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A SUPERCONDUCTING CYCLOTRON FOR LIGTH AND HEAVY IONS
PLANS FOR EXPERIMENTAL FACILITIES AND PHYSICS PROGRAM

S. Gales

Institut de Physique Nucléaire, 91406 Orsay Cedex France
K.V.I. Groningen, Zernikelaan 25, 9747 AA Groningen, The Netherlands

Abstract
The construction of the K600 superconducting cyclotron AGOR, a joint
undertaking of the KVI Groningen and the Institut de Physique Nucléaire at
Orsay, has reached the stage where the assembly of major subsystems is
underway. Field measurements are scheduled to start in the fall of this year,
beam tests should start at Orsay by the end of 1992 before AGOR final
installation at Groningen.
The beam guiding system, the location and equipments of the main experimental
areas are currently being designed. Taking advantage of the broad range of
ions and energies that AGOR will made available (from 200 MeV protons to 100
MeV/A a down to 6 MeV/A Pb ions), the first ideas about the physics research
to be done will be presented.

I - INTRODUCTION

The construction of the K600 superconducting AGOR, a joint undertaking of the

KVI Groningen and the IPN Orsay, is underway.

Details of the design have been published elsewhere1'. They will be briefly

recall in section Il with emphasis on the novel features of the accelerator

and on the status of the subsystems.

In sec III a description of the general lay-out of the beam guiding system and

experimental areas with the specific apparatus which are to day considered

will be given.

The uniqueness of the AGOR accelerator which is able to accelerate protons as

well as heavy ions from the low to the intermediate energy regime greatly

enlarges the research domain accessible to the nuclear physicists.

As an example, the high resolution polarized proton and deuteron beams at 200

MeV are very well suited to the study of the spin or spin-isospin response of

nuclei, throught the excitation of specific states and/or the exploration of

the nuclear continuum

On the other hand, inelastic, charge exchange or transfer reactions using both

light and heavy ions in a broad energy range (30 to 100 MeV/nucleon) are the

best tools to explore new collective and single particle degree of freedom at

rather high excitation energies .



The general trend is to investigate the decay characteristics of these

high-lying states embedded in a large continuum through exclusive experiments

using multidetecteurs systems (for proton, neutron and y rays) in coincidence

with a magnetic spectrometer "° .

The observation of high-energy photons in nucleus-nucleus collisions has also

attracted considerable attention in the recent years . The produced photons

may reveal an undisturbed signal of the phase of the colliding system in the

nuclear collision. With the AGOR beams these processes producing hard photons

can bo studied both in the bare proton-neutron, proton-proton system as well

as in nucleon-nucleus and nucleus-nucleus systems. Few examples of the above

mentionned experiments will be described in the last section of this paper.

II - CONSTRUCTION OP THE AGOR CYCLOTRON
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The AGOR cyclotron will

be a compact cyclotron

with a three-fold

magnetic symmetry and

three RF electrodes for

the acceleration of

light and heavy ions.

The main field is

generated by a set of

two superconducting

coils housed in a split

cryostat. The central

field strength ranges

from 1.7 to 4.1 T. The

major components of the

machine (yoke, poles,

superconducting coils,

RF structure, and axial

injection line) are

shown in fig. 1.

Fig.l - Simplified cutaway view of the AGOR cyclotron.



The operating diagram (Energy (MeV/nucleon) versus Z/A ratios of the

accelerated ions) as well as the operating range (24 to 62 MHz) for the high

frequency are shown in fig. 2. The energy range for protons is 127-200 MeV.

Heavy ions with Z/A ratio in the range of 0.1 to 0.5 will be accelerated from

6 MeV/A for the lower charge state to 36-95 MeV/A for fully stripped ions.
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Fig. 2 - Operating diagram of AGOR cyclotron.
Ions energy versus Z/A.

The main cyclotron parameters are listed in table 1.

