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1. Introduction

Two important developments in the sixties, namely the advent of heavy-ion

accelerators and fabrication of Ge detectors, opened the way for the experimental studies

of nuclear properties at high angular momentum. Addition of a new degree of freedom,

namely spin, made it possible to observe such fascinating phenomena as occurrences and

coexistence of a variety of novel shapes, rise, fall and occasionally rebirth of nuclear

collectivity, and disappearance of pairing correlations. Today, with the promise of

development of radioactive ion beams (RIB) and construction of the third-generation Ge-

detection systems (GAMMASPHERE and EUROBALL), we are poised to explore new

and equally fascinating phenomena that have been hitherto inaccessible. With the addition

of yet another dimension, namely the isospin, we will be able to observe and verify

predictions for exotic shapes as varied as rigid triaxiality, hyperdeformation and triaxial-

octupole shatjes, or to investigate the T=0 pairing correlations. In this paper, we shall

review, separately for neutron-deficient and neutron-rich nuclei, these and a few other new

high-soin physics opportunities that may be realized with RIB. Following this discussion,

we shall present a list of the beam species, intensities and energies that are needed to fulfill

these goals. The paper will conclude with a description of die experimental techniques

and instrumentations that are required for these studies.

2. High-Spin Physics in the Neutron-Deficient Nuclei

The medium-heavy RIB with Z 532 and T'z £ 1 wilJ allow access to the se'f-conjugate

and mirror nuclei up to 100Sn, and those bordering or beyond the proton- drip line above

the N, Z=5C magic numbers. According to the theoretical models, some of the richest
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Fig. 1 Nilsson single-particle levels in the A=80 mass region as functions of the

quadrupole deformation j}2, calculated using the Woods-Saxon potential. Some particle

numbers corresponding to large shell gaps are shown in circles (adopted from Ref. 1).

examples of shape coexistence and shape transition are expected to exist among these

nuclei. This is because of the fact that (a) the single-particle energy levels show large

gaps corresponding to oblate, spherical, prolate and superclongated shapes for the particle

numbers below 50 (see Fig. 1), and (b) these shell structures are reinforced when protons

and neutrons simultaneously occupy these levels. Consequently, one encounters a variety

of nuclear shapes that change rapidly with N, Z, and angular momentum.1 As such, these

nuclei provide the best testing ground for the microscopic models.

With stable beams, studies of the even-mass, self-conjugate nuclei have been recently

extended to MMo, using (H.I., 2n) fusion-evaporation reactions near the Coulomb

barrier.2 The yields of the two-neutron evaporation reactions that are used to produce

these self-conjugate nuclei are at the limit of our present experimental capabilities. This is

because of the fact that (a) charged-particie emission is by far the dominant evaporation

mode in proton-rich compound systems, and (b) fusion cross sections are very small near

the Coulomb barrier. For sxample, the experimental cross section for the
28Si(58Ni,2n)MMo reaction is reported to be less than lOjib.2 Thus, identification of these



nuclei has required a combination of a recoil mass separator (RMS) and a relatively large

array of Ge detectors. The resulting spectroscopic information has been limited, so far, to

a few gamma rays which are assumed to de-excite the lowest states in these nuclei.

Because of the rising Coulomb barrier, the cross section for the (H.I., 2n) reactions

become vanishingly small as we approach 100Sn. Moreover, production of very proton-

rich nuclei with stable beams suffers from a second, and fundamentally more serious,

problem: near-barrier fusion reactions populate compound nuclei wuh small angular

momentum. Thus, studies of high-spin physics in these nuclei will not he possible with

the stable beams, even if the detection sensitivity is enhanced by two-three orders of

magnitude using the GAMMASPHERE and the third-generation RMS.

In contrast, the use of proton-rich RIB removes or mitigates many of these obstacles.

