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A��k�n�o�w�l�e�d�g�e�m�e�n�t��T�h�e �w�o�r�k� �f�o�r� �t�h�i�� �t�h�e�s�i�� �i�� �o�n�e �o�f �t�h�e �b�e�s�t �e�x�p�e�r�i�e�n��e�� �i�n� �m�y �l�i�f�e. I�t�i�� �a� �r�e�s�u�l�t �o�f �a� ��h�a�l�l�e�n�g�i�n�g �j�o�u�r�n�e�y, �u�p�o�n� �w�h�i��h� �m�a�n�y �p�e�oǑp�l�e �h�a�v�e�h�e�l�p�e�d� �a�n�d� �s�u�p�p�o�r�t�e�d� �m�e, �d�i�r�e��t�l�y �o�r� �i�n�d�i�r�e��t�l�y. I �g�r�a�t�e�f�u�l�l�y �a��k�n�o�w�l-�e�d�g�e �m�y �s�i�n��e�r�e �r�e�s�p�e��t�� �a�n�d� �t�h�a�n�k�� �t�o �m�y �t�h�e�s�i�� �s�u�p�e�r�v�i�s�o�r�, P�r�o�f.S�a�i�l�a�j�a�n�a�n�d�a� B�h�a�t�t�a��h�a�r�y�a�. I �a�m� �r�e�a�l�l�y �p�r�o�u�d� �t�o �g�e�t �oǑp�p�o�r�t�u�n�i�t�y �t�o�w�o�r�k� �w�i�t�h� �y�o�u�. Y�o�u� �h�a�v�e �g�i�v�e�n� �m�e �oǑp�p�o�r�t�u�n�i�t�y �t�o �w�o�r�k� �f�r�e�e�l�y, �y�o�u��h�a�v�e �e�n��o�u�r�a�g�e�d� �m�e �t�o �t�h�i�n�k� �a�n�d� �w�o�r�k� �i�n�d�e�p�e�n�d�e�n�t�l�y �w�h�i��h� �i�� �v�e�r�y�i�m�p�o�r�t�a�n�t �i�n� �m�y �r�e�s�e�a�r��h� ��a�r�r�i�e�r�. W�i�t�h�o�u�t �y�o�u�r� ��o�n�t�i�n�u�o�u�� �s�u�p�p�o�r�t,�h�e�l�p� �a�n�d� �e�n��o�u�r�a�g�e�m�e�n�t, �t�h�i�� �t�h�e�s�i�� �w�o�u�l�d� �n�o�t �b�e ��o�m�p�l�e�t�e�d�. B�e�s�i�d�e���m�y �a�d�v�i�s�o�r�, I �w�o�u�l�d� �l�i�k�e �t�o �t�h�a�n�k� �t�h�e �r�e�s�t �o�f �m�y �t�h�e�s�i�� ��o�m�m�i�t�t�e�e: P�r�o�f.S. R. B�a�n�e�r�j�e�e, P�r�o�f. A�l�o�k� C�h�a�k�a�r�b�a�r�t�y �a�n�d� P�r�o�f. S�a�t�y�a�j�i�t S�a�h�a�, �f�o�r��t�h�e�i�r� �e�n��o�u�r�a�g�e�m�e�n�t, �i�n�s�i�g�h�t�f�u�l ��o�m�m�e�n�t��, �a�n�d� �h�a�r�d� �q�u�e�s�t�i�o�n��.I �w�o�u�l�d� �l�i�k�e �t�o �t�h�a�n�k� P�r�o�f. C�h�a�n�d�a�n�a� B�h�a�t�t�a��h�a�r�y�a� �f�o�r� �h�e�r� �f�r�i�e�n�d�l�y�a�n�d� �oǑp�e�n� �h�e�a�r�t�e�d� �s�u�p�p�o�r�t �t�o ��o�m�p�l�e�t�e �t�h�i�� �w�o�r�k�. I �h�a�v�e �l�e�a�r�n�t �a� �l�o�t�f�r�o�m� �y�o�u� �a�n�d� �a�m� �v�e�r�y �g�l�a�d� �a�b�o�u�t �t�h�e �f�r�u�i�t�f�u�l �t�i�m�e �t�o �h�a�v�e �s�p�e�n�t �w�i�t�h��y�o�u�. T�h�a�n�k� �y�o�u� �s�o �m�u��h!I �w�o�u�l�d� �l�i�k�e �t�o �a��k�n�o�w�l�e�d�g�e �m�y �t�h�a�n�k�� �t�o �m�y ��o�l�l�a�b�o�r�a�t�o�r�� �w�h�o �d�i�-�r�e��t�l�y �h�e�l�p�e�d� �m�e �t�o �d�o �d�i�f�f�e�r�e�n�t �e�x�p�e�r�i�m�e�n�t�� �a�n�d� �d�e�v�e�l�oǑp�m�e�n�t�a�l �w�o�r�k���i�n��l�u�d�e�d� �i�n� �t�h�i�� �t�h�e�s�i��. T�h�oǑs�e �a�r�e K�a�u�h�i�k� B�a�n�e�r�j�e�e, T�a�p�a�n� K. R�a�n�a�,J�a�i�k�i�r�a�n� M�e�e�n�a�, S�u�p�r�i�y�a� M�u�k�h�oǑp�a�d�h�y�a�y, P�r�o�f. S. R. B�a�n�e�r�j�e�e, A.D�e�y, T. K. G�h�oǑs�h�, G. �m�u�k�h�e�r�j�e�e. I �w�o�u�l�d� �a�l�s�o �l�i�k�e �t�o �t�h�a�k�n�k� �t�o �m�y�o�t�h�e�r� ��o�l�l�a�b�o�r�a�t�o�r�� D. G�u�p�t�a�, R. S�a�h�a�, P. M�a�l�i�, D. P�a�n�d�i�t, H. P�a�i�,P�r�a�t�a�p� R�o�y, P�r�o�f. S. K�u�m�a�r�, P�r�o�f. A. S�h�r�i�v�a�s�t�a�v�a�, P�r�o�f. A. C�h�a�t-�t�e�r�j�e�e, P�r�o�f. P. B�a�n�e�r�j�e�e, K. R�a�m�a��h�a�n�d�r�a�n�, K. M�a�h�a�t�a�, S. K. P�a�n�d�i�t,S. S�a�n�t�r�a�, T. B�h�a�t�t�a��h�a�r�j�e�e, P. M�u�k�h�oǑp�a�d�h�y�a�y, D. L. B�a�n�d�y�oǑp�a�d�h�y�a�y,M. A�h�a�m�m�e�d� �a�n�d� P. B�h�a�t�t�a��h�a�r�y�a�. I �w�o�u�l�d� �l�i�k�e �t�o �t�h�a�n�k� A�m�i�t�a�v�a�R�o�y �a�n�d� �m�y �f�r�i�e�n�d� P�a�r�t�h�a� D�h�a�r�a� �f�o�r� �p�r�o�v�i�d�i�n�g �t�h�e �d�a�t�a� �a�n�a�l�y�s�i��
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�s�o�f�t�w�a�r�e, �o�n� �l�i�n�e �a�� �w�e�l�l �a�� �o�f�f �l�i�n�e, �a�n�d� �g�i�v�i�n�g ��o�n�t�i�n�u�o�u�� �s�u�p�p�o�r�t�w�h�i��h� �h�e�l�p�e�d� �m�e �t�o ��o�l�l�e��t �a�n�d� �a�n�a�l�y�z�e �t�h�e �e�x�p�e�r�i�m�e�n�t�a�l �d�a�t�a�. I �a�l�s�o�e�x�p�r�e�s�� �m�y �t�h�a�n�k� �t�o �m�y �o�t�h�e�r� ��o�l�l�e�a�g�u�e��, R�u��h�i�, A�m�i�y�a� �a�n�d� J�a�y�a�n�t�a��f�o�r� �t�h�e�i�r� �i�n�d�i�r�e��t �s�u�p�p�o�r�t �i�n� �m�y �w�o�r�k�.T�h�e �e�x�p�e�r�i�m�e�n�t�� �i�n��l�u�d�e�d� �i�n� �t�h�e �p�r�e�s�e�n�t �t�h�e�s�i�� �h�a�v�e �b�e�e�n� �p�e�r�-�f�o�r�m�e�d� �a�t K130 C�y��l�o�t�r�o�n�, VECC �a�t K�o�l�k�a�t�a� �a�n�d� P�e�l�l�e�t�r�o�n� �a�t M�u�m�b�a�i�.I �w�o�u�l�d� �l�i�k�e �t�o �e�x�p�r�e�s�� �s�p�e��i�a�l �g�r�a�t�i�t�u�d�e �t�o �t�h�e �oǑp�e�r�a�t�i�n�g �s�t�a�f�f �o�f �t�h�e�s�e�a���e�l�e�r�a�t�o�r�� �t�o �p�r�o�v�i�d�e �u�� �s�m�o�o�t�h� �a�n�d� �u�n�i�n�t�e�r�r�u�p�t�e�d� �b�e�a�m��.I �a�m� �i�n�d�e�b�t�e�d� �t�o P�r�o�f. D�i�n�e�s�h� K�u�m�a�r� S�r�i�v�a�s�t�a�v�a�, D�i�r�e��t�o�r�, VECC�f�o�r� �h�i�� ��o�n�s�t�a�n�t �i�n�s�p�i�r�a�t�i�o�n� �t�o ��o�n�t�i�n�u�e �t�h�e �r�e�s�e�a�r��h�. I �t�h�a�n�k� �h�i�m� �f�o�r��n�u�r�t�u�r�i�n�g �a� �f�a�v�o�r�a�b�l�e �e�n�v�i�r�o�n�m�e�n�t �a�t VECC �f�o�r� �r�e�s�e�a�r��h� �w�o�r�k�, �w�h�i��h��i�n�d�i�r�e��t�l�y �h�e�l�p�e�d� �m�e �t�o ��a�r�r�y �o�u�t �m�y �w�o�r�k�.I �a�m� �g�r�a�t�e�f�u�l �t�o �a�l�l �o�f �m�y �f�r�i�e�n�d�� �a�n�d� �s�e�n�i�o�r�� �w�h�o �h�a�v�e �s�u�p�p�o�r�t�e�d��a�n�d� �i�n�s�p�i�r�e�d� �m�e �d�u�r�i�n�g �m�a�n�y �d�i�f�f�i��u�l�t�i�e�� �i�n� �m�y �l�i�f�e. I �m�m�e�d�i�a�t�e�l�y I�r�e�m�e�m�b�e�r� B�r�i�n�d�a�b�a�n�, N�i�t�a�i�, S�a�n�t�a�n�u�, P�a�r�t�h�a�, Z�a�m�a�l, A�d�i�t�y�a�, J�a�j�a�t�i�,D�i�p�a�k� P�a�t�i�, S�u�r�a�j�i�t�d�a� �a�n�d� G�a�u�t�a�m��d�a� �f�o�r� �t�h�e�i�r� �s�u�p�p�o�r�t �a�n�d� �h�e�l�p�.F�i�n�a�l�l�y, I �o�w�e �m�y �l�o�v�i�n�g �t�h�a�n�k�� �t�o �m�y �l�i�t�t�l�e �s�o�n�, S�a�y�a�n�t�a�n�, �w�h�o�h�a�� �b�e�e�n� �m�y ��o�n�s�t�a�n�t �s�o�u�r��e �o�f �e�n�e�r�g�y �a�n�d� �d�e�l�i�g�h�t. I �w�o�u�l�d� �l�i�k�e �t�o�t�h�a�n�k� �m�y �w�i�f�e, M�o�n�i�k�a�, �w�h�oǑs�e �l�o�v�e �a�n�d� �e�n��o�u�r�a�g�e�m�e�n�t �a�l�l�o�w�e�d� �m�e �t�o�f�i�n�i�s�h� �t�h�i�� �j�o�u�r�n�e�y. I �o�w�e �a� �l�o�t �t�o �m�y �d�e�a�r� �p�a�r�e�n�t��, �w�h�o �e�n��o�u�r�a�g�e�d��a�n�d� �h�e�l�p�e�d� �m�e �a�t �e�v�e�r�y �s�t�a�g�e �o�f �m�y �p�e�r�s�o�n�a�l �a�n�d� �a��a�d�e�m�i� �l�i�f�e. I�d�e�e�p�l�y �m�i�s�� �m�y �f�a�t�h�e�r�, �w�h�o �i�� �n�o�t �w�i�t�h� �m�e �t�o �s�h�a�r�e �t�h�i�� �j�o�y. I �w�o�u�l�d��l�i�k�e �t�o �d�e�d�i��a�t�e �t�h�i�� �w�o�r�k� �t�o �t�h�e �m�e�m�o�r�y �o�f �m�y �f�a�t�h�e�r�. I �w�a�r�m�l�y �t�h�a�n�k��m�y �s�i�s�t�e�r��, A�n�u�j�a�, G�oǑp�i� �a�n�d� �t�h�e�i�r� �f�a�m�i�l�i�e�� �f�o�r� �t�h�e�i�r� �l�o�v�i�n�g �s�u�p�p�o�r�t.I �w�o�u�l�d� �l�i�k�e �t�o �t�h�a�n�k� �m�y �m�a�t�e�r�n�a�l �u�n��l�e��, C�h�h�o�t�o-�m�a�m�a�, N�a�-�m�a�m�a�, S�e�j�o-�m�a�m�a� �a�n�d� B�a�r�o-�m�a�m�a� �f�o�r� �t�h�e�i�r� �l�o�v�i�n�g �s�u�p�p�o�r�t. I �a�l�s�o �t�h�a�n�k� �i�n�-�l�a�wǑ��a�n�d� �a�l�l �m�y �r�e�l�a�t�i�v�e�� �f�o�r� �t�h�e�i�r� �s�y�m�p�a�t�h�y �d�u�r�i�n�g �t�h�i�� �w�o�r�k�.
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SYNOPSIS

The light particle evaporation, and fission are known to be the most dominant decay

modes of a composite produced at low energy (Elab . 10 MeV/A) nuclear reaction.

However, many other complex fragments with masses in between light particle and

fission fragment are also found to be emitted with much lower yield than the above

two processes. These fragments are called as intermediate mass fragments (IMF).

Nowadays, the presence of IMF emission has been well-established in all kind of re-

actions at all excitation energies. To search the origin of IMF, intense studies have

been done both theoretically and experimentally for the last few decades in heavy-ion

as well as light-ion systems. But the origin is still not wellunderstood, particularly in

light-ion systems (typically, Apro jectile + A target . 60) at moderate bombarding energy

(Elab . 10 MeV/A). This might be due to the strong overlap between elementalyields

of different processes. Situation becomes more complicated in thereactions involv-

ing α-cluster systems, where nuclear structure is also known to play an important role

in the equilibrium emission of complex fragments. In these cases, in addition to the

standard fusion-fission route of fragment emission, the projectile and the target have a

finite probability to form a long-lived dinuclear composite, which directly undergoes

scission (without the formation of the fully equilibrated compound nucleus) to emit

complex fragments. This process, termed as nuclear orbiting, has been shown to con-

tribute significantly to the fragment yield in many reactions involving lightα-cluster

nuclei (e.g.,20Ne+ 12C, 24Mg + 12C, 28Si+ 12C etc.). The orbiting is described in terms

of the formation of a long-lived, dinuclear molecular complex, with a strong memory

of the entrance channel. This phenomenon in general suggests weak absorption in the

angular momentum window between the critical angular momentum of fusion,ℓcr, and

the grazing angular momentum,ℓgr. In addition, substantial mass and charge transfer

would also occur during the evolution of the orbiting dinuclear complex. So, the study

of rearrangement channels will give opportunity to probe the dynamics of the orbiting

process involving light nuclear systems.
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The aim of the present thesis was to study the the reaction mechanism of IMF

emission in lightα- and nonα-cluster systems (ACN ≤ 40) in general, and to investi-

gate into the role played by orbiting in lightα-cluster systems at moderate bombarding

energy (Elab . 10 MeV/A), in particular. Two experiments have been performed under

the present Ph.D programme. In the first experiment, the reaction mechanism of IMF

emission and its evolution with bombarding energy have beenstudied in theα-cluster

system16O + 12C. Quadrupole deformation parameter of the composite system (28Si∗)

has also been estimated from the comparison of slopes of the light charged particle

spectra with the same obtained from statistical model predictions. In the second exper-

iment, the emission processes of IMF have been studied inα-cluster system12C+ 28Si

and the neighbouring nonα-cluster systems11B + 28Si and12C+ 27Al, all having same

excitation energy of∼ 67 MeV, in order to look into the roles played by various IMF

emission process in these reactions. In addition, a large reaction chamber has been

developed for reaction mechanism studies, which is also part of this thesis.

Recently, a detailed study of the competition between direct and dissipative pro-

cesses in binary channels in the systems16O + 12C, 18O + 12C have been made by S.

Szilneret al. [ Nucl. Phys. A 779, 21 (2006)] in the energy range 5 - 7.7 MeV/ nu-

cleon. For both the systems, resonant structure has been observed at lower energies and

refractive effects at higher energies, which may be considered as the signature of the

orbiting process. In the present work, a study of fragment emission has been done from

16O + 12C reaction in the bombarding energy range∼ 7 - 10 MeV/ nucleon with the

aim to explore the role of different mechanisms (fusion-fission, deep inelastic orbiting,

etc.) in the yields of various exit channels. Significant mass and charge transfer occur

during the course of evolution of the rotating dinuclear complex, which leads to typical

deep-inelastic reaction yields. Therefore, the study of the rearrangement channels of-

fers a special interest in probing the dynamics of long-lived dinuclear complexes. For

a better understanding of the orbiting process, it is important to study how the orbiting

process evolves with energy. With this motivation, a detailed study of fragment energy
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spectra have been made for the reaction16O + 12C at different bombarding energies

viz. Elab = 117, 125, 145 and 160 MeV, respectively.

The inclusive energy spectra for fragments (3≤ Z ≤ 5) emitted in the reaction

16O+ 12C at the energies 117, 125, 145 and 160 MeV have been measured at different

angles. All the experimental signatures shows that the fragments are emitted form a

long-lived equilibrated composite at all bombarding energies. Total elemental cross-

section for the fragments Li to B have been measured from angular distributions. At

all bombarding energies, it has been observed that there is an enhancement in the angle

integrated yield of B in comparison with respective statistical model calculation. The

origin of this enhancement is may be due to dinuclear orbiting. The above observation

is consistent with the fact that the NOC (Number of Open Channel) values for this sys-

tem are much smaller than those for other two near by systems.The energy and angular

distributions ofα-particles have also been measured in the same experiment toextract

the deformation of the produced composite28Si∗ using charged particle spectroscopy.

Observed large deformation may be due to dinuclear orbiting.

In recent years, a few studies have been made on theα-cluster system40Ca∗ and

the neighbouring non-α-cluster systems to look into the relationship between equilib-

rium emission of fragment (andvis-à-visorbiting) andα-clustering. From the study of

fragment emission (6≤ Z ≤ 8) in the inverse kinematical reaction28Si+12C at energies

29.5 MeV< Ec.m <50 MeV [D. Shapira et al., Phys. Rev. Lett. 53, 1634(1984)], it

has been conjectured that orbiting played a crucial role in fully energy-damped frag-

ment emission. Even for the nonα-cluster system withACN ≃ 42 (28Si + 14N), where

the NOC was large compared to that of28Si + 12C, the yields of fully energy damped

fragments (6≤ Z ≤ 8) were found to have contributions, though smaller in magni-

tude, from the orbiting process. It will, therefore, be worthwhile to study the emission

of lighter fragments (Z < 6) in particular, for systems aroundACN ≃ 40, to extract

the contributions of different emission mechanisms, which will be partly complemen-

tary to the earlier measurements. Here, we have studied the light fragment (3≤ Z ≤

5) emission fromα-cluster system40Ca∗ produced in12C (77 MeV)+ 28Si reaction,
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as well as those from the neighbouring composite system39K∗ produced at the same

excitation energy of (∼67 MeV) via two different reaction channels11B (64 MeV)+

28Si and12C (73 MeV)+ 27Al; the last two reactions have been chosen to crosscheck

the equilibrium decay nature (absence of entrance channel dependence) of the energy

damped binary fragment yield in the decay of39K∗.

The inclusive energy distributions of the emitted fragments (3≤ Z ≤ 5) have been

measured in the angular range of∼12◦ to 55◦. The fusion-fission and deep inelastic

components of yield of the fragments have been extracted forall three reactions. The

c.m. angular distributions of the fusion-fission fragmentshave been found to follow

1/sinθc.m. dependence, which signifies the emission of these fragmentsfrom a long-

lived equilibrated composite. It has been found that the yields of the fully energy-

damped fragments for all the above three reactions are in conformity with the respec-

tive statistical model predictions. The absence of any entrance channel dependence in

FF components of the yields of the fragments (3≤ Z ≤ 5) emitted form the reactions

11B (64 MeV) + 28Si and12C (73 MeV)+ 27Al is consistent with the compound nu-

clear origin. It has been shown that the DI fragment angular distribution falls much

faster than 1/sinθc.m. distribution. The time scale of the DI process has been estimated

from the DI angular distribution. It has been observed that for all these reactions, the

time scale, which is related to net nucleon transfer, decreases as the fragment charge

increases (closer to the projectile charge). It has also been observed that the average

Q values for the DI fragments decrease with the increase of emission angle and satu-

rate at higher angles, signifying a saturation in energy damping process beyond these

angles. Assuming a compact exit channel configuration (estimated from the extracted

FF part of the spectra), the angular momentum dissipation factor, f , for the DI process

has been extracted. For all the three reactions, the experimental values off have been

found to be in fair agreement with the corresponding sticking limit predictions.

