It is a very complicated Coriolis

calculation to do by hand, but the computer can handle it. For B = 0.2, we
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get the dots in Fig. 2-5. So, in fact, we do not change the results much,
and the highest-spin members of the multiplet stay at about the same ehergy
as the Ba core states, even though these are not rotatioﬁal spacings.

These calculations were made holding A along the 0 = 1/2 state, and
varying B. Now let us hold B constant at 8 = 0.25 and vary A. (see Fig. 2-6.)
The energy of A above the = 1/2 state appears on the bottom and the corre-
sponding {i~state appears at the top of the figure. The previous figure was
for = 1/2, and that yielded the 11/2, 15/2, and 19/2 states at the core
separation. For A on the 3/2 state, you still have the saﬁe order and the same
spacings, and they remain just about the same for A on the 5/2 state. But,
as A rises to the £ = 7/2 state, the order is clearly changing. For A on the
Q = 9/2 state, a good rotational spectrum for a 9/2 rotational band appears,
and when A is on the § = 11/2 state, just a normal 11/2 rotational band occurs.

The order becomes that of a good rigid rotor in the strong-coupling limit,

Now, why is the coupling changing? In the new coupling scheme we have
j aligned along 'R with a constant projection . (See Fig. 2-7.) The
rotation-aligned wave function needs a lot of the Q = 1/2 component. That
is the major component in the wave function. So obviously, that scheme works
best if the odd particle is in or near the { = 1/2 state. But if the particle
is in the = 11/2 state, it may cost many MeV to use the = 1/2 component.
So it becomes very hard to get rotation-aligmment if the particles are filled up
to the 11/2 state, In this particular case of B = 0.25 the new scheme holds
from A at or below the 2 = 1/2 state to A up to the = 5/2 state. If B is
made smaller, then this holds to still larger values of A, as the levels come

closer together, If B is larger, then it works only to -smaller values of A,
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as the levels bééome farther apart. The values of both B and A are important,
and this new scheme should work when B is small and when A is néar the
2 =1/2 level.

For the La isotopes, we are'at Q=1/2, in fact, ﬁhe Fermi surface is
below the 2 = 1/2 level. The value of B is between 0.15 and 0,25, and so the
new coupling scheme should occur. The result should be a band of levels with
the Ba-core spaCings, but with spins 11/2 h higher than the core states, just
as was observed experimentally. But in addition, from our discussion we
can see that this can only happen when A is near the Qvé‘l/2, and not fhe
=11/2, state, and this tells us that the La nuclei mustvbe prolate, and not
oblate as had been thought.

So we can explain these data with this model. But if it is any good,
it‘should be possible to predict things. First of all, this calculation gives
the wave function, so you can prédict transition moments, static moments, etc.
I don't want ;o go into these. But more importantly, if this idea is right,
there is nothing special about the La isotopes. The same kind of behavior
should occur anyﬁime the odd-particle is in a high j orbital with B not too
large and with A near the ! = 1/2 orbital. For example, let's go to a particle
of still larger 3j, the il3/2 neutron. The Coriolis interaction should be | f
stronger, and the new cbupling scheme should work fine as long as B is not .
too large and as long as the odd neutron is near §i = 1/2._.Such nuclei are in
the rare-earth region. As examples, the odd-mass erbiums have been studied

quite a bit. The group in Stockholm studied 165Er, 163Er, and 161Er, and

we studied 161Er, 159Er, and 157Er. The decay schemes are shown in Fig. 2-8.

The situation is somewhat more complicated than in the La isotopes, because now

as the number of neutrons decreases, two things happen simultaneously. In going
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to lighter Er isotopes, A, the Fermi surface, changes from = 5/2 to Q = 1/2,
and at the same time, B changes from "V 0.35 to " 0.15. Both 8 and A are
decreasing, and that is fortunate, because both of these changes are such
as. to favor the rotation-alignment coupling scheme. 1In Fig. 2-8 you will

. 165 . + .
notice that for Er, the bottom level is a 5/2 state. The band is an almost
normal rotational scheme, but with a distortion in the spacings becoming more
evident at the higher spins., This is the influence of the Coriolis interaction

in mixing in the = 1/2 band from the same i ot j~subshell, That is, this is

13/
the effect of the decoupling parameter in the {} = 1/2 band, and can be calculated.
The Stockholm group has done this,. and obtained good agreement between experiment
and theory. As we go to lighter Er's, the Coriolis intéraction becomes stronger,
the alternation in the levels becomes much more marked, and so by 159Er, only

the j + 2n (n =0, 1, 2, *« * *) levels are observed. The other states exist,

but they have moved up in energy, while the observed levels approach the core
spacing., To show you that these latter levels do approach the core spacing,

the next figure, Fig. 2-9 compares the odd-mass Er's with their even-even
neighbors. The 13/2+ levels of the odd-mass nuclei are plotted at the same

level as the O+ states of the doubly-even core nuclei.

Here 166Er and 165Er are fairly good rotors, ahd reasonably near the
strong-coupling limit. The 17/2 to 13/2 spacing in the odd nucleus is larger
than the 2+ to ot spacing in the even one, more than 2 times as big, But in
the strong-coupling limit it must become almost 5 times larger, so it should
contiﬁue to :ise in the still heavier odd-Er isotopesvuntil it gets above the
4+ state. If we go to lighter nuclei, decreasiné B and A, then.we éhould come
to the new coupling scheme. At 157Er, the 17/2 to 13/2 spacing is indeed
half-way between the 2+ to 0+ spacing in its neighboriné even-even cores,

156Er and 158Er. There is a smooth transition in between, and that is
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also true for the higher spin states., We also obtained déta on 155Er, but at
the time we did not understand them, because the transitions looked like those
of an even-even nucleus. Now it is quite clear. It does look like an even-even
nucleus, because it has precisely the spacing and stretched E2_cascade of an .
even—-even nucleus.

Still other examples can be found around proton number 82, where the odd

particle may be either an h or

11/2 h9/2 proton, and where we have four possible

cases:
1. prolate, strong coupling
2. prolate, decoupled
3. oblate, strong coupling
4, oblate, decoupled

We have examples for all four of these possible situations in the Tl, Re, and
Au nuclei,

First, let us consider Fig. 2-10, the Nilsson.diagram of this region, with
the hll/2 and the h9/2 orbitals going from B = -0.3 tb +0.3. (Remember that, iﬁ
our calculation; we use a linear approximation in 8 for the Nilsson potential.) In
our discussion, there were two conditions for the realization of the new coupling
scﬁemé; 1) moderately smali values of B, and 2) a Fermi surface near the = 1/2
orbital. In‘the La isotopés, we are at the beginning of the hll/2 shell, and so
on the prolate side, A is near (below) the level of @ = 1/2, and on the oblate
side, A is near the level of § = 11/2, Thus, we have a normal coupling scheme for
B < 0 and we have the new coupling scheme for B > 0. Since we observed decoupled

bands, the La nuclei must be prolate. Now consider the nuclei around the 82-

proton shell, In this region, we are near the = 1/2 level for h9/2 protons on

the prolate side (this could lead to the new coupling scheme), and on the oblate
side we are near the Q = 9/2 orbital, which will lead to a normal rotational

scheme. On the other hand, on the oblate side we are near the Q = 1/2.orbital
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for the h proton (therefore, the new coupling scheme may be expected), and

11/2

on the prolate side we will be near the { = 9/2 or 11/2 orbital for the hll/2

proton (this should yield a normal coupling scheme). Thus, we might expect

all four possible examples.

Let us look first at the case of the h9/2_ proton.' We know in the
odd-mass Tl nuclei of the existence of a 9/2” isomeric state, which we believe

is due to the excitation of a proton across the gap to the h9/2_ orbital. In

Fig, 2-11, we have calculated the spacings of the various levels as a function of

B with a value of A fixed 2.5 MeV below the energy of the h level at B = 0.

9/2
199 198

We estimate a value of B for Tl from the value of the even-even core, Hg,

as |B[ = 0.11, and show the position of these values. Experimentally, we find

in 199Tl the spin sequence 9/2°, 11/27, 13/2~, and 15/27, and plot these states

as dots on the figure. In comparision with the calculated results, we can see

that the order is approximately right on the oblate side for B = -0.11, but the
spacing is not very good, especially for the 15/27 state. But it should be remembered
that the Tl nuclei are not good rotors, and yet the calculation was done as if

199T1 is a perfect rotor. Therefore, we will fit the energy levels of 198Hg by
the expansion E; = AI(I+1) + BIZ(I+1)2 + CI3(I+1)3, and then use these values.

of A, B, and C to add BR? + CR® terms to the Hamiltonian‘to be diagonalized.
Including these terms, we obtain the modified energy levels shown as dashed

curves in Figq. 2-11, and they do fit to the experimental éoints rather well. This
.can perhaps be better seen in Fig. 2-12, which comparés the egperimental level
scheme for 199Tl with those calculated for the simple Hamiltonian and the

extended one.  Remember that this is a no-parameter fit,:as the values of B and

198

of the core spacings are taken from Hg. Thus, for the h 5 proton on the

9/

oblate side, exactly what was expected was observed, i.e., a rotational scheme:

9/2", 11727, 13/2 , and 15/2 .
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We show another example illustrating the prolate side. 1In the case

179,177

of the isotopes Re, Newton and his colleagues have identified a band

based on the h proton. We take the deformation of these nuclei

9/2”
from the average value of the neighboring even-even core nuclei (W and Os) to
be IBI = 0,24, In these Re isotopes, the 5/27, 9/2", 13/2", 17/2° states of
tﬁis band are observed experimentally, and the level spacing for 179Re is shown
as dots in Fig. 2-11. It is seen that in this more deformed nucleus, the simple
Hamiltonian alone gives a good fit (remember with no—paraméte%s), and it is
clear that.the band is prolate and is close to a decoupled band;.the value
of B is too large and the 5/2 state has dropped below the 9/2—.