First, many of the self-conjugate nuclei can be reached via the (RIB, xp ya) reactions,

which involve only charged-particle emission. As a result, the expected cross sections are

enhanced by nearly an order of magnitude each time the Tz(=(N-Z)/2) of the beam is

reduced by 1/2. This is illustrated in Fig. 2, which compares the yields for the emission

of neutron and proton from 90Ru(Tz=i) nucleus, leading to the isobars 89Ru(Tz=l/2) and
89Tc(Tz=3/2), respectively. The yields, calculated using the PACE code3, correspond to

the decay of 104 compound nuclei 92Pd(Tz=0) and 94Pd(Tz=l) which are produced in

reactions of, respectively, 52Fe(Tz=0) and 54Fe(Tz=l) beams on a '"'Ca target, as shown in

Figs. 2a and 2b. The numbers give the peak yields for neutron emission (left arrows) and

proton emission (down arrow), and illustrate the particle-decay pathways as the Tz is

changed due to particle evaporation. Because of the differences in the proton and neutron

binding energies, the peak yields occur at different excitation energies. (To get the actual

cross sections, the yields should be normalized to 10* and multiplied by the geometric cross

sections at the corresponding bombarding energies. This is sometimes quite small, as the

peak yields occur at sub-barrier energies for some reactions.) Several lessons may be

drawn from these calculations:

(1) In Fig. 2a, the proton-to-neutron yield ratios decrease steadily from 9900:1=9900 in
92Pd(Tz=0), to only 4800/640=7 in 89Tc(Tz=3/2), as the TZ increases from 0 to 3/2. These

numbers illustrate the predominance of proton emission from the heavy proton-rich nuclei.

For comparison, the peak yields for a emission from 90Ru and 8"~i a are also shown by

diagonal double arrows in Fig. 2a. They indicate the following order of preference for

panicle emission from proton-rich systems: protons first, alphas second and neutrons last.
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Fig. 2. Mome Carlo predictions of the peak yields for the emission of prat™ (down arrow), neutron (left

arrow) and alpha (diagonal double arrow) from the decay of 104 compound nuclei shown by (*). Ths top

and bottom panels correspond to the reactions of (a) 52Fe(Tz=0), and (b) 54Fe(Tz=l) beams on a 4 0Ca

target, respectively. See the text for details.

(2) A comparison of the yields given in Figs. 2a and 2b illustrates the importance of

having neutron-deficient beams for the production of neutron-deficient residual nuclei.

Although tht proton-to-neutron yield ratios are the same (nearly 13) in both reactions, the

absolute peak yield for the production of 89Ru increase*? from 8 to 650 in going from the
54Fe(Tz=l) beam to 52Fe(Tz=0). respectively. That is, the peak yield for the (2p n) channel

is nearly two orders of magnitude larger than that of the (2p 3n) channel. This simply

reflects the fact that the phase space gets larger, and becomes more biased toward the

larger Tz values, as the Tz of the compound system is increased. Figure 3 illustrates the

variety of the self-conjugate nuclei that may be produced wiii large cross sections using a

neutron-deficient RIB, such as 30S(Tz=-l). Experimentally, the smaller phase spaces, and

the larger panial cross sections for neutron-deficient residual nuclei that result from the

use of neutron-deficient radioactive ion beams translate to less demand on the selectivity
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Fig. 3. Predicted excitation functions for the production of several self-conjugate nuclei using

the ^S + 40Ca reaction. The evaporated panicles are indicated in parenthesis.

and efficiency of the experimental detection systems. Also, since many of the exit channels

of interest may be produced via pure charged-panicie emission, channel selection may be

easily and efficiently effected by the use ot 4TI charge-particle detect. •• /stems, such as the

Washington University Dwarf Ball.4

The second advantage of RIB lies in the fact that the experimental studies of the heavy,

nearly self-conjugate, odd-Z nuclei becomes possible. This is crucial for the studies of

the heavy mirror nuclei, and the T=0 pairing correlations, thought to be imponant in the

N=Z nuclei (see Sec. 2.3).



Finally, insofar as the high spin physics is concerned, the biggest advantage offered by

RIB is that many proton-rich nuclei of interest (including those which are already

accessible via (H.I., 2n) with stable beams) may be produced at high angular momentum.

In the following subsections, we shall briefly describe a few of the new physics

opportunities that will be opened up with proton-rich radioactive ion beams.