Several large experimental facilities are being built as a part of the K500 Super-

conducting Cyclotron (SCC) utilization program at VECC which will enable to con-

tinue IMF studies in the Fermi Energy domain. I have, as a partof my thesis work,
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contributed to the design, development, installation, testing, of the large multipurpose

reaction chamber. It is a large (1m diameter, 2.2m long), Segmented, Horizontal Axis,

Reaction Chamber (SHARC) which can be pumped down to a nominal pressure of

∼5×10−7 mbar in∼8 hours by means of two turbo-molecular (1000 l/s) and two cryo

pumps (2500 l/s) backed by two mechanical pumps (37m3/hr). The dimensions of

SHARC have been optimized to have maximum flexibility for versatile experimental

setups; optimum shape has been decided to be cylindrical with its axis coinciding with

the beam axis to avail maximum possible flight path for time offlight measurements.

The vacuum system and movement of target ladder both can be controlled by PLC

(Programmable Logic Controller) in auto and manual modes with dynamic display of

complete status. There is a provision for remote monitoringof vacuum status with

emergency shutdown option. Option has also been kept for remote operation of target

ladder system. Special technique has been developed to fabricate flange with multiple

flat ribbon connectors as a feedthrough for detectors placedwithin SHARC. The in-

stallation of the chamber has been completed and presently it is aligned with the beam

line of SSC.
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Chapter 1

Introduction

The nuclear force, which holds neutrons and protons together inside an individual

nucleus, starts affecting other nuclei when a nucleus comes sufficiently close to another

nucleus. As a result, the initial system (of interacting nuclei) is modified and a different

final system is produced. These phenomena, in general, are called nuclear reactions. If

the interacting ions are heavier than helium, then the nuclear reaction is called ‘heavy

ion reaction’. In any nuclear reaction, the intermediate composite produced in course

of evolution of the system is usually having lot of excitation energy which is sufficient

to cause its decay through various modes. The light particle(Z ≤ 2) evaporation and

fission are known to be most dominant decay modes of a composite produced in the

reactions at moderate bombarding energy (Elab . 10-15 MeV/A). In addition, many

other complex fragments with masses in between light particles and fission fragments

are also found to be emitted in this energy range with much lower yield than the above

two processes. These fragments (typically, 2< Z . 20 ) are called intermediate mass

fragments (IMF). According to the number of fragments emitted in a single event, a

reaction can be classified in two broad categories, binary ormultifragmentation reac-

tion. At lower energy (Elab . 10-15 MeV/A), the composite is generally divided into

two fragments and the process is called binary fragmentation. On the other hand, at

higher energy, in addition to the binary process, compositemay also be fragmented
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into more than two pieces and this process is called multifragmentation. The type of

reaction product depends on the masses of the projectile andtarget also. For exam-

ple, in heavy system (A & 100), one of the possibilities of decay of the compound

nucleus is symmetric fission, where the fragment mass distribution peaks around half

of the total mass of target and projectile. On the other hand,in light heavy-ion reac-

tion (A . 100), the decay of CN is replaced by asymmetric fission (emission of IMF).

In this thesis, we have restricted ourselves to low-energy light heavy-ion collisions,

with energy. 10MeV/A for the experimental work. Here, we shall discuss only IMF

emission process in the low energy range (Elab . 10MeV/A).

The energies of the bombarding heavy ions under the present study are such that

the de Broglie wave length,Ż, is small relative to the characteristic length of the in-

teraction potential. Therefore, the collision can be treated within the classical limit.

The only force that opposes the colliding nuclei to come close to each other is the

Coulomb repulsion force. Letr1 andr2 be the radii of the projectile and target nuclei,

respectively. The coulomb barrier at interaction distanceof the colliding nuclei, is

V(R) ≈
Z1Z2e2

r1 + r2
(1.1)

whereR = r1 + r2 + ∆, ∆ is a correction term due to surface diffuseness. So, at least

this much of energy in the centre of mass (c.m.) is required for a nuclear reaction. At

this interaction barrier, the wave length of relative motion is [1]

Ż =
~

[2µ{Ec.m. − V(R)}]1/2
≈

(

A1 + A2

A1A2

20MeV
Ec.m. − V(R)

)1/2

f m (1.2)

whereA1, A2, Ec.m. (= A2
A1+A2

ELab) denote the mass numbers of the projectile, target,

and the energy in the c.m. frame, respectively. As an example, in the collision of16O

at Elab = 117 MeV on12C,Ż ≈ 0.3 fm which is small as compared to the characteristic

lengths (e.g., surface thickness≈ 2 fm) of the interaction potential of the colliding

nuclei. Hence the classical treatment is justified.

So, to a first approximation, low energy heavy ion (HI) reactions can be described

in terms of classical trajectories. Each impact parameter determines a unique trajec-

tory; therefore, each type of binary reaction processes canbe classified by a typical
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zone of impact parametersb (see Fig.1.1), which are related to the relative angular

momenta,ℓ, of the entrance channel by the semi-classical relation,

ℓ = bp∞/~ = b/Ż (1.3)

wherep∞ is the relative momentum of the colliding nuclei in entrancechannel. Overall
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Figure 1.1: Trajectories of heavy ion collision in classical picture.

features of most of the binary reactions can be fairly well described by the classical

collision trajectories shown in Fig.1.1and by the effective interaction potential,Ve f f,

of the colliding nuclei in the radial wave equation for different angular momentum,

as shown in Fig.1.2. The radial part of this potential has three parts: (a)VN, the

strongly attractive nuclear potential which practically acts inside the volume occupied

by ions (interaction zone) and falls off exponentially outside the zone, (b) the repulsive

Coulomb potential,VC, which is∼ Z1Z2e2/r andr > Rc, and∼ (Z1Z2e2/2Rc)(3− r2/R2
c)

for r < Rc and Rc is the charge radius [2], and (c) repulsive centrifugal potential,

ℓ(ℓ + 1)~2/2µr2. Classically, effective potential

Ve f f(r) = VN + VC + ℓ(ℓ + 1)~2/2µr2 (1.4)

should determine the trajectory of the interacting ions. But as soon as one nucleus

comes in touch with other, nucleon exchange may start which is represented by an
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absorbing potential. Quantum mechanically, the absorption process is represented by

an imaginary potential as done in optical model potential. Absorption causes a loss of

the incident flux; however the classical trajectories are largely decided by the real part,

V(r), of the potentialVe f f, shown schematically, in Fig.1.2. When the energy of the
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Figure 1.2: Typical nucleus-nucleus potential. r is the distance between the centers of the

nuclei.

projectileE1 (Fig. 1.2) is much higher than the Coulomb barrier, for distant collision

(ℓ ≫ ℓgr or b ≫ bgr ), only elastic scattering will result and a possibility of Coulomb

excitation is also there (trajectory 1, Fig.1.1). The same result will be seen for any

impact parameter when the energy (E1A, Fig. 1.2) is less than the Coulomb barrier. At
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energies above the barrier (e.g.,E1,E2,E3,E4), the reaction process gradually evolves

with impact parameter from elastic/inelastic collision to fusion. For grazing collision

(ℓ � ℓgr or b � bgr ), the incident ion may be elastically or inelastically scattered or

direct reaction occurs with the exchange of few nucleons in between interacting ions;

the scattered particle follow the path II as in Fig.1.2and trajectory 2 in Fig.1.1. If the

impact parameter is reduced further, below a certain value,bDI (Fig. 1.1), interaction

between the nuclei increases sharply due to significant overlap of nuclear densities of

the colliding nuclei. This results in the exchange of nucleons between colliding parti-

cles leading to the dissipation of kinetic energy and orbital angular momenta from the

entrance channel. Classically, this is described as friction and the process is called deep

�

dσ
/d
l

�cr �DI �gr

2πλ2
�

σF

σDI
σQE

σEL+CE

Figure 1.3: The spin distribution of a heavy-ion reaction. The regions for quasi-elastic colli-

sion (σQE), deep-inelastic collision (σDI ) and for fusion (σF) are indicated. Forℓ > ℓgr, only

Coulomb excitation and elastic scattering are possible.

inelastic (DI) process (trajectory IIIA, Fig.1.2). During this process of dissipation, the

shape of the composite resembles close to a rotating dumb-bell, which evolves differ-

ently depending on the impact parameter. If the rotation is more than 3600 (trajectory

IIIB, Fig. 1.2 ), then the dinuclear complex, which is fully energy equilibrated, may

either completely fuse to form a CN or breaks up into a binary exit channel having

partial memory of the entrance channel. The second way of evolution is called deep
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inelastic orbiting (DIO)[3] (path 3B as in Fig.1.1). For more central collision,(ℓ / ℓcr

or b / bcr), nuclei get trapped in the nucleus-nucleus potential pocket and remain to-

gether for a long time enough to desolve their individual identities and get fused into

a single compound nucleus which follow the path IV (Fig.1.2). Using sharp cutoff

model, the total cross-section for all these processes may be estimated as

σ = πb2 = πŻ2ℓ2

⇒ dσ/dℓ = 2πŻ2ℓ (1.5)

The cross-sections for quasi elastic (QE) process, deep inelastic collision and fusion

may be written as,

σQE = πŻ
2(ℓ2gr − ℓ2DI) (1.6)

σDI = πŻ
2(ℓ2DI − ℓ2cr) (1.7)

σF = πŻ2ℓ2cr (1.8)

Decomposition of all these cross-sections is pictorially shown in Fig.1.3 [4]. All of

the above discussions are based on semiclassical phenomenology and are highly qual-

itative (dashed lines). The sharp distinction between different processes are removed

in full quantum mechanical explanation (solid lines, Fig.1.3) [5].

1.1 Fusion and decay of CN

The above discussion shows that for central collision (b / bcr), at energy above the

Coulomb barrier, the projectile and the target completely amalgamate to form a single,

fully equilibrated compound nucleus; this process is called complete fusion. Apart

from a few quantities, which are subject to the conservationlaws (energy, angular

momentum, parity), the compound nucleus completely loses memory on the way it was

formed and the decay of CN is independent of the entrance channel. This hypothesis

of CN was originally given by N. Bohr [6] to explain the resonance in the neutron

capture cross section at the thermal energy range. However it has been established that
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the CN hypothesis is valid for heavy ion reactions at higher excitation energies also.

The formation cross section of CN is already given in Eq.1.8, which is based on sharp

cutoff model. Though the sharp cutoff model is quite successful to estimate the cross

section, the quantum mechanical calculation shows that fora particularℓ there is finite

probability of fusion as well as other reaction (e.g, DI, DIO, etc.). So, the partial cross

section for formation of CN of spinJ from projectile and target nuclei of intrinsic spins

IP andIT , respectively, at c.m. energyEc.m. is given by

σCN(J) = πŻ2 2J + 1
(IP + 1)(IT + 1)

IP+IT
∑

S=|IP−IT |

J+S
∑

ℓ=|J−S|
[π]

Tℓ(Ec.m.) (1.9)

whereTℓ(Ec.m.), the transmission coefficient, represents the probability of a partial

wave (ℓ-wave) to be absorbed to form the compound nucleus andS = IP + IT is

the channel spin. The summation overℓ is restricted by the parity selection rule,

π = πPπT(−1)ℓ whereπ, πP, andπT are the parities of CN, projectile and target, re-

spectively [7]. The total fusion cross section can be written as

σCN =

∞
∑

J=0

σCN(J) (1.10)

The CN is usually produced at sufficiently high excitation energy. This excited CN

releases its energy by evaporation [the emission ofγ-rays, nucleons (p, n), cluster of

nucleons (d, t, α)] , or by fission. Relative yields of different ejectiles depend upon the

mass, charge, excitation energy, angular momentum of the CN. The coulomb barrier,

which inhibits the emission of light charged particles (LCP), is less in light system;

that made it possible to compete for the LCP emission with neutron emission. For

higher angular momentum, repulsive centrifugal force is also high which favours the

emission ofα particles.γ-ray emission dominates when the available excitation energy

is not sufficient for particle emission. Fission is generally inhibited in the light systems

because the surface energy is more than Coulomb energy; however, a system of heavier

mass (A∼200) with higher angular momentum, will have significant fission width,

which may compete with, and even dominates over evaporationprocess.
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1.1.1 Decay of CN by evaporation

Nucleus is a many body complex system. When the energy is transferred from

the projectile to the CN, it is distributed over numerous degrees of freedom of the CN

like thermal distribution of energy in a liquid drop. Even a small increase in excitation

energy, causes a large increase of the number of available quantum-mechanical states.

So, there are many states available in CN and there are many ways to decay. In such

a complex situation, statistical methods are essential forproper comprehension and

prediction of the subsequent decay of the CN. The evaporation yields (particles and

residue) of CN is well predicted by the codes based on quantumstatistical methods,

such as CASCADE [7], LILITA [ 8], PACE[9], GEMINI [10]. These codes basically

use a method proposed by Hauser-Feshbach (HF) [11] around six decades ago. In HF

method, the partial cross section of emission of a particlex from a CN of spinJ is

given by

σx(J) =
Γx(J)

∑

x Γx(J)
× σCN(J) (1.11)

whereσCN(J) is the cross section of the populated compound states (Eq.1.9), Γx(J) is

the partial width of emission ofx and
∑

x Γx(J) is the sum of all the partial widths of

all particles. The partial width that the parent nucleus (excitation energyE1, spin I1,

parityπ1) emits a particlex with an orbital angular momentumℓ, kinetic energyǫx ( ǫx

= E1 - E2 ) and spins is given by

Γx (J) =
ρ2(E2, I2, π2)

2πρ1(E1, I1, π1)
×

I2+s
∑

S=|I2−s|

I1+S
∑

ℓ=|I1−S|
[π]

Tℓ(ǫx)dǫx (1.12)

whereE2, I2 andπ2 are the excitation energy, spin and parity of the daughter nucleus,

ρ1 andρ2 are the level-densities of the excited parent nucleus and daughter nucleus,

respectively, and,S= I2 +s is the channel spin. The transmission coefficientsTℓ(ǫx)

for the scattering of particlex on daughter nucleus (inverse process) are obtained by

using standard Optical Model (OM). The level density for a given angular momentumJ

and excitation energyE, is given by well-known Fermi gas expression with equidistant
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single-particle levels and a constant level density parameter a:

ρ(E, J) =
(2J + 1)

12
a1/2

(

~
2

2Ie f f

)3/2 1
u2

exp[2{au}1/2] (1.13)

u = E − ∆ − EJ (1.14)

where∆ is the pairing correction,EJ is the rotational energy[12].

All the above codes based on HF formalism well predict the energy distribution of

the particles emitted from fully equilibrated CN with thermodynamic temperatureT,

which can be expressed as,

d2σ

dEdΩ
= C f(E) exp(−E/T) (1.15)

which is similar to the energy distribution of the moleculesevaporating from the sur-

face of a liquid. Hence CN decay is often refereed as particleevaporation process.

1.1.2 Decay of CN by fission

Another decay mode of CN is fission. After the formation by collision of two ions,

shape of the excited CN is distorted like a liquid drop. If theexcited CN is considered

as charged liquid, liquid drop model in its simple form can beapplied to describe the

changes in potential energy associated with the shape change [13]. The surface and

Coulomb energies are affected by the distortion. The attractive surface energy term

tries to minimize the surface area of the CN, to keep it spherical, whereas the repulsive

Coulomb energy term tries to elongate the shape of CN. Sum of these two energies

creates a pocket because of their functional difference as shown in Fig.1.4(Figure has

been taken from [12]). When the change in Coulomb energy due to distortion is more

than the change in surface energy, CN decays through fission.The shape for which the

potential energy is maximum along the fission path, is called‘saddle’ point (Fig.1.4).

This is the point of no return, i.e., if CN crosses this shape,it must go to fission;

the corresponding shape is called ‘saddle’ shape. Actually, if one draws the potential

energy in two dimensions with respect to elongation and massasymmetry of fission
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fragments, potential surface looks like the shape of a saddle. Hence the corresponding

shape of CN is called saddle shape. The system, in course of its evolution, gradu-

ally passes through the saddle point to reach scission point, where the fission (binary

splitting) actually takes place; the corresponding shape is called ‘scission’ shape.

First quantitative description of fission process was givenby N. Bohr and J. A.

Wheeler to explain neutron induced fission (transition state model) [14]. In this model,

fission competes withγ-ray and LCP emission in the de-excitation of CN. The proba-

bility of fission depends on the number of available ‘transition states’, which is usually

taken as the total available phase space of the CN above the saddle-point (Fig.1.4).

However, the large anisotropy observed in the angular distribution of fission products

coming from heavier systems with vanishing fission barrier,has been explained by con-

sidering the more deformed scission point as the transitionpoint [15, 16]. In lighter

systems, saddle-point and scission-pint configuration arenearly same. So, the calcula-

tion based on saddle-point [17] and scission-point [18] transition-state configurations

are found to be give equivalent results in lighter systems. The calculation of fission

cross section is based on Hauser-Feshbatch formalism as in case of fusion-evaporation

(Eq.1.11), which can be written as

σ f is(J) =
Γ f is(J)

Γtot(J)
× σCN(J) (1.16)

whereΓ f is(J) is the fission decay width andΓtot(J) =
∑

x Γx(J) + Γ f is(J), is the total

decay width for CN with spinJ. σCN(J) is the partial cross section of fusion as given

in Eq.1.9. If we consider the saddle-point (SP) as transition state,Γ f is will depend on

the level density above the SP. Before we go to the details of level density, let us see

the energy balance in fusion-fission (FF) process as a whole which has been shown

schematically in Fig.1.4 [12]. The excitation energy,E∗CN, of CN is basically the sum

of the incident energy,Ec.m. in c.m. and the entrance channelQ-value. The effective

excitation energy of CN to be used to calculate its level density will be less by an

amount∆e f f. The∆e f f is calculated from the assumption that the virtual ground state

of the level density at high excitation energy should coincide with the ground-state

energy of a spherical liquid drop [7]. The kinetic energy,ǫ, associated with radial
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Figure 1.4: Energy balance is shown schematically for fusion-fission reaction.

motion at SP, further reduces level density at SP where the density of states is already

minimum. The SP shell correction∆Vshell is also taken into account as it influences

the fission decay probability. The excitation energy available at the SP,uJ, which

determines the corresponding level density,ρ f is, is then given by

uJ = E∗CN − Vsaddle(J, η) − ∆Vshell− ∆e f f − ǫ (1.17)

The probability that a CN with spinJ will break up to a fission channel of mass asym-

metry,η [ = A1/(A1 + A2)], is proportional to the level densityρ f is above the corre-

sponding spinJ saddle point [12]. The expression of level density is same as given in

Eq.1.13with u as in Eq.1.17. So, it is clear that with increase inVsaddle(J, η), fission

probability decreases for that particular mass asymmetry in the exit channel. The de-

pendence ofVsaddle(J, η) with mass asymmetry is shown in Fig.1.5, for a light system

(ACN = 56, [12]) and heavy system (ACN = 230). For the lighter system, as the fission

barrier is maximum atη = 0.5, it favours asymmetric fission over symmetric fission.

On the other hand, for heavier system, the fission barrier favours symmetric fission. It

is also seen that as the spin increases (for lighter system),variation ofVsaddle(J, η) with

η becomes more and more flat and the probability of symmetric increases. So, the total
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Figure 1.5: (A) Saddle point energies (Vsaddle) for light system A= 56 as a function of spin

and mass asymmetry, (B) Vsaddlefor heavy system A= 230 as a function of mass asymmetry.

decay width of the fission is the sum of the decay widths of all individual channels,

Γ f iss =
∑

A1

∑

Z1

Γ f iss(Z1,A1) (1.18)

whereA1 andZ1 are the mass and charge of the lighter fragment.

1.2 Deep inelastic collision

Deep inelastic reactions is a class of reaction which is intermediate between ‘com-

plete fusion’ and ‘quasi-elastic’ processes in terms of impact parameter and energy

loss as discussed earlier. In this type of reaction, a large amount of kinetic energy of

relative motion is transformed into internal excitation energy. Here, after the reaction,

the two fragments are re-emitted without CN formation and the emitted fragments re-

tain the memory of entrance channel. For DI collision, two characteristic time scales

may be defined: a rotational period, which corresponds to thetime required for a (hy-

pothetical) complete revolution of the two touching fragments, and ‘interaction time’
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or ‘contact’ time during which the the fragments interact strongly by nuclear forces.

For a particular interacting system, both these times depend on the bombarding energy,

relative angular momentum,Q-value, and also on the final fragmentation [2]. In case,

where interaction time is shorter than the rotational period, the angular distribution

of the emitted fragments is asymmetric and it peaks around grazing angle for heavy

systems. In other case, where interaction time is more than the rotational period, the

angular distribution becomes symmetric around 900. This situation implies the exis-

tence of an orbiting of a quasimolecular system which is indistinguishable from CN

decay. Intermediate cases, when the interaction time and rotational period are compa-

rable, the reaction product deflected to negative angle as shown in Fig.1.1, trajectory

3A. Deep inelastic collisions are observed in both light andheavy systems, but accord-

ing to characteristic features, interacting systems can bedistinguished in two classes

[2] as described below.