Now lock at the result of calculations for the hli/2 proton shown in

Fig. 2-13. The bottom figure has A-fixed at 1.0 MeV above the spherical h
179,177

11/2

orbitals (position at 8 = 0). 1In Re again, Newton et al. also identified

a band based on the hll/2 proton, and for these cases the Fermi surface is

above the hll/2 subshell, as plotted. Again the position'of IBI = 0.24 is

indicated, and the. level spacing of this h11/2 band in l79Re is shown by dots.

Clearly only the prolate side is possible, leading to a strong-coupled {} = 9/2
band, and although the fit is not perfect, again this involves no free

parameters. The h and h9

11/2 Re bands are consistent in both requiring a

/2

prolate shape, and they furnish examples of both a normal band and a (almost)
decoupled band.

The last example I want to show you involves the neutron-deficient gold

193,19
193,195

nuclei, u. Since the atomic number of Au is greater than that of Re,

the value of A lies a little higher, by 1 MeV, above the h orbitals, and the

11/2

appropriate calculated levels are shown in the upper part of Fig. 2-13. They are

'
i
|
i
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not very differént from the lower part. Again determining thé value of B for
lgSAﬁ from the average of its even-even neighbors (Pt, Hg) yields IBI = 0.12,
and these twq deformations are indicated on the figure.: Cléarly the oblate
side of the figure is required to fit the experimental péints, but the fit is
not too good. Again as with T1, this is probably because the value of B is
small, the core is not a good rotor. So the same procedure was followed; the

o, 2+, 4+, 6% levels of the core were fitted by a three-~term power series, and
the values of A, B, and C used in the expanded Hamiltonian shown in Fig. 2-14,
Again, there was a marked improvement in the fit. In this nucleus, theré is a
special feature. From B-decay studies, some of the lower-spin members of the
band have been observed, and the 7/2, 9/2, and 3/2 meﬁbers also fit the calcu-
lations. And clearly those levels that come from the same multiplet, e.qg., 7/2,
15/2, 9/2, show spacings which are large compared to the core spacings; this
situation is certainly not weak coupling. The 13/2 level does not fit the
calculation. Only time will tell why not. But for such a very simple model,

the results so far have been very gratifying, and we know of still more examples

of decoupled bands in the odd-mass .  mercury isotopes and other nuclei.
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Part II

Figure Captions

" Fig. 2-1. Ratio of the energy of the level of spin I to that of spin 2 for
the known cerium nuclei,
Fig. 2=2, Enefg?-level diagram for a well-deformed j = K = 11/2 band (left),
a well-deformed j = 11/2, K = 1/2 band (right), and a'well—deformed
doubly-even nucleus (center); all have the same valuevfor ﬁ2/23i
Fig. 2-3. Enérgy_levels of the odd-mass lanthanum and'tﬁe neighboring doubly-even
barium nuclei._ The 11/2— levels in the lanthanum nuclei are placed at the
position of the 0+ ground state in the barium isotopes.
Fig. 2-4., a) The small wheel is constrained to rotate perpendicular to the
axis of rotation of the larger wheel. If this coupling is broken, the
"Coriolis interaction will align the small wheel along the axis of rotation
of the larger one, b),
Fig. 2-5. The solution to eq. (2-2) for the hll/2 orbital for various values
of 8(12302/3 (top) with the Fermi surface fixed on the {2 = 1/2 state. In the.
limit of large B, the level scheme will become a éure 2 = 1/2 band with a
decoupling parameter of -6, The ordinate is the difference in energy from
the 11/2° ;eve; in units of E2+; the energy of the first excited state of
the core. The dots show the effect of adding a B and C term, where
the values of B and C were taken from the fit to the lowest levelé in 126Ba.
Fig. 2-6. The effect of varying A is shown for a fixed value of B = 0.25, At

the top the position of the various h component levels is shown.

11/2
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Fig. 2-7. Schematic vector diagrams illustrating the-deermation;aligned
coupliﬁg scheme (above) and the rotation-aligned coupling scheme (below).

Fig. 2-8., ‘Decay schemes of the odd-mass erbium isotopes.

Fig. 2-9. Systematics of the l3/2+ band in the odd-mass erbium nuclei and of
the ground-state band in the doubly=-even isotopes.

Fig. 2-10, Part of the Nilsson diagram around the 82-proton shell. The ground
states of Au and Tl are in the sl/2 and.d3/2 orbifals, and the bands of
interest (text) involve the h9/2 and hll/2 orbitals,

Fig. 2-11. The solution of eg. (2-2) for the By ) orbitéi for A = -2.5 MeV,

i.e., in the sl/2 and d3/2 levels. The dots correspond to the experimental

179Re, placed at a value of B taken from the

.19
levels seen in 9Tl and
neighboring doubly~-even core nuclei. The dashed lines correspond to
solutions of the extended Hamiltonian with a B and C term; the values
of B and C are obtained by fitting the lowest levels of the neighboring
" core nuclei.
. . . , . 199 .
Fig. 2-12, A comparison of the observed negative-parity levels in Tl with
- those calculated by eq. (2-2) and by the extended Hamiltonian with a B
. . 9
and C term., All parameters determined from 1 8Hg.»vThe dashed levels
are tentative,
Fig. 2-13, The solution to eq. (2-2) for the h11/2 orbital with A of 2.0 MeV
195 179
for Au (top) and at 1.0 MeV for Re (bottom). The dots show the
‘experimentai level energies.
195

Fig. 2-14. A comparison of the observed negative-parity levels in Au with

those calculated by eq. (2-2) and by the extended Hamiltonian.
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*
Part III. Coulomb Excitation )
3-1. Introduction and General Comments

Today I'd like to télk about Coulomb excitation using heavy ions. By
heavy ions, I meah everything from 4He on, As already mentioned, heavy ions
have some importaﬁt uses in scattering and reaction procesées. They bring
in a large amount of angular momentum. I talked a 1itt1e about one aspect
of this feature in the first lecture (Part I). Another property is that they
have a high charge. The most important use of the high charge is in multiple
Coulomb excitation, which I shall discuss this time and next. A third feature
is that heavy ions bring in a large linear momentum. Tﬁis can be usefully
applied, as with the recoil-distance Doppler-shift methoa of measuring lifetimes
in the range of 10-10_10-12 seconds. I hope to describe this method to you if
there is time. In this lectute on Coulomb excitation, I am not going into the
mathematical details, because there are many good reviéws o; the subject, but I
would like to give you an idea of what the process is and describe some of the
difficulties in doing an experiment,

What is Coulomb -excitation? If a projectile bombards a target nucleus
at an energy below their mutual Coulomb barrier, it wili be repelled by the
nuclear charge of the target and will scatter elasticaliy. This is Rutherford
scattering. But there is a small probability that one or the other of the
nuclei will become excited in the collision via the rapidly changing electro-
magnetic field between them; the excitation energy is taken from their relative

kineticvenergy. This is Coulomb excitation., What can we get out of Coulomb

*
)Part of this lecture was given by the author at the Internation Conference

on Nuclear Maments and Nuclear Structure, Osaka, 1972. For further studies of
Coulomb excitation, see references cited in Proc. of Conf. II-e; J. Phys. Soc.
Japan, Suppl. 34 118 (1973). : ’ '



-71- 1B1~2346

excitation? We can directly get the enérgies of the excited states (sometimes
the deexcitation transition energiesbare the primary data), and from a little.
bit of the formalism we can get the spins and parities of.these levels, if
thé ground-state values are known. Perhaps the most important quantities
obtained from Coulomb excitation measurements are static and transition
electric moments (in this case the magnetic excitatidns are much weaker).
In particular, quadrupole excitations have been studied most thoroughly, so
I will spend most time on them.

Let us consider what is important in Coulomb excitation, looking at
Fig. 3-1. We have a deformed target nucleus and a prdjectile with charges
Z2 and Zl' respectively. The projectile is assumed to be a point charge; this
is what is usually assumed, but is only a convenience in calculation, leading
to a monopole-multipole expansion, and is not a handicapvof the theory. The
monopole-monopole repulsion term determines the hyperbolic scattering orbit.
But when we consider the charge distribution of the target nucleus (static
or dynamic), the repulsion which is proportional to l/r2 gives a net torque to

the target nucleus and makes it rotate. Let us consider the times involved in

"the excitation. The time of collision (Tc) is given roughly by

o= =, (3-1)

where the distance of closest approach is 2a;

2
Z1Z2e

2
mv

' ' (3-2)

and v is the velocity of the projectile. The nuclear excitation time (Texc)

is defined as
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T = = , . o (3-3)

AE being the nuclear excitation energy. The ratio of these two is given by the

syﬁbol &, which is often called the adiabaticity parameter,

| 2
. To _ abe _ Fi%p0 fE o (3-4)
: T hY M ‘

If the collision time is longer than the nuclear excitation time, then
the target nucleus is merely going to follow the projeétile. That is, the
symmetry axis of the deformed nucleus keeps a direction at right angles to the
line frqm the projectile. No impulse is given the target'nucleus, so Coulomb
excitation cannot occur.in this adiabatic case. Howevef; if the collision time
is short compared with the nuclear excitation time, the particle goes by very
rapidly and the nucleus cannot respond immediately but feels the torque.
Afterwards it starts to rotate or vibrate. Therefore, from the above.discussion, the

parameter £ must be less than one if there is to be appreciable Coulomb excitation.