2.1 Superdeformed and Hyperdeformed Shapes

Superelongated shapes result from a delicate balance between the microscopic shell

effects and pairing interactions on the one hand, and the macroscopic rotating liquid drop

energy, including the Coulomb force, on the other. Due to the strong dependence of the

liquid drop energy on the proton and neutron number, the details of this balance vary

greatly from light to heavy nuclei. In heavy nuclei near ^ P b , superelongated shapes are

stabilized due to both the shell, and the large macroscopic liquid drop (fissility and

Coulomb repulsion) effects. The low-spin, superdeformed (SD) fission isomers observed

in the actinides arc prime examples of this cooperative phenomenon. In contrast, SD

shapes are, by and large, stabilized by the shell effects in the very light nuclei. In the

intermediate region, where the liquid drop terms dominate, superdeformation and

hyperdeformation (HD) is stabilized only at high spins. Therefore, identification of the

superelongated structures in different mass regions would provide valuable insight into the

question of the competition between the microscopic and macroscopic effects.

So far, a variety of SD bands have been identified at high spins in the A=150 and 190

mass regions.5-6 However, except for a weak SD ridge structure in 82Sr [Ref. 7],

experimental searches for the predicted SD shapes in the A=80 region have not yet met with

success. This is because of the difficulty encountered in populating the high spin states

(I> 40 %) in g2Sr and the neighboring nuclei, at which the SD structures are predicted to

become yrast Calculations by Ragnarsson indicate that SD shapes in the neutron-deficieiu

nuclei "Zn and 88Ru become yrast at spins 22h and 36/i, respectively.8 Neutron-deficient

RIB with a Tz=-1 may be used to populate these states with a significant cross sections

(see, e.g., Fig. 3).

Several calculations have predicted the onset of hyperdeformed nuclear states (with

the major to minor axis ratio of 3:1) at very high spins in some medium-mass and rare-earth

nuclei.9"11 Unfortunately, in the candidate nuclei which may be accessed using stable

beams, fission is the dominant decay mode at the spin values where the hyperdeformed

states are predicted to become yrast. With the aid of RIB, one could investigate such

neutron-deficient nuclei as u8Ba, for which the predicted12 critical angular momentum is

about 60 ft, well below the limit set by fission. (The large gap corresponding to

hyperdeformation at Z=56 may be seen in the single-particle energies shown in Fig. 4.)
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Fig. 4. Plots of single-particle energies of proton (top) and neutron (bottom) as functions of the

quadrupole deformation. They are calculated using Woods-Saxon potentials.20



22 Rigid Triaxial and Octupoie Shapes

Despite the fact that dynamical triaxiality and octupoie deformation13 has been

observed in many nuclei, convincing evidence for the presence of rigid triaxial or octupoie

shapes has not yet emerged. Interestingly, rigid triaxiality is either absent or is rarely

predicted in many nuclear models. Therefore, it is very interesting to verify the existence

of deep triaxial minima when they appear in the calculated potential energy surfaces. A

distinctive feature of the medium-mass nuclei is the relative abundance of rigid triaxial and

octupoie minima in the calculated potential energy surfaces. Recent calculations14 predict

deep triaxial minima in the self-conjugate wTi and 72Kr nuclei. Similarly, nuclei near
64Ge(N=Z=32) and n2Ba(N=Z=56) are among the best candidates for octupoie

defo.uiation.15-16 In fact, the predicted hyperdeformed minima in the potential energy

surfaces of the neutron deficient Ba nuclei are also accompanied by softness toward P3

deformation. ^

In addition to the Y30, the non-axial octupoie operators proportional to Y31l Y32, and

Y33 may also produce a minimum in the potential energy surfaces.17 The effect of these

operators is most visible in nearly self-conjugate nuclei where proton and neutron shell

effects arising from these terms add coherently. With neutron-deficient RIB, detailed

spectroscopy of these nucei becomes feasible, thus making it possible to explore such

exotic deformations as triaxial-octupole, or hyperdeformed-octupole shapes.

23 Proton-Neutron Interaction

It is well known that the long-range quadrupole component of the T=0 proton-neutron

interaction plays an important role in the evolution of collectivity and deformation (see Ref.