Table 1 : Cyclotron parameters

Bending limit K = 600

Pole radius 118 cm

Min. hill gap 7 cm

Main coil ^ 1 max current density
M » o tl M M

Central field range

RF frequency range 24-62 MHz

Peak RF Voltage at the center

Focusing limit Kp= 220

Number of sector 3

Max hill gap 84 cm

4271 A/cm2

3270 A/cm2

1.75 - 4.1 T

h = 2,3,4

85 kV



II. 1 Magnet structure, trim coils and field mapping equipments

The 320 t steel structure (that includes the six rings of the cylindrical

yoke, the two main poles with lifting and upsetting mechanisms) has been

installed at Orsay in July 89. Dimensional checks are all within the specified

values and measurements on samples of the saturation magnetization yielded

values of M = 2.16 (± 0.01) T, exceeding the goal of 2.14 Tesla. Fig.3 shown

the AGOR magnetic circuit installed at Orsay.

Fig. 3 - AGOR magnetic circuit
installed in its pit at Orsay
(Janv. 91).

Fig. 4 - View of the spiral flutter
pole and of the winding of the
15 correction coils.

The 15 room temperature trim coils wound around each flutter pole (see Fig. 4)

have been manufactured and delivered in July 90. They have been assembled on

the hills and have passed successfully the acceptance tests. The field mapping

method for the NSCL K1200 cyclotron has been selected.

An absolute measurement is made at the center of the machine by a NMR probe

and a search coil moving along a radial carbon fiber arm reads the field

variation in the median plane. This measurement is repeated every degree by a

rotation of the arm. The system is ready for operation and has been used to

map the field of the trim coils as test cases.



II.2 - Superconducting coils and cryostat

The magnet excitation is produced by two pairs of superconducting coils,

housed in a "split" cryostat that provides free access in the median plane

with the exception of six feedthroughs for support, power and fluid

communication. The four coils have been fully vaccum impregnated and thermal

stability is improved by direct contact of liquid helium (4*K) at all sides of

the winding package. The system is being assembled and tested by the

manufacturer (ANSALDO, Geneva, Italy) and will be deliver at Orsay during the

fall of 1991. Fig. 5 show the assembled cryostat at the manufacturer site.

II.3 - Helium liquéfier

The external cryogenic system

consists in :

a liquefier/refrigerator with

two compressors

- a 1000 1 liquid helium dewar

- an intermediate 18 m /15 bar

helium storage

- 80°K à 4'K transfer lines

The whole plant is installed at

Orsay since the beginning of

1990 and have passed

successfully the acceptance

tests using a specially built

cryostat as a cryogenic load.

The liquid helium plant is

specified for the following

simultaneous production rates :

- Cooling power at 80 K : 600 W

- Cooling power at 4 K : 50 W

- Liquid helium production : 15 1/h

The safety margin of this system compared to the expected consumption of the

superconducting coils, the cryostat and current leads is between 50 to 100 %.

Fig. 5 - View of the AGOR cryostat during
the assembly at the manufacturer site.

II.4 - High frequency system

The high frequency system consist of three compact \/2 length resonators with

continuous and smooth connection to the dees. A full scale model of a

resonator was constructed from copper covered plywood in early 1988 (see Fig.

6).



The results of the measurements on the model allows us to forsee a maximum

input power of 32 kW per resonator with a nominal accelerating voltage at the

center of 85 kV.

Fig. 6 - Model resonator with its short circuit plate for RF frequency tuning.

A movable short circuit plate permits to fix the length of the resonator and

therefore the resonant frequency between 24 and 62 MHz.

Three 70 kW power amplifiers have been delivered by Herfurth GmbH (Hamburg)

and are now undergoing long range acceptance tests at Orsay.

An additional original aspect of the AGOR RF system is the design of the

vacuum chamber which will at the same time be the RF liner.

The construction of the resonators and of the vacuum chamber is underway and

assembly at Orsay should start at the begining of 1992.

II.5 - Axial injection and central region

The axial injection system is designed to operate with three ion sources :

light ions (multi-cups), polarized p and d and ECR for heavy ions.

The injection line lay-out is presented in fig. 7. The first two sections A

and B (see fig. 7) are completed and the last part (C) is currently being

assembled. A buncher operating at the RF of the cyclotron and common to the 3

harmonic modes h = 2,3,4 will be placed at about 50 cm from the median plane.



IHFlECIOR

MEDIAN

Fig. 7 - Schematic lay-out of the injection line.