⋆Class I: Comparatively light systems and (or) the systems with bombarding energies

well above the interaction barrier belongs to this class. These systems are character-

ized by angular distribution which is forward peaked [in excess of 1/sinθc.m., falling

exponentially with the increase of angleθc.m.]. The decay products of this class are

generally spread over wide range of mass and charge. BesidesDI process, a large por-

tion of total cross section is contributed by the products ofCN formation and decay.

⋆ Class II: Heavier systems and (or) the systems with bombarding energies near the

interaction barrier belongs to Class II. These systems exhibit ‘side-peaked’ angular

distributions (peaking around grazing angle) which steeply fall off towards larger and

smaller angles. The masses and charges of the decay productsare concentrated near the

entrance channel. The major portion of the total reaction cross section is contributed

by the DI process only.

We also have mentioned that the above classification dependson masses of the col-

liding ions and/or on the bombarding energy. So, a heavier system with bombarding

energy well above the interaction barrier may show the characteristics of class I. There-

fore, the classification of scattering systems may also be made on the basis of the ratio
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of bombarding energyE and interaction energyBint. If E/Bint > 1.6, it is assigned to

class I, otherwise class II [2].

1.2.1 Experimental results and its theoretical interpretations

For quantitative discussion on DI process, we have to relateexperimental results

to its theoretical interpretation. For example, angular momentum is not a direct exper-

imental observable, but plays an important role in the theoretical interpretation of the

experimental data. Angular momentum is related to the scattering angle which is an

experimental observable.

1.2.1.1 Deflection function

The relationship between angular momentum and scattering angle is classically

expressed by ‘classical deflection function’,Θ(ℓ), which is given by [2]

Θ(ℓ) = π −
∫ Dℓ

∞

(

ℓ(r)
Kℓ(r)

)

↓

dr
r2
−

∫ ∞

Dℓ

(

ℓ(r)
Kℓ(r)

)

↑

dr
r2

(1.19)

Kℓ(r) =

{

2µ
~2

[Ec.m. − V(r)] − ℓ(ℓ + 1)
r2

}
1
2

(1.20)

where Dℓ is identical with classical turning point for angular momentum ℓ, Kℓ(r) and

ℓ(r) are local, instantaneous wave number and angular momenta at distancer. The

subscript↓ and↑ denote the ingoing and outgoing part of the trajectory, respectively.

Typical deflection functions for different classes of systems are illustrated in Fig.1.6.

For typical Class I systems, the deflection function looks like curve (i) where it is seen

that below certain value ofℓ the system starts orbiting due to the influence of the strong

nuclear force. The curve (ii) represents the intermediate situation, where nuclear at-

traction is strong enough to cause deflection into negative angles, but it does not lead to

fusion because of the strong repulsion. Deflection functions of typical Class II systems

are represented by curve (iii). In this case, there is no deflection to negative angles,
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and the balancing of attractive and repulsive forces causesstrong focusing of trajec-

tories having a wide range ofℓ values into a very narrow angular range of deflection

angles. Finally, curve (iv) represents the pure Coulomb scattering. To correlate the ex-
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Figure 1.6: Different types of classical deflection functionΘ(ℓ) as a function of ratio of

angular momentum and Sommerfeld parameter.

perimental result with the deflection function, one should be aware that practically it is

not possible to describe a system in terms of a single, well defined deflection function

[2]. Actually, emergent fragments will be characterized by a distribution of deflection

angles which are correlated with the distributions in energy, angular momentum, and

mass partition in the exit channel. So, one should expect a ‘deflection distribution’

rather than a deflection function.

1.2.1.2 Kinetic energy loss

A large amount of energy of radial and orbital motion can be dissipated in DI col-

lision. The energy loss is of the order of the difference between energy in the entrance

channel and the interaction barrier in the exit channel. In other words, c.m. kinetic

energy of the fragments is given by the mutual potential energy at the contact which
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depends on the deformation in the exit channel. So, highest deformation leads to a

maximum energy losses. This is illustrated in Fig.1.7(a) as an example [19], where it

is seen that the Coulomb energy calculated assuming spherical exit channel overpre-

dicts the experimental data, indicating that the exit channel may not be of spherical

shape. But there are many examples where the Coulomb energy calculated assum-
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Figure 1.7: (a) Average kinetic energies of various fragments emitted in the reaction40Ar

+ 197Au. The solid lines represent the theoretical values expected from Coulomb repulsion

of two touching spheres and of two touching spheroids.(b) Correlation between total kinetic

energy loss (TKEL) and charge dispersion for the projectile-like fragments in various Kr- and

Xe-induced reactions.

ing spherical exit channel predicts the experimental data (e.g., [20]). However, the

interpretation of kinetic energy of the fragments emitted in DI collision is not always

possible by only Coulomb potential. Examples are there thatcertain fraction of angu-

lar momentum may also contribute in the final kinetic energy of the emitted fragments.

The magnitude of this contribution depends on the coupling between relative and in-

trinsic angular momenta [21]. This coupling is explained macroscopically in terms

of tangential friction [2] which will be discussed later. So, it may be said that well

matching of the experimental kinetic energy with the calculated one for some simple

configuration of touching sphere does not always imply that the exit channel has really

spherical configuration. This is because of the fact that theeffect of deformation in the

kinetic energy may be cancelled out by the angular momentum effect. The energy loss

in damped collisions has been found to be strongly correlated to the charge dispersion
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of the projectile-like fragments as shown in Fig.1.7(b) [22]. The charge dispersion

(variance,σ2
z) increases with increase in energy loss. From this correlation, it may be

inferred that, nucleon exchange between the colliding ionsis likely to be an important

basic mechanism in the energy loss process.

1.2.1.3 Time of interaction

The interaction between the colliding nuclei depends on thedistance and the defor-

mation of the composite. It varies with time along the trajectory. Observable effects,

like energy loss, mass and angular momentum transfer, will presumably depend on

time integral over the effective interaction time, which is defined in relation to the

some observable like deflection angle. A simple definition ofinteraction time has been

introduced by Nörenberg [23]:

τ(Θ) =
Θgr − Θ
ω̄

=
I (Θgr − Θ)

~ℓ̄
(1.21)

whereI is the moment of inertia of the two fragments system,Θgr is the grazing

angle,ω̄ is the average angular velocity of the touching fragments; the average angular

momentum,̄ℓ, is defined by the relation̄ℓ = 2(ℓ3gr − ℓ3cr)/3(ℓ2gr − ℓ2cr), and,ℓcr is limiting

angular momentum for the fusion.

In another definition, interaction time is defined using angular distribution. The

angular distribution of the fragments is explained classically by rotating dinuclear sys-

tem [24, 25, 26]. Here, it is assumed that the dinuclear system rotates around an axis

perpendicular to reaction plane with frequencyω = ~ℓ/µR2, whereµ is the reduced

mass of the system,ℓ is the angular momentum,R represents the distance between the

two centres of the di-nucleus. The angular distribution of dσ/dΩc.m. can be expressed

as [26, 25]

(dσ/dΩ)c.m. = (C/sinθc.m.)e
−θc.m./ωτ (1.22)
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whereC is a constant andτ is the time of interaction during which the two nuclei

remain in solid contact in the form of the rotating di-nucleus. The term ‘ωτ’ is called

‘life angle’.

1.2.1.4 Angular momentum dissipation: theoretical limit

Several models have been developed to explain the phenomenaof damped nuclear

reactions. These may be classified as classical scattering model and diffusion model.

Here we shall discuss classical scattering model to explainthe angular momentum dis-

sipation. Classical trajectories have been widely used to represent the heavy ion col-

lision dynamics. It has been already discussed that due to relatively short de Broglie

wave length, the use of classical dynamics in heavy ion collision is justified. In clas-

RP 
θP 

θ 

RT 
θT 

r 

Figure 1.8: Reaction variables for the collision of spherical projectile (P) and target (T)

nuclei.

sical scattering models, time evolution of the collective variables (a set{qi} of n col-

lective variables) are computed by solving Lagrange-Rayleigh equations numerically.
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The equations are given below

d
dt

(

∂L

∂q̇i

)

−
∂L

∂qi
= −
∂F

∂q̇i
, i = 1, 2, 3, ...., n (1.23)

whereL (qi, q̇i) = T(qi, q̇i) − V(qi) is the Lagrangian, andF = (1/2)
∑

Ci j q̇iq̇ j is the

Rayleigh dissipation function. If it is assumed that the nuclei are rigid spheres [27] as

shown in Fig.1.8, the Lagrangian can be expressed as [28],

L =
µ

2
(ṙ2 + r2θ̇2) +

IP

2
θ̇2P +

IT

2
θ̇2T − VCoul − VN (1.24)

whereVCoul,VN are the Coulomb and nuclear interaction potentials, respectively. Here,

four coordinates are used to describe the collisions;r is the distance between the mass

centers of the colliding nuclei, their relative orientation angles,θP andθT , andθ is the

orientation of the total system. The reduced mass isµ = MPMT
MP+MT

, and,

Ii =
2
5

MiR
2
i , i = P,T (1.25)

denote the rigid body moment of inertia of projectile and target with massesMP and

MT , respectively . The dissipation function may be approximated in terms of a friction

coefficientCr(r) associated with radial motion, and the coefficientCt(r) describing the

slowing-down of the relative sliding motion of the two nuclear surfaces. Then Rayleigh

function becomes

F =
1
2















Cr ṙ
2 +Ct

(

r
RP + RT

)2

[RP(θ̇P − θ̇) + RT(θ̇T − θ̇)]2















(1.26)

From Eq. 1.23, one can obtain the equation of motions

µr̈ − µr θ̇2 +Cr ṙ +
∂

∂r
(VCoul + VN) = 0 (1.27)

µr2θ̈ + İP + İT = 0 (1.28)

d
dt

(Ii θ̇i) +Ct

(

r
RP + RT

)2

Ri(θ̇i − θ̇) = 0, i = P,T (1.29)

whereIP and IT are the intrinsic spins of projectile and target, respectively, andℓ =

µr2θ̇ is the orbital angular momentum. From Eq.1.29, following limits of angular

momentum dissipation can be obtained. When two nuclei are rolling on each other,
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without any rolling friction,RP(θ̇P − θ̇) = RT(θ̇ − θ̇T). In such condition, final angular

momentum (rolling limit) becomes,

ℓroll =
5
7
ℓ (1.30)

In addition, if rolling friction is also there, then angularmomentum dissipation con-

tinues till sticking condition occurs i.e.,̇θP = θ̇T = θ̇, is reached, which is similar

to the rigid rotation of the dinuclear system. The final angular momentum under this

condition (sticking condition) becomes,

ℓstick =
I

I +IP +IT
ℓ (1.31)

whereI = µr2 is the moment of inertia for the orbital motion of two nuclei with

reduced massµ.

1.3 Dinuclear orbiting

Two colliding nuclei with suitable energy and angular momentum may be trapped

in the interaction potential that exhibits a pocket as a function of the distance between

their centers and a dinucleus is formed. This dinucleus may evolve with complete

amalgamation into a fully equilibrated CN which may decay byfission as discussed

above. Another possible evolution of this dinucleus is thatit may escape into a binary

exit channel by way of orbiting trajectory. Binary decay of second process is called

dinuclear orbiting or simply orbiting. The conceptual difference between FF and or-

biting for the light systems is shown schematically in Fig.1.9 [12]. The fragments

coming from fission decay of CN depends on the phase space available at the ‘tran-

sition’ configuration. For light systems, fission decay leads to significant population

of large number of energetically allowed mass channels. On the other hand, in orbit-

ing, the system trapped in a more deformed configuration thanthe CN and inhibited

to spread into CN states. Before it is fully equilibrated with respect to all degrees of

freedom, it decays back to the binary channels. Orbiting is also considered as a kind
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of deep inelastic process, but in the light systems, due to rapid mass exchange, the exit

channel has significantly different mass asymmetry than the entrance channel. Still, it

is expected that the orbiting mechanism will retain a greater memory of the entrance

channel than the FF. So, orbiting acts as a ‘door way’ state tothe fusion with strong

memory of entrance channel [12, 29]. In deep inelastic collisions between relatively

heavy ions, partial orbiting of interacting nuclei is well documented [30]. D. Shapira

et al., first time observed a strong enhancement in the cross section for the inelastic

scattering in lightα-cluster system12C + 20Ne [31, 32] and resonance-like structure

in the excitation function of the total yield of carbon. Theyused the phenomenon

of orbiting to explain their experimental data for this light system also. They further

claimed this mechanism as the origin of backward angle enhancement of elastic scat-

tering [33, 34, 35] in α-cluster nuclei, which was earlier explained by number of ways,

such as Regge poles, resonances, parity dependent potentials, diffraction and particle

exchange [31]. The peak of energy spectra of the inelastic channels of12C + 20Ne was

found to be the same as12C and20Ne fragments are emitted from a equilibrated CN.

The averageQ-value, 〈Q〉, have a constant value over the all measured angles for a

particular beam energy and it varies linearly with the beam energy; further, the angular

distribution is also proportional to 1/sinθc.m. [31] which suggest that long-lived inter-

mediate complex is formed. As the enhanced yield in the backward angles cannot be

explained by statistical model, it was suggested that an orbiting dinuclear configuration

is formed which preferentially decays back to the entrance channel [12]. Similar en-

hancement in the binary yield was observed inα-cluster system28Si + 12C [36]. Here,

in addition to carbon yield, enhancement was also observed in non-α-conjugate chan-

nels B, N and O yields also. Enhancement in the yields were also observed at large

angle in heavier systems,28Si + 28Si [37, 38] and 24Mg + 24Mg [39]. In this twoα-

cluster systems, strong resonance-like structures were observed in the angle-integrated

excitation functions of elastic and inelastic channels.
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Figure 1.9: Difference between fusion-fission (left column) and orbiting (right column) mech-

anism is shown.

1.3.1 Equilibrium orbiting model

As we discussed above, binary reaction yields for a number ofsystems, like12C +

20Ne [31, 32], 24Mg + 24Mg [39], 28Si + 12C [36], 28Si + 28Si [37, 38], 28Si + 14N

[29, 40], 24Mg + 12C [41] have been explained in terms of the formation and de-

cay of long-lived orbiting dinuclear complex. B. Shivakumar et al.[29] proposed a

model to explain the experimental data coming from dinuclear orbiting and fusion in

terms of evolution of dinuclear molecular complex (DMC) within the framework of

extended diffusion model. Such a DMC often acts as a doorway state in the forma-

tion of completely equilibrated CN [29]. It is formed after damping of energy and

angular momentum and evolves rapidly through the exchange of nucleons to different

configuration and subsequently decays partially by fragmentation (orbiting) and par-

tially by CN formation [3]. The model is an approximation of full transport theory that
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assumesPℓ(N,Z), the probability of fragmentation of DMC into a channel (N,Z) and

angular momentumℓ, can be expressed as product of transition probability and phase

space factors [29]. The phase space factors are the level densities of DMC in equilib-

rium and scission. The transition probability is taken as constant as it varies relatively

very slowly with energy with respect to the phase space factors. The probability of

fragmentation of DMC is given by,

Pℓ(N,Z) =
ρℓ(N,Z; RB)

∑

N′,Z′ ρℓ(N′,Z′; RM) + ρℓ(N′,Z′; RB)

∣

∣

∣

∣

∣

∣

(Z, Z′>2)

(1.32)

whereρℓ(N,Z; RB) andρℓ(N′,Z′; RM) are the level densities of DMC at excitation en-

ergies evaluated at the top of the potential barrierR= RB and the minimum potential at

R= RM, respectively. The potential energy surface of DMC which isused to calculate

the density of states using Fermi level density is given below [29]

UJ(N,Z; R) = VN(N,Z; R) + VC(N,Z; R) +
~

2

2Jtot(N,Z; R)
J(J + 1)+ Q(N,Z) (1.33)

HereJtot is the total moment of inertia of in the sticking limit,J total angular mo-

mentum,Q(N,Z) is the ground stateQ-value of the entrance channel with respect to

the fragmentation (N,Z). VN(N,Z; R) andVC(N,Z; R) are the nuclear and Coulomb po-

tentials. The total fragmentation probability into a exit channel (N,Z) (orbiting cross

section) can be written as

P(N,Z) = πŻ2
ℓmax
∑

ℓ=0

(2ℓ + 1)Pℓ(N,Z) (1.34)

whereℓmax is the maximum angular momentum for which system can be trapped in the

pocket of interaction potential. The average kinetic energy of the fragment (N,Z) can

be given as

KE(N,Z) = πŻ2
ℓmax
∑

ℓ=0

(2ℓ + 1)

[

U0(N,Z; RB) +
~

2

2
ℓ(ℓ + 1)

Irel(N,Z; RB)
f 2 − Q(N,Z)

]

Pℓ(N,Z)
P(N,Z)

(1.35)

where f = Irel(N,Z; RB)/Itot(N,Z; RB) andIrel andItot are the relative and total

moment of inertia atR = RB (saddle point).U0(N,Z; RB) is the nuclear and Coulomb

contribution to the potential energy forℓ = 0 [29]. The equilibrium orbiting model has
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been found to successfully reproduce the total average kinetic energy as well as cross

section of fully damped fragments for several light systems[12]. The only adjustable

parameters in the calculations are those to determine the nuclear potential and the level

density [29].

1.3.2 Number of open channel

The orbiting and resonance contributions of the reaction yields occur because of

the weak absorption of the partial waves near grazing angular momentum. This ‘sur-

face transparency’ may be related to the number of open reaction channels (NOC) in

lighter systems [42]. In light heavy-ion systems a strong correlation has been observed

between the existence of very low NOC and the occurrence of resonant behavior and

back angle enhancement in the elastic, inelastic, or a transfer channels [43]. For exam-

ple, significant evidence of orbiting process has been observed in the system24Mg +

16O for which NOC is small. On the other hand, binary fragment yields for the systems

35Cl + 12C [44] and23Na+ 24Mg [45] which, have large NOC, have been found to be

consistent with the predictions of fusion-fission like process.

The NOC for a given system is obtained by the triple summationover all possible

two-body mass partition in the exit channels, over all possible angular momentum cou-

plings and on all possible energy sharing between the the fragments which is written

as [43]

NJ(Ec.m.) =
∑

A1+A2=ACN

A1≤A2

∑

J=I1+I2+ℓ

∑

Eex=E1+E2+Q12+Er

Tℓ(Er) (1.36)

whereEc.m. is the incident c.m. energy andEex is the excitation energy of the compound

system.I1, I2 andℓ are the intrinsic spins of the fragments and the angular momentum

of their relative motion.E1, E2 andEr are the intrinsic energies of the fragments and

the energy available for their relative motion.Q12 is the reaction ground stateQ-value

of the decay into two fragments.Tℓ(Er) is the transmission coefficient of the outgoing

channel as a function ofℓ andEr . The transmission coefficients have been calculated
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using semiclassical model of the inverted parabolic penetration approximation,

Tℓ(Er) =
1

1+ exp
[

2π{Vℓ(RB)−Er }
~ωℓ

] (1.37)

where

~ωℓ = ~

[

1
µ

{

d2Vℓ(R)
dR2

}

R=RB

]1/2

(1.38)

is related to the curvature of the potential barrier. In thisexpressionµ is the reduced

mass andVℓ(R) is the the total real potential including the Coulomb potential, nuclear

potential and centrifugal term.RB is the distance between the centers of the dinu-

clear molecule at the top of the barrier where [dVℓ(R)/dR]R=RB = 0 [43]. The sum

over energy sharing between the fragments employs discreteenergy levels at low en-

ergy and at higher energies, level density expression is used [43]. The expression

NJ(Ec.m.) is similar to the expression of the HF formalism of CN, but here direct re-

action channels are included along with fusion evaporationchannels and phase space

calculation is extended to the incident angular momentum beyond the critical angular

momentum of fusionℓcr. To compare the NOC for the different systems, it is useful

to normalize NOC by the total incident flux. The normalized NOC is expressed as

N/F = NJ(Ec.m.)/FJ(Ec.m.), number of open channels per mb, whereFJ(Ec.m.) is the

incident flux for the total angular momentumJ which given by the expression

FJ(Ec.m.) = πŻ
2 2J + 1
(IP + 1)(IT + 1)

∑

J=ℓ+IP+IT

Tℓ(Ec.m.) (1.39)

whereIP andIT are the intrinsic spins of the incident particles. In the case of spin zero

particles,N/F is calculated forJ = ℓgr, grazing angular momentum, and parity (−1)ℓgr ,

whereas for the particles with non-zero spin,J is taken as largest possibleJ values and

parity is given by the product of intrinsic parities and (−1)ℓgr .

A few examples of NOC calculations as a function of grazing angular momentum

are given in Fig.1.10 (a)[46] and (b)[43]. In all systems,N/F initially decreases

with increase ofℓgr and then increases again. The initial drop is due to the increasing

difficulty the compound system has in accommodating the largest angular momenta
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Figure 1.10: Variation of NOC withℓgr for different systems.

by the evaporation of the light particle alone. Subsequent rise, is due to increase in

number of direct channel, such as single and mutual inelastic excitation, nucleon and

α-transfer and, finally, deep-inelastic orbiting and fusion-fission processes, becomes

effectively open [43].