18 for a recent review of this subject). However, much less is known about the short-

range p-n interaction, which acts primarily among the strongly overlapping states with

identical principal and orbital quantum numbers. Since the neutron proton T=0 pairing

depends strongly on the neutron excess, the self conjugate nuclei provide the best systems

to study this interaction. (The T=0 pairing is dominant over, comparable with, or

negligible compared to the T=l like-particle pairing for Tz=0, 1, or >1, respectively.18)

Since the Coriolis force breaks more easily the T=l pairing interaction that acts on the

time-reversed orbitals, the T=l pairing is expected to be destroyed at lower spins as

compared to the T=0 pairing. Survival of the T--0 pairing at high spins is expected to lead

to such observable effects as the shift in the crossing frequencies, or mixing between the

proton and neutron s-bands built on the g9/2 orbitals in the A=80 mass region. For

example, by comparing the energy spectra of an N=Z core and its three neighboring

(N, Z+l), (N+K Z), and (N+l, Z+l) nuclei, the p-n interaction strength can be accurately



established empirically. Such high-spin studies of the self-conjugate and mirror nuclei

would require neutron-deficient radioactive ion beams.

Although the self-conjugate nuclei become proton unbound above 100Sn, similar

studies of the strongly attractive p-n interaction among the high-j intruder orbilals would be

still possible. For example, for many well-deformed bands built on the high-j intruder

orbitals in odd-N(Z) nuclei, the expected band crossing based on the aligned protons

(neutrons) has not been observed. A possible explanation is that the aligned high-j protons

and neutrons have a large spatial overlap that leads to a strong p-n interaction, causing a

shift in the band crossing frequencies.19 Since the correct strength of such p-n

interactions is not known empirically, we cannot at present appraise the validity of these

arguments. With the availability of RIB, one may systematically explore the p-n interaction

among identical high-j orbitals based on the fln, h9/2, hu / 2 , and i[V2 orbitals in very

neutron-deficient nuclei with Z= 60 and 80 (see, e.g., Fig. 4).

3. High-Spin Physics in the Neutron-Rich Nuclei

The high-spin states in the neutron-rich nuclei may be populated using Coulomb

excitation, heavy-ion transfer, fusion-evaporation, and quasi-elastic reactions. These

reactions are by and large complementary, and probe different structures in nuclei.

3.1 Coubmb Excitation

Coulomb excitation provides a powerful method for the investigation of the collectivity

and deformation of the yrast and near yrast structures in nuclei. With RIB, Coulomb

excitation of the projectile on a series of targets, ranging from '"Ca to 208Pb , would be the

method of choice. In this way, one could determine hundreds of diagonal and non-

diagonal electromagnetic matrix elements that connect the near-yrast states.21 These

matrix elements would provide a very stringent test of the nuclear structure models. The

advantage of Coulomb excitation lies in the fact that it selectively excites the ground state

band and the vibrational bands that are coupled to it via strong matrix elements. Thus, one

is able to obtain useful information about the structure of these bands with only modest

beam intensities, starting with about 106 pps.22*23

3.2 Heavy-ion Transfer Studies

Heavy-ion transfer reactions provide a unique tool to preferentially populate states that

are not easily accessible by other means.24 For example, one may selectively populate the



aligned non-yrast bands built on the intruder high-] orbitals using odd-A beams in which

the intrinsic and orbital spins are anti aligned.25 An intriguing possibility is the use of

such reactions with neutron-rich odd-N radioactive beams to populate the predicted

superdeformed26 and hyperdeformed11 shapes in the neutron-rich Hg-Ra nuclei via

transfer reactions. Because these reactions populate "cold" high spin states,27 they would

minimize the background due to fission, which is usually a major problem in the studies of

the high-Z systems.

Witt the neutron- and proton-rich RIB, one obtains large Q-values for the transfer of a

single nucleon with odd-A beams, and one or more pairs with even-even beams. For

example, neutron stripping (proton pick up) reactions of very neutron-rich odd-N(Z) RIB

with neutron-rich stable targets will result in neutron-rich residual systems. (Naturally,

the analog reactions of proton-rich odd-A beams on proton-rich targets will result in a

proton-rich residual system.) Comparison of the one- and two-nucleon transfer cross

sections would provide valuable information about the strength of pairing correlation at

high spins in nuclei.