A final version of the buncher system is being tested. The central geometry

has been designed in conjonction with a spiral inflector. Phase and

geometrical focusing have been achieved using a magnetic bump on one hand and

posts on the other hand. A CAD view of the central region geometry common to

the 3 harmonic modes is displayed in fig. 8.
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Fig. 8 - View of the
central region of
the cyclotron AGOR.



II.6 - Extraction

Beam dynamical calculations are done for about 20 different beams that span

the operating range of the cyclotron (see fig. 2). The extraction components

of the cyclotron in the median plane section are shown in fig. 9.
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Fig. 9 - Median plane section, showing the locations

of the extraction elements.

The first elements is a electrostatic deflector (ESD) which is followed by two

electromagnetic channels (EMCl and EMC2). Final focussing is provided by two

quadrupoles located in the passage through the magnet yoke.

Due to the varying degree of orbital scalopping, the ESD will be made in three

sections for adapting its shape to the orbits. Similary, EMC2 will have two

sections.

Both EMC2 and the quadrupoles will be made using superconducting coils,

whereas the proximity of the internal beam excludes the use of

supraconductivity for EMCl. With the exception of the quadrupoles which are

still in the design stage, the other extraction elements (ESD, EMCl, EMC2) are

at the production stage. Their delivery is expected at the begining of 1992.
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11.7 - Vacuum

The poles of the AGOR cyclotron, in contrast, to those of most other machines,

will be separated for the beam region by a vacuum cover that also serves as RF

liner. As a result the surface exposed to vacuum is reduced with a drawback,

the complication due to the intricate shape of the liner. The required

pressure in the cyclotron has been estimated to be of about 10 torr. This

corresponds to a pumping speed for air of 5 000 1/s. Three cryopanels located

inside the accelerating electrodes have been built with measured pumping

speeds of 1400 1/s for air and 1800 1/s for H . In addition two turbomolecular

pumps are foreseen on the outside of the cyclotron.

11.8 - Control system

The AGOR control system consists of a network of RT (Real-Time) microVay

computers coupled through Ethernet and using VAXeIn operating system software.

For interfacing to the accelerator equipment, a modular system is used, based

on the Bitbus field bus. In close cooperation with industry several modules

have been developped among which, a power supp]> interface; a gcii' ia]

positioning interface, a stepmot.or and "harp" learn profile monitor interfaces.

Several subsystems are already operating under the above mentionned

requirements : the injection line, the correction coils, the external

cryogenics system. The development, of the software necessary for the control

console is underway.

11.9 - Project status

The current status of the project planning is presented in table 2 which shows

major milestones both past and future.

Table 2 - AJOR milestones

Agreement FOM-IN2P3 Dec. 1985
AGOR Design Report Oct. 1986
Formal start construction May 1987
Civil engineering completed April 1988
Magnet construction Jan. 88 - June 89
Main coils and cryostat construction July 88 - Oct. 91
RF amplifier construction Jan. 88 - Oct. 89
RF resonator engineering June 88 - Dec. 89
RF and vacuum chamber construction Jan. 90 - Feb. 92
Helium liquéfier installed Jan. 90
Cryopumps in use Feb. 90
Field mapper ready Dec. 90
Injection line completed April 91
Mount cryostat in magnet Oct. 91
Field mapping Nov. 91 - March 92
Start assembly RF system March 92
Start beam tests Dec. 92



I l l - GENERAL DESCRIPTION OP BEAM GUIDING SYSTEM AND EXPERIMENTAL AREAS

The cyclotron AGOR will replace in the same vault, the previous Kl60 cyclotron

in operation at KVI since the beginning of 1970.

A preliminary lay-out of the beam guiding system and of the experimental areas

is shown in fig. 10.

Along the extracted beam path, two quadrupoles located inside the yoke are

designed to produce a common focusing point for all ions and all energies at

about 3m from the cyclotron outside diameter. Just before and after the main

analysing magnets, moveable slits are used to adapt the beam emittance and
size to the rest of the transport system.

O1

Fig. 10 - Preliminary lay-out of the beam lines and
experimental areas associate with the cyclotron AGOR.
Local heavy shieldings are indicated by hatched areas.

To date four experimental areas (A to D) are being considered as shown in fig.

10.

