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Abstract

Studies of nuclear structure at high angular momentum

are currently one of the main research topics at the Argonne

Superconducting Linac. Some of the techniques used in Y~ray

spectroscopy are discussed. Target properties required for the

experiments are reviewed. Some recent results are presented.
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1. Introduction

The motivations of the organizers of this nice conference In having

a physicist talk to you about his work were not clear to me when I was first

asked to give this presentation. I understand that the explanation lies in

our frequent contacts with our target maker. Generally, our discussions cover

not only the targets to be prepared but also the experiments in which these

targets will be used* In '.his way, an opportunity is given to share our

concerns and our excitement about the problems we address. Hence, I consider

it to be my task to share with you some of this excitement as well as some of

the physics we are currently involved in here at ANL.

The Y-ray spectroscopy program at the Tandem-Linac accelerator

concentrates mainly on the study of nuclear properties at high angular

momentum. With a suitable nuclear reaction, a nuclear system is formed which,

i

ideally, contains as much excitation energy and angular momentum as it

possibly can without undergoing fission. By observing the deexcitation of the

nucleus - in this case through Y-ray emission - information is gained on

structure properties under these extreme conditions.

The first section of the talk covers some of the more technical

aspects of this sort of work. A brief description is given of the nuclear

reactions and of the detection techniques commonly used. The impact the

latter may have on the required properties of the target is illustrated. In

the second part, some recent results are presented. Emphasis is placed on

some general characteristics of the behavior of heavy nuclei at high spin,

such as the interplay between single particle degrees of freedom and

collective motion and the occurence of shape changes with increasing

rotational frequency.



2.- Reaction, Detector and Target Considerations

The study of high spin states in nuclei was initiated in the

sixties1 by the observation that discrete Y-^ays can be detected in the

deexcitation of nuclei pioduced by (charged particle, xny) reactions. It was

soon realized that the use of heavy projectiles adds to the potential of these

reactions because of the large angular momentum transferred. Consider, for

example, the reaction Si on Sn at 155 MeV. The energy of the Si

projectile is chosen such that upon collision with a A Sn target nucleus, the

two partners stick together and fuse into a new nucleus JiGd. When formed,

the Gd nucleus acquires the excitation energy and the angular momentum

brought in by the projectile. The initial step in the deexcitation then

consists in the emission of a number of particles. For heavy nuclei, neutron

emission is favored over that of charged particles by the presence of a large

Coulomb barrier. In the example chosen here, five neutrons are emitted on the

average, although smaller parts of the fusion cross section are also located

in other channels (such as 3- 4- or 6- neutron evaporation). The particle

evaporation process implies the loss of large amounts of excitation energy (8-

10 M?V per emitted particle) but of little angular momentum (1-2J4). Hence,

the final nucleus Gd is formed in an initial state of very high angular

momentum. Its deexcitation towards the groundstate will then proceed through

electromagnetic decay, i.e. through emission of Y-rays and/or conversion

electrons. The characteristics of this emission are the object of our

studies.

Numerous different experiments can be designed with the aim of

measuring the properties of the Y-emission and so standard Y~ray set-up as

such does not exist. However, figure 1 represents one of the experimental



arrangements often used at the ANL tandem-linac facility. The target is

surrounded by a large Nal(TJl) crystal (sum-spectrometer) which is divided in

two halves, each containing 4 sectors. This device covers a large fraction of

the space around the target (~ 75% of the geometrical solid angle) and allows

the measurement, with moderate resolution of the total energy released in the

form of Y-rays. The number of sectors firing also provides an indication of

the average number of Y-rays emitted in the reaction. Precise energy

measurements are performed with Ge or Ge(Ll) detectors which are of lower

efficiency than NaI(T£) scintillators but have superior energy resolution.

Several of these detectors are often used in the experiments (as shown in

Fig. 1). For example, crucial information about the sequence in which Y-rays

are emitted (and hence about the location of the nuclear states from which the

emission occurs) is obtained from Y~Y coincidence measurements where the

energy deposited in two of the Ge detectors is measured together with the time

difference between detection in the two counters. Such measurements are often

done with the requirement that a given amount of energy is also detected in

the sum spectrometer, hereby ensuring further selection of the events of

interest. In other experiments, the angle between a Ge detector and the beam-

direction will be changed periodically in order to measure the angular

distribution of the Y-rays or the beam-energy will be changed in order to

observe intensity variations as a function of bombarding energy. As mentioned

above, many other types of experiments are often performed. Their description

is beyond the scope of this presentation.