However, perhaps one of the most interesting transfer studies will be those involving

reactions of very neutron-rich RIB with very neutron-deficient targets. To equilibrate

their N/Z ratios, the two reaction partners will undergo transfer of multiple pairs of

neutrons. This may be a qualitatively different physics than the simple single-pair transfer

feasible with stable beams.

33 Fusion-Evaporation Reactions

Fusion of neutron-rich targets and radioactive beams results in the formation of neutron-

rich compound systems that de-excite by pure neutron evaporation. Therefore, these

reactions will not in general form very neutron-rich residual systems, far beyond what is

already accessible via one- and two-neutron radiative capture reactions. However, their

significance is that they would provide high-spin nuclear structure information that is

complimentary to the (n, y) reactions, which provide nearly complete spectroscopic

information about the low-spin states in neutron-rich nuclei (see, e.g., the contribution of

I. Ahmad and M. P. Carpenter at this workshop).

In the very heavy systems, neutron-rich beams are needed to explore the predictions for

the existence of superdeformed26 and hyperdeformed11 structures in ihe neutron-rich

Hg-Ra nuclei that cannot be accessed by stable beams. Since the fission barrier is higher

for the neutron-rich isotopes of the same element, the neutron-rich beams would allow the

investigation of superelongated shapes in the Pb region at higher spins, where yet higher-

lying intruder orbitals may become active.



3.4 Quasi-Elastic Reactions

At beam energies of about 1.5 to 2 times the Coulomb barrier energy, the dominant reaction

mechanism becomes quasi-elastic collisions that include the incomplete fusion, massive

transfer, and Deep-Inelastic Reactions (DIC).28 The Pittsburgh group has recently

demonstrated the utility of these reactions for high-spin spectroscopic studies with a beam

of lOMeV/nucleon of 20Ne beam on a 170Er target.29 Using neutron-rich radioactive

beams, these reactions can result in the high-spin population of neutron-rich residual

nuclei. A large array of charged-particle detectors, and third-generation Ge detector

systems would be needed to fully realize the potentials of these reactions for nuclear

spectroscopy. Needless to say, these reactions would also provide valuable insight into the

mechanisms that govern the charge- and mass-equilibration processes.

4. Summary of the Required Beams

Realization of the high-spin nuclear structure program outlined above would require a

variety of odd- and even-Z radioactive beams at the extremes of Tz. Unfortunately, the

intensities of the most neutron-rich and proton-rich radioactive ion beams fall almost

exponentially as the neutron excess increases and decreases, respectively. (See, e.g., a

typical ISL beam-intensity profile for the Ge isotopes shown in Fig. 5.) Therefore, the

breadth of the high-spin physics programs at the future RIB facilities would depend directly

on the tails of the intensity distributions of the produced radioactive ion beams. For the

neutron-rich radioactive ion beams, this implies the need for an acrinide target. Shown in

the inset of Fig. 5 is a sketch of the required beam energies and the approximate intensity

thresholds, in particles per second (pps), above which various reactions reach their

threshold of detection sensitivity. The needed beam energies are, generally speaking,

about 5MeV/nucleon, with the exception of the incomplete fusion and deep inelastic

collision reactions that require somewhat higher beam energies. To realize the full scope

of this program, radioactive ion beams of varying Z, both odd and even, are needed.

5. Experimental Techniques and Instrumentation

Any discussion of a new facility should include not only the accelerator system(s) used

to produce the beams of interest, but also the detector systemr Since the experimental

count rate depends directly on the efficiency and selectivity of the detection system, it may
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Fig. 5. A sketch of the profile of the approximate beam intensities and energies needed for the high-spin

physics program. Indicated for both the neutron-deficient and neutron-rich Ge isotopes are the minimum

beam intensities, above which various reactions reach their threshold of detection sensitivity. A wide range

of elements, both odd- and even-Z, will be needed for a broad high-spin physics program.

be sometimes more practical or economical to enhance the detection capabilities than tc.

increase the beam intensities. This is particularly relevant for the high-spin physics studies

with RIB which, as mentioned above, utilizes the extreme tails of the intensity distribution.