A. An Isotope and Therapy station

B. A large scattering chamber named HUYGENSVAT9 ' . Its dimensions are of
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about 3.2 m in diameter and 5.2 m in length. This facility will be built in

collaboration between KVI and the Robert Van de Graaff Laboratory at Utrecht.

It will be equiped with a 4n charged particle array consisting of 3 main

components :

- The backward wall, contains 64 CsI scintillators with photodiode readout. It

will cover a region where evaporated light particles dominate the yield from

nucleus-nucleus collision at intermediate energies.

- A "Central Trigger Detector" will most probably be a Time Projection Chamber

design including large ionisation chambers and Bragg curve detectors. It will

be mainly used to detect intermediate mass fragments from the collision.

- and finally a forward component composed of 30 plastic phoswitch counters

for the study of the projectile-like fragments.

The various prototypes of the A n array and the electronics modules are being

tested.

C. A new magnetic spectrometer which fits the high rigidity of the AGOR

beams is planned to a one of the main piece of equipment of the facility.

The existing Q3D spectrograph has a mass-energy product of 200 will prohibit

the momentum analysis of most reaction products at beam energies higher than

50 MeV/A. The mass energy product for a new spectrograph needs to be at least

500. Giving the qualities of the Q3D, such as momentum resolving power of

10000 and a solid angle of 10 msr, it is intended to built a spectrograph with

complementary parameters.

This means a larger momentum bite (22 20 %) but with a smaller resolving power

(cs 3000-5000). Two others features are of prime importance in the definition

of this new instrument. First, the spectrograph will be use frequently at very

small angles including 0°. Secondly, many of the future experiments will be

performed using the spectrometer as one arm of a coïncidence set up. The other

arm consists of new multidetector arrays (neutron, y rays, etc, ...) and this

will requires a rather large free space (1-1.5 m) around the target location.

Various combinaison of Quadrupole Dipole elements are being studied with the

constraints mentionned above.

The new spectrometer will be in many experiments associated with various

detection systems in a coincidence mode. Many of those coïncidence detectors

are presently available or under construction. A list and short description of

these systems is given below.

Cl - The photon spectrometer TAPS

The photon spectrometer TAPS is a detector for high-energy y rays and is

designed for general use to be operated at GANIL, MAMI-B, SIS/ESR and AGOR11)

11



TAPS is made of BAF scintillators because of their fast response and because

BAF allows separation of photons and charged particles by pulse shape

analysis. Currently the whole set up consists of four blocks, each block

containing 64 modules. In the future the number of blocks will be extended to

six. For high energy y-rays, from GEANT simulation based on test experiment a

resolution of AE(fwhm)/E = 0.09E (GeV)" ' has been obtained for individual

modules. By properly summing the signal of the central detector to its six

surrounding neighbours in a test experiment with 186 MeV tagged photon beam,

the collaboration measured a resolution of 8 %. Time resolution expected to be

of s. 200 ps.

A combination of pulse shape analysis and an energy loss signal from thin

plastic scintillators placed in front of each BaF will be used to

discriminate between neutrons and y-rays in one hand and charged particles on

the other hand. Finally a measurement of the flight time can be used to

discriminate neutrons from ?-rays.

At a distance of 1 ni from the target, the solid angle of the set up with four

blocks will be 0.39 sr.

C.2 - The Ge-dctector setup Dutch-Ball

The Dutch-ball is a mechanical structure which has been designed to enable 9

Compton Supressed Ge detectors (CSG) to be placed as close as possible to the

target in close-packed geometry.

The structure consists of 3 separate rings each having the possibility of

holding three CSG. The distance of each detector to tho target is

approximately 14 cm.

The CSG's counters has been designed to operate either in a stand alone basis

or in combination with the mini-orange or X-ray planar Ge.

A holder for eigth small BaF^ detectors will be supplied for multiplicity

filter and fast trigger timing.

For the close-packed geometry, the total solid angle efficiency product will

be 1.2 % for y rays of 1.3 MeV using 9 CSG's detectors, assuming 25 %

photo-peak efficiency.

C.3 - The lepton-pair spectrometer PEPS1^3)

This spectrometer, designed for the detection of electron-position pair, will

consist of two concentric parts : the inner one serving as a 4n mini-orange

like structure and the outer one holding thirty phoswich detectors.