For a particular target=projectile combination, the only way to make this
parameter small is to make the velocity large, that is(‘té make the bombarding
energy high., However, this brings another problem, If_the energy is too high,
the projectile comes so close to the target nucleus that nuclear interactions
occur and destroy the advantage and simplicity of the pure Coulomb-excitation
process. I forgot to mention eérlier that the beauty of Coulomb excitation is
_that it yields the very important set of nuclear parameters, the electric moments,
without recourse to nuclear theory. If only the well?undérstood électrbmagnetic

interaction is to be involved, the excitation must occur at an energy far enough
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beiow the barrier to guarantee that there is no nuclear interferehce; the
Coulomb repulsioh'mﬁst'be strong enough to keep the projectile far enough
awayAfrom the taréet nucleus fo allow only electromaénetiq excitation. So
anéther important condition is that the quantity n, defined as*

7.7 % ‘
hv ! »

must be such as to keep the particle far away from the target. That is, n has to be

much greater than one. To make this number large we havebto maké the velocity
small, So, thére is a conflict between the conditions on the two parameters & .and n.
This point is something which has to be recognized when we set up a particular
experiment. The particle velocity or energy should be as high as possible to
obtain a good yield, but it cannot be above a "safe" energy where the interaction

is sfill purely Coulombic.

In most cases, calculations of Coulomb excitation are done in a semi~-
classical approximation where the basic assumption is that the orbit is the
classical orbit (classical hyperbola). Such a classiéal approximation is valid
under the two conditions £ << 1 and n >> 1, because unde: these conditions the

ratio

<< 1 ' (3-6)
5 mv

and the incident particles do lose only a very small fraction of energy, so that

they do not change their classical orbit.

*
)-The quantity N is the ratio between a, half the distance of closest approach,

and the Compton wave length of the projectile A(= h/mv), that is n = a/A.
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. Coulomb excitation aiso depends on the charge of the projectile, since
a and 1N depehd on ZlZ2' If the charge is higher, the pafticle gives a bigger
torque to the nucleus. So, that is the advantage of heavy ions. Also, the
larger the moment of the target, the more probable the excitation. For a more
quantitative description of the effects of projectile velocity and charge oﬁ
the Coulomb excitation cross section, I refer you to the_standard texts.

If protons are used as the projectile, the probabi;ity of Coulomb
excitation is sméll since the charge of the proton is not large. Then,
for even-even nuclei, only the first 2t state can be obtained by a single-step
quadrupole excitation, and for a deformed odd-mass nucleus, the two lowest states
with spins one and two units above that of the groundlétate can be excited.
That is all that can be done with protons, but these were very important
experiments. There are regions of the Periodic Table where the energy of the
first é+ state falls very low, and Coulomb excitation bybprotons and alphas
showed that the réduced transition moments become very large, of the order of
100-200 single—pérticle units, The observation of such énormous values in the’
middle of the rare~earth region was one of the first ﬁriumphs of the Coulomb
excitation process, and was a beautiful illustration of the rotational model
of Bohr and Mottelson. But it wés very limited after é>few vears, when the
first 2+ state invmost even—-even nuclei had been excited.

Now, with the use of heavy ions the probability of Coulomb excitation
goes up, and we coﬁe to the possibility of multiple Coulomb excitation, where

several quanta of excitation are given to the target nucleus rather than just

one. Multiple excitation is still a single-collision process, but one in which



-75- : LBL-2346

a larxge rangé of states of various spins are produced. This'certéinly is a
more interesting possibility, but it also makes the problem more complicated.
For example, if we excite the 147 state by a sevgn-fold excitation, as we

have done in 23\8U with 4OAr projeétiles, at least seven'ﬁransition moments are
involved in the excitation instead of one. These transifion moments are reflected
in the yield of the various states; the larger the reduced moment, the larger
the yield. So, the important experimental problem is to measure the yields

of the states that are Coulomb excited. There are twé general techniques for
doing this., One is to measure the yield of scattered particles with a spectro-
graph or a simple solid-state detector. Say we are using‘4He particles; most
of the alphas are elastically scattered, but a small percentage have a lowef
energy. The aifference in energy from the elastically-scattered particles ié
the energy of the Coulomb-excited state, the 2t state in an even-even target.
The ratio of the yields of these inelastic events to the elastic ones gives an
absolute measurement of the probability of Coulomb-exciting the state., This
simplicity is the‘great.beauty of determining the partiéle yields.

Another way is to look not at the projectiles, but at the y-rays
deexciting the states produced. This procedure is no£ a§ straightforward.
When looking at y-rays, we have to worry about where they qomé»from, because
we get y-rays from a state not only by Coulomb excitation of that state, but
also by feeding from higher étates. The most severe problem with Y-ray
‘analysis is that we don't have any simple way to normalize the yields to
Rutherford scattering. As every measurement must be an ébsolute measurement,
we have to determine the efficiency and the geometry of the detector, the

beam current, and the angular distribution of the y-rays. If the target nuclei
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recoil into vacuum from a thin target, then the attenuation of the Y-ray
angular disﬁribution by the hyperfine field from any‘unpaired electrons
(mainly s-electrons) on the recoiling nucleus must also be determined. 1In
addition, the modes of decay of the state of interest musﬁ be known or
determined in order to obtain absolute yields. Howe&er;-there are also some
adventages to Y—ray detecéion. One can get a high counting rate with Yy-ray
aetection buf‘nbt so easily with particle detection. eAnd the energy resolution
can be as good as 2 keV, Good energy resolution with a pertiele—detection
method is limited by the homogeneity of the beem energyAand the much poorer
resolution of particle detectors. The most serious liﬁitetion with particle
detection of heavy-ion beams is the problem of . the tafget'itself. Because
it must have a finite thickness to yield adequate statiseics, the energy
spgead in the target may be quite severe. For example, let us consider a
10 ug/cm2 Sm target. This is a pretty thin target, but.for back-scattered
10 MeV a's it will contribute an energy spread of 4 keV. If we go to a 100
MeVv 40Ar beam, thie becomes 160 keV, greater than the eﬁergy of the first
excitedbstate in a deformed nucleus. And for a 330 MerXe beam, the spread
due to the target becomes 570 keV. With y-ray measurements, the energy
resolution is not a function of the projectile mass or energy except for a
possible Doppler shift for very fast transitions. Obvieusly, there are advantages
and disadvantages in both schemes, but with very heavyvione; it will probably
be easier to workewith Yy=-rays. For light ions such as protons or a's, the
'pafticle detection method seems superior. A method which is often used that

combines some of the best features of both methods, especially for multiple

Coulomb excitation studies, is to observe the y-rays in coincidence with
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back—séattered projectiles. Counting the scattered particles gives the
excitation probability, and the back-scattered projectile has the largest
probability fof multiple excitation, as it goes in closest to the target
nucleus.

I'd like to take up one more problem involved in doing»Coulomb
excitation wbrk.before going to some examples of experimental results. It
has been mentioned already that the collision must not involve nuclear
interactions. That is really important. We can only use Coulomb excitation
theory to extract answers from the data if the reaction has been done at a
low-enough energy to be truly free of nuclear interferences. We can determine
the safe-energy region where only Coulomb excitation occurs in several ways.
For example; when only Coulomb excitation occurs, we can calculate the pro-
bability of the excitation as a function of energy from the transition
probability, as will be shown below. We then take the computed ratio,

, + : .
R o’ between the yield of the 2 state and that of the Rutherford scattering,
com

.5 (ot \
R = v U, (27 state) _ . o (3-7)
0 (Rutherford scattering) ‘

and compare with the experimental ratio, Rexp' If nuclear interactions are

not involved in the process, the double ratio R /Rcomp should be unity.

exp

6 . 14 4
Figure 3-2 shows an example for 4He and 1 0 bombardlng_-l Cd. In the He

case, there is a little dip at about 10 MeV and the double ratio goes up very

rapidly afterwards as you increase the incident energy. The dip is caused

'by interference with nuclear interactions, and the sharp rise afterwards is the

' _ . . . . 16
dominance by nuclear inelastic scattering at higher energies. In the 0 case,
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we can also see a slight dip at about 44 MeV. So, for Sm targets we have to do
- 4 ' .16

experiments below 10 MeV with "He and below 44 MeV with 0. When we want to

know whether we are in a safe~energy region or not, we have to do some such

experiment as the one shown, or compare elastic scattering to Rutherford.