A strong correlation is there between small value ofN/F and the quasimolecular

resonance in light and medium heavy-ion reactions [43]. For example, prominent res-

onance is observed inα-like system12C + 12C and at the same time it has a minimum

value ofN/F which is≈ 0.1 only as shown in Fig.1.10(a); for this system orbiting

yield is expected [46]. On the other hand, for nonα-like O + B systems, minimum

value ofN/F more than 104. In this case, large value of NOC is associated with the

occurrence of fusion-fission processes [46]. For more heavierα-cluster system28Si +

28Si, prominent narrow structure was seen in the excitation function [37, 38, 47] and

NOC has a minimum value of∼10 [43]. It may be noted here that, for heavier system

minima of NOC has shifted to the higher spin. For12C + 12C system it happens at
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ℓgr ≈ 19~ whereas for28Si + 28Si system, the same is atℓgr ≈ 47~. For more heavier

system,32S + 32S, minima has a tendency to disappear where CN cannot sustainan-

gular momenta larger than 49~ according to the modified liquid drop model [48] and

the system does not show any resonance like feature [49]. The nonα-like systems are

known to be much less surface transparent. For an example, the systems28Si + 30Si

and30Si + 30Si do not show structures in the excitation function and NOC is found to

be significantly larger than28Si + 28Si [43]. Although the resonance behavior appears

to be a common feature in light- and medium-light heavy-ion systems, its observation

is restricted to the reactions involvingα-cluster nuclei and other closed shell nuclei

with a small NOC value. Though14C is not anα-like nucleus, the14C induced re-

actions with otherα-like nuclei, for example,14C + 16O have small NOC. The weak

absorption due to small NOC value permitted the quasimolecular resonance structures

to show up in the experimental inelastic and quasielastic channels of the12C+ 12C, 14C

+ 14C and14C + 16O [42].

1.4 Motivation

Nowadays it is well known that the origin IMF is broadly fusion-fission and non-

fusion (deep inelastic, quasi elastic, breakup, etc.) processes. To search the origin of

IMF, intense studies have been done both theoretically [17, 50, 51, 52, 53, 54, 55, 56]

and experimentally [12, 26, 29, 31, 32, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68,

69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85] for the last few decades

in heavy-ion as well as light-ion systems. But the origin is still not well understood,

particularly in light-ion systems (typically, Apro jectile + A target . 60) at moderate bom-

barding energy (Elab . 10 MeV/A). This might be due to the strong overlap between

elemental yields of different processes. Situation becomes more complicated in the

reactions involvingα-cluster systems, where nuclear structure is also known to play

an important role in the equilibrium emission of complex fragments. In these cases, in

addition to the standard fusion-fission route of fragment emission, the projectile and
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the target have a finite probability to form a long-lived dinuclear composite, which

directly undergoes scission (without the formation of the fully equilibrated compound

nucleus) to emit complex fragments. This process, termed asnuclear orbiting [29], has

been shown to contribute significantly to the fragment yieldin many reactions involv-

ing lightα-cluster nuclei (e.g.,20Ne+ 12C [70, 73, 31, 32], 24Mg + 12C [85], 28Si+ 12C

[83, 84] etc.) as discussed above.

The aim of the present thesis was to study the reaction mechanism of IMF emission

in light α- and nonα-cluster systems (ACN ≤ 40) in general, and to investigate into

the role played by orbiting in lightα-cluster systems at moderate bombarding energy

(Elab . 10 MeV/A), in particular. Two experiments have been performed under the

present Ph.D programme. In the first experiment, the reaction mechanism of IMF

emission and its evolution with bombarding energy have beenstudied inα-cluster

system16O+12C. Quadrupole deformation parameter of the composite system (28Si∗)

has been estimated from the comparison of slopes of the lightcharged particle spectra

with the same obtained from statistical model predictions.In the second experiment,

the emission processes of IMF have been studied inα-cluster system12C + 28Si and

the neighbouring nonα-cluster systems11B + 28Si and12C + 27Al, all having same

excitation energy∼ 67 MeV, in order to look into the roles played by various IMF

emission process in these reactions. In addition, a large reaction chamber has been

developed for reaction mechanism studies, which is also part of this thesis.

Recently, a detailed study of the competition between direct and dissipative pro-

cesses in binary channels in the systems16O+12C, 18O+12C have been made by S.

Szilneret al. [72] in the energy range 5 - 7.7 MeV/nucleon. For both the systems,

resonant structure has been observed at lower energies and refractive effects at higher

energies, which may be considered as the signature of the orbiting process. In the

present work, we report a study of fragment emission from16O + 12C reaction in the

bombarding energy range∼ 7 - 10 MeV/nucleon with the aim to explore the role of

different mechanisms (fusion-fission, deep inelastic orbiting, etc.) in the yields of var-

ious exit channels. Significant mass and charge transfer occur during the course of
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evolution of the rotating dinuclear complex, which leads totypical deep-inelastic reac-

tion yields. Therefore, the study of the rearrangement channels offers a special interest

in probing the dynamics of long-lived dinuclear complexes.For a better understanding

of the orbiting process, it is important to study how the orbiting process evolves with

energy. With this motivation, a detailed study of fragment energy spectra have been

made for the reaction16O + 12C at different bombarding energies viz. Elab = 117, 125,

145 and 160 MeV, respectively. As orbiting process always associated with large de-

formation, detail study of the energy and angular distributions ofα-particles, emitted

in the reactions16O (117, 125, 145 and 160 MeV)+ 12C, have also been studied to

measure the deformation.

In recent years, a few studies have been made on theα-cluster system40Ca∗ and

the neighboring non-α-cluster systems to look into the relationship between equilib-

rium emission of fragment (andvis-à-visorbiting) andα-clustering. From the study of

fragment emission (6≤ Z ≤ 8) in the inverse kinematical reaction28Si+12C at energies

29.5 MeV< Ec.m <50 MeV [84], it has been conjectured that orbiting played a crucial

role in fully energy-damped fragment emission. Even for thenon α-cluster system

with ACN ≃ 42 (28Si + 14N), where the NOC was large compared to that of28Si + 12C

[43], the yields of fully energy damped fragments (6≤ Z ≤ 8) were found to have

contributions, though smaller in magnitude, from the orbiting process [86, 40, 87]. It

will, therefore, be worthwhile to study the emission of lighter fragments (Z < 6) in

particular, for systems aroundACN ≃ 40, to extract the contributions of different emis-

sion mechanisms, which will be partly complementary to the earlier measurements.

Here, we have studied the light fragment (3≤ Z ≤ 5) emission fromα-cluster system

(40Ca∗) produced in12C (77 MeV)+ 28Si reaction, as well as those from the neigh-

boring composite system39K∗ produced at the same excitation energy (∼ 67 MeV) via

two different reaction channels,11B (64 MeV)+ 28Si and12C (73 MeV)+ 27Al; the last

two reactions have been chosen to crosscheck the equilibrium decay nature (absence

of entrance channel dependence) of the energy damped binaryfragment yield in the
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decay of39K∗. The time scales and the angular momentum dissipation factors for DI

fragment emission in these reactions have also been studied.

A K500 Superconducting Cyclotron (SCC) has been built at VECC, which will

enable front line nuclear physics research in the Fermi Energy domain. Several large

experimental facilities are being built as a part of the SCC utilization program. These

facilities may also be used to continue IMF emission study inthe Fermi energy domain.

One of the important part of the facility is to develop a large(1m diameter, 2.2m long)

scattering chamber. The design, development, installation, testing of this the large

multipurpose high vacuum (∼ 10−7 mbar) reaction chamber is also part of the present

thesis.

30



Chapter 2

Experimental setup and data analysis

technique

The main goal of the thesis is to study the emission mechanismof intermediate

mass fragments (IMFs) in low energy (. 10MeV/A) heavy-ion reactions involving

light nuclei (Apro j + Atarg . 50) in general and lightα-cluster nuclei in particular. Two

sets of experiments have been performed for this purpose. The first experiment has

been performed at Variable Energy Cyclotron Centre (VECC),Kolkata, to study the

mechanism of IMF emission inα-cluster system16O + 12C at different energies. As

this system known to show orbiting behaviour at low excitations, the experiment was

also aimed to look for the signature of survival of orbiting at these energies. For that

purpose, in addition to IMF measurement, light charged particle (LCP) emission has

also been studied to get information about the deformation of the excited composite.

The second experiment has been done using heavy ion beam fromBARC-TIFR pel-

letron facility at Mumbai. In this experiment, the emissionmechanism of IMF has

been studied for theα-clustered system12C + 28Si and compared the same with two

nearby systems12C+ 27Al and 11B + 28Si all at same excitation energy, to look for any

indication of the existence of orbiting in12C + 28Si system. The discussion about the

experimental setups and data analysis method has given herein a general way.
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2.1 Accelerators

2.1.1 Variable energy cyclotron

It is an azimuthally varying field (AVF) cyclotron with pole diameter of 224 cm.

As per design specification, the accelerated beam energy is 130(Q2/A) MeV whereQ

andA are the charge state and the atomic mass of the accelerated beam, respectively.

Details of the machine have been given in Table2.1. Fig. 2.1 shows the view of

Cyclotron 

Switching magnet 

Ch # 3 
Ch # 2 

Ch # 1 

Figure 2.1: K130 variable energy cyclotron.

the cyclotron with the switching magnet and the beam lines. Details of the beam line

layout have been shown in Fig.2.2. The 00 beam line (Ch# 1) is used for high current

(irradiation) experiments. The general purpose scattering chamber, where the present

experiment has been performed, is placed in the second beam line (Ch# 2) for charged

particle experiments. Experiments withγ-detectors are performed in the third beam

line (Ch# 3). The fourth beam line (Ch# 4) has been dedicated to the radioactive ion

beam (RIB) facility as shown in Fig.2.2.
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Table 2.1: Technical specifications of K130 cyclotron.

Cyclotron
Cyclotron type : AVF

Magnet
Shape : H-shaped electromagnet
Pole diameter : 224 cm
Average pole gap : 24.5 cm
Average magnetic field : 17.1 kG
Main coil power : 490 kW
Trim coil power : 433 kW
Valley coil power : 27 kW

R. F. System
Frequency range : 5.5 - 16.5 MHz
Dee Voltage : 70 kV (max)
Energy gain : 140 keV/turn (max)
Oscillator power output : 300 kW (max)

Ion Source
Type : Hot cathode PIG, ECR
Filament current : 500 A (max)
Arc current : 0- 2 A
Arc voltage : 10 - 600 V

Deflector
Type : Electrostatic 120 kV (max)

Vacuum
Operating pressure : 10−6 Torr

Beam
Energy : Proton 6 - 30 MeV

: Deuteron 12 - 65 MeV
: Alpha 25 - 130 MeV
: Heavy ion 7-11 MeV/A

Internal beam current : 100µA
External beam current : 20µA
Extraction radius : 99 cm
Resolution : 0.5% (FWHM)
Beam pulse width for particles : 4 ns
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Figure 2.2: Beam line layout of K30 variable energy cyclotron.

2.1.2 BARC-TIFR Pelletron

It is a 14 Million Volt (MV) tandem electrostatic accelerator which can accelerate

p, α and various heavy ions [88]. A schematic diagram of the accelerator with beam

line layout is shown in Fig.2.3. At the top, there is an ion source (Source of Negative

Ions by Cesium Sputtering - SNICS) which produces negative ion (1−). This low

energy ion is bent vertically downwards by a 900 injector magnet. At the same time,

by choosing proper magnetic field, a particular isotope can also be selected. Due to the

high voltage terminal at the middle, the negative ion is accelerated and it gains energy

of amountVT , whereVT is the terminal voltage (in Million Volts). At this terminal,

negative ion is stripped by a carbon stripper foil and becomes a positive ion with charge

q, which is then repelled by the high voltage terminal towardsthe ground voltage. This

results in the energy of ionE = (q + 1)VT MeV. Then, an analyzing magnet (900)

bends the beam horizontally and at the same time it selects a particular charge state of

accelerated ion with energy

B = 720.76

√
AE
q

(2.1)

where the magnetic field, B, is in Gauss andE in MeV. This beam (energy resolution

∆ ≈ 2KeV) is then switched between one of the five experimental beam lines using

a switching magnet. The general purpose scattering chamber(SC), where the second
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experiment has been done, is placed in the 00 beam line as shown in Fig.2.3. A

separate beam line is there for super conducting LINAC booster details of which are

not discussed here.

2.2 Experimental setups

As mentioned earlier, two experiments have been performed in the two accelera-

tors; the IMF and LCP emission from the reactions16O (∼7-10 MeV/A) + 12C have

been studied using the cylcotron at VECC, and the IMF emission from the reactions

12C (77 MeV) + 28Si, 12C (73 MeV) + 27Al, 11B(64 MeV) + 28Si have been stud-

ied using Pelletron accelerator at Mumbai. Similar types ofexperimental setups have

been used in both the experiments; the experiments involvedwith the measurement of

charged particles. The schematic diagram of the setup is shown in Fig. 2.4(a). The

charged particle detectors have been housed in a suitable scattering chamber. All the

experimental signals have been collected and processed by using standard electronics

and CAMAC based data acquisition system.

2.2.1 Scattering chambers

Both the scattering chambers (at VECC and BARC-TIFR pelletron) used in the

present experiments are similar. The scattering chamber atVECC as well as Pelletron

lab are cylindrical in shape with diameter∼1m. Both of them have two rotating arms on

each side of the beam direction which can be rotated from outside so that the detectors

can be placed at any angle in between∼ 80-1700. Each arm, which is in the form of

a plate, is provided with many fixed holes at different angular and radial positions to

keep the detector at a particular position. In both the cases, the target ladder is at the

centre of the chamber, which can hold several targets, and, by moving the ladder from

outside, any of the targets may be brought to the beam position. The operative vacuum

in the cyclotron chamber is∼ 1-2×10−5 mbar and the same for pelletron chamber,
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Figure 2.3: Accelerator and beam line layout of TIFR-BARC pelletron.
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is ∼ 4-5×10−6 mbar. In both cases, the vacuum is achieved with the help of large

diffusion pump and rotary pump combination. The detector signals are taken out using

BNC vacuum feed-throughs provided at the wall of the chamber. Schematic view of

experimental setup along with scattering chambers are shown in Fig.2.4.

2.2.2 Charged particle telescopes: particle identification

Different combinations of silicon detectors (surface barrier or lithium drifted), ion-

ization chamber and the CsI(Tl) detector have been used in the present experiment in

∆E-E telescopic mode to detect and identify the emitted fragments and measure their

energy distributions. The working principle of this type oftelescope is based on Bethe

formula [89] which describes the specific energy loss of an incident charged particle

on a particular material and is written as

− dE
dx
=

4πe4z2

m0v2
NB (2.2)

where

B = Z

[

ln
2m0v2

W
− ln(1−

v2

c2
) −

v2

c2

]

(2.3)

E( = 1
2Mv2), v, ze, Mare the energy, velocity, charge and mass of the incident par-

ticle andN, Z are the number density and atomic number of the absorber (here detec-

tor material) andm0, e are the mass, charge of electron, respectively. The parameter

W represents the average excitation and ionization potential of the absorber and nor-

mally treated as an experimentally determined parameter for each element. For non-

relativistic particle (v << c), the second and third terms ofB are negligibly small and

whole B varies very slowly with the energy of the incident particle.So, the Eq.2.2

reduces to

− dE
dx
≈ Mz2

E
K (2.4)

where K≈ constant. In the case of a two detector telescope which consists of one thin

detector followed by a thick detector such that the energy loss of the particle in this

thin detector (∆E) is small compared to the total energy (E). Under such condition,
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Figure 2.4: (a) Schematic diagram of experimental setup used in both experiments done at

VECC and pelletron.(b) General purpose scattering chamber, Ch # 2, VECC. (c) Partial view

of experimental setup at scattering chamber, Pelletron.
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Figure 2.5: ∆E-E heavy ion spectrum obtained in 117 MeV16O + 12C reaction atθlab = 120.

Eq.2.4becomes

∆E.E = f (A, z) (2.5)

which is the equation of a rectangular hyperbola. So, each fragment will give a sepa-

rate hyperbola in the same∆E-E plot. A typical∆E-E 2D spectrum of the fragments

emitted in the reaction16O + 12C obtained by a∆E-E telescope is shown in Fig.2.5.

The technical specifications of the detectors have been chosen according to the exper-

imental plan. For example, for the detection of heavy ions, thickness of∆E detector

will be thin enough, so that, ions should not be fully stoppedat ∆E. On the other

hand, for the detection of light charged particle, thickness of the∆E detector should be

thick enough to generate appreciable signal and at the same time theE detector should

be sufficiently thick to fully stop them. Details of the telescopes used in the present

experiments are given in Table2.2.
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Table 2.2: Technical details of the telescopes.

Properties of the

telescopes

Experiment at VECC Experiment at Pelletron

Number of telescope

used

:Four :Three

Thickness :Telescope I: 6µm [Si(SB)]-4cm [CsI(Tl)] :Telescope I : 10µm [Si(SB)]-500µm [Si(SB)]

:Telescope II: 9µm [Si(SB)]-500µm [Si(Li)] :Telescope II: 10µm [Si(SB)]-500µm [Si(SB)]

:Telescope III: 14µm [Si(SB)]- 350µm

[Si(SB)]

:Telescope III: 4 cm [Ionization Chamber, 80

Torr]- 350µm [Si(SB)]

:Telescope IV: 10µm (Si)-500µm [Si(Li)] : * * *

Energy resolution :∼ 1% for 5.5 MeVα- particle[Si-detector]. :∼ 1% for 5.5 MeVα- particle [Si-detector].

Solid angle coverage :∼ 0.3msr :∼ 0.23msr

Approximate energy

threshold (for differ-

ent fragments.)

: 2.8, 4.5, 6.5, 9.0 MeV forα-particle,7Li,

9Be, and11B, respectively.

: 2.8, 4.5, 6.5, 9.0 MeV forα-particle,7Li, 9Be,

and11B, respectively.
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2.2.3 Electronics and data collection

Standard readout electronics have been used in both the experiments for processing

and acquisition of the detector signals. Schematic diagramof the electronic circuit

used in the experiment performed at VECC is shown in Fig.2.6. In this experiment,

four telescopes have been used. The detector signals from all telescopes have been

fed to ORTEC preamplifiers (Model 142IH). The energy outputsof all preamplifiers

have been fed to the input of ORTEC 572A spectroscopic amplifier. By inspecting

the measured 2D energy spectra of the fragments during the experiment, the gains of

the amplifiers have been adjusted in such a way that all bands (each hyperbola) of the

detected fragments are clearly separated. Outputs of the amplifiers have been directly

fed to the energy inputs of the analog to digital converter (ADC) ORTEC AD811.

The time outputs of the preamplifiers (E detectors only) have been fed to timing filter

amplifier (ORTEC Quad TFA 863) and its output has been fed to constant fraction

discriminator (ORTEC Octal CFD CF8000). The logic outputs of CFDs have been

fed to gate and delay generator (ORTEC Octal GG8020) and thenthe OR (PHILIPS

SCIENTIFIC Quad four fold logic unit PS 756) of all timing outputs (GG output) have

been used as the STROBE of ADC. Lastly, the digitized data from ADC have been

collected by PC based CAMAC data acquisition system as shownin Fig. 2.6. For the

experiment done at pelletron, similar electronics and dataacquisition system have been

used.

2.2.4 Measurements

As mentioned earlier, two experiments have been performed;one using the cy-

clotron accelerator at Kolkata and other using the Pelletron accelerator at Mumbai.

The details of the beams, targets and measurements are givenin Table 2.3for both the

experiments.
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Figure 2.6: Schematic diagram of electronics circuit used in the experiment at VECC. PA:

Preamplifier, AMP: Amplifier, TFA: Timing filter amplifier, CFD: Constant fraction discrimi-

nator, GG: Gate and delay generator, OR: Fan-in-Fan-out.
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Table 2.3: Experimental details.

Details Experiment at VECC Experiment at Pelletron

Beam :Oxygen :Carbon and boron

Beam energy :117, 125, 145 and 160 MeV :73, 77 MeV carbon and 64MeV boron

Typical beam current :∼10-20nA :∼10-35nA

Typical beam energy resolution :∼0.5 % :∼2keV

Target :Self-supporting carbon of thickness

∼514µg/cm2

:Self-supporting aluminum of thickness

∼500µg/cm2

: :Silicon of thickness∼1000µg/cm2

Measurements :Energy and angular distributions ofα, Li,

Be, B

:Energy and angular distributions of Li,

Be, B

Angular coverage (lab) with respect

to beam direction

:∼ 90-290 :∼ 120-550

Energy calibration of the telescopes :Peaks of elasticallyscattered oxygen

from Au target at all beam energies and

α from 229Th

:Peaks of all the elastically scattered

beams of different energies from Al and

Au targets.

Gain matching of∆E and E detec-

tors.

:Using pulsar :Using pulsar

Target thickness measurement :229Th α-source :Using239Pu-241Am α-source
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2.3 Data analysis technique

Several steps are involved to convert the raw data obtained in the experiment to the

final form, which may be utilized to extract physics results.Various steps of the data

analysis procedure have been elaborated below.

2.3.1 Target thickness measurement

To measure the target thickness, anα-source having more than one known well

separated energy peaks has been used in a separate experimental set up with only

one detector with similar electronics circuit and DAQ as used in the main experiment.