The inner part will have a form of regular structure of 20 triangles built

from permanent magnets which can focus high energy (E > 5 MeV) electrons. The

12



outer part of the spectrometer will consist of twelve pentagones. Electrons

and positrons will be detected by thirty identical phoswich detectors (lmm

thick slow scintillator in front of a 65 mm thick fast plastic counter).

The main design parameters of PEPSI are listed below :

- The y-ray rejection with the phoswich AE-E telescope was measured to be 97 %

with a Co source.

- The estimated absolute efficiency for the detection of electro-positron

pairs at summed energy of 14 MeV is about 1% for uncorrelated pairs.

CA - The neutron detector EDElf

EDEN is a joint project between KVI and IPN and it consists of forty identical

liquid scintillators specifically suited for the detection of low energy (1-25

MeV) neutrons. EI)EN is foreseen to operate at GANIL and at AGOR.

EDEN characteristics are indicated below :

- The forty detectors are

made of cylinders with

diameter of 20 cm a

thickness of 5 cm and

filled with the BG-501

scintillator liquid which

allows through pulse-shape

analysis for an excellent

discrimination between

neutrons and y-rays.

- The detector can be

arranged around the target

position with a mechanical

support which enables easy

adjustement of the

dir mice target-detector

(see fig. 11).

Fig. 11 - EDEN used as a second arm in
a coincidence experiment with a
magnetic spectrometer.
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- The energy will be measured using the time of flight technique where the

neutron detector produces the start signal and the spectrograph detector

and/or the RV signal from the cyclotron deliver the stop signal. The

intrinsic time resolution of a module will be At (fuhm) a 1 ns.

- The energy resolution depends on the energy of the neutron and on the flight

path. Typically one expects for a 1 MeV neutron 30 keV and 300 keV for 5 MeV

neutron.

The total solid angle efficiency product depends on the energy of the neutron,

on the flight path and on the quantity of light measured with the

photomultipliers tubes. Assuming an efficiency of 25 % for 5 MeV neutrons, a

distance of 2m between the target and EDEN modules, it is predicted that the

solid angle efficiency product will be 80 msr corresponding of 0,6 % of 4 n.

D - The QMG/2 spectrograph

The existing K200 magnetic spectrograph can be relocated in this area and

devoted to high resolution reaction studies with light projectiles. It will be

quite interesting to install at AGOR new commercially available polarized ioii

sources which are specified to deliver 100 /jA of polarized protons within an

emittance of 100 /E mm.mrad (E in KeV).

This new ion source have to be associated with a beam line of optimum

resolution and with the pnsibility of providing beams with longitudinal and

transverse polarisation at. the target in addition to the normal (vertical)

mode of polarization. To achieved this goal special elements are needed in the

beam line, e.g. a combination of two solenoids and a bending magnet. This beam

line will serve the existing K200 magnetic spectrograph, where with the study

of a focal plane detection system devoted to the measurements of spin

observables, AGOR may became a very attractive centre for polarized beams in

the nineties.

IV - SELECTED EXAMPLES OF EXPERIMENTS AT AGOR

The beams which will be delivered by the AGOR cyclotron span the whole mass

table region, from protons to lead ions. The incident energies of these beams

are aiso well suited to study nuclear collisions under a wide and varying

range of conditions to understand the behaviour and properties of a quantum

many-body system in equilibrium (nuclear structure) and non equilibrium

(nuclear dynamics).

Among the numerous subfields of nuclear physics which could be investigated by

means of the AGOR beams and the planned experimental instruments, a few

14



selected examples of physics experiments will be presented below with emphasis

on the specific aspects of the beam nature and energy and/or the associated

experimental instruments.

IV. 1 - The spin excitations in nuclei

Polarized protons and deuterons beam with good energy resolution between 100

and 200 MeV are foreseen as one of the unique feature of the accelerator.

With the polarization axis vertical for incoming proton the only spin

observable that can be measured in the spectrograph without a second

scattering is the analyzing power Ay. Next observable is the spin flip

probability S which requires a measurement in the focal plane of the

polarization of the outgoing particle.