The requirements of Y—ray experiments with respect to targets are

generally rather easy to meet. In many cases, 1-3 mg/cm highly enriched

isotopic material will be used. This thickness can be regarded as a good

compromise between the need for a sufficient reaction rate and the demand of



limited energy loss of Che beam in the target. As mentioned above, Ge

counters have rather low detection efficiency and a Y-ray flux corresponding

to ~ 5-10 x 10-* counts/s is necessary. On the other hand, if the beam loses

tens of MeV in the target, reaction channels involving emission of fewer

particles become more probable as the projectiles pass through the material.

Hence, Y-rays from nuclei other than the one of interest will constitute a

strong, undesirable background in the spectra, if the target is too thick.

In many cases, a 10-15 mg/cmz layer of natural Pb is evaporated onto

the back of the target in order to stop recoiling nuclei. In the fusion

reactions described above, the compound nucleus also acquires a recoil

velocity of a few percent of the velocity of light. Without an appropriate

stopper most of the Y-deexcltation would occur outside the target during

recoil in flight and would thus be missed by the counters. In cases where a

detector is placed at 0° (as in Fig. 1), the beam itself is also stopped at

the target location by the addition of another thick natural Pb foil

(50-100 mg/cm^). The choice of a high-Z material such as Pb is dictated by

the fact that the beam energy must not excoeo the Coulomb barrier for the

combination (projectile + stopper) and so that no unwanted nuclear reaction

occurs.

Not all targets used in Y~ray spectroscopy necessarily correspond to

the description given above. Special experiments may have particular needs,

such as very thin targets, very well-stretched targets, targets backed with

some special alloys, etc. These will not be described here but an example can

be found in a presentation to this conference by D. C. Radford.



3. Some Properties of Nuclei at High Spin

i

The first example from our research program that I will discuss Is

that of *^'Gd, a nucleus we have studied using the reaction (^Si, 5n)

mentioned above. The level scheme deduced from the measurements^ is given in

Figure 2. This nucleus presents a favorable case for high spin

spectroscopy. The occurence of a 550 us isomer (see Fig. 2) provides a clear

tag for transitions feeding the isomer. The experimental arrangement

consisted of 4 Ge detectors and 16 NaI(T£) crystals, among them the 8 sectors

of the sum-spectrometer. In-beam events in the Ge detectors were accepted

only if they were accompanied by (1) a prompt cascade in the Nal(TA) array of

multiplicity > 2 and (ii) at least one delayed NaI(T£) event. The first

condition enhances the events corresponding to the deexcitation of states of

very high spin while the second selects uniquely the nucleus Gd through the

presence of the isomer. It can be seen (Fig. 2) that states up to ~ 17 MeV

excitation energy have Tuen identified, i.e. 2-3 MeV higher than any

previously known yrast state in a heavy nucleus (by yrast state we mean the

state lowest in energy for a given spin - the yrast line is the line that

joins these states).

Up to the highest states observed in the experiment, the transition

energies are very irregular along all the cascades present in the nucleus.

This is one of the strongest indications for particle-alignment, one of the

basic modes through which angular momentum build-up can take place. Inside

the nucleus, the nucleons are known to be paired in such a way that their

individual spins add up to zero. In other words, in each pair the spins of

the partners are parallel but point in opposite directions. In the particle-

alignment mode, gain in spin originates from the breaking of pairs with



subsequent alignment of the Individual spins along the symmetry axis. With

increasing spin, the number of broken pair Increases and so does the angular

momentum gained in the process.

It is worthwhile to note that this mechanism has also an influence

on the deformation of the entire nucleus. As more nucleons are aligned along

the symmetry axis to build up the angular momentum, they polarize the core and

so induce oblate deformation (this shape corresponds to a slightly compressed

sphere, comparable to that of the earth). The occurence of this sizable

oblate deformation at higher spins is illustrated by the 550 ns, 49/2" isomer

(Fig. 2) for which a number of experimental data^ - spin, parity, magnetic and

quadrupole moments - all corroborate this property. It had been suggested

that the oblate deformation could be sufficient to render another nuclear mode

favorably energetically, namely collective rotation around an axis

perpendicular to the symmetry axis. Experimental signatures for such

collective phenomena will be discussed below. They were not observed here and

our study indicates that up to at least 17 MeV the aligned-particle

configurations persist on the yrast line up to the highest states observed and

any connection to collective structures remains to be found.