A number of experiments of this nature have been done, and result is

a maximum safe bombarding energy given by the following equation:

1.44 lezez v
Bnax = (R+R) + € 1 +m/m) S (3-8)

where R and m are the radius and the mass, and subscripts 1 and 2 mean
projectile and target, respectively. According to this formula, the nuclei
must be kept a distance apart of the order of magnitude of t. The problem
is what to use for the distance t and the radius R. If R 1is chosen as

1/3 . . , o
r A with ry = 1.2 fm, then t is 5-6 fm. Figure 3-3 illustrates
another way to evaluate the maximum safe energy from a determination of t
in eq. (3-8). In it, the effective values of the static qﬁadrupole moments

' . . 48_. 56 60 . -

measured by nuclear reorientation for Ti, Fe and . Ni are plotted as a
function of the'projectile energy expressed in terms of the parameter t. 1In
this case, nuclear interference dramatically affects the apparent value of the

quadrupole moments. As you can See, t = 5 fm roughly gives the maximum safe

energy.
3-2, Experimental Results of Coulomb Excitation

- The beauty of Coulomb excitation is that it is a well understood
phenomenon from which you can get very important nuclear quantities, namely

the nuclear moments. Actually, all you measure are electric moments, because
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magnetic excitation is smaller than electric excitation by a factor of v2/c2.
Now, when you have measured the yield of a particular excited state, say the
yield of the 2% state in an even-even nucleus»bombarded by protons, how do
you extract the nuclear moment from this yield? With-suqh a low-Z projectile
only a single~step Coulomb excitation can occur. In a siﬁgle-step process,
it is easy to get the relationship between yield and B(EA), because there is
a one-to-one correspondence given by first-order perturbation theory,

2

Z_"A
g - 1 1

]2A+2 A=2 A
EA 40

-1
1251 E- T(E-AE) " "B(EM L, (n,8). (3-9)

[0.072(1 + Al/A2)Z

Subscripts 1 and 2 are projectile and target, respectively. The term (1+A1/A2)
is the recoil effect. Because AE is usually small compéfed with E, the yield

is proportional to E2A_3, and in the case of E2 excitation, proportional simply
to E-fEA(n,E). The last quantity, fEA(n’g)’ is a fundt;on of the two Coulomb
excitation parameters, the adiabaticity parameter & and the Sommerfeld parameter
N. To obtain the value of fEA(n'g)’ integrals over the'path of the projectile
must‘be carried out. These integrals have been calculated by Alder and Winther
and tabulated. For differential cross sections, the same type of expression

results, but f(&,n) is replaced by dAf(£,n,08). The straightforward way to get

a B(E2) value for excitation of the first 2t state in an even-even nucleus is

to pick conditions such that only a single-step excitation occurs. Then

" all parameters are known but the B(E2), and that is determined if you measure

the cross section. Thus, it is still important to do single-step excitation

studies because we need accurate values of these transition moments for many

purposes.
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However, the usual Coulomb excitation prOcessés_employed today
are multiple excitation processes, in which more than one quantum is
tiansferred in é single collision, yielding higher state;, and higher-spin
states. Now, how do you obtain B(E2) values from_such measurements? One
could use higherforder pérturbation theory, i.e., 2nd order for the 4% -+ 2t
transition, 3rd order theory for the 6t - 4+, etc. But what ié usually done
is to use the cohputer code written by deBoer and Wipther, which gives a
semi~-classical solution.to the system of coupled differenﬁial equations.
For detailed descriptions, see the references. The point is that, for this
calculation, you need a lot of input data for the computet'code. You must
put in all the matrix elements connecting all the states that may be involved
in the excitation, including higher states in the same band, and states of
comparable spin in other (vibrational) bands that can deéay to the_iﬁitial
state of interést. You also have to consider the possible importancé of higher
multipole transitions, such as hexadecapole, and virtual excitation through high-
lying states such as the giant dipole resonance., All thesé transition matrix elements,
including an estimaté of‘the 6nes being measured, are‘put.into thé computer
code, and it éalculates the resulting cross sections and angular distributions.
These can be compared with the expérimental results, and by a series of
enlightened tries, agreement is soon reached. Obﬁiously; if any of the
important matrix elements in the calculation are omittédﬁo; are incorrect,
the wrong value(s) will be obfained for the matrix elemeﬁt(s) béing determined.
Clearly, most of the important matrix elements in the calculation, other than
the one or ones being determined, must be obtained ffdmvihdependent experiments

or from model calculations. In addition, the effects of vacuum polarization
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and elecfron screening of the projectile and target may be considered.
Fortunately, they are both 1 or smaller and opposite-in their effects, so
for most experiments, where the accuracy is a few peréent'(or worse) it

is all right to forget about them. More important are qﬁéntal corrections
to the semi-classical computer code usually used, and I shall come back to

this topic later.

3-2-1. Energy Levels and B(E2) Values

Now, let us talk about results. One of the earliest and most exciting
results of Coulomb excitation was to show that in certain regions of the
periodic table, mainly in the rére—earths and actinides,.where the first
excited states of even-eQen nuclei lie very low, the B(E2) values connecting
the first 2% states and the ground. states are eery large;v Vaiues reached
100 or even 200 single-particle units, and this was the‘best confirmation at
thét time of the collective rotafional model of Bohr and Mottelson, Such
largé values could only occur if mahy nucleons were involved. - There is a

simple expression for the energy of a rigid rotor,

E. = AI(I+1) . : ‘ : (3-10)

This equation fité sﬁrpfisingly well for the spectrum of low-lying states for
nuclei in the middle of the rare~earth and actinide regions. However, as the
enexgies of higher states in the ground band were determined by multiple
Coulomb excitétién, B~decay, and o-~decay studies, it turned out that Eq. (3-10)
fit more and more poorly. So additionallcorrection terms were added. The

first correction. to Eg. (3-10) has the form of a rotation-vibration coupling,
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which is well known in molecular spectroscopy. With this term, the energy is

given by

E. = AI(I+l) +B12(i+1)2 ’ ' (3-11)

and the second term shows the initial deviation from the rigid~rotor model
values.
Then, what about the deviations of the values of B(E2) from those of

the rigid-rotor model? In that model, the reduced quadrupole transition

probabilities are related to each other through the fdllowing equation,

2
0) ( 1020]1-2 0 ) °

5 . (3-12)
(2020]2 0)°

B(E2; I -~ I-2) = B(E2; 2 ~»

So, an interesting study is to see whether the experimental values follow the
above expreseion.or whether they also deviate from the rigid-rotor value.
And if so, do they deviate in the same sense as the energies?

First of all, I would like to point out that it is a much more difficult
problem to determine transition probabilities than energies. It is easy with a
Ge detector to measure energies to 1/10 percent. But, to measure B(E2) values
to i/lO percent, the yields must be determined to 1/10 percent, and I don't know
anybody who does that. Obtaining Coulomb excitation yields to a few percent
requires a careful experiment. Since it can be expected that the deviations
in the transition probabilities might be about the same erder of magnitude as
the energy deviations, you can see that it is much more aiffieult to measure
the former, and requires going to higher spins where the deviations are probably
~larger. If there are deviations, we want to be able to parametrize them in

4
some convenient manner. If the cause is a rotation-vibration interaction, a
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mixing with the B-band and/or Y-band, you can treat thisztwo—band mixing

problem and obtain the following modification of Eq.:(3—12),

(1020|1-2 0 )2 1+ (a/2)] (1+1) + (1-2 1°
B(E2; I>I-2) = B(E2; 2+0) x g +(@/2) L1(1+]) + (1-2) (1-1) (3-13)

(2020]2 0?2 1+ 3a

whgre o is the mixing parameter or the stretéhing parameter, as it appears from -
either theory. However, I do not intend to imply any special significance

about the physiéal meaning of a} but only to use the gquantity as a measure of
the deviations from the rigid-rotor transition probabilities. Wwhen o = 0,

Eq. (3-13) becomes just the rigid-rotor case;‘when o >_O:the B(E2)'s get larger

with increasihg spin, and when 0 < O they get smaller as I increases.

166 172,174,176

(a) Er and Yb nuclei

A number of multiple Coulomb excitation experiments have been done to
try to measure how the ground-state B(E2)'s change. Table 3-1 gives the results
of a study done by Sayer, Stelson, et al. at Oak Ridge."Theruclei in the table
are éll in the well~-deformed region of the rare—earths; and are found to be good
rotors, Coulomb-excitation yields were measured up through the gt states, and
the correspondihg values of B(E2) were calculated by means of the deBoer-Winther
computer program., The values of o derived from the B(E2)'s are shown in the table
and they average about -(l1.4 % 1.0) X 10’3. The negative values of O mean that
the values of B(E2) get smaller going up the band to higher spins and it corre-
sponds to centrifugal shrﬁnking. |

If we believe the simple two-band mixing model, ¢ is also related to

the rigid-rotor energy-level deviations by

o = -B/A , . ’ (3-14)
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where B and A are given in Eq. (3-11). So, another estimate of o can be
obtained from tﬁe_energy splittings. The vélues of d so derived are also
listed in Table 3-1 and they are all‘positive and small, averaging
v+ (0,5 *£,1,.0) X 10_3. Why does this value not agree with the value from the
B(E2)'s? We might have hoped that tﬁese two sets ofvvalués for o would be
similar; -at least that they would have the same sign. The origin of this problem
appears to be the use of the semi-clas;ical computer éode of deBoer-Winther
without making.quantal corrections.