Recently, the AS = 1 strength has been localized in several nuclei by

measuring S which differs from zero only for spin excitations. The energy
nn

range between 150 and 400 MeV is optimum for the investigation of spin-isospin

or spin excitations in nuclei due to the energy dépendance of t-matri.-;

components for free nuclcon-nucleon scattering at a momentum transfer q ^

015)). The ratio t at/U is maximum as well as the ratio between t - matrix

components for AS = 1, AT = 0 to AS = 0, AT = 0.

Under such favorable conditions one may cast further light on the quenching

mechanisms for spin transitions, on the location of isoscalar AS = 1 response

using respectively (p.p'y) and (dvd') reactions. The usefulness of the

(d,d')reaction has been recently demonstrated by M. Morlet et ai. . A study

of the isoscalar component of the

nuclear spin excitation strenght (AS =

1, AT = 0) has been started using

polarized deuteron scattering as a

probe. New experimental signatures of

AS = 1 for (a\d') as useful as Snn is

for (p,p'J were tested on the three

lowest natural parity states of C :

2+ at 4.44 MeV, O+ at 7.65 MeV and 3~

at 9.64 MeV and on the unatural parity

I+ state at 12.71 MeV.

Fig. 12a show the inelastic deuteron

spectra from the reaction 12C(O",d') at

4" plotted with 500 keV bins. Then this

spectra is multiplied by the

"reinforced" signature S'y which

12C(d,d') E = 400 MeV, 6 = 4'

Siy

d

5 10 15 20
Excitation energy (MeV)

- •

Fig. 12 - Inelastic (d,d')
spectrum measured at a laboratory

1 2
angle of 4 on C.
(a) Raw spectra 500 KeV bin ,
(b) The same as (a) multiplied by

15 d
[Taken for fig. 1 of Ref. 2].



depends on the vector and tensor analyzing powers of the scattered deuteron

and which is equivalent to Snn (spin flip probability) in (p,p')- As

demonstrated by the spectrum of fig, 12b, the signature is close to zero for

AS = 0 levels (natural parity) and large and positive for the 12.7 MeV AS = 1

state.

The proposed "reinforced" signatures turn out to be efficient in selecting

isoscalar AS = 1 spin strength. New experiments using this approach can now be

planed to map the isoscalar spin strength, largely unknown, in other nuclei.

IV.2 - Structures at high excitation energies and exclusive experiments

Understanding the microscopic structure of collective and single-particle

excitations is a major goal of nuclear structure studies. Of special interest

is the determination of the contribution to thf* damping width due to

collective surface modes of the nucleus.

The damping of highly excited states is a medium effect and therefore is the

signature of hov,- strong is the residual interaction.

This damping manifests itself in several ways of which the shape and the width

of the strength function art; the most obvious.

A large body of data has been collected already on the gross properties of a

limited number of Giant Resonances (GH) and single-particle states (SP) .

However, the existence of a number of the initially predicted GR's has so far

not been demonstrated and the mechanism responsible of the damping of SP

states due to the coupling to 1 phonon, 2 phonons etc... as predicted by

microscopic calculations has been the subject of a very limited number of

investigations1 ' 1 7 .

Decisive progress in the understanding of the damping process of highly

excited states can be made by studying in detail the decay of these states.

Moreover the fact that these excitations are generally observed as "giant"

states above a subtantial continuum leads to new generations of experiments

where one may disentangle through coincidences the process populating the

"giant" states from the ones responsible for the underlying continuum.

Applying such approach may as well help to look for unknown high-lying states

previously burried in the continuum.

Experiments are underway or planned, using the coïncidence method to locate

and study :

- High-lying single-particle states and their decay properties.

- High-lyinfe. high-momentum giant resonances, multiphonons states and their

decays.

- Decay of the M giant resonance.

- Isovector Monopole and Gamow-Teller Resonances.

16



Single-particle degree of freedom at high excitation energy

The one-nucleon transfer reactions is a simple method for studying deep-hole

states in heavy nuclei and is the only way to populate particle states at high

excitation energy in nuclei . Both light and heavy ions transfer at

intermediate energies (30-50 MeV/nucleus) are very selective for the

population high-spin SP states. The high-lying SP states are observed as

broad structures above the particle threshold in transfer reactions such as

)1 > 1 8 , (20Ne1
19Ne)19'20 as shown in fig. 13 a-b).