The second example to be discussed here places more emphasis on the

shape of the nucleus. Figure 3 presents the low excited states observed in

the light Hg isotopes. In Hg, a sequence of levels 0 , 2 , 4 ... develops

with energy differences > 400 keV increasing somewhat with spin. Similar

bands are also present in the lighter isotopes but a second band appears with

a very different structure. As can be seen from Fig. 3, another 0+ state

exists at 824 keV in 188Hg. The corresponding state drops in excitation

energy with decreasing mass: it is located at 522 keV in ^ H g and at 375 keV

in Hg. Above this 0 state, a sequence of levels develops with even spins



increasing by 2 units each time. Furthermore, the excitation energies are

found to be proportional to ~(I + 1), where I denotes the spin of a given

state. These characteristics are clear signatures for rotation of a prolate

nucleus around an axis perpendicular to its symmetry axis. A prolate shape is

one which is analogous to that of a cigar or a football. The deformation is

then measured in terms of a parameter B which is related to the ratio between

the lengths of the axis of smallest and largest elongation. The picture that

emerges from the coexistence of two different band structures in the light Hg

isotopes is suggested in Fig. 4, where the potential energy surface is given

for iODHg. This quantity is obtained from calculations discussed in Ref. 7.

In their respective groundstates, all the Hg isotopes have very

small oblate deformation (0 < -0.1) and the bands build on the 0 states are

spherical or vibrational in character. On the other hand, a second minimum

exists for large prolate deformation (3 ~ 0.3) and a rotational band built on

this minimum is observed in the spectra. So, at low spin, the light Hg

isotopes are so soft that two different deformations are energetically

possible.

Our experiments at Argonne were aimed at studying the behavior of

^°Hg at high spins in order to gain more information on its collective motion

and its nuclear shape under these conditions. These studies were performed

with the 156Gd(34S,4n) reaction at 165 MeV.6 The main results are presented

in Figure 5. The low spin states discussed above are observed in the

experiment. In particular, the two bands corresponding to motion within the

two shapes are clearly seen. The prolate band (band 2) is now established up

to 20+. Its rotational character is reemphasized by the regular pattern that

it displays. Indeed, the successive levels are linked by E2 transitions (i.e.

transitions taking away 2 units of spin) increasing smoothly with spin except



perhaps for a small irregularity between 14+ and 18+. Tnis effect is seen in

many prolate nuclei throughout the entire rare earth region for states of

comparable angular momenta and is well understood (see Ref. 6 for a

discussion). More surprising to us was the discovery of yet another band

(band 3 in Fig. 5) which intersects baud 2 near spin 16 with very little

interaction between the two bands. A clear sign of the absence of interaction

is given by the fact that no 7-decay was observed for states from band 3(2) to

levels in band 2(3). In Ref. 6, more arguments are presented that together

with the lack of interaction strangly suggest that the bands are as different

in nature as bands 1 and 2 at lower spin. The exact nature of band 3 is not

clear, but the best interpretation available at the moment supposes that yet

another shape occurs and is responsible for the new level sequence. In this

model, the nucleus is characterized at the highest spins by a so-called

triaxial shape, i.e., a shape without cylindrical symmetry, the three axis

having different lengths. The occurence of this triaxial shape is thought to

be due to the polarization of the soft core by high-j quasiparticles (see Ref.

6 for a discussion), an effect similar to that discussed above in the case of

147Gd.

In conclusion, I hope to have demonstrated through the two examples

that the spectra of heavy nuclei at high spin display interesting phenomena.

Some of these can be ascribed to the behavior of individual nucleons inside

the nucleus while others indicate that nuclei as a whole can undergo

collective motion* Interplay between these two modes has been observed but

was not discussed here. These phenomena have an influence Gn the shape of the

nucleus.
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Figure Captions

Fig. 1. Example of a typical arrangement used to perform a Y~Y coincidence

experiment* Special attention is given to the description of the

target (see text for details).

Fig. 2. Level scheme of ^ 7Gd as obtained from studies with the

Sn(-^Si, 5n) reaction. The data are taken from Ref. 3.

Fig. 3. The near spherical and deformed bands in 184-188^ a n d a n e a r

spherical band In *^Hg. This compilation is taken from Ref. 5.

Fig. 4. Potential energy surface for *°°Hg as calculated in Ref. 7

Fig. 5. Level scheme of 186Hg as obtained from studies with the

156Gd(34S, 4n) reaction. The data are taken from Ref. 6.
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