Although, in general, the detector requirements for the studies of the n-rich and

n-deficient nuclei arc different, both share the need for a powerful high-resolution gamma-

detection system, such as the third-generation GAMMASPHERE and EUROGAM

detectors currently under construction. These detectors have a total photo-peak efficiency

of N e Q =* 0.1 for ^ o lines (N is the number of the Ge detectors in the system, and £

2nd Q. are the photo-peak efficiency and solid angle of each detector, respectively).

However, in many applications, the most forward quadrant of these detectors will be

subjected to a large background count rate due to the gamma- and beta-decay of the

elastically and inelastically scattered radioactive beams. For example, Rutherford



scattering of 1 pna of a rare-earth beam on 1 mg/cm2 of 208Pb target would deposit about

106 particles/sec on the forward quadrant of the target chamber, which is to be compared

with about 105 events/sec for the yield of a typical fusion-evaporation reaction.

Considering the fact that the background activity persists for several half lives (typically

several minutes or more), the singles count rate in the Ge detectors will be dominated by

the background activity due to the forward-scattered radioactive beams. In this respect, a

high granularity Ge array is desirable. A high granularity Ge detector system is also

desirable to minimize the effects of Doppler broadening which deteriorates the energy

resolution of the gamma-ray spectra (see the discussion below).

In situations where, due to the low beam intensity, the particle and gamma detectors

have not reached their singles count-rate limit, the background count rate may be reduced

by pulsing and bunching the beam. For high-spin studies, demanding events with high-

gamma multiplicity will also serve to suppress the background radioactivity which has low

gamma multiplicity. Similarly, gamma-recoil and gamma-particle coincidence requirement

would suppress the background signif intly.

In the case of intense radioactive beams, a simple, although inefficient, solution

would be to remove the Ge and other ancillary detectors from the most forward angles

(e.g., 9 < 45°) in order to allow a large distance between the target and the chamber walls

(see Fig. 6). In this geometry, most of the forward-scattered radioactive ions will be

deposit-d on the distant chamber walls, where they are out of the direct line of sight of the

remaining Ge detectors. In experiments involving neutron-deficient nuclei, the most

forward angles may be devoted to the neutron detectors, which benefit from ths kinematic

focusing of the evaporation neutrons at these angles. Also, the increased time of flight of

the neutrons (due to the larger flight distance), would make it easier to distinguish the

neutron from the gamma signals.

With the exception of the deep-inelastic collision reactions, which benefit from a An

charged-particle detector (such as the Dwarf Ball of Washington University4), the

experiments on the neutron-rich side are generally less demanding on the detection

sensitivity and selectivity. This is due to the fact that the neutron-rich channels of interest,

usually produced in (xn) fusion-evaporation or transfer reactions, are not masked by other

competing channels. In contrast, the most neutron-deficient channels are usually produced

with very small partial cross sections. Thus, deployment of highly selective ancillary

detectors, such as RMS, is almost mandatory for these studies.

The advantage of the RMS lies in the fact that its selectivity, (ojot/ax), is inversely

proportional to the partial cross section, ox. Thus, for weak channels with oy= 10-100 (ib,

the RMS would reduce the background by as much as 10̂  -104, respectively. In contrast,
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Fig. 6. A schematic drawing of a prototypical experimental set up thit combines a large array of

segmented Ge detectors (heavy shade), a nearly 4rc charged-paxticle detection system (cross hatched), a

neutron wall at forward angles, an RMS, and an array of particle, X-ray and gamma-ray detectors

deployed at the focal-plate of the RMS. (The recess in the target chamber at forward angles is to reduce

the background activity in the Ge detectors that originate from the scattered beam particles.) Nearly all

these detectors are requited for a detailed high-spin studies of the proton-rich nuclei.