20epb(20Ne;9Ne)209pb

Fig.l3-a) JHc energy spectrum from
2 0 8PbU 3He) 2 0 9Pb reaction at 183 MeV.
The solid line indicates, the
calculated yield due to the elastic
break-up of a in 3He + n (Taken from
Ref. 18).

20 40 60
EJMeV)

Excitation energy
208Pb(211Ne1

19Ne)
spectra

at
Fig.l3-b)
from the reaction
30 MeV/nucleon.
The dotted line is a calculation of the
full break-up cross-section. (Taken
from Ref. 19).

These spectra were obtained in single-arm experiments using magnetic

spectrometers to detect at very forward angles the ejectile and reject the

high-flux of incoming particles. A large continuum cross-section is observed

under the "broad" bump, around 10 MeV. This part of the cross-section

originates from fast direct processes where the projectile break into the

detected ejectile and a light particle (here a neutron).

The distribution of the emitted neutrons in these processes are strongly

focussed around the recoil and they travel at the beam velocity. On the

opposite the neutron emitted by the unbound resonant SP states have

much lower velocity.

17



The detection of a coincidence between the ejectile and a neutron using EDEN

tim" of flight spectrometer with an experimental sot-up similar to the one

shot.n in fig. 11 would help to disentangle the two processes and gives as a

result a background free SP strength distribution.

The angular correlation between the ejectile and the neutron gives the spin of

the sp state and the neutron branching ratios. After a subtraction of the

statistical decay branch, the escape width can be obtained. Most of the

microscopic structure of the decaying state is then accessible and shed light

on the damping mechanisms.

Typically with the EDEN array and a excitation cross section of 10 mb, a

coincidence rate of 1 c/s may be obtained. Decay branches at 1 % level could

be determined.

- High-momentum fLkint resonances, multiphonon states and their decays

It is of interest to study single GH'S with a response that peaks at larger

momentum transfer as well as the double phonon GR's. Both of these modes are

expectfd at excitation energy of about 20-fiO MeV depending on the mass and the

GK considered.

In a large number of experiment, using heavy ions inelastic scattering,

high-lying structures have been observed up to 60-70 MeV apparent excitation

energy ' "<-'•' which are claimed to be due to target excitations and interpreted

as the multiple excitation of the GQR0

Recently in a (n + >n*) reaction, Mordechai et al. have observed a broad bump

in t ic spectra of different target nuclei. It has been assigned as the double

giant dipole resonance.

It is worth noting that in both cases the observed enhancements are sitting on

a very large background and that the position in energy is near where one

would expect the higher-momentum single-resonance states to occur. Again here

in the case of collective excitations, experimental methods similar to the one

mentionned in the previous section (SP state decay) are being investigated to

establish on firm basis the location and the nature of these new modes.

An illustrative example is given by the work of J.A. Scarpacci carried out

at GANIL where inelastic spectra of Ca was measured up to 150 MeV excitation

energy by means of the 40Ca + 40Ca reaction at 50 MeV/n. An array of CSI

phoswitch detectors where placed around the target in coïncidence with the

ejectile 40Ca detected at the focal plane of the spectrometer SPEG. Due to the

different velocity and angular cone of the emitted protons

corresponding to the different processes :
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the authors were able to unravel

the different contributions to the

inclusive cross-section as fhown

in fig. 14. The backward angle

region where are concentrated the

protons emitted by the excited

target states shows clearly not

only the population of the GQR

around 18 MeV but a second bump at

about the double of the energy of

the GQR (see fig. 14 b).

The investigation of the particle

decay of the two structures are

undertaken to confirm the possible

two-phonone nature of the second

bump.

Almost identical experiments could

be performed by using the EDEN

detectors in heavy nuclei since the

neutron decay of GQR is the main

decay channel. Both the one phonon

and two phonon collective states

should have identical decay

pattern.

Coupled channel calculations indicate that the cross section for multiple

excitation of the GDR by Ar or Kr ions with incident energy between 60 and 8OA

MeV should be of the order of 100 mb/sr. It is then feasible to study for

heavy nuclei the y-decay by measuring triple coincidences between

inelastically scattered Kr ions and two y rays of about 13 MeV using the TAPS

detection system.