First, the energy spectrum ofα-source has been measured after placing the target foil in

between the detector and the source; in the next step, the same measurement has been

repeated without the target. Due to the loss of energy in the target, when the target is in,

whole energy spectrum will be shifted towards lower channelnumber (lower energy)

of ADC with respect to the spectrum without the target. Now from the known energy

peaks of theα-particles, channel number can be calibrated and energy loss in the target

can be calculated. The stopping power (dE/dx) of α-particle in the target material at

the respective peak energies can be obtained from SRIM [90] calculation. By dividing

the total energy loss in the target by stopping power, the actual target thickness can

be obtained. In the present experiment,229Th α-source with peak energies at 5.423,

5.680, 6.290, 6.780, 8.78 MeV have been used to measure the thickness of targets

used in the experiment done at VECC. For the experiment at Pelletron,241Am-239Puα

source peaks at 5.485 MeV and 5.152 MeV, has been used for the measurement of the

target thickness. Measured thickness of the targets are given in Table2.3.
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2.3.2 Gain matching factor

Total energy of any fragment is obtained by adding the energies deposited in the

∆E andE detectors, provided the overall gains of both the detectorsare brought in the

same scale. For this purpose, the ratio of the gains ofE and∆E detectors is multiplied

to the channel number of∆E. This ratio is called the gain matching factor (gm f). To
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Figure 2.7: Typical gain matching spectra of telescope IV, used in the experiment performed

at VECC.

find out the factor, the same signal from a pulsar has been fed into both the test inputs of

the preamplifiers of∆E andE detectors (of a particular telescope) and the pulse height

has been increased gradually; the corresponding 2D spectrum is shown in Fig.2.7,

which may be fitted with the a straight line,∆E = mgE + cg, wheremg is the slope and

cg is constant. Then, according to the definition above,gm f ≈ 1/mg, whencg/mg is

small. In the typical case of telescope IV, used in the experiment done at VECC (Fig.

2.7), E = 0.1534∆E + 0.7066. Using these values, energy deposited (Ch. No.) in

∆E detector is converted into equivalent energy (Ch. No.) of E detector, and the total
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energy (Ch. No.) may be calculated asEtotal = E + gm f∆E, which is finally converted

into actual energy by using calibration equation for the corresponding telescope.

2.3.3 Energy loss correction of the projectile and fragments

Due to finite thickness, the target has different layers of atoms along the path of the

projectile and the ejectiles. So, nuclear reaction may occur at any layer of the target

as shown the Fig.2.8. Depending upon the position of the interaction point (distance

t

x θ
t - x

Figure 2.8: Energy loss of projectile and ejectile in the target.

x from the entry point), projectile loses a part of its energy in the target and the actual

beam energy at the point of interaction becomesEbeam− (dE
dx )Ebeam× x. The same is true

for the ejectiles also. Before detection, the ejectile has to travel a distance of (t−x)secθ

whereθ is the detection angle and t is target thickness. So, if the actual ejectile energy,

is Ecorr, the energy measured by the detector isEcorr − (dE
dx )Ecorr × (t − x)secθ. Now it

46



is not possible to measure the actual position of interaction point for each event. So, it

is generally assumed that the interaction occur uniformly throughout the target layers

and the average effect of the finite thickness may be taken care of by consideringthat

the interaction occurs at the middle of the target,t1/2 ≈ t/2. Then, the detected energy

117 MeV 16O + 12C 
Boron at 150

E (MeV)

20 40 60 80

d2 σ/
d

E
d Ω

 (
m

b/
M

eV
 s

r)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Figure 2.9: The effect of energy loss correction on fragments in the target. Black line is the

detected spectrum and pink line is the corresponding spectrum after energy loss correction.

of the fragment isEdet, is related toEcorr by,

Ecorr = Edet+

(

dE
dx

)

Ecorr

× t1/2secθ (2.6)

Similarly, the actual projectile energy before reaction will be

Ereaction= Ebeam−
(

dE
dx

)

Ebeam

× t1/2 (2.7)

In the case of projectile energy correction, beam energy is exactly known. So, we can

easily calculateEreaction by taking the value of stopping power
(

dE
dx

)

Ebeam
at beam en-

ergy,Ebeam, from SRIM [90]. However, in the case of fragment energy spectrum, for
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each value of energy, stopping power is different [89]. Moreover the stopping power

has to be known at the actual energy of the fragmentEcorr and not at the correspond-

ing detected energyEdet. Therefore, the fragment energies were corrected using the

following procedure. Firstly, the stopping power has been calculated at all possible

fragment energies using SRIM [90] and Edet has been calculated for each values of

Ecorr using Eq.2.6. Then the values ofEcorr and the correspondingEdet have been

fitted with a generalized function as given below,

Ecorr = C1 +C2Edet+C3/Edet+C4/E
2
det (2.8)

where C1, C2, C3 and C4 are the constant parameters. The typical values of these

parameters for boron fragment (in experiment at VECC) are 0.02946, 0.9986, 14.3628,

-58.1835, respectively. The effect of the energy loss correction in a typical boron

spectrum is shown in Fig.2.9.

2.3.4 Energy calibration of the telescopes

Generally, the energy calibration is done for the telescopeas a whole, in the fol-

lowing manner. The elastic peak for a particular reaction isobtained experimentally in

terms ADC channel number at different laboratory angles. Total energy (Ch. No.) of

the elastic peak is calculated using the relation,Etot = gm f×∆E+E. The correspond-

ing elastic peak energy in MeV is calculated from kinematicswith energy corrected

for loss (using Eq.2.7 ) in the target. With this, the energy of scattered particle for

a particular angleθ is calculated and is modified by using Eq.2.6. This energy cor-

responds to the detected elastic peak energy in terms of channel number. A known

energyα-source (e.g.,228Th) is used for calibration points at lower energy. All these

channel numbers and corresponding energies are fitted with the calibration equation

given by

E = Ch×m+ c (2.9)

whereE is the energy in MeV,m is the energy per channel (MeV/Ch) andc is a constant

(MeV). Typical energy calibration has been shown in Fig.2.10for telescope IV. Blue
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Figure 2.10: Calibration of telescope IV used in the experiment at VECC.

triangles represent the experimental points with known theenergies obtained from

elastic pecks in 125 MeV16O on gold reaction andα-particles peaks from228Th source.

For this telescope,m= 0.31 MeV/Ch andc = 0.03MeV.

2.3.5 Calculation of cross section

The fragments are identified from the well separated bands inthe∆E-E 2D spec-

trum as shown in Fig.2.5. To extract the energy spectrum from the 2D plot, a two

dimensional gate is drawn around the band of the desired fragment. The yield inside

this gate is projected alongEtot (= gmf×∆E+ E, Ch. No.) and energy is then converted

to MeV using the calibration equation. To convert the yield in terms of standard unit of

cross section, it is normalized by number of incident particles (I ) on target, the number

density of target atom per unit area (N), the solid angle covered by the telescope (Ω)

and, the energy per channel (m) using the following expression of differential cross

section,
d2σ

dEdΩ
=

C
NIΩm

× 10−27mb/MeVsr (2.10)

C→ Experimental yield of the fragment in each channel of projected spectrum.
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N → Number of target atoms per cm2 which is calculated using formulaN = NA
A t

whereNA is Avogadro number 6.023× 1023 atoms/mol, A is atomic mass number,t is

the thickness of the target in gm/cm2.

I → Number of incident particles is measured from the total charge collected in Fara-

day cup in beam dump using a current integrator.

Ω → Solid angle coverage of the telescopes are measured geometrically and checked

by comparing experimental yield,
(

dσ
dΩ

)

expt,lab
, of elastic scattering spectra and Ruther-

ford scattering cross section,
(

dσ
dΩ

)

Ruth,lab
.

To interpret the experimental data theoretically, it is required to transform the mea-

sured cross section from laboratory frame to c.m. frame which is done by the following

equation
(

dσ
dΩ

)

c.m.

=

(

dσ
dΩ

)

lab

|1+ γcosθc.m.|
(

1+ γ2 + γcosθc.m.
)3/2

(2.11)

whereγ =
(

A1A3
A2A4

Ecm
Ecm+Q

)1/2
, Q is the Q-value of the reaction, A1, A2, A3 and A4 are

projectile, target, detected fragment and recoil fragmentmass number, respectively.

Ec.m is the beam energy available for reaction in c.m. which is obtained by

Ec.m. =
A2

A1 + A2
Elab (2.12)

andθc.m., scattering angle in c.m., is obtained by

θc.m. = θlab + sin−1 (γsinθlab) (2.13)
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Chapter 3

Result: Fragment and light particle

emission in16O + 12C reactions

In this chapter, the results of the fragment and light charged particle emission

measurement for the reactions16O (117, 125, 145 and 160 MeV)+ 12C will be pre-

sented. The main aim of these measurement were to look for thesignature/indications

of orbiting at higher excitation in theα-cluster system16O + 12C, which is known to

be orbiting at low excitation [72]. Both fragment emission and light charged particle

(α-particle) emission have been used as probes to study the reaction mechanism. As

orbiting dinucleus is likely to be highly deformed (as shaperelaxation has not occur),

the estimation of deformation is crucial to decipher the roles played by orbiting in this

system and the shape of energy spectra of LCP (particularlyα-particle) being quite

sensitive to the deformation, becomes an important tool. This chapter will be divided

into two broad section, first the result of the fragment emission study will be presented

in Sec.3.1and result of LCP study will be discussed in Sec.3.2.
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3.1 Fragment emission study

3.1.1 Energy spectra

Typical energy spectra of the fragments Li, Be, B measured atangleθlab = 150 for

Elab=117, 125, 145 and 160 MeV are shown in Fig.3.1. The shapes of the spectra are

nearly Gaussian almost in all cases. The Gaussian-like shape of the fragment energy

spectra may be understood as follows; the equilibrated compound nucleus undergoes

deformation leading to fission-like decay into two fragments. Then, the fragment ki-

netic energy distribution is likely to be Gaussian-like with the average energy corre-

sponding to the kinetic energy at the scission point and the width originating from the

fluctuation of the scission point. It has been observed that in case of boron, the lower

energy part of the spectrum is found to deviate from the Gaussian behavior and the de-

viation increases with increasing bombarding energy. Similar observation, to a lesser

extent, can also be made regarding beryllium spectrum. Fromthe study of the energy

spectrum, it has also been found that the peak position of each spectrum is nearly same

as that obtained from Viola systematic [91] corrected by an asymmetry factor given by

4Z1Z2

(Z1 + Z2)2
(3.1)

[44] whereZ1 andZ2 are the atomic number of the two emitted fragments. Viola sys-

tematic, which basically gives the dependence of most the probable total kinetic energy

of symmetric fission fragments on the Coulomb parameterZ2/A1/3 of the fissioning nu-

cleus, is given by

〈EKE〉 = 0.1189Z2/A1/3 + 7.3 MeV (3.2)

Each of the energy spectrum has been fitted with a Gaussian as shown in Fig.3.1 by

solid line with the corresponding centroid shown by arrows.In case of boron fragment,

though the spectra are deviated from the Gaussian shapes, particularly at the lower

energy region, still they can be fitted with a Gaussian by taking the centroids obtained

from Voila systematic and the widths obtained from the higher energy tail of of the

spectra (higher energy side of the centroid).
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Figure 3.1: Typical energy spectra of emitted fragments (B, Be and Li) detected at an angle

θlab = 150 at respective Elab. Arrows indicate the centroid of the Gaussian distributions.
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3.1.2 Angular distribution

The angular distributions of the fragments emitted from an equilibrated composite

follow 1/sinθc.m. dependence in c.m. frame. This 1/sinθc.m dependence can be intu-

itively explained [92, 93] as follows: to conserve the orbital angular momentum of the
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Figure 3.2: The c.m. angular distributions of the B, Be and Li fragments obtained at Elab

= 117, 125, 145, and 160 MeV [from (a) to (d), respectively]. Solid circles correspond to

experimental data and solid lines show fit to the data obtained using the functionf(θc.m.) ∝

1/sinθc.m.

incident particles, the composite system will rotate aboutan axis perpendicular to the

beam direction. If the composite is considered as rotating liquid drop, the particles

evaporated from the composite will get an additional velocity if they are emitted at

the equator, and the angular distribution has therefore a maximum in the equatorial

plane. In a situation, if all the composites have angular momentum perpendicular to

both reaction plane and beam direction, all the equatorial planes should coincide with

the reaction plane and angular distribution would be independent ofθc.m. However, in
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the case of energetic nuclear collision, the direction of angular momentum is random

and it always lies in the plane perpendicular to the beam axis. If one averages over the

different possible directions of the rotational axis, there will be maxima in the forward

and backward directions of the beam, as these directions arecontained in all equatorial

plans. The distribution will furthermore be symmetrical about 900. Angular distribu-

tions (in c.m. frame) for Li, Be, B are shown in Fig.3.2 for all beam energies. The

differential cross section,
(

dσ
dΩ

)

lab
, has been obtained by integrating the energy spectra

under the fitted Gaussian only. The obtained
(

dσ
dΩ

)

lab
has then been transformed into

c.m. frame
(

dσ
dΩ

)

c.m.
by using Eq.2.11, assuming two-body kinematics averaged over

total kinetic energy distribution and the corresponding lab angleθlab has been trans-

formed by using Eq.2.13. In both cases, the Q-value has been calculated using the

following formula,

Q = T3

(

1+
M3

M4

)

− T1

(

1− M1

M4

)

− 2

(

M1M3T1T3

M2
4

)1/2

cosθlab (3.3)

whereT1, T2, T3, T4 (andM1, M2, M3, M4) are the kinetic energies (and mass num-

bers) of the projectile, target, detected fragment, and recoil fragment, respectively.

The angular distribution of the fragments B, Be, and Li obtained at all bombarding en-

ergies are found to follow 1/sinθc.m. dependence in c.m. frame (shown by solid lines in

Fig. 3.2), which is characteristic of the fission like decay of an equilibrated composite

system.

3.1.3 Angular distribution of averageQ-value

The angular distribution of the averageQ-value,〈Q〉, provides information about

the degree of equilibration of the composite. For example, in the reactions16O(116

MeV) + 27Al, 28Si [94, 21] and 20Ne (145, 158, 200, 218 MeV)+ 28Al [ 95], 〈Q〉 has

been shown to fall very sharply withθc.m. at forward angles, which indicated about

non-equilibrated nature of the decay of the produced composites at all these energies.

However, in the present study of fragment emission, it has been observed that the
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values of〈Q〉 for all the fragments obtained at different bombarding energies, are in-

dependent of center of mass emission angles as shown in Fig.3.3. The independence

of 〈Q〉 with respect to emission angle suggests that, the fragmentsare emitted from a

completely energy equilibrated system at all beam energies. Similar results have also

been observed in the case of fragments emitted in20Ne+ 12C system [96].
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Figure 3.3: Average Q-values,〈Q〉, of the fragments B, Be and Li obtained at Elab = 117,

125, 145 and 160 MeV (denoted by triangle up, triangle down, square and circle, respectively)

plotted as a function of c.m. emission angle,θc.m..

3.1.4 Excitation energy dependence of〈Q〉 averaged over angle

The averageQ-values,〈Q〉, have been averaged over the angle [denoted by¯〈Q〉]

again and plotted in Fig.3.4 for all the beam energies. It has been found that the¯〈Q〉

values varies linearly withEc.m. (Ec.m. is the beam energy in c.m. available for reaction).

This linear dependence is indicative of full energy equilibration of the composites.

The linear relationships extracted from the data (Fig.3.4) are ¯〈Q〉 = (13.91 ± 0.91)−

(1.004 ± 0.016)Ec.m. for the fragment B, ¯〈Q〉 = (12.58 ± 0.32)− (1.005 ± 0.005)Ec.m.

for Be and ¯〈Q〉 = (11.03 ± 1.18)− (1.021 ± 0.020)Ec.m. for Li. Moreover, the

above linear dependencies also mean that the final kinetic energies (E f
kin = 〈Q〉 +
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Ec.m.) of the fragments are nearly independent of the incident energy. Similar linear

dependence of¯〈Q〉 has been observed in the fragment emission from20Ne+ 12C system

in the bombarding energy range 50 - 200 MeV [96, 95, 97]. This may be due to the

limitation on the maximum value of angular momentum beyond which the formation

of a dinucleus is not allowed because of centrifugal repulsion [84].
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Figure 3.4: Variation of ¯〈Q〉 with Ec.m. The solid lines show the linear dependence of¯〈Q〉

with bombarding energy for the fragments B, Be and, Li respectively.

3.1.5 Total cross section of the fragment

All these observations show that the fragments have been emitted either from a

fully equilibrated CN, or, from a long-lived orbiting dinuclear system, or, from both.

It may be noted here that, in case of dinuclear orbiting, the composite system is fully

energy equilibrated but shape is not equilibrated. To get further information about the

emission process, the angle integrated fragment yields obtained from the fitted Gaus-
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sians, have been compared with the theoretical predictionsof the standard statistical

model codes, i.e., CASCADE [7] and extended Hauser-Feshbach model (EHFM) [18].

The extracted angle integrated yields of different fragments obtained at different inci-

dent energies have been shown in Fig.3.5by solid circles. The solid lines are the same

obtained from CASCADE with angular momentum up toℓcr, the critical angular mo-

mentum of fusion. The values ofℓcr = 20, 21, 22 and 23~ for beam energy 117, 125,

145 and 160 MeV, respectively. Theseℓcr values have been obtained from dynamical

trajectory model calculations with realistic nucleus-nucleus interaction and dissipative

forces generated self-consistently through stochastic nucleon exchange model [98]. It
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Figure 3.5: Excitation functions for the angle-integrated (over the range 00 ≤ θc.m ≤ 1800)

cross section of the B, Be and Li fragments. Solid lines are the predictions of the statistical

model CASCADE with angular momentumℓ = ℓcr. Short dashed lines are the prediction of

EHFM.

has been observed that the CASCADE prediction matches well with the experimental

yields of the fragments Li, Be. But it underpredicts the B yield at all beam energies. In

the case of EHFM, the predicted yields are less than the measured yields all fragments
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under study, as shown by dashed line in Fig.3.5. So, it is evident from the above that

there is a significant enhancement in the boron yield with respect to the prediction of

both the CASCADE and EHFM. Though the CASCADE explains the experimental

yield of Li and Be, they are also underpredicted by EHFM. However, it may be noted

here that the discrepancy between EHFM prediction and experimental yield, increases

progressively from Li to B, which clearly indicates, increasing additional contributions

from other reaction mechanism as one moves from Li to B. So, notwithstanding the

limitations of the statistical model calculations extended to light nuclear system, it is

evident that there is clear signature of an enhancement in the yield of B as compared

to its predicted yield. Such enhancement in the experimental binary yield with respect

to respective theoretical predictions near entrance channel configuration is indicative

of the formation of an orbiting dinuclear complex. As orbiting is usually described in

terms of the formation of a long-lived dinuclear molecular complex that acts as a “door-

way” state to fusion with a strong memory of the entrance channel, it is expected that

the orbiting mechanism will retain a greater memory of the entrance channel than the

FF process. Orbiting has first been established in the system28Si+ 12C [36] by observ-

ing enhancements of large-angle, binary-reaction yields near to the entrance channel

(see Chapter1 for details); similar enhancements of large-angle, binary-reaction yields

have also been observed in the present data.

3.2 Study of light charged particle emission

3.2.1 Energy spectra

The fusion-evaporation is the most dominated reaction process in light systems,

in which the equilibrated composite decays by statistical emission of light charged

particles (n, p, d, t,3He, α). It is well established that theα-evaporation spectra, in

particular, carries the signature of the angular momentum dependent deformation of

the excited rotating compound nucleus [99, 100, 101]. The energy distribution of the
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Figure 3.6: Energy spectra (c.m.) ofα-particles obtained at different angles for different

beam energies. The symbols represent experimental data andthe solid lines represent the fitted

Maxwellian function. All the experimental and calculated spectra for lower to higher angles

have been multiplied by 10−2, 10−1, 100, 101, 102, 103, respectively.

particles evaporated from a hot system, is known to be Maxwellian in shape [102]. The

centre of mass energy spectra of evaporatedα-particles obtained from the reactions16O

+ 12C at different bombarding energies have been shown (symbols) in Fig.3.6. In the

same figure the solid lines represent the fitted Maxwellian distribution,

f (Ec.m.) = AE3/2
c.m.e

−Ec.m./T (3.4)

whereA is the normalization constant andT is the temperature of the hot composite.

Since the spectra have been obtained in inclusive mode, there may be some admixture

of contributions from other direct reaction mechanisms (like pre-equilibrium emission,

etc.) to the equilibrium emission spectra at forward-most angles, in particular. The ob-

served agreement of the experimental energy spectra with the Maxwelian distribution,

indicates thatα-particles are emitted mostly from the fusion-evaporationprocess. For

further confirmation, the shape of two spectra, one obtainedat most forward angle and

the other at backward angle, have been compared and shown in Fig. 3.7. For all beam

energies 117, 125, 145 and 160 MeV, the forward most angles atwhich energy spectra

have been measured are 110 and corresponding backward angles are 210, 210, 290 and
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Figure 3.7: Comparisons of the energy spectra (c.m.) ofα-particles obtained at most forward

(red triangles) and backward angles (blue open inverted triangles) at different beam energies.

Beam energies and c.m angles are written on the figure.

240, respectively. It is found that the slopes of both spectra obtained at forward and

backward angles are completely matching with each other at all respective beam en-

ergies, which clearly indicates that the effects of other direct reaction mechanisms, if

any, are not significant even at the forward most measured angles.