Although n was large (n = 50) in the 16O excitations, and this fact
would indicate that the classical calculations were valid, the large value of
n only says that the first-order excitation from 0+ to 2% is classical. It
does not say what happens to the 6% to 8% transition whicﬁ is a higher-order
transition. In fact, the quantal corrections go up strongly with the multiple
order of the Coulomb excitation. And most unfortunately, these corrections
have not all been calculated yet. They.have been calculated and tabulated in
some special cases only through second order, and at the Osaka Conference
there will be a report from the Pittsburgh group about é fhird-order calculation
up to the 6" level. The only thing we can do at the pfeSent moment is to
estimate these quantal corrections by seeing how the corréétions scale from O
to 2% to 4%, Such an estimate shows that the quantal corrections in the present
case wipe out the negative valués'of 0 given in Table 3—1; bringing the average
value of & from the B(E2) measurements to zero. So, this estimate brings .
essential agreement between the two values of a caiculaﬁéd‘from the energy—leQel
spécings and from the B(E2) studies, and thevnuclei listed in Table 3-3 are

well-described as good rotors with very small values of d.

i
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(B) 150Nd, 152Am and l54Gd nuclei

One way to.better observe deviations is to go to nuclei which have
larger valueé of 0. Larger values of ~ B/A are shown by the 90-neutron
nuclei, 15ONd;. 152Sm, 154Gd, that mark the onset of deformation in the rare-earth
regioﬁ. These nuclei have very low-lying fB-bands at v 680 keV, and it turns
out that the most important mixing into the ground band is with B-bands. This
mixing corresponds to centrifugal stretching, so we do expect much larger values
of o for these cases. Experimental values of o for lSZSm are tabulated in
Table 3-2. The first three values are from multiple Coulémb excitation experi-
ments done by groups at Yale, Oak Ridge, and our group.at Berkeley. Within the
experimental errors, I think there is fair agreement among these three, but
this may be soméwhat illusory, as it is not clear whether or not the various
groups have treated the corréctions_in the same way, and have used the same
number of states in the calculation. In fact, I believe the original data
may differ more than the final results. I shall describe below the way we
treated the data, but first let me mention the two other values of o listed in
the table.
| The fdurth value of o is determined from the energy-level spacings.
As you can see, it is much bigger than the first three values. This suggests
that there are more features involved in making the eneréy levels deviate than
in causing deviations in the transition probabilities. The last value of ¢
was determined by a different,kind of experiment, a recoil-distance Doppler-shift
measurement., In this measurement, Coulomb excitation is used to create the

excited levels, but Coulomb excitation theory is not involved in the deduction
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of the B(E2) valués; the 1ifetimes.of the states are directly.measured. I
cannot discuss‘this experiment in this lecture becduse of time limitations,
but I think that in févorable cases this methéd probgbly gives more accurate
values of o than straight multiple Coulomb excitation experiments.

Now, the étateé we took into account in our calculétions are shown in
Fig. 3-4. -Wé are interested in looking at the ground-band B(E2)'s up to the
g* state,.so we should include at least one state'beyond{.we took two.

That is, in the ground band we included states up to the 12%. But we must also
include states in other bands that can feed into the ground band up to the 8%
level. In particular, we must consider the B—baﬁd up to.the 12% state, the
Y-band up to the 12% state, the K = 0 octupole band,and ﬁhe K = 1 octupole
band. There are piobably‘still more bands, but since we did not see any
significantly intense unidentified transitions in.thé-experiments, they are
most likely not important. For the calculation we need to use all the matrix
elements éonnecting all the stafes shown in Fig. 3-4. Many of these are
unkpown, and had to be estimated. But all these E2'and’E3 matrix elements
require a very la;ge computer program. We extended the déBoer—winther program to
20_stat¢s, but that was still not enough. We had to break up the input data
into sections, and then make separate runs to show that.tﬂése results can be
added.

How big the corrections are is shown in Tabie 3-3. The fractional
correctioné to the 4% » 2+, 6t > 4t and 8t » 6t yields_axe listed in the table
in percent. The§ include the effect of the direct exditation of the ground-state
band through that band, and the y-cascade from the band to the ground band.

The B-band only introduces a 1% change. The Yy-band, K = 0 octupole band, and
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K=1 oétupole band have slightly larger effects of either sign. The most
important corrections in this case are for the E4 moments; this subject will be
discussed in greater detaii_below (3-2-2). The total corrections. range from 5%
to 25%. But how many corrections are missing? I do not know. Certainly
quantal corrections should be included, and they will be negative and several %
in magnitude. The last line shows the change in 0 due to the corrections listed.
If we did not include such corrections in the analysis, we would get a larger
*) - R . .
o than the one listed in Table 3-2. I do not believe the other groups have made
the same corrections for a when they deduced the values of o listed in Table 3-2,
so the apparent agreement there may not be real.
. ' 16 40 . .
Figure 3-5 shows the actual Y-ray spectra for 0 and Ar excitation

15 . . . . . . .
of 2Sm. With 4He projectiles the 2% state is mainly excited, just rarely the

' . . 0
4%+, With 16O on 1525m the 2%, 4% and 6% states can be excited, and with 4 Ar

+, 6+, 8+, and 10% states, as shown in the figure. 1In

projectiles, the 2f, 4
the lastlcase, the production of the low-spin states is not by direct excitation,
but mainly by cascade decay from the higher-spin states. I might also note in

passing that compared with heavy-ion reaction spectra, you obtain very clean

- and simple spectra by Coulomb excitation.

3-2-2. E4 moments

As you see in Table 3-3, the largest corrections to the yields were

due to the hexadecapole moment. From the results of a study of Sm Coulomb

v N l6_ - 40
excitation with 4He, 0, and Ar beams performed several years ago, we were

*
)‘Note that the experimental value of o listed in Table 3-2 is aobs(uncorrected)-Aa,

where ao s(uncorrected) is that deduced from Eq. (3—13)'énd Ao, is the correction

b

for o given on the last line in Table 3-3.
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forced to the conclusion that the E4 moment was large. What happened was that
we obtained different B(E2) values, different values of o, from excitation of
_the 2% and 4% states with the different projectiles. For example, the value
... 40 e > o 16
of o with Ar excitation was somewhat smaller than with 0 excitation (even
. 40 oy 4
negative for the Ar case), and the value of 0 with "He was much larger than
the l6O value by considerably more than the statistical errors. It seemed
something was miSSing in the calculation. We did not know which calculation
; ' 4 16 . .
was wrong, that for the "He case or that for the 0 case. To solve this
problem, an independent experiment must be done to determine what the true
B(E2) is.
This is the reason why we started the recoil-distance Doppler-shift

‘measurements for 152'1548

m. This technique does not involve multiple Coulomb
excitation theory, and I think, in principle, such meésﬁrements are a more
st;aightforward way to determine actual lifetimes. Since:Qe know that these'
transitions are pure E2, the lifetimes give the valuesvéf B(E2). That
experiment gave us the answer that o for 1528m is (1.9 i_Q.6) X 10_3 Which
was very closé to the value for the 16O case in Table 3—2} Actually, it was
too close, as our 16O value 'in the table will have to be raised by the
quantal cérrection, probably about one unit in 0. But it was clear that the
correct answer was close to the 16O value, and so sométhing was wrong with the
4He calculation, We concluded that what waé wrong was that we had ignored a
significant E4.contribution to the excitation of the 4% state when using the
4Hé excitation. This is shown in Fig. 3-6.

Most of the yield of the 4% state comes from dguble E2 excitation, (a),

' . . . : 152
but there is also single-step excitation by the hexadecapole moment of Sm, (b),
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and an interfefence term, (c). To detetmine the E4 moment, one must measure
thé yield of the a* state as carefully as possible, and then subtract the
effect of the double E2 excitation. The latter can be calculated if the B(E2)
values are known accurately from careful measurements of the 27 yield, or from
independent measurements such as the recoil-distance Dbppler—shift technique.
The remaining yield of the 4% state is then ascribed to the E4 excitation.

The best projectile to use for such a study is 4He because the resulting
double E2 excitation ié'ﬁot so strong as to bury the E4 excitation, but there
is still sufficient excitation to observe the 4% state. The effect cannot

be seen with 16O, because with l60 projectiles there ié sp much multiple
excitation that it coﬁpletely dominates the picture; the fraction of direct
E4 éxcitatiqn'is, I don't know exactly the calculated Value, but maybe 10_4
or less.

What an E4 moment does to the cross section for excitation of the_4+
state in 152Sm is shown in Fig. 3-7. This is a plot of the cross section with
an:E4' moment over the cross section. with no E4 moment against the reduced E4
matrix element as the abscissa. When this matrix element is 0, the value 1
is obtained for the cross section ratio. The curve is a éarabola; this comes
from the fact that most of the yield dge to the E4 matfix element comes from
the direct E4 excitation which is proportional to_tﬁevsquare of the matrix
element. The weaker E4-double E2 interference term cauées the asymmetry about
zero. The important point is that we can measufe the yield of the 4t state,
calcu;atevthe ratio O/Oo, and then from this figure detgrmiﬁe where we are

on the plot, and hence the value of the E4 matrix element.
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Out measurements are shown in the following few figures. Figuré 3-8
shows the <Yy-ray Spectrum obtained with 4He on a natural ém target. What we
want to do is to .compare the yields of the gt > 2t transitions to the yields
of the 2+ + ot transitions, which are known quite accurately, to obﬁain
absolute yields for the 4% levels. Knowing these yielaé and knowing the values
of B(EZ; ot +,2+) and B(E2; 27 > 4+), the computer code can be used to give
the corresponding values of'co, and then the cross section ratio fixes the
position on Fig. 3-7. We did both singles experimenté énd Y-céincidences with
back—scéttered pafticles for separated isétopes and for nétural Sm. The reason
for doing both types of experiments is that there is é different dependence in
these two éxperiments on the various states that have to be considered in the
calculations. The contributions of these states to the population of the 4+
state in 1525m by irradiation with 10.4 Mev 4He are shown in table 3-4, where
the effects of the B-band, the y-band, the two octupole bands, and the‘6+
level are listed. Column 5 shows the fraction of the decay which goes to the
4+ level. The sixth and the last columns show the relative population of the .
4% state contributed by that row to the singles and to-the.back—scattered
cross sections, respectively. It can be seen that thevproportions are different

‘in the two cases.
Figure 3-9 shows the measured total (and differgﬁtial) cross sections

for the 4+ level of 15

2 .. ' . .
Sm divided by the appropriate calculated values with
. 4 . .
no E4 moment as a function of the He bombarding energy. The triangles are
the back-scattered-coincidence results and the circles are the singles results.