Observing the double y decay would unambiguously identity the observed

Fig.

from

14 -
40Ca

a) Coincidence spectrum

Ca reaction at 50
4 0 ,MeV/A, between inelastic '"Ca and

protons emitted in the region of
knock out process.

b) same as a) but in coincidence with
backward at angles protons.
[Taken from Réf. 6J.
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structure as a double GDR phonon selective stale.

- Decay of M giant resonance

The giant dipole resonance, for the first time identified in mostly s-d and

f-p shell nuclei via 200 MeV inelastic proton scattering2 5 } may be clearly

observed in heavy nuclei by its M y-decay back to the ground state. The

challenge will be to distinguish this decay from that of possible

1~ neighbouring states. The use of polarized beam and the measurement of

the p-f angulai correlation will give a clear signature of M̂  states.

- The isovector monopole resonance

Contrary to the isoscalar monopole resonance (GMR), the properties of the

isovector monopole resonance (IVGMR) are not well known. Althrough this mode

has been discovered already three years ago in a pion change exchange

reaction26}, there are still not firm conclusions on the resonance parameters.
13 13

One can study the properties of the IVGMR using the ( "C, N) reaction at a

beam energy of 30 to 80 A MeV. The

ejectile will be detected at 0° in

the spectrograph in coincidence with

EDEN at backward angles. The backward «000

against

possible

angles discriminates

projectile excitation or

tranfer-evaporation process which

give rise to a large continuum in the

region of interest as shown in the

data taken at GANIL by C. Berat et

a l . 2 6 ' in the case of the (13C, 13N)

reaction.

In the above mentionned study, broads

peaks sitting on a large continuum

are observed around 19 MeV and 15 MeV

for the 90Zr and 2 0 8Pb respectively.

Since the log ft value for 0-decay of
1JC indicates that Fermi transition

matrix element is dominant, thus the

(13C, N) reaction is selective for

AT = 1, AS = 0 states including the

IVGMR. For example the investigation

of the coincidence experiment

500

250

CIbIe : '0ZT

»0

40 SO ( • 10

Fig. 15 - Residual energy spectra of
13N from the reaction (1 3C1 3N) at 50

QA

MeV/A energy incident energy on Zr
and 20B Pb targets (Taken from ref.

20 26).



208Pb -> (13C1
13N) «- 2 0 8 Tl* is feasible. With a population cross-section

U n + 207Tl
of the IVGMR of lmb/sr, one gets a coincidence neutron rate of 20 per hour.

The ejectile neutron angular correlation should be isotropic, a signature for

the decay of a O+ state.

The spin flip-isospin flip channels have been studied using light and heavy

ions reactions at intermediate energies (50 to 200 A MeV) to populate

Gamow-Teller transitions. Charge exchange reactions such (p,n), (n,p) ( Li,
6He), (3He1O (12C1

12N) and (12C1
12B) are very selective in exciting L = O1

L = I. AS = I1 AT = 1 transitions. Almost no information exists of the decay

of the Gamow-Teller resonances with the exception of a low energy ( He,t p)
orjo

study on Pb.

Using the spectrograph to detect the ejectile and the EDEN array or charged

particle detectors, a very large experimental program will be feasible.

V - CONCLUSION

The construction of the superconducting cyclotron AGOR has already taken full

advantage in the design stage of the pionnering work made at MSU on the first,

accelerator of this type. The range of energy and ions has been greatly

enhanced, since its include now all ions from protons to very heavy nuclei.

Polarized proton and deuteron beams at 200 MeV maximum energy will be

available to study in a rather optimum energy window the many aspects of the

largely unknown spin response of the nucleus.

The accelerator will serve experimental areas which are foreseen to be equiped

by two different magnetics spectrometers, a very large general use scattering

chamber and a number of multidetector systems for the detections of charged

particles, neutrons, y-rays, and electron-positron pairs. All these detectors

systems are intended to operate in coincidence with magnetic spectrometer or

other simple arm devices. The few examples of the physics experiment described

in the previous section show that coming AGOR facility should be an very

attractive center for nuclear structure and nuclear dynamics studies.
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