3.2.2 Angular distribution

The differential cross section, (dσ/dΩ)c.m., has been obtained by integrating area

under the c.m. energy distributions of theα-particle at each measured angle where

conversion of energy distribution in laboratory frame (d2σ
dEdΩ) to c.m. frame (d

2σ
dEdΩ )c.m.

was done by multiplying the laboratory spectrum by the ratioof velocity ofα-particle

in c.m. with its velocity in laboratory. Finally, (dσ/dΩ)c.m. have been obtained by mul-

tiplying with 2πsinθc.m.. The angular distributions thus obtained have been shown in

Fig. 3.8as a function ofθc.m. for the beam energies of 117, 125, 145 and 160 MeV, re-

spectively. In all cases, the values of (dσ/dθ)c.m. are found to be constant over the whole
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range of observed c.m. angles. So, (dσ/dΩ)c.m. is ∝ 1/sinθc.m., which is characteristic

of the emission from an equilibrated composite nucleus.
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Figure 3.8: Angular distribution ofα-particles as a function of c.m. angles,θc.m.. Symbols

represents the experimental data and solid lines show fit to the data obtained using (dσ/dθ)c.m.

= constant.

3.2.3 Average velocity

The average velocities in laboratory,vav, of the α particles emitted at different

angles at different beam energies have been extracted from average energy, Eav. The

Eav is obtained by expressions given below

Eav =

∑

i Ei(d2σ/dEdΩ)i
∑

i(d2σ/dEdΩ)i
(3.5)

wherei covers the whole energy spectrum obtained at a particular angle and the corre-

sponding expression of average velocity is given by

vav =

√

2Eav

mα
(3.6)

=

√

(v2
|| + v2

⊥)

62



wheremα is the mass of theα particle,v|| = vavcosθlab is the parallel andv⊥ = vavsinθlab

perpendicular components of the particle’s velocity,vav, detected at angleθlab with

respect to the beam direction, as explained in Fig.3.9. These parallel and perpendicular
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Figure 3.9: Average velocity curve of theα-particle in laboratory frame. Solid pink circles

corresponds to experimental data measured at different angle mentioned in the figure and solid

lines show fit to the data obtained using Eq.3.7. The blue, green, and pink arrows indicate the

velocity of the composite nucleus in lab (vCN), average velocity ofα-particle in c.m. (vc.m.
av ),

and average velocity ofα-particle in lab frame (vav), respectively .

components of the average velocity at each angle have been plotted in Fig.3.10. If the

particles are emitted from an energy equilibrated composite, in c.m. frame average

velocity of the particles emitted at all angles will be the same. In that case, average

velocity of the particle in c.m. frame,vc.m.
av , can be written as,

(vc.m.
av )2 = v2

av + v2
CN − 2vavcosθlabvCN

= v2
⊥ + v2

|| + v2
CN − 2v⊥vCN

= v2
⊥ + (v|| − vCN)2 (3.7)

which is a equation of a circle inv⊥vs.v|| plot with centre atvCN, the velocity of the

composite in laboratory frame, and radiusvc.m.
av . All the experimental data in Fig.3.10

have been fitted with Eq.3.7and shown by solid lines. Well fitting of the experimental

data with Eq.3.7 implies that the average velocities or the energies of theα-particles
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are independent of the centre of mass emission angles. It have also been found that the

value ofvCN obtained from the fitting is well matched with the velocity ofcomposite

extracted from the beam energy, using expression given below

vCN =
Apro j

Apro j + Atar

√

2Elab

Apro j
(3.8)

whereApro j, and Atar the atomic mass number of the projectile and target, respec-

tively. It again indicates that theα-particles are emitted from a fully energy equilibrated

source moving with the velocity,vCN.
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Figure 3.10: Average velocity curve. Symbols corresponds to experimental data and solid

lines show fit to the data obtained using equationv⊥2 = vc.m.
2 - (v|| - vCN)2. The arrows

indicate the position ofvCN.

3.2.4 Statistical model calculations

All the experimental signatures e.g., energy and angular distributions, average ve-

locity etc. show that theα-particles are emitted from a composite which is fully energy

equilibrated. It is known in the earlier works [96] that the experimental signatures of
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FF and DIO are nearly the same; in both cases, the composite isfully equilibrated in

energy. However, in DIO, the composite remains in the form ofa long-live dinucleus,

which decays before attaining the fully equilibrated spherical shape (fusion). There-

fore, the composite formed in DIO has larger deformation. But, the evaporative decay

of the excited composite should be of statical in nature due to the attainment of ‘ther-

mal’ equilibrium in both cases. So, the present experimental data may be explained in

the framework of statistical model.The theoretical framework of statistical model has

already been discussed in Ch.1. Details of the present analysis using statistical model

code CASCADE [7] are given below.

3.2.4.1 Input parameters

The standard form of CASCADE is quite successful in explaining the LCP evapo-

ration in light ion induced reaction in general, where the compound nucleus is assumed

to be nearly spherical. On the other hand, in case of heavy ioninduced reaction, there

is appreciable deviation between the experimental and the predicted LCP evaporation

spectra. This deviation is attributed to the deformation ofthe excited compound sys-

tem, which is angular momentum dependent. Therefore, in order to explain the energy

spectra of LCP, the effects of the deformation of the CN should be included in the sta-

tistical model calculations. The deformation affects the particle spectra in two ways.

First, it lowers the effective emission barrier, and second, it increases the moment of in-

ertia. The first effect modifies the transmission coefficients for the evaporated particles

which may be taken care of by increasing the radius parameterof optical model po-

tential. On the other hand, the change in momentum of inertiaaffects the level density

and the slope of the high energy part of the particle spectrum. This can be taken care of

by incorporating the spin dependent ‘deformability’ parameters [103, 100, 104]. For

level density calculations, the excited energy has been divided into three regions:

Region I (low excitation energy,E ≤ 3 to 4 MeV): Here, the experimentally known

discrete levels are used for all nuclei produced in the decaycascade. In some cases,
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known high-spin states at higher excitation energy, are included as Yrast levels in re-

gion II.

Region II (medium excitation energy, 4 MeV≤ E ≤ 7.5 MeV) : Analytical level den-

sity formula is used in this region. The parametersa and∆ are deduced empirically for

each nucleus from the work of Vonachet al. [105] and Dilget al. [106]. The excitation

energy is corrected for the parity effects.

Region III (high excitation energy,E ≥ ELDM): Shell effects and parity corrections are

neglected in this region. The same formula is then used but with LDM parameters are

taken from Ref. [107].

Between the regions II and III, the level density parametersare interpolated linearly.

The parameters are given in Table3.1. The level densities used in the regions II and

III for a given angular momentumℓ (All the systems studied under the present have

zero intrinsic spin. So, here after we shall write total angular momentumJ asℓ.) and

excitation energyE, are given by well known Fermi gas expression with equidistant

single-particle levels and a constant level density parameter a:

ρ(E, ℓ) =
(2ℓ + 1)

12
a1/2

(

~
2

2Ie f f

)3/2 1
(E + T − ∆ − Eℓ)2

exp
[

2{a(E − ∆ − Eℓ)}1/2
]

(3.9)

whereT is the thermodynamic temperature,∆ is the pairing correction. The rotational

energy,Eℓ, is expressed as,

Eℓ =

(

~
2

2Ie f f

)

ℓ(ℓ + 1). (3.10)

The effective moment of inertia,Ie f f, is written as,

Ie f f = I0(1+ δ1ℓ
2 + δ2ℓ

4), (3.11)

whereI0 (= 2
5A5/3r2

0) is the rigid body moment of inertia,δ1 andδ2 are the ‘deforma-

bility’ parameters,r0 is the radius parameter,a is the level density parameter. So,

from all the above equations, it is clear that by changingr0, a, δ1, andδ2, it may be

possible to reproduce the experimental spectra. By increasing r0, both transmission

coefficient and level density will be affected. It reduces the potential barrier, leading

to the increase of transmission coefficient. Simultaneously, the increase inr0 leads to
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increase of theIe f f andvis-à-visthe available phase space. We have chosenr0 = 1.29

fm which reproduced the lower energy part of the spectra. Similar value was used in

Ref. [108]. To reproduce the present experimental spectra, we have only changed the

‘deformability’ parametersδ1 andδ2, like the previous works [100, 109, 103].

3.2.4.2 Experimental spectra and CASCADE predictions

The measured energy spectra have been compared with the respective CASCADE

[7] calculations which are shown in Fig.3.11. The critical angular momenta,ℓcr, used

in the calculation, were 20, 21, 22, and 23(~) for the bombarding energies of 117, 125,

145, and 160 MeV, respectively [Sec.3.1.5]. The other input parameters are given in

Table3.1. The dash-dot-dash lines represent the results of the CASCADE calculation

with the radius parameterr0 = 1.29 fm and the default values of the deformability

parameters,δA
1 = 3.7× 10−4 and δA

2 = 1.1× 10−6, at all beam energies which have

been predicted by rotating liquid drop model (RLDM) [113]. The low-energy part

of the experimentalα-particle spectra is found to match with the theoretical spectra,

but higher energy part does not. To reproduce the whole spectra, we have followed

the procedure proposed by Huizengaet al.[103]. The ‘deformability’ parametersδ1

andδ2 have been suitably optimized to reproduce the experimentalspectra, which in

effect modified the phase space for statistical decay by relocation of the Yrast line. The

optimized values of ‘deformability’ parameters,δB
1 andδB

2 are given in Table3.2and

the calculated energy distribution using these parametersare shown in Fig.3.11.

3.2.5 Quadrupole deformation calculation

The deformation of the excited composite may be expressed interms of the stan-

dard quadrupole deformation parameter,β, using the procedure given in Ref. [99, 114].

It is assumed that the shapes of the non-deformed and the deformed nuclei are spheri-

cal and symmetric ellipsoid in shape with volume4
3πR

3
0 and4

3πabc, respectively, where

67



Table 3.1: Input parameters used for CASCADE calculations for the reactions 16O + 12C at

beam energies 117, 125, 145 and 160 MeV.

Angular momentum distribution:

Critical angular momentumℓcr as in Table3.2

Diffuseness parameter∆ℓ=1~

OM potentials of the emitted LCP and neutrons:

(1) Neutrons: Wilmore and Hodgson [110].

(2) Protons: Perey and Perey [111].

(3) α-particles: Huizenga and Igo [112].

(4) Multiplication factor of the OM radius: RFACT= 1

Level-density parameters at low excitation:E ≤ 7.5 MeV

(1) Fermi-gas level-density formula with empirical parameters from Dilg

et al. [106].

Level-density parameters at high excitation:E ≥ 15MeV

(1) Fermi-gas level-density formula with parameters from LDM (Myers

and Swiatecki [107])

(2) Level-density parametera = A/8 MeV−1

Yrast line

Ie f f = I0(1+δ1 ℓ2 + δ2 ℓ4), δ1, δ2 are given in Table3.2.

γ-ray width (Weisskopf units)

(1) E1= 0.001

(2) M1 = 0.01

(3) E2= 5.0
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Figure 3.11: Energy spectra (c.m.) ofα particles obtained at different angles for different

beam energies. The symbols represent experimental data. The dash-dot-dash and solid lines

represent CASCADE calculations with default and optimizedvalues of spin dependent ‘de-

formability’ parameters, respectively (see Table3.2). All experimental and calculated spectra,

starting from the lowest angle, were multiplied by 10−2, 10−1, 100, 101, 102, 103, respectively.
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Table 3.2: The values the of ‘deformability’ parameters: A - obtained from RLDM, and, B

- obtained by fitting the experimental data (see text) have been given below. Elab, E, ℓcr and

ℓav are the beam energy, excitation energy, critical angular momentum and average angular

momentum, respectively.

Elab E ℓcr ℓav δA
1 δA

2 δB
1 δB

2

117 67 20 13 3.7×10−4 1.1×10−6 1.9×10−3 2.0×10−8

125 70 21 14 3.7×10−4 1.1×10−6 2.1×10−3 2.0×10−8

145 79 22 15 3.7×10−4 1.1×10−6 2.3×10−3 2.0×10−8

160 85 23 15 3.7×10−4 1.1×10−6 2.5×10−3 2.0×10−8

R0 is the radius for non-deformed nucleus anda, b, c are the three semi-axis of the el-

lipsoid with sharp surfaces [103]. The effective moment of inertia can be expressed

as,

Ie f f =
2
5

MR2
e f f =

1
5

M(a2 + b2), (3.12)

wherec is the axis of rotation. In case of prolate shape,a = c andb (> a, c) is the

symmetry axis. So, from Eqs.3.11and3.12, one obtains,

R2
e f f = R2

0(1+ δ1ℓ
2 + δ2ℓ

4) = (1/2)(a2 + b2). (3.13)

Using Eqs.3.12and3.13along with the criterion of volume conserving deformation

(R3
0 = a2b), one obtains the following equation for the axis ratio,b/a,

x3 + 3x2 + λx+ 1 = 0, (3.14)

whereλ = 3− 8(1+ δ1ℓ2 + δ2ℓ4)3 andx = (b/a)2. Using Hill-Wheeler parametrization

[115], the ellipsoidal deformation can be expressed asa = R0exp[
√

5/4πβ cos(γ −

2π/3)], b = R0exp[
√

5/4πβ cos(γ + 2π/3)], c = R0exp[
√

5/4πβ cosγ] whereβ, and

γ are the quadrupole deformation, and shape parameter, respectively. So,β can be

expressed as,

β =
2
3

(

4π
5

)1/2

ln(
b
a

) = 1.057ln(
b
a

). (3.15)
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Table 3.3: The values the of quadrupole parameters: A - obtained from ‘deformability’ using

RLDM, and, B - extracted using ‘deformability’ parameters obtained by fitting the experimental

data. The ‘deformability’ parameters are given in Table3.2.

Elab (b/a)A
ℓav

βA
ℓav (b/a)B

ℓav βB
ℓav

117 1.23 0.22 1.63 0.52

125 1.27 0.25 1.77 0.60

145 1.32 0.29 1.92 0.69

160 1.32 0.29 1.98 0.72

The values ofb/a andβ extracted for two different sets of ‘deformability’ parameters

( those obtained from RLDM [113] and from fitting CASCADE calculations with the

present data) have been given in Table3.3. Typical uncertainty in the estimation of

β was≈ 15%. The above results are clearly indicative of the presence of substantial

quadrupole deformation in28Si∗ produced through the reaction16O + 12C at all ener-

gies, and the deformation is found to increase with increasing the spin of the excited

composite.
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Chapter 4

Result: Fragment emission in12C +

28Si, 12C + 27Al, 11B + 28Si reactions

The complex fragment emission from the reactions 77 MeV12C + 28Si, 73 MeV

12C + 27Al, 64 MeV 11B + 28Si have been studied at the excitation energy of∼ 67

MeV. The main aim of this study is to compare the emission mechanism of the frag-

ments formα-cluster system,40Ca∗, produced in12C + 28Si and nearby nonα-cluster

system39K∗ produced via two different reactions,12C+27Al and 11B+28Si. The last

two reactions have been chosen to cross check the equilibrium decay nature (absence

of entrance channel dependence) of the energy damped binaryfragment yield in the

decay of39K∗.

The typical energy spectra of the fragments Li, Be and B emitted in these reac-

tions have been shown in Fig.4.1. It is evident from the figure that there are significant

differences in the shapes of the spectra obtained in the three reactions. This is mainly

due to the variation of the relative contributions of different reaction processes to the

fragment yield. It is known from theoretical [17, 50, 51, 52, 53, 54, 55, 56] and ex-

perimental [12, 26, 29, 31, 32, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70,

71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85] studies of complex fragment

emission in low and intermediate energy nucleus-nucleus collision that, the origin of
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complex fragments is broadly due to fusion-fission (FF) and non-fusion (deep inelastic

collision, deep inelastic orbiting, quasi elastic, breakup, etc.) processes. The quasi-

elastic process contributes to the yields of fragments around the entrance channel only

and has a strongly forward peaked (around grazing angle) angular distribution. On the

other hand, in deep inelastic (DI) collision, mass and angular distributions are much

broader, particularly for the lighter systems considered here. So, there is strong overlap

in the elemental distributions of the fragments originating from FF and DI processes in
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Figure 4.1: Typical energy spectra of the fragments measured for the reactions 12C + 28Si

(a - c), 12C + 27Al (d - f) and11B + 28 Si (g - i) at θlab = 17.5◦ (a - h) and 30◦ (i). The blue

dash-dotted, the black dotted, and the red solid curves represent the contributions of the FF,

the DI, and the sum (FF+ DI), respectively. The left and the right arrows correspondto the

centroids of FF and DI components of energy distributions, respectively.

the light systems, which make it very difficult to separate the contributions of DI and

FF processes from the total spectrum. In addition, since in the present study, one of

the systems (12C+ 28Si) under study is anα-cluster system, there is a possibility of the
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contribution of deep inelastic orbiting (DIO) in the total fragment yield. As the experi-

ential signatures of both FF and DIO are same, DIO contribution will be automatically

mixed up (if any) with FF yield. To separate out the contributions of FF and DI from

the total yield, the procedure given in the Ref. [21, 94] has been followed and the same

has been explained in Fig.4.2. The contributions of FF and DI processes have been

represented by two separate Gaussian functions. The centroid of the Gaussian repre-

senting the FF yield has been obtained from Viola systematics [116], duly corrected
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Figure 4.2: The typical extraction procedure of FF and DI components from the total energy

spectrum of Be fragment measured in the reaction12C + 27Al at θlab = 17.50. Detail of the

extraction procedure is given in the text. The arrow at low and higher energy indicates the FF

and DI peaks, respectively.

for the asymmetric factor [44], and the width of the Gaussian (blue dash-dot curve)

has been obtained by fitting the lower energy tail of the spectrum. The area under this

Gaussian gives the yield from FF. In the next step, this Gaussian has been subtracted

from the total energy spectra, as shown by pink color curve. This subtracted spectrum

has then been fitted with another Gaussian (black dotted curve) which represents DI

contribution. The contributions of FF and DI components thus obtained for each frag-

ment from each reaction have been displayed in the Fig.4.1. Besides the FF and DI

components, there are some other contribution in the yield of fragments B and/or Be

in all systems which are seen as sharps peaks in Fig.4.1. These peaks are due to one

nucleon transfer for B (C+ Si, C+ Al) and Be (B+ Si). In case of B fragment emitted
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in the reaction B+ Si, sharp peaks are due to elastic and inelastic scattering.But all

these peaks are excluded in extraction of FF and DI componentby proper fitting of the

corresponding Gaussians.

4.1 Study of fusion-fission fragments

4.1.1 Angular distribution

The angular distribution of differential cross section,
(

dσ
dΩ

)

lab
(in laboratory frame),

of the fragments of FF origin has been obtained by integrating the area under the cor-

responding Gaussian (1st) extracted from energy spectrum at each angle. The obtained
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Figure 4.3: The c.m. angular distributions of the fragments Li (a), Be (b) and B (c). Solid

circles (red), triangles (blue) and inverted triangles (black) correspond to the experimental

data for the reactions11B + 28Si, 12C + 27Al and 12C + 28Si, respectively. Solid curves are fit

to the data with the functionf(θc.m.) ∝ 1/sinθc.m.
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value of
(

dσ
dΩ

)

lab
has been converted to c.m. frame by using Eq.2.11, assuming two-

body kinematics averaged over total kinetic energy distribution and the corresponding

angle,θlab in laboratory frame, has been transformed by using Eq.2.13. The c.m. an-

gular distributions (dσ/dΩFF) so obtained for the fragments (Li, Be and B) have been

shown in Fig.4.3 for all three reactions. Each experimental angular distribution data

has been fitted with a functionf (θc.m.) = C/sinθc.m., whereC is constant parameter and

the fitted curve is shown by solid lines. It is evident from thefigure that the angular

distributions of all FF fragments follow∼ 1/sinθc.m. dependence which is characteristic
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Figure 4.4: Average Q-values of the FF fragments Li, Be and B representedby inverted green

triangle, pink triangle and blue circle, respectively for reactions (a) B+ Si, (b) C+ Al and (c)

C + Si.

of the fission-like decay of an equilibrated composite system. It is also observed from

the figure that the yields of Li and Be are almost same at all angles for11B + 28Si and

12C + 27Al reactions. It has further been found that the yield of the fragment Boron in

11B + 28Si reaction is more than the same in12C + 27Al reaction. It has also been ob-

served that the fragment angular yields for the reactions11B + 28Si and12C+ 27Al are a

little higher (though nearly comparable in magnitude) thanthose obtained in12C+ 28Si

reaction at the same excitation energy.
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4.1.2 Angular distribution of Q-value

In the present study of fragment emission, it has been observed that〈Q〉 are nearly

constant for all the FF fragments emitted from11B + 28Si, 12C+ 27Al and 12C+ 28Si as

shown in Fig.4.4. The independence of〈Q〉 with respect of emission angles suggest

that, the fragments are emitted from a completely energy equilibrated system at all

beam energies.

4.1.3 Total fragment yield

The total yields of the FF fragments have been shown in Fig.4.5. These total FF

fragment yield has been obtained by integrating the angulardistribution, dσ/dΩFF =

C/sinθc.m., over the whole angular range. The yields of the fragments Liand Be in

11B + 28Si and12C + 27Al reactions are found to be nearly the same which confirms

their compound nuclear origin. It has also been observed that the yields of these
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Figure 4.5: The total FF fragment cross sections (c.m.) for the three reactions. The solid

circles (red), triangles (blue), and inverted triangles (black) correspond to the experimental

data for11B + 28Si, 12C + 27Al, and12C + 28Si reactions, respectively. The solid (red), dashed

(blue) and dotted (black) lines are the corresponding theoretical predictions.
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fragments are comparable to those obtained in12C + 28Si reaction. The yield of B

in the reaction11B + 28Si has been found to be slightly more than that obtained in

the other two reactions, which might be due to the contamination from the beam-like

channels in the former case, where B was the projectile. The experimental FF fragment

yields have been compared with the theoretical estimates ofthe same obtained from

the extended Hauser-Feshbach model (EHFM) [18]. The values of the critical angular

momenta have been obtained from the experimental fusion cross section data, wherever

available [117, 118]; otherwise, they have been obtained from the dynamical trajectory

model calculations with realistic nucleus-nucleus interaction and the dissipative forces

generated self-consistently through stochastic nucleon exchanges [98]. The values of

the critical angular momentum,ℓcr, for all the three systems, have been the same (27~).