From the figure we see that both experiments give about the same answer for

the increase of the 4% yield, approximately 11%. From the figure it can also
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be seen that, if you go to higher energies, nuclear interactions take over,
and the cross sections rise rapidly due to nuclear inelastic scattering. Aall
the points above 11 MeV are too high because of this effect. So, you have to
work at low energies. At low energies the yield is small, so that it takes

a great deal of time to get adequate statistics. This is why the errors are
so large in our experiments. The increase in the cross sections for the 4"

152 154 )

states of Sm and Sm that we observed were "V 11% -and "V 12%, respectively,

' *
and they yield )
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These values are very large. The corresponding reduced transition probabilities
approach the orde? of 50 single-particle units. So, these are not trivial
. matrix elements and they capnot be ignored in exéitatiqn qalculations.

In Table 3-5 are listed our results and the large pumber of measurements
done since them. The four independent measurements on l_528m and on 1 4Sm are
in fair agreement; experimentaily the lérgest source of.error comes from the
two B(E2) values used in the double E2 excitation calculation. A small error
in them makes a proporﬁionately much larger change in the E4 matrix element.
The major correction to the calculated cross section involves the guantal
correction, and again the effect is magnified greatly( leading to a 30% increase
in the Sm E4 matrix elements., From the reduced E2 and E4vmatrix elements,

which are the primary results of the Coulomb excitation measurements, one can

* .
) The corresponding negative matrix elements would be improbably large, and are

in opposition to theoretical calculations for the nuclei.
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extract values of 82 and 34 with a number of assumpti¢ns. Some form must be
assumed for the nuclear charge distribution, for example, a uniformly charged,

axially symmetric, rigid rotor with a radius given by 

= + o -
R R (L + By, + B,y,.) (3-15)
. 1/3 P
A value of R, must also be assumed. If we take R, = 1.2 A fm, we obtain the
values, 62 = +0.25 and +0.26 and 84 = 40,09 and +0.13 for 1525m and 1545 ’

respectively.' For 154Sm this leads to the shape shown in Fig. 3-10. But you

must remember that this result very much depends upon thé assumptions made,

that is, it is model dependent. However, remembering_this, the valuesrof 82

and 84 are of'some interest to compare with the theoretical values derived

from Nilsson's calculations and from the calculations of Kumar and Baranger,

and also to compare with the results obtained in (a,a') scattering experiments, The
(a,0") results give more directly the values of 62 and 84, but the analysis is still
quite complicated, involving DWBA or coupled-channel calculations, and with some
remaining ambiquity as to the magnitude of the nuclear fadius, R. 'In addition,

the results of the inelastic scattering havé to do with the nuclear pbtential

distribution, which may not be the same as the nuclear charge distribution.
3-2-3. Static E2 moments

FPigure 3-11 shows pictorially several ways of exciting the first 2t
state, carresponding to a perturbation treatment of the.excitation. The upper
figure (a) shows two kinds 6f processes, the direct excitation of the I = 2
and I, = O state (first order excitation) énd the second-order gxcitation‘in

which some magnetic substate of the I = 2 state is first excited but then drops

4
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to the state. of I = 2 and Iz.= 0. In addition to these.first—order and
second-order processes, we have the interférence term between them, called

the nuclear reorientation effect. The matrix elementé involved in these
processes are those for the ot » 2+ and 2% » 2% transitions; the latter is

the static quadrupole matrix element of the 2% state. Thus, the resulting
yield will be somewhat dependent upon the magnitude and sign of the static

E2 matrix element. Actually, we also have other intérference terms which
‘complicate the measurement of the static quadrupole moment. One is the effect
of higher 2+ states. There is an interference term frém this process (shown
in the bottom-left drawing in Fig., 3-11), and the difficulty is thét we don't
know the relative signs of the matrix elements involved. There is also an |
interference term through the giant dipole 1~ state. -And there may be excita-
tion by decay from the 4% states. So, sorting out the nuclear reorientation
effect may be quite complicated. However, I shall perhaps stress the point
that the usual reorientation effect is the interference between the first- and
secoﬁd—order processes, and is not the second-order process itself. The goal
in setting up a reorientaﬁion experiment is to try to minimize all other
interference effects, and there is an interesting contribution to the Osaka
Conference by Scharenbe;g et al., on how to do this by using low-energy very
heavy ions.

The ratio of the nuclear reorientation effect to the first-order

exéitation is givén by perturbation theory as

o (12) A ‘ .
i-+f = __]:_ AE + + -16
Lan Tz, 1 +"A1/A2 (2lu(E) 123 xE,6) o (3716)

i>f
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Subscripts 1 and 2 refer to the projectile and target, respectively, AE is
the excitatioh energy, and the quantity K(£,8) is a function which Qéries
rather sharply with 6, but only slowly with the velocity. We don't use this
formula in an actual calculation, but rather the deBoer-Winther program, but
it tells you what the reorientation process depends on. . One way to measure
the reorientation effect is to determine the 2+‘yield as a function of the

projectile mass, because the ratio (3-16) changes with A If the projectile

1
is changed from»4He to 325, the ratio (3-16) is increased by a factor of 8.
Another way ié to.keep the projectile fixed, but measure the 2t yield as a
function of the projectile scattering angle, since the value of K({,0) is
largest for 180? scattering and vanishingly small for forward scattering. I

- shall not go into the details of the cal¢ulation, both because of the limits
of time and because there are a number of references on this topic. But to
give you an idea of the opder—of-magnitude of the effect; the contribution
of the reorientation effect to the total yield of the 2+ state in the case of

6 . \ .
0 excitation may be about 10%. I would like now to show you some examples.

(B) ll4Cd nucleus

One of the earliest experiments of this nature was to measure the

114

quadrupole moment of the first excited state of Cd, and that turned out to

be a really exciting event. Because the 114Cd nucleus is usually thought of

as a "vibrator-type" nucleus, the quadrupole moment of the first excited state
was.expected to be small; it would be zero if it were truly a harmonic vibratorf
However, the experiment gave the interesting result that the quadrupole moment

was very large, that it was nearly equal to the rigid—rotor value calculated

from the O+ + 2t B(E2)., This caused a lot of excitement, so a number of groupé
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began to measure this'quadrupole moment. using all possible variations of
. techniques, énd theoreticians began to try to explain such é large moment.
Table 3—6 shows a summary of recent experimental results. There is

ﬁo consistency among all these data. The moment rangés from small positive
(+0.05) to lérée negative (-0,85) values. So, something is wrong. A lot
of‘people worriéd about what is Qrong. We now know that the first three
experiments are wrong because of the following reason. _They were done by
obtaining 2+ yields from Y-rays coincident with back-scattered projectiles,
using'é light and a heavy particle, such as 4He and l6O. Since the target

is not thick, the excited nuclei recoil out of the targét, and part of the
time the decays oiiginate from recoiling nuclei in vacuum. One of the
important corrections to be made in obtaining absolute yields is for the y-ray
angular distribution. The first three experimental results were corrected

for this effect, but what was not known at the time thése experiments were
done, is that there is a de-orientation of these recoiling nuclei, and that

is really important. When they recoil into vacuum, the atoms are highly
ionized and may have ﬁnpaired electrons (especially, s—éléctrons are important
inithis case). The unpaired electrons produce Very large hyperfine fields
(as'high.as 50 MGauss) at the nucleus, and these randomly,fluctuating fields
destroy or attenuate the éngular distribution of the y-rays. If we take

intb account this effect on the y-ray angular distribution, the first three
vaiues in Table 3-6 are decreased . by a factor of 2, they should be -(0.3 - 0.4) eb.
kaperiﬁents directly comparing the intensities of the inelastic and elastic
peaks>at two angles have also given low values, but such. measurements, which
cqnsfitutevthe majority of the experiments in Table 3-6, have also éiven high

values. How to explain that? Well, I don't know what the answer is.
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Certainly part of the discrepancy among these data coméé from the difference
in the vaiués_of the B(E2)'s used. There is a 10% spréad in the latter, which
is just about enough to explain the deviatiens in tﬁe quadrupole moments.

The independent measurement of the B(E2) for the 0F + 2% transition by a
different method, such as the recoil-distance Doppler—shift method, would help
to solve this problem.

Anyway, I think the value of the quadrupole ﬁomenf for 114Cd is of the
order of -~(0.3 4.0.4) eb. This is not as la;ge as the rigid-rotor value, but
it is still large. It is one of a number of examples that indicate that nuclei
‘are not good harmonic oscillators. To explain this value you have to bring in
either anharmoniéity or asymmetry of the nuclear potential.‘ Tamura and Udagawa
published a paper years ago in which they showed a sihgle way to create the.
.anharmonicity by considering the mixing of the one- and two—?honon 2* states,
and>did_obtain the right order-of-magnitude for the qﬁadrupole moment. Last
night Prof. Tamura told mé that he has made an extension of the model which
still gives the right quadrupole moment but yields a smaller value of the ratio
B{(E2; 2 > 0)/B(E2; 2 » 2) which was a discrepancy with ekperiment in the first
.paper. This problem can also be loocked at from the viéwpoint of the triaxial
model of Dawydov and Chaban and Davydev and Ovcharenko to give the right

magnitude and sign for the quadrupole moment.