gating on a known gamma ray in the band of interest, reduces the background in the

gamma spectra by the Resolving Power of the system, which is about 10 for most Ge-

arrays that are equipped with Compton-suppression shields. (Resolving power is defined

as the product (Photo peak/Total)*(S Ey/FWHM), where (S Ey) is the difference

between the energies of two consecutive gamma rays in a rotational band, and FWHM is

the gamma energy resolution.3Q3l) Thus, the RMS offers a clear advantage over gamma

gating for the weak exit channels. On the other hand, j~y coincidence information is

crucial for the construction of partial level schemes. Thus, the general practice has been to,

first, use the y-RMS coincidence information to identify a few transitions in the nucleus of

interest These transitions are then used for gating in the 7-7 coincidence mode to construct

a partial level scheme. Two- and higher-fold gamma gating is also the preferred tool to

isolate the weak cascades, such as members of a superdeformed band, in exit channels

with a large partial cross section.



To take the full advantage of the selectivity of the RMS, both mass and Z identification

are required. Unfortunately, Z identification, using the conventional gas counters at the

focal plane, becomes increasingly difficult for the fusion-evaporation products with Z>50,

because of their relatively low recoil velocity. This problem may be partially remedied by

the use of inverse kinematics. However, the resulting large Doppler broadening of the y

rays would severely limit the Ge resolution for angles between +45° aud -45°, unless

highly segmented Gs detectors are used. The clover detectors32 i>f the EUROGAM, and

the split detectors31 of the GAMMASPHERE are examples of such large volume,

segmented detectors. Furthermore, when deployed near the 90°, these segmented

detectors provide polarization information, which is crucial for many gamma-ray

spectroscopic studies.

An alternative solution would fce to use the RMS in conjunction with a 4n charged-

particle detector system, or an array of X-ray detectors with a large solid angle coverage.

The 4TC charged-particle array would not only provide information about the Z of the

residues, but would also give the energies and the emission angles of the evaporation

charged particles. Using this information, one may infer the velocity vectors of the

residues and apply the necessary corrections to the Doppler-broadened gamma energies.

Regarding the use of large arrays of X-ray detectors, thin room-temperature Hgl2 detectors

may offer an elegant solution in the next few years.33

Having a wide variety of ancillary detectors at hand would allow the construction of

properly tagged reference gamma ray spectra (e.g., Ip In, 2p In, lp 2n, etc.) that may be

used to identify unknown gamma rays. For example, the peaks belonging to the

(2p In) channel would be, respectively, enhanced and reduced in the (2p ln)/(lp In) and

(2p ln)/(2p 2n) ratio spectra. (A related technique, namely the ratios of the gamma

intensities in spectra gated by neutron, protons and alphas, were used to infer the

multiplicity of the evaporation particles in Ref. 34.) Alternatively, "pure" (xp yn) spectra

may be constructed from a linear combination of the various spectra formed from the

above reference spectra.

6. Summary

Radioactive ion beams will usher a new era for nuclear physics in general, and high-

spin structure physics in panicular. Some of the exciting new physics opportunities that

will become accessible with RIB were outlined in this paper. Undoubtedly, as with other

facilities in the past, we shall encounter unexpected new phenomena that will lead to new

applications for these beams that are unforeseen at present.



The most critical parameter for these high-spin studies is the intensity of the very

proton- and neutron-rich beams produced at the future RIB facilities. This implies that

actinide targets are needed to produce neutron-rich radioactive beams of acceptable

intensity. To maximize the scope of this program, a wide range of odd- and even-Z beam

species are desirable. The most useful energy range is around 5MeV/nucleon, although

lower energy beams may be useful for Coulomb excitation, and beams of up to

lOMeV/nucleon would be needed for quasi-elastic reaction studies.

Last, but not least, to fully realize the potentials for these exciting explorations, the

future laboratories should pay particular attention to the detection systems. Large arrays of

Ge detectors with high efficiency and granularity, nearly 4jt charged-particle arrays,

neutron walls, recoil mass separator and a variety of detector systems around its focal

plane are necessary equipment at any future RIB facility. It would be highly desirable to

develop the tools and techniques required for these challenging experiments on the first

generation of the radioactive beam facilities.
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