The calculated fragment emission cross sections have been shown in Fig.4.5. It is seen

from the figure that in all three cases, the theoretical predictions are nearly the same

and are in fair agreement with the experimental results.

4.2 Study of DI fragments

4.2.1 Angular distribution

The angular distribution of DI component of the fragment-yield has been obtained

by integrating the respective Gaussian (2nd) extracted from the energy distribution.

The obtained angular distributions (dσ/dΩ)lab have been converted to c.m. frame,

dσ/dΩDI , using the same procedure discussed in Sec.4.1.1and have been displayed

in Fig. 4.6. It is observed that dσ/dΩDI forward peaked and falls off with θc.m. much

faster than∼1/sinθc.m. distribution. This is an indication of the non-equilibriumnature

of the emission. To reproduce the angular distribution of the fragments originating

from DI, several models are available in the literature. Forexample, it can be ex-

plained, classically, in terms of the evolution of a viscousor rigidly rotating dinuclear

system [119, 24, 25, 26] as discussed in Sec.1.2.1.3and the angular distribution can
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Figure 4.6: The c.m. angular distributions of the DI fragments [Li (a), Be (b), and, B (c)].

The solid circles (red), triangles (blue), and inverted triangles (black) correspond to the exper-

imental data for11B + 28Si , 12C + 27Al, and12C + 28Si reactions, respectively; the solid lines

are the fits to the data (see text).

be expressed by Eq.1.22. Whenτ ≫ 2π/ω (dinucleus rotation period), the angular

distribution takes the form

(dσ/dΩ)c.m. = C/sinθc.m. (4.1)

which is expected in case of fusion as seen in Sec.4.1.1. So, angular distribution

of DI fragments falls (Eq.1.22) faster than the same of FF fragments. This faster

fall indicates shorter lifetime of the composite system. Such a shorter lifetime (less

than the time period of dinuclear rotation) is not sufficient for the formation of an

equilibrated compound nucleus, but may still cause significant energy damping within
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Table 4.1: Emission time scale of different DI fragments for all three reactions.

S ystem Frag. C ωτcr
DI τcr

DI (×10−22s) Err.

C + Si Li 0.49 1.05 22.69 ± 3.64

Be 0.76 0.41 8.94 ± 0.70

B 5.17 0.25 5.34 ± 2.25

C + Al Li 1.22 0.92 20.14 ± 2.94

Be 1.30 0.51 11.28 ± 1.35

B 5.52 0.45 9.89 ± 1.34

B + Si Li 5.23 0.43 9.77 ± 0.96

Be 2.07 0.36 8.17 ± 1.15

B 16.32 0.27 6.14 ± 0.39

the deep-inelastic collision mechanism. In Fig.4.6, the solid lines represent the fit to

the experimental data using Eq.1.22[(dσ/dΩ)c.m. = (C/sinθc.m.)e−θc.m./ωτ]. From this

fitting, the lifetime of the intermediate dinuclear complexhas been estimated. The time

scales for different DI fragments (Li, Be and B) thus obtained (for angular momentum

ℓ = ℓcr) have been compared in Fig.4.7 and also in Table4.1. It is seen that, in all

reactions, the time scale decreases as the fragment charge increases, which agrees with

a previous study by Mikumoet al. [25]. This is expected because the heavier fragments

(nearer to the projectile) require less nucleon exchange and therefore less time; on the

other hand, the emission of lighter fragments requires morenucleon exchange and

therefore longer times. The emission time scales of the fragments are related to the

number of nucleons exchanged on the average. This explains why the emission time

scales of12C + 27Al and 12C + 28Si reactions are nearly the same for all fragments. On

the other hand, in the case of11B + 28Si reaction, net nucleon exchange is one less to

reach any particular fragment; so the corresponding time scales are less. For example,

in terms of net nucleon exchange, the emission time scale of Li (Be) from 11B + 28Si

should be comparable to that of Be (B) from12C+ 27Al and12C+ 28Si reactions, which

is actually the case (Fig.4.7).
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Figure 4.7: The emission time scales of different DI fragments.

4.2.2 Average Q-value

The averageQ-values (< QDI >) of the DI fragments, estimated from the cor-

responding fragment kinetic energies assuming two-body kinematics, have been dis-

played in Fig.4.8 as a function of the c.m. angle. It is found that, for all fragments,

the< QDI > values tend to decrease with the increase of angle forθc.m. . 40◦, and then

gradually become nearly constant. It implies that, up toθc.m. . 40◦, kinetic energy dis-

sipation is incomplete, whereas beyond this point, the kinetic energy is fully damped

and dynamic equilibrium has been established before the scission of the di-nuclear

composite takes place.

4.2.3 Total fragment yield

The experimental angle integrated yields of the DI fragments for all the reactions

are shown in Fig.4.9. The total DI yields have been obtained by integrating fitted

Eq. 1.22over the full range of angles. It is found that the DI yields ofall fragments

emitted in B+ Si reaction are slightly higher than those obtained in C+ Al and C+ Si

reactions. This may be due to the variation of the probability of net nucleon exchange.
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Figure 4.9: Total DI cross sections of the fragments obtained in three different reactions.

In addition, the DI fragment yield in C+ Si reaction tends to be lower than that for C

+ Al reaction.
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Chapter 5

Discussions

5.1 α-cluster systems and dinuclear orbiting

The shapes of the energy distributions of the fragments B, Beand Li measured

in the reactions16O + 12C for bombarding energies 117, 125, 145 and 160 MeV are

similar as shown in Chapter3. All are found to be peaked around the kinetic energies

obtained from Viola systematics [91] corrected by an asymmetry factor [44]. The val-

ues of differential cross section (dσ/dθ)c.m. and averageQ-values of the exit channel,

〈Q〉, are found to be independent of the c.m. emission angle. The observations, viz.,

large energy damping, 1/sinθc.m. dependence of angular distribution and the near con-

stancy of〈Q〉 over a wide angular range, indicate that the fragments originate from a

long-lived, fully energy equilibrated composite,28Si∗ (16O + 12C). The linear depen-

dence of angle averageedQ-value, ¯〈Q〉, on the c.m. bombarding energy,Ec.m., also

confirms full energy equilibration of the composite. Thoughthe fragments are emitted

from an energy equilibrated source, standard statistical model CASCADE [7] cannot

explain the angle integrated yield of the fragment, B. It hasbeen observed that there is

significant enhancement in the yield of the fragment B over the statistical model pre-

dictions which suggests additional contribution from other reaction mechanism e.g.,

dinuclear orbiting. On the contrary, for Li and Be, the binary yields are explained well
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by CASCADE. This may be due to the fact that, for the case of Li and Be, number of

nucleon exchange is more and these are of compound nuclear origin. It is also seen

that the yields of all the fragments Li, Be, B are underpredicted in EHFM calculations.

However, the mismatch between the extracted binary-reaction yields and respective

EHFM predictions increase progressively from Li to B (see Fig. 3.5), which clearly

indicates, increasing additional contributions from other reaction mechanism as one

moves from Li to B. So, notwithstanding the limitations of the statistical model calcu-

lations extended to light nuclear system, it is evident thatthere is clear signature of an

enhancement in the yield of B as compared to the predicted yield. Such enhancement

in the experimental binary yield with respect to respectivetheoretical predictions near

entrance channel configuration is indicative of the formation of an orbiting dinuclear

complex.

The shapes of the energy distributions of the same fragmentsLi, Be, B are some-

what different in case of otherα-cluster system12C + 28Si (and also in nonα-cluster

systems12C + 27Al and 11B + 28Si). Energy distributions of each fragments have two

different peaks, first one is originating from equilibrated source and the other from non-

equilibrated source. These two different contributions have been separated by fitting

the energy distributions with two Gaussians following the procedure given in Chap-

ter 4. The 1/sinθc.m. dependence of angular distribution of yields around the first peak

and independence with exit channelQ-value of the c.m. emission angle confirm the

equilibrated nature of its source which is denoted as ‘FF fragments’. The measured FF

fragment yields (3≤ Z ≤ 5) have been found to be in good agreement with the respec-

tive statistical model predictions, EHFM, (see Fig.4.5), indicative of the compound

nuclear origin of these fragments. However, a previous study on the binary decay of

the same system [83] (using inverse kinematical reaction) had reported an enhance-

ment of fragment (6≤ Z ≤ 8) yield over the statistical model prediction and thereby

conjectured the presence of orbiting mechanism.

One of the important features of dinuclear orbiting is that number of open channel

(NOC) should be small, which is related to the surface transparency. As it has been
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mentioned earlier, the most important signature of orbiting is the observation of en-

hanced equilibrium fragment yield near the entrance channel configuration. Possible

reason for the enhancement may also be due to the contribution of yield coming from

secondary de-excitation of the excited primary heavy fragments. Another feature of

the orbiting system is that it is usually associated with large deformation. Such large

deformation was also observed in otherα-clustered systems, e.g.,20Ne+ 12C [120] for

which orbiting had also been indicated from the fragment emission study [96]. It is

therefore essential to investigate into the role of secondary decay in the fragment yield,

NOC and deformation in the composite in order to delineate whether the enhancement

is due to feeding from the secondary de-excitation of heavier fragments or from orbit-

ing mechanism. A detailed investigation have been performed which are described in

the following subsections.

5.1.1 Number of open Channels (NOC)

The calculated NOC for theα-cluster system16O + 12C [43] have been plotted in

Fig. 5.1(a) as a function of grazing angular momentumℓgr. In the same plot, NOCs

for two neighbouring nonα-cluster systems viz. A= 28, 31, i.e., (18O + 10B and19F

+ 12C [43]) have also been shown for the comparison purpose. It is found that NOCs

are much larger (e.g.,∼ 104 times larger) in case of18O + 10B and19F + 12C system,

than those for the16O + 12C system at all the grazing angular momentum. Due to

large values of NOC, no resonance was observed in18O + 10B and19F + 12C systems

[43, 121, 122]. In a detailed study of the energy damped yield of the binaryfragments

emitted in the reactions19F + 12C and18O + 10B, it was observed that the fragments

were originated from FF rather than through deep-inelasticorbiting processes, which

is also in agreement with the observation of large NOCs for these systems [77, 123].

In the present system16O + 12C, the value of characteristic minimum of NOC has

been observed at grazing angular momentumℓch
gr = 25~. The value of the grazing

angular momenta at the incident energy, 117, 125, 145 and 160MeV at which present
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system has been studied, are 27, 28, 31 and 33~ respectively. Though theseℓgr are

more thanℓch
gr , still corresponding values of NOC are much less compared tothose

for the other two nearby systems viz.18O + 10B and 19F + 12C. Unlike these two

nearby systems viz.18O + 10B and19F + 12C, resonances have been observed for the

system16O + 12C [72] having lower NOC values. Since quasi molecular resonance at

lower energies and orbiting mechanism at higher energies appear to be, conceptually,

very closely related, one might expect that the system whichshows resonances, should

also show orbiting phenomena. In a recent study of the competition between direct

and dissipative processes in binary channels in the reactions 16O + 12C, 18O + 12C

at energies 5 - 7.7 MeV/nucleon [72], the observation of resonant structure at lower

energies and presence of refractive effects at higher energies, may be considered as the

signature of the orbiting process.
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Figure 5.1: Number of open channels for decay of composite nucleus (a)28Si∗(16O + 12C),

31P∗ (19F + 12C) and28Al∗ (10B + 18O) and (b)12C + 28Si, 14N + 28Si, 11B + 28Si, 12C + 27Al,

normalized to the incident flux, N/F, plotted as a function of grazing angular momentum,ℓgr.

NOCs for the system A= 40, i.e.,12C+ 28Si and A= 42 (14N + 28Si) have also been

calculated and been plotted in Fig.5.1(b). It is seen that, the number of open reaction

channels for the system14N + 28Si is much larger compared to12C+ 28Si reaction [12].

Though the system28Si + 14N is a non-α cluster system, the energy damped yield of
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the fragments were found to be due to orbiting process [40, 86]. However, the observed

orbiting-like cross sections of the fragments with (6≤ Z ≤8) emitted in the reaction

28Si + 14N [40, 86] are much smaller than those for the28Si + 12C reaction. NOCs of

12C + 28Si have also been compared with the same for the neighboring non α-cluster

systems viz. A= 39, i.e.,11B + 28Si and12C + 27Al and plotted in the same figure. It

is seen from Fig.5.1(b) that the NOCs for the system11B + 28Si and12C + 27Al are

nearly the same and much higher than those for the12C+ 28Si system at all the grazing

angular momentum. The large NOC values for11B (64 MeV)+ 28Si and12C (73 MeV)

+ 27Al and the absence of entrance channel dependence are in consistent with the fact

that FF is dominant for the energy damped yield of the fragments emitted from the

non-α cluster system39K. However, the absence of any significant enhancement in

light fragment (3≤ Z ≤ 5) yield in the case of12C (77 MeV)+ 28Si system as expected

from NOC results (and also previously seen for 6≤ Z ≤ 8 fragments), needs to be

properly understood.

5.1.2 Secondary decay of heavier fragments emitted in16O + 12C

The primary fragments, emitted in the binary reaction,16O + 12C, may have suffi-

cient energy for further decay by emitting lighter fragments, particles andγ-rays. The

yield of these secondary fragments may also contribute to the fragment spectra. To

check these, detailed simulations of secondary decay have been performed using the

Monte Carlo binary decay version of the statistical decay code LILITA [ 8] as described

in Refs.[70, 73]. Secondary decays of different primary binary channels viz., O∗(binary

channels15,16,17O+ 13,12,11C ), F∗ (binary channels17,18,19F+ 11,10,9B, Ne∗ (binary chan-

nels20,21Ne+ 8,7Be), Na∗ (binary channels21,22Na+ 7,6Li), and Mg∗ (binary channels

24,25Mg + 4,3He) respectively, have been studied at the highest excitation energy for the

present bombarding energies. It has been observed that secondary decays of Mg∗, Na∗,

and Ne∗ do not reach up to B. However, a significant yield of the fragment B arises due

to the the secondary decay of the primary fragments19F∗(∼ 49 %),16O∗(∼ 48 % ) and
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Figure 5.2: Secondary decay contribution to B fragment estimated from LILITA at energies

117 and 160 MeV, respectively. The energy distribution of B at these energies atθlab=150

are shown along with fitted Gaussians. In the same graph, the difference spectra (Gaussian

subtracted from total spectra) is shown by pink curve and blue dashed curve represents the

total secondary decay contribution estimated using LILITA.

15O(∼ 0.4 %). The simulations of the energy distributions of the secondary decay of B

from 19F∗, 16O∗ and15O∗ have been done using the code LILITA and are found to peak

at much lower energies∼ 32-39 MeV as shown in Fig.5.2, typically, for Elab = 117

and 160 MeV.

It has been observed that the energy distributions of the secondary decay compo-

nents are very different from those of the primary fragment components as shownin

Fig. 5.2. However, the contributions of this secondary decay have been eliminated by

the Gaussian fitting procedure for the extraction of primaryB yields. First, the width

of Gaussian is determined by fitting the higher energy tail ofthe spectrum with a Gaus-

sian having its centroid around energies obtained from Viola systematics. In the next

step, the total energy spectrum is fitted with a Gaussian to extract the primary frag-

ment component as shown in Fig.5.2. It is seen that there is a significant enhancement

in yield at lower energy part of the spectra which increases with bombarding energy

(Fig. 3.1). The difference spectra are obtained by subtracting the fitted Gaussian from

the corresponding experimental spectra as shown by solid pink color in Fig.5.2. It

has been found that the difference spectra obtained at 160 MeV are well reproduced
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by the secondary decay distributions (blue dashed line) obtained from LILITA. How-

ever, the lower energy tail of the difference spectra obtained at 117 MeV is not fully

explained by the secondary decay distributions, which may be due to other additional

sources. It is thus evident that the Gaussian fitting procedure for the extraction of

primary fragment yield is sufficient to reject the contributions of the secondary decay

components, if any, as their energy distributions are different from those of primary

fragments [70, 73].

5.1.3 Deformation in28Si∗

The deformation of the produced composite,28Si∗, has been extracted using

charged particle spectroscopy as discussed in Chapter3. Here, the energy spectrum

of theα-particle could not be reproduced by CASCADE calculation with ‘deforma-

bility parameters’ obtained by RLDM [113]. To explain the experimental spectra, the

deformability parameters have been optimized. Quadrupoledeformation,β, of 28Si∗

has been extracted for both the RLDM deformability parameters and optimized values

of deformability parameters as shown in Table3.2. It is observed that the deforma-

tion (see the values ofβB
ℓav in Table3.3) is required to explain the energy spectra of

α-particles is larger than the RLDM deformation (βA
ℓav), at all beam energies, and the

deformation is found to increase with spin of the excited composite. The observed de-

formation in the present study may thus be considered as another indication of orbiting

in 16O + 12C.

Though the present formalism of angular momentum dependentlevel density is

largely successful in explaining experimental light charged particle (LCP) spectra,

the magnitude of enhancement required is quite large and lacks proper explanation

[124, 125]. So, an alternative approach, based on frozen degrees of freedom has been

proposed, which has earlier been shown to reproduce the dataquite well [126, 127].

In this approach, it is assumed that the deformation of the compound nucleus is frozen

during the decay, i.e., there is no change of shape of the nascent final nucleus; so the

89



phase space is calculated using RLDM deformation of the parent nucleus, rather than

that of the usual daughter nucleus. This indicates that the dynamical effects like shape

relaxation should be taken into account to properly understand the phenomenon of

particle evaporation from a deformed compound nucleus.

The formalism of ‘frozen deformation’ has been applied in the present CASCADE

calculation. In the case ofα-particle emission, the effect of frozen deformation on the

energy spectrum may be taken into account in the following way. As theα-particles are

emitted predominantly at the initial stage of the decay cascade, the deformation may
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Figure 5.3: Comparison of the experimental energy spectra (c.m.) ofα-particles (red trian-

gles) with the same obtained by theoretical calculations for beam energy 160 MeV. Green solid

line represent the CASCADE calculations done using ‘frozen’ deformation (Ie f f/I0) obtained

using RLDM deformability parameters forℓ = 23~.

be ‘frozen’ at its value corresponding to the highest angular momentum that the com-

pound nucleus may have, which is≈ ℓcr. So, in the present CASCADE calculation, the

deformation has been kept fixed throughout by freezing the value ofIe f f/I0, the ratio

of effective moments of inertia of the deformed composite and the rigid body rotation,

which has been calculated using a fixed value ofℓ ≈ ℓcr using Eq.3.11with δ1 andδ2

obtained from RLDM (See Table3.2). The results of the CASCADE calculations with

‘frozen’ deformation and the normal CASCADE prediction with optimized values of

deformability parameters have been shown in Fig.5.3with the experimental data. It is
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observed that, the CASCADE prediction with ‘frozen’ deformation forℓ = ℓcr = 23~

(green dashed curve) nearly matches with the experimental data. The corresponding

‘frozen’ deformation,β f roz (calculated forℓcr = 23~) is 0.68. So, it is evident that the

‘frozen’ deformation picture [126, 127], is also equally effective in the explaining the

α-spectra. However it is interesting to note that both the picture (CASCADE calcula-

tion with‘frozen’ deformation and with optimized values ofdeformability parameters)

predict substantial deformation of the composite.

It should however be mentioned here that the ‘frozen deformation’ formalism fol-

lowed in the present calculation is too simplistic. To get actual deformation using

this approach one needs to perform detailed event-by-eventMonte Carlo calculations

which take into account the initial compound nucleus deformation (depending on the

CN spin) and its ‘freezing’ in the consecutive steps of decay. The results are likely to

be sensitive to the initial spin distribution. From the above discussion, it may be said

that, though the present study shows deformation of the excited composite which is

higher than the corresponding RLDM value, uncertainty still remains about the actual

magnitude of deformation. This limitation of the present study notwithstanding, there

is, at least qualitative, indication about some enhanced deformation, which may be

linked with orbiting as one of the contributing factors.