(B) N4, Sm and Ba nuclei

A much more expected result is shown in Fig. 3-12. These are the measured
quadrupole moments for Nd and Sm. The sets of experimental results are in
good agreement with each other. At N = 84, the quadrupole‘moments are vanish-

ingly small, as expected near a spherical closed shell. -But, if 4 or 6 neutrons
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are a&ded to the N = 82 core, larger moments result Qﬁich are comparéble to
the rigid-rotor value., The additional neutrons really do appear to polarize
the core, to deform the nucleus. In this region a deformation chaﬁge is
supposed to haépéﬁ suddenly between N = 88 and 90, but thése measurements‘
seem to indicate>a smooth transition. |

On the neutron-deficient side from N = 82, there should be the same

.effect, because neutron holes should polarize the core and increase the

quadrupolé momen; just as do particles. Such a tendency.can be seen from the
open circies in the figure. ﬁut just before I left Berkeley, I recéived the
Ba results shown by the filled circies, and these points lead to a worse
situation ﬁhan in the Cd huclei; they have the épposite_sign to the earlier
measurements, Obviously, there is something wrong. 'Ivcannot tell you what
it is. This disagreement calls for a careful reinvestigation of the quadrupole

moment in this region.

(C) Os.and Pt nuclei

Figure 3-13 shows the quadrupole moments of Os and Pt done by the

.Pittsburgh group of Dr, Saladin and his colleagues. This is a very pretty

picture which shows a shape transition between Pt and 0Os. The lightest

Os ﬁucléi-have & Yarge prolate quadrupole.moment and the heaviest Bt ones have

an obilate momenti

(D) Light nuclei by projectile reorientation

I am not going to have time to take up this subject in detail and

show examples, but let me say justAa few words about reorientation experiments

(quédrupole-moment'measurements) in the projectile, The ratio of the interference
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term to the first-order term in projectile excitation is given by an.equation

similar to Eq. (3-16):

p(12)

A .
i>f _ 2 AE + + ’ )
Pi+f 1 271

where i_and 2 again refer to the pfojectile and target, respectively. The
-ratio of the projectile effect to that of the target,.Eq.ﬂ(3—l7)/Eq. (3-16), is
proportional to'Zz/Zl, for similar quadrupole moments. The atomic number of the
projectile is usually 5'— 10 and that of the target is.50 - 60, so that the
effect of the interference term in projectile excitation is half-a-dozen times
bigger than thét in target excitation. Instead éf a lQ%‘effect with a target,
‘there really is a 50 or.60% effect on the yieid of thevfirst 2t state in an
even-even nucleus. This is, therefore, much easier tévdb, and a good way to

measure quadrupole moments of light nuclei.

3-4, ©Prossible future use of Coulomb excitation

Coulomb excitation studies provide very interesting and exciting results

and have great possibilities in the future with heavy ions. One reason is shown
in Fig._3—l4.b This shows a calculation we made of the Coulomb excitation of

2 . . as co e
38U by various ions. The dashed line at 1% probability indicates a probability
which can conveniently be seen with present techniques. We already have seen

' + . 238 . . 40 ' . ' . .

up to the 14" state in U with Ar, If Kr projectiles are used still higher
states should be reached, say 20% or 22%. With Xe beams still higher spin
states in the ground band should be reached and with Pb beams, states as high

238

‘as spin 34% may be excited in U. These are calculations and not experimental
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results., They are calculated using rigid-rotor matrix elements for 238U,

and not taking‘into account any other states, because the program is not big
enough (20 inputs are all that we can handle in our piogram). So, these
results are not necessarily gﬁaranteed; there will be'éxcitations to other
states and that -may cut déwn these yields. Nevertheless,~I think there is

a reasonable hope that we can approach these spin valués with.the beams of
Kr"ana‘Xe that will become available. It will be very e#Citing ifbwe can

just see these states, for if our ideas on (HI,xnY) reactions are correét, it »
is nof likely £hat they will allow the observation of states much higher in
spin than the 22h already observed. And just the observation of such high-spin
states as unique members of the ground-state band will be a very interesting
deyelopment for presenthay ideas on the nature of the yrast levels and will
greatly influence the arguments going on about the origin of back-bending.

I think there will be exciting developments in these problems.

However, to get’quahtitative numbers out of thisbwork, there is a real
complication. ,Thevpresent—day computers are just not.big enough to handle all
thg data in such a problem, ana there are no computer codes big enough. I
already described to you what we had to do for calculations up to the 8% state.

If we go, say to the 20+ state,‘the evaluation of the matrix elements will

‘require a much more efficiently arranged computer code than_ekists today. In

addition, a very large number of matrix elements will have to be measured or

estimated, and a way will have to be found to calculate or estimate the

‘quantal corrections. I think we can do the experiments, and even obtain

qualitative answers from them. I am not sure how long it may take to get

qﬁantitative results,
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Well, an enormous number of experiments can be done'in.the near future ' !
with heavier ions; we have not even touched upon the topic of recoil experi- -
ments with heavy ions. Recoil-distance measurements Qill become easier and
more accurate with heavier ions; they will be combined with Doppler-shift
attenuation measuréments to account for slowing down in the plunger. I£
should be possible to measure quite accurately, as accurately as stopping-power
measurements permit, half-lives in the range of psec and;sub;psec, and that
is of course very exciting. In addition, I am sure that a.number of new, some
as yet unknown, topics will come out of the work with very heavy ions, ihciuding

a solution to the problem 6f the mechanism of reactions at high angular momentum,
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Table 3-1. Values of (a ) from B(E2) and Energy Léve1 Measurements;a)

Nucleus 103 (a ) from B(E2) . ‘ -103 B/A from 0,2,4 Levels

1665, : -(2.1 £ 1.0) f 0.9

+ 0.2
1724, -(1.3 £ 0.9) 0.6 £ 0.1
174y, -(0;5 + 1.0) o 0.5 = 0.1
1764, -(1.6 * 1.0) 0.5 0.1

2)R. 0. Sayer, P. H. Stelson, F. K. McGowan, W. T. Milner, and R. L. Robinson,

Phys. Rev. Cl, 1525 (1970).
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152

Table 3-2. Average Values of a for Sm.
Method 107 (a ).
. ., a) '
Multiple excit, 3.4 £1.0.
: . .. b) :
Multiple excit. 2.7 £ 1.7
Multiple excit.c) 1.7 + 1.4
-B/A from 0, 2, 4 levels 6.7 1
Plungerd) ' ' 1.9 + 0.6

a)

Phys. Rev. Letters Ei (1970) 1137.

b)

Phys. Rev. Cl (1970) 1525.

c)

unpublished.

d)

(1971) 344.

I. A. Fraser, J. S. Greenberg, S. H. Sie, R. G.

R. O. Sayer,; P. H. Stelson, F. K. McGowan, W, T.

Stokstad and D. A. Bromley,

Milner and R. L. Robinson,

F. S. Stephens,'D. Ward, R. M. Diamond, J. deBoer and R. Covello-Moro,

R. M, Diamond, F. S. Stephens, K. Nakai and R. Nordhagen, Phys. Rev. C3
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Table 3-3, Correction (in percent) to Calculated B(E2; I+I-2)

of %2gm from 54 Mev %0 scattered at 160°,

Cause I=4 I=2¢6 I=28
B~band -1.0 + 1.4 + 0,6
Y~band +1.5 + 1.8 - + 1.8
K = 0 octupole band +0,4 + 3.6 + 8.3
K = 1 octupole band +0.9 - 1.2 - 3.6
E4 moment +3.7 +10.5 +19.6
Total +5.5 +16.1 +26.7
103 Aa +3.7 + 3.2 + 2,6
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Table 3-4. calculated Population of the 4% state in 152Sm.
E, = 10.38 MeV
. ot ’ + +
JLevel E B(E); 071 . fuho,, fahao,
I K (MeV) e“ b") fa) (ub) (ub)
2* o) 0.811 0.023 0.21 57 2.6
2(y) - 1,087 0.083 0.013 5 0.3
3 0 1.042 0.14 0.30 29 1.9
1 1.578 0.078 0.73 9 0.5
' 0 0.7067 b 1.00 0.6 0.14
& o 0.3665 b 1.00 328 53.4
Total 429 58.8
a)

b)

Fraction of the decay which goes to the 4+ level.

Only multiple E2 excitation is considered here.
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Table 3-5. Reduced Hexadecapole Matrix Elements.
+ . 2
Nucleus (4 IIM(E4)||0+ Y in eb

B2g, 0.45 + 0,092
0.35 + 0.07P

0.47 t 0.07C

0.37 + 0.094

g 0.67 * 0.08°
0.43 + 0.08P

0.65 + 0.05C

0.54 + 0,119

1584 0.39 + 0,114
0.39 * 0.09C

16064 0.36 * 0.10P
182y 0.27 * 0,10°
164, 0.28 *+ 0.11°
0.25 * 0,16C

166Er 0.06 + 0.12b
¢ - 0,18

0.12 * 0.18¢

168Er 0.20 + 0.12b
*“¥ -~ 0.18

0.12 * 0.20C

1705, o 9g + 0.14P
<% _ 0.18

1744, 0.23 * 0,17

230, 1.04 + 0.21%
2324, 1.60 * 0.279
234, 1.70 + 0.109
236, 1.23 + 0,289
238, 1.12 + 0.23f
238y 1.45 + 0,219
240, 1.18 + 0.229

(continued)
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Table 3-5, (cont.)

. Nucleus (4+||M(E4)||0+ ) in eb2

242 . g
Pu 0.70 + 0.3
- 0.4

2445, 0o * 0.079

o ' - 00 _ 0.6

246, ~0.4 + 0.49

248Cm 0.0 + 0,49
. - 0.6

a)F. S. Stephens, R. M. Diamond, N. K. Glendenning and J. deBoer, Phys. Rev.

Letters 2&_(1970) 1137.

b)J. X. Saladin, K. A, Erb, J. E. Holden, I. Y. Lee and T. K. Saylor, presented

at this conference V=20,

c)J. S. Greehberg and A. H. Shaw, presented at this conference V.b,

W. Bruckner, D. Pelte, B. Povh, U. Smilansky and K. Traxel, presented at

this conference V-21.
F. S. Stephens, R. M. Diamond and J. deBoer, Phys. Rev. Letters 27 (1971) 1151.
F. K. McGowan, C. E. Bemis, Jr., J. L. C. Ford, Jr., W. T. Milner,

- R, L. Robinson and P. H. Stelson,.PhYs. Rev. Letters 27 -(1971) 1741.

g)F. K. McGowan and P. H. Stelson, private communication, 1972.
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Table 3-6. Quadrupole Moments in ll4Cd

. - ‘ : B(E2; 0~ 2) in e%b

Q2+ in eb
. ' 0,51 * 0,02 ~0.70 + 0.21%
| o . ,
| | ~0.6 * 0.2°)
| .
| 0.561 * 0.005 _ -0.85 + 0,15°)
o .d)
0.48 * 0.05 -0.49 + 0,25
0.509 + 0,009 +0.05 *+ 0,27°)
0.561 + 0.017 ~0.68 * 0.09%
~0.64 + 0.199
| ~0.53.% 0,17
0.498 * 0.027 -0.40 + 0,121)
1 0.513 * 0,005 o ~ -0.28 * 0,093)
' | -0.35 + 0.07K)
a)J. deBoer, R. G. Stokstad, G. D. Symons and A, Winther, Phys. Rev. Letters
14 (1965) 564. "
b)P. H. Stelson, W. T. Milner, J. L. C. Ford, Jr., F. K. McGowan and
R. L. Robinson, Bull, Amer. Phys. Soc. 10 (1965) 427.
c)

R. G, Stokstad, I. Hall, G. D. Symons and J., deBoer, Nucl. Phys. A92 (1967) 319.

d)J. S. simpson, D. Eccleshall, M. J. L. Yates and N. J. Freeman, Nucl. Phys.

A92 (1967) 177.

~ e)J. S. Simpson, U. Smilansky and J. P. Wurm, Phys. Letters 27B (1968) 633.

f)J. X. Saladin, J. E. Glenn and R. J. Pryor, Phys. Rev. 186 (1969) 1241;

J. E. Glenn and J. X. Saladin, Phys. Rev. Letters 19 (1967) 33.

g)G. Schilling, R. P. Scharenberg and J. W. Tippie, Phys; Rev. Letters 19 (1967)

318; Phys. Rev, Cl.(1970) 1400.

h)D.‘S. Andreyev, G. M. Gusinsky, K. I. Erokhina, M. F. Kudojarov, I. Kh, Lemberg

and I. V. Chugunov, Phys. Letters 32B (1970) 187,

(continued)
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Table 3-6 (cont.)

' l?A. M. Kleinfeld, J. D. Rogers, J. Gastebois, S. G. Steadman and J. deBoer,

Nucl, Phys. Al58 (1970) 81,

J)Z. Berant, R. A. Eisenstein, J. S. Greenberg, Y. Horowitz, U. Smilansky,
P. N. Tandon, A. M, Kleinfeld and H. G. Maggi, Phys. Rev. Letters 27 (1971) 110.

k)R. 0. Larsen, J. A. Thomson, R. G. Kerr, R, P. Scharenberg and W. R, Lutz,

private communication, 1972,
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Part III

Figure Captions

Fig, 3-1. The Rutherford scattering of (point) projectile Z.e on target nucleus

1
2,e. The target nucleus has a quadrupole deformation.

2
_ 114 - e
Fig., 3-2. Plots of Réxp/Rcamp for Cd vs. incident projectile energy (a) for
4 . 16 . + 4 +
He ions, and (b) for 0 ions; R = do(2 )/(do(elastic) + dc(2)).
(Taken from Z. Berant, R. A, Eisenstein, J.  S. Greenberg, Y. Horowitz,
'U. Smilansky, P. N. Tandon, A. M, Kleinfeld, and H. G. Mgggi, Phys. Rev.
Letters 27, 110 (1971), courtesy of Dr. J. S. Greenberg.)
. . ' . 48_. 56_ 60 .

Fig. 3-3. Effective values of the quadrupole moment of = Ti, Fe, and Ni
as a function of the projectile bombarding energy expressed in terms of the
parameter t of Eq. (3—8). (Taken from P. M. S. Lesser, D. Cline,

R. Goode, and R. N. Horoshko, Nucl. Phys. Al90, 593 (1972), courtesy of
Dr, D. Cline.)
. = 152 . . - s

Fig., 3-4. The levels of = Sm used in calculating the reduced transition
probabilities of the ground band. Levels whose energies are given in
parentheses are estimated.

Fig. 3-5. Gamma-ray spectra taken in coincidence with back-scattered 16O
| 40 N . 152
(upper) and Ar (lower) projectiles Coulomb exciting Sm.

Fig., 3-6. Coulomb excitation of a 4 state in the ground band of a doubly-
even nucleus by (a) double-E2 excitation, (b) E4 excitation, (c¢) interference
between ‘(a) and (b).

Fig. 3-7. Relationship between reduced E4 matrix element and a) the back-scatter
cross section for 10.4 MeV 4He'ions normalized to the case of zero E4 matrix

' 1/3

element and bﬁ.the deformation parameter, 84, using a radius of Ro = 1.2 A

and a 82 which yields the experimental E2 moment.

fn‘ .
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Fig. 3-8. Gamma-ray spécﬁrum taken in coincidence with 10;4 Mev‘back—scattered
4He on natufal Sm tafget. |

Fig. 3-9. Ratio of experimental to calculated'(semi—éiéssical, no E4) cross
sections for exciting the 4t level ofvlSZSm vs. the 4He energy. The solid‘
points are for an enriched lssz target and the bpen ones for a patufal
Sm target. The trianglés and circles are back—scatter and singles results,
réspectively. The dashed and solid lines are the calculated results for
back-scatter coihcidences and singles, respectivély, with
(O+||M(E4).||4+ ) = +0.35 eb.

Fig. 3-10. The shape of 154Sm indicated by the values 6f 82 and 64 given in
Table 3-5, ref. (e).

Fig. 3=11., a) Iilustratioh of interference between lét order.excitation of 2F
state and 2gd order excitation, from wﬁich “reorientation process" obtains
name. b) Schematic of 1lst order excitation, reorientation effect,
interference with higher-lYing 2+"state, énd interference by higher-lying
1~ state (for example, virtual excifation-through the giant dipole state).

Fig. 3-12; Plot of Q2+ for nuclei around neutron number 82: Ba (J. S. simpson,
D. Eccleshall, M. J. L. Yates and N. J. Freeman, Nucl. ?hys. R94 (1967) 177;
J. R. Kerns, J. X. Saladin, R..J. Pryor and S. A.:Laﬁé, Bull. Amer. Phys.
Soc. l& (1969) 122; C. W. Towsley, R. Cook, D. Cline and R. N. Horoshko,
presented at this conference V-17); Nd (P, A. Crowley, J. R. Kerhs and
J. X. Sal#din,-Phys. Rev.‘gi (1971) 2049; H. S. Gertzﬁan, D. Qline,

H. E. Gove and P. M. S. Lesser, Nucl. Phys. Al51 (1970) 282); and Sm
(J.- S. Simpson, D. Eccleshall, M. J. L. Yates and N. J. Freemah, Nucl. Phys.
A94.(1967) 177; H. S. Gertzman, D. Cline, H. E. Gove, P. M. S. Lesser and

J. J. Schwartz, Nucl. Phys. Al51 (1970) 273; G. Goldfing and U. Smilansky,
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fhfs. Letters lg.(l965) 151; D. Cline, P. Jehﬁens; C. W. Towsley and
H. S. Gertzman, presented at this conference V-18; G. Kaspar, W. Krupfer,
W. Ebert and W. R. Heriﬁg (North-Holland Publishing Co., Amsﬁefdam) p. 471).
Fig. 3-13. Plot of Q2+ vs. neutron number for Os (S.»Ai Lane and J. X. Saladin,
Bull. Amef. Phys. Soc. 16 (1971) 1157; R. J. Pryor ahd J. X. Saladin, Phys.
Rev. Cl (1970) 1573) and Pt (J. E. Glenn, R. J. Pryor:and J. X. Saladin,
Phys. Rev. 188 (1969) 1905). |
Fig. 3-14. Probability of exciting the level of spin I in 238U vs. I for a
hﬁmber of heavy iohs, as calculated by the'deBoer—Winther Coulomb
'excitationbprogram, uSing:only groundfband levels'conhected by rigid-rotor

E2 matrix elements.
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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.
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