5.2 Angular momentum dissipation in DI collision

It has been observed (Chapter4) that the kinetic energy spectra of the fragments

(Li, Be and B) emitted in the reactions12C + 28Si, 12C + 27Al and 11B + 28 Si (typical

spectra shown in Fig.4.1) have two peaks. The angular distribution and the agrement

between the experimental angle integrated yields extracted from the first peak with

those predicted by standard statistical model confirmed thecompound nuclear origin

of the first peak. On the other hand, the faster fall off of the fragment angular dis-

tribution extracted from the second peak andQ-value distributions indicated that this
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peak is due to DI collision. To understand the variation of the mean kinetic energies

of the fragments as well as the energy damping mechanism in general, it important

to study the angular momentum dissipation in DI collision. For heavy systems, an-

gular momentum dissipation is experimentally estimated using theα-particle angular

distribution and theγ-ray multiplicity data and it is known that the rigid rotation limit

is usually reached in these systems [67]. For light systems, the angular momentum

transfer is generally estimated from the total kinetic energy of the rotating di-nuclear

system,Ek, which is given by,

Ek = VN(d) + f 2~
2ℓi(ℓi + 1)

2µd2
, (5.1)

whereVN(d) is the contribution from Coulomb and nuclear forces at di-nuclear separa-

tion distanced, µ is the reduced mass of the di-nuclear configuration,ℓi is the relative

angular momentum in the entrance channel andf (final angular momentum= f ℓi) is

the numerical factor denoting the fraction of the angular momentum transferred. For

the light systems, like20Ne + 12C [32], there have been indications of large dissipa-

tion of relative angular momentum in excess of the sticking limit predictions, which

might be partly due to the ambiguity in the determination of the magnitude of angular

momentum dissipation, as bothd and f are unknown quantities [76]. To remove this

ambiguity, a simple prescription for estimating bothf andd was described in Ref.

[76], where it has been shown that the fraction of angular momentum transfer for fully

energy-damped DI collision of a few light systems is close tothe corresponding rigid

rotation limit (sticking limit). To see whether this trend is valid in general for DI colli-

sions of light systems, angular momentum dissipation factor, f , for each exit channel

mass asymmetry has been extracted for all the reactions. It is seen that, for the present

systems, at angleθc.m. & 40◦, < QDI > becomes nearly constant which implies that

energy dissipation is completed. It is known that DI processoccurs in the angular

momentum windowℓcr < ℓ < ℓgr. In peripheral collisions,ℓ ∼ ℓgr, overlap between

two the systems is small and so, the energy dissipation is minimum. On the other

hand, forℓ ∼ ℓcr, energy dissipation is likely to be highest [corresponds tothe yield

at θc.m. & 40◦]. It may be noted here that the FF yield is also most predominant near
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ℓ ∼ ℓcr. Hence, it is expected that the exit channel configuration will be nearly same

in fully energy damped DI and in FF processes. In the present calculation, the separa-

tion distanced between the two fragments has been estimated from the scission point
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Figure 5.4: The variation of angular momentum dissipation factor f withatomic number

of the fragments. The solid circles (red), solid triangles (blue), and inverted triangles (black)

are the extracted values of f for (a)11B + 28Si, (b) 12C + 27Al, and (c)12C + 28Si reactions,

respectively. The solid (black) and dotted (pink) curves correspond to the sticking limit and the

rolling limit predictions for the same, respectively.

configuration corresponding to the respective asymmetric mass splitting [44], and the

corresponding value of kinetic energy is taken asVN(d). The value of initial angular

momentumℓi has been taken to be equal to the critical angular momentum for fusion,

ℓcr. The angular momentum dissipation factors thus obtained have been displayed in

Fig. 5.4and it is observed that for all three reactions considered, the experimental val-

ues of the mean angular momentum dissipation are more than those predicted under

the rolling condition; however, the corresponding sticking limit predictions of f are

in fair agreement with the experimental values of the same within the error bar. In all
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cases, the discrepancy is more for the lighter fragments, and it gradually decreases for

the heavier fragments. This may be explained in terms of the following qualitative ar-

gument. Microscopically, friction is generated due to stochastic exchange of nucleons

between the reacting partners through the window formed by the overlap of the density

distributions of the two. Stronger friction essentially means larger degree of density

overlap and more nucleon exchange. The lighter DI fragment (corresponds to more

net nucleon transfer) originates from deeper collision, for which the interaction time

is also larger as seen in Fig.4.7. Therefore, the angular momentum dissipation, orig-

inating due to the stochastic nucleon exchange, should alsobe more, which, at least

qualitatively, explains the observed trend.
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Chapter 6

Development a of high vacuum

reaction chamber

Vacuum reaction chamber is an essential component of any accelerator based ex-

perimental setup in nuclear physics. The design of the chamber depends upon the

experimental programme. It may either be a very specializedchamber for dedicated

experimental setup e.g, CHIMERA [128], LASSA [129], INDRA [130] as shown in

Figs.6.1(a), 6.1(b), 6.1(c), respectively or it may be a versatile general purpose reac-

tion chamber [Figs.2.4(a): VECC, Kolkata ,6.1(d): Ciclope [131], LNS, Italy, 6.1(e)

:ASCHRA [132], RIKEN, Japan]. CHIMERA, LASSA, and INDRA reaction cham-

bers are dedicated to house the corresponding large complexdetector system where the

sizes of the chambers are different depending upon the detector system. The size of a

general purpose reaction chamber may also vary. For chargedparticle detector based

experiments, chambers are usually big in size (VECC, Ciclope, ASCHRA chamber)

to accommodate all detectors within the chamber at a reasonable distance. The VECC

chamber have diameter of 91 cm and height 50 cm, Ciclope is of diameter of 2 meter

and length 4 meter, ASCHRA have diameter of 2.95 meter and length 4.8 meter. On

the other hand, for theγ-ray / neutron based experiments, chamber may be small in

size as all the detectors are kept outside the chamber. The chamber used in Indian Na-
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tional Gamma Array (INGA) [133] setup at VECC belongs to this category as shown

in Fig. 6.1(f). This chamber have diameter∼15 cm and height∼ 8.5cm.

(a) CHIMERA (b) LASSA (c) INDRA

(d) Ciclope (e) ASCHRA (f) INGA

Figure 6.1: Different types of reaction chambers used at different laboratory all over the world.

A superconducting cyclotron (SCC) has been constructed at VECC which will de-

liver beam in the energy range 10≤ E ≤ 60 MeV/A for projectile of mass number A

< 100 and 5≤ E ≤ 20 MeV/A for A ∼200. Fig.6.2 shows the schematic diagram

of the cyclotron with the beam line layout. The beam line-I will be used for high

current (irradiation) experiments as well as general nuclear physics experiments with

charged particle detectors at low beam current. Beam line-II is dedicated for the ex-

periment with neutron detectors andγ detectors. The beam line-III will be reserved

for a superconducting solenoid spectrometer and the beam line-IV is dedicated for the

experiments on the material science. The SCC is likely to open up new areas of exper-

imental nuclear physics research in intermediate energy and vigorous activities are on

to develop new, state-of-the-art experimental setups to facilitate high quality research

[134]. The present chamber is multipurpose reaction chamber which will cater to the
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Figure 6.2: Schematic diagram of K500 cyclotron beam lines with three beam hall. SHARC

has been installed in beam line-I.

needs of different types of experiments using these experimental facilities as well as

other detector systems. One of these experimental facilities is the 4π-Charged Parti-

cle Detector Array (CPDA) which is being built for the study of IMF emission in the

Fermi energy domain. The chamber can accommodate CPDA inside it, along with

other ancillary detectors like large area gas detector etc.This chamber is a segmented,

horizontal axis, reaction chamber (SHARC) which has been designed, fabricated and

installed in the SSC beam Cave-I (Fig.6.2). Here, in the present chapter, the develop-

ment of SHARC will be discussed.

6.1 Basic design parameters

SHARC has been designed as the primary facility to be used forexperiments in

SCC beam line-I. The dimensions of SHARC have been optimizedto have maximum
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flexibility for versatile experimental setups as well as to house the whole CPDA. Op-

timum shape has been decided to be cylindrical with its axis coinciding with the beam

axis to avail maximum possible flight path for ‘time of flight’measurements. Long

cylindrical shape also served the purpose of getting a better angular resolution required

in the forward hemisphere because of strong focusing at forward angles at high beam

velocities. Other salient design considerations are,

i. The chamber should be suitably segmented for easy access inside it. Each seg-

ment should have independent movement arrangement.

ii. Vacuum control system should have maximum flexibility. The vacuum system

should have both auto and manual modes of operation with dynamic display of

complete status. There should be facility for remote monitoring of vacuum status

with emergency shutdown option.

iii. Target ladder should have the provision to be placed at any position inside the

chamber along the beam axis to optimize the flight path. The vertical and ro-

tational movements of the ladder have to be controlled and monitored in auto/

manual mode, both from local as well as remote station.

iv. Both vertical position and rotational angle of the ladder should be accurately

measured.

v. The chamber will have a Faraday cup of sufficiently large aperture to stop the

beam and measure the beam current.

vi. Arrangement to see the position of the target and beam spot on the target during

the experiment.

vii. Minimum arrangement to put detectors inside the chamber.

viii. Proper vacuum feed-through to bring the detectors signals, detectors bias inputs,

and other electrical connections outside the chamber.
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FARADAY CUP

Figure 6.3: Schematic diagram of SHARC without vacuum pumping system.

6.2 Details of SHARC

A schematic diagram of SHARC and the photograph of the chamber installed in

its present position (SCC cave-I) are shown in Figs.6.3and 6.4, respectively.

6.2.1 Mechanical details

SHARC is a cylindrical, three segments, stainless steel (SS304L) chamber of

length 2.2 meter, diameter 1 meter and total volume including the pipes to connect

the pumps is∼ 1800 litres and wall thickness∼10 mm. The front (beam-entry) end

is hemispherical in shape of radius 500 mm and the rear end is elliptical dish (2:1)

shaped. All three segments are mounted on separate support structures which rest on

external rails such that each segment can move independently on the rails by auto-

matic gear-motor control mechanism having built-in limit switch locking facility with
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manual override option. All three segments (the rear part inparticular) may be rolled

back on rail to open up the chamber to give accessibility for the installation of users’

equipments inside. There is arrangement to manually align the chamber with the beam

line axis precisely in horizontal/ vertical/ rotational degrees of freedom. Two pairs of

Figure 6.4: SHARC installed in SCC Cave-I.

rails are provided within the chamber for mounting and placement of the target ladder

system and the user designed detector assemblies at any position within the chamber.

A generalized detector mounting table (made of Aluminum alloy 6061-T6) with pre-

cision alignment mechanism on manually movable stands withlocking arrangement

on rails is also provided as default arrangement. All over this table, there are inverted
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‘T’-shaped channels which may be used for detector mountingin a general experi-

ment. There is provision to adjust the height of the table as per requirement of the

experimental setup. The table can be easily removed from thechamber if the rails are

sufficient to mount the detector system. To achieve optimum vacuum performance,

all inside surfaces were given smooth granular finish and were finally electro-polished

with bright finish.

6.2.2 Target ladder assembly

One of the important parts of a reaction chamber is target ladder. As per the re-

quirement of an experiment, the target foil may be placed at different position of the

reaction chamber along the beam direction. The present target ladder system has been

suitably designed to take the maximum advantage of the full length of the chamber.

Target ladder 

Stepper motor 

Rail 

Rail 

Figure 6.5: SHARC target assembly.

The whole assembly is mounted on one pair of internal rails and may be placed at

any position along the beam axis within the chamber to optimize the flight path. An-

other important requirement in the target ladder system is that, one may require to use
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many targets in a single experiment. The provision of vertical movement of the whole

target ladder is essential for this purpose. The target assembly includes a ladder that

can hold six targets at a time in a column (see Fig.6.5). Generally, the target foil is

placed in a plane perpendicular to the beam direction; however, it may also be required

to rotate the target at different angular position with respect to beam direction. The

present target ladder can be rotated up to maximum angle 3600 (both clockwise and

anti-clockwise) with angular precision of 0.10 and can be moved vertically up to 25

cm with accuracy of 0.1 mm with the help of two vacuum compatible stepper mo-

tors (Make: M/s. Sanyo Denki, Type 103-770-12V1). These motors are operated by

Programmable Logic Controller (PLC) both remotely or locally. Target ladder move-

ments (rotational and vertical) are enabled by giving specific command (to move to

a particular distance/ rotate thorough a particular angle) through PLC. Two encoders

(one linear, one circular) are needed to measure the actual position/ angle of the target

ladder. Two glass windows are kept to visually inspect the positions of the target and

the detector inside and also to see the beam spot at the targetposition (on alumina,

during optimisation of beam transport) using a camera outside the chamber. It is also

planned to fix a web camera inside the chamber in future for on-line monitoring.

6.2.3 Input / Output ports

SHARC has been provided with 24 ports (each of diameter 25 cm)on different

locations of the body of chamber (see Fig.6.3and Fig.6.4) to cater to various experi-

mental requirements, like, the connections of gas flow system, electrical signals from

the detectors, bias inputs of detectors, cooling pipes (if required) etc. Flanges with

standard LEMO connectors as well as indigenously designed and fabricated flanges

with Flat Ribbon Connector (FRC) connectors has been used aselectrical feed-through

to take the detector signals. To prepare the vacuum feed-through with FRC, we have

used aluminium flange, 8 mm thick printed circuit board (PCB), FRC connector and

casting material Araldite and Epotec H77. The design of the flange and PCB is shown
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in Fig. 6.6(a). The aluminium flange has been prepared with a step cut to put the PCB.

As per design of the FRC, holes have been drilled on the PCB with accuracy∼ 0.05

mm using Computer Numerical Control (CNC) milling. On each PCB, provision to

keep multiple FRC (10-12 no) has been made, depending upon the space and connector

dimension. Fabrication of the vacuum feedthrough was carried out in following steps:

First, flange and PCB was cleaned with water and soap. Then they were dried with a

blower and again washed with acetone and kept in an oven at 1500C for 15 minutes.

PCB was glued with the flange using Araldite and were kept 24 hours at room temper-

ature. Then the flange was heated to 1500C again for 15 minutes after fixing the FRCs

in the holes on the PCB. The flange was taken out in very hot condition and the epoxy

Epotek H77 was poured on it very slowly in one side so as to forman uniform thin

layer. Then the flange was kept inside the oven at temperature1500C for ∼2 hours, till

the color of H77 changes from white to golden [see Fig.6.6(b)]. Finally, the flange

was taken out and same process was repeated for the other sideof the flange. After 2

hours, oven was switched off and flange was cooled down slowly inside the chamber.

6.2.4 Vacuum pumping system

The design of the pumping system mainly depends on the volumeof the cham-

ber which will be pumped, the ultimate vacuum, and, the specified time to reach the

ultimate vacuum. For high vacuum system, degassing from theinner surface of the

chamber and instruments kept inside it is the one of the most important factors to be

considered. The design target was to achieve a clean a vacuum∼10−7 mbar in SHARC

with volume∼ 1800 litres (l) in 8 hours (h); we have done an approximate calculation

of pumping speed. The pumpdown calculation was done for two stages, (a) pumping

speed required to pump SHARC from atmospheric pressure (∼ 1000 mbar) to rough

vacuum (∼ 10−1 − 10−2 mbar) in 1h and then (b) rough vacuum to very high vacuum

(∼ 10−6 − 10−9) mbar in 7h. So, the total pumpdown time will be the total timeto

achieve (a) rough vacuum and (b) high vacuum. To maintain therequired pressure at
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(a) 

(b) 

Figure 6.6: (a) Design of different component of FRC vacuum feed through. Holes in the PCB

are kept to place FRC. (b) The flange after final casting.
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high vacuum, one has to consider gas load due to factors like outgassing.

(a) Pumping speed to evacuate up to pressure 0.05 mbar in 1h:The pumping speed

can be estimated using the following expression,

S = V/T × ln(P1/P2) × K (6.1)

whereV is the volume of the vessel to be pumped,T is the time to pump down the

vessel from initial pressureP1 to final pressureP2 with a pumping speedS assuming

degassing factorK. So, assumingK = 1.5, required pumping speed to pump down

1800 l volume of SHARC from atmospheric pressure∼1000 mbar to 0.05 mbar in one

hour is∼500 l/min. We have decided to use scroll pump (Adixen ACP 40) to achieve

this rough vacuum which have a peak pumping speed 37 m3/h (616 l/min.). But the
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Figure 6.7: Variation of pumping speed of the scroll pump with inlet pressure.

pumping speed of scroll pump varies with the pressure of the inlet of the pump as

per data sheet (Fig.6.7). We have calculated the average speed (
∑ S×P

P , S is pumping

speed,P inlet pressure) of individual pump which is found to be is 17 m3/h. If we

assume the speed loss due to conductance is 15%, effective speed of one scroll pump

is 14.5m3/h (240.8 l/min). So, we need two such scroll pump connected in parallel,as

shown in Fig.6.10, to reach 0.05 mbar in∼1h.
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Table 6.1: Throughput of the materials used in different parts of SHARC over a period of∼

6-7h. Throughput is defined as the product of outgassing rateand surface area of the material.

Material Outgassing rate Area (m2) Throughput

(mbar-l/s/m2) (mbar l/s)

SS 2.3×10−5 12 2.8×10−4

Al(6061-T6) 5×10−5 1.4 7.0×10−5

Viton ‘O’ Ring 2×10−5 0.6 1.2×10−5

Cu Gasket 5×10−6 0.3 1.5×10−7

Overall throughput

3.6215×10−4

(b) Pumping speed to evacuate the chamber from 0.05 to∼10−7 mbar: In this

range of vacuum, the Eq.6.1 is not applicable. This range of vacuum is in molecular

region where pumping time entirely depends on outgassing from the different material

inside the chamber. The outgassing rates depend on various factors, like, the type

of material, temperature, time for which a material is baked(if any), pressure of the

vessel, how long it was kept at which pressure etc, which makes it difficult to estimate

the actual outgassing. Hence, after the estimation of approximate outgassing, it is

checked whether the pumping speed of high vacuum pump is morethan the outgassing

rate to achieve ultimate vacuum∼ 10−7 mbar.

In Table6.1, throughputs (outgassing rate× surface area) of the materials used in

different parts of SHARC, over a period of∼ 6-7h, have been given approximately.

So, the minimum pumping speed required to achieve ultimate vacuum∼10−7 mbar

(from rough vacuum) in∼ 6-7h with total throughput 3.6215×10−4 mbar l/s is 3621.5

l/s (total through put/ultimate vacuum)≈ 3700 l/s. We have decided to use two turbo

pumps (Varian 1001 Navigator, Model No. 9698947) each with speed 1000 l/s and

two cryopump (CTI-Cryogenics, Helix Technology Corporation, Model On-Board 10)

with pumping speed 2500 l/s each, all are connected in parallel. The total pumping
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speed will be 7000 l/s which are more than the calculated pumping speed. This extra

pumping speed we have kept to accommodate the throughput of our detector system

which is not included in the calculation given in Table6.1 and also pumping speed

loss due to finite conductance of the pumping pipes.

Display of vacuum 
gauges  

Control knobs of the 
pumps and valves   

HMI Target: manual 
mode   

HMI Vacuum + 
Target: auto mode   

Controller of cryo 

pumps   

Status display of the 
pumps, trolley and the 

chamber    

Status of power 

supply  

Dynamic status of 
complete vacuum 

system  

Figure 6.8: Local control panel of SHARC. It control both the vacuum system, target ladder

and also shows the status all other operations of SHARC.
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6.3 Operation of the chamber

To operate a particular function of the chamber, one needs tofollow certain se-

quence of steps which is essential to maintain the proper performance of the chamber

for a long time in repeated use. For an example, to open a particular section of the

chamber, direct use of the corresponding motor on the trolley may severely damage

Figure 6.9: Remote control panel of target ladder. It also shows the status all operation of

target ladder and pumping system.

the chamber. To open it properly, first the chamber has to bring in atmospheric pres-

sure by letting in dry nitrogen. This is important to get proper vacuum characteristics

in the subsequent pump down cycles. Then after opening the nuts and bolts, the cor-

responding motor can be operated to open the chamber. Similarly, several steps are

to be followed in sequence for proper operation of the pumping system and the target

ladder assembly. Both the vacuum system and target ladder are controlled by PLC lo-

cally as well as remotely through compact control units shown in Fig.6.8and Fig.6.9,

respectively. The local control panel of SHARC controls both vacuum system and tar-

get ladder operations, and also dynamically displays the status all active parameters of

SHARC, like, input power, mechanical interlocks (open or close), pressure of different
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of gauges, water supply, status of cryo and turbo pumps, target ladder, valves etc as

mentioned in Fig.6.8. Remote control panel can operate target ladder and also shows

the status of its operations and status of the pumping system.

6.3.1 Operation of the pumping system

In general, vacuum pumps work properly provided certain conditions are fulfilled.

For example, turbo-molecular pump works properly when rough vacuum (∼10−2 mbar)

is achieved both in its inlet and outlet. At the same time, it cannot be operated if cooling

water is not available. Considering the working environment of the pumps used in

SHARC (See Fig.6.10 for details), the whole vacuum operation sequence has been

pre-programmed and has been fully automated by using a PLC (Make: M/s. Schneider

Electric Modicon). Provision has also been kept to operate the pumps manually. A

typical vacuum pumping sequence is displayed in Fig.6.11 which is controlled by

PLC after starting by a single key. Initially all the valves are closed. After switching

on the key, rotary pumps (Scroll) RP-1 and RP-2 (Fig.6.10) are started to pump the

pipeline. When the Pirani Gauge PR-1 and PR-3 readings reach10−2 mbar, the rough

vacuum valves, RV-1 and RV-2 will be opened to start the roughvacuum pumping of

the chamber. When PR-7 and PR-8 show pressures of∼10−2 mbar, the turbo pump

backing valves (TB-1 and TB-2) are opened and at the same timewater to cool the

turbo pumps is checked. Then the turbo pumps TP-1 and TP-2 areswitched on and

within 5 minutes they reach their full speed. At this time, RV-1 and RV-2 are closed

and then the high vacuum valve HV-1 and HV-2 are opened. At thesame time the

backing pumps RP-3 and RP-4 of cryo pumps are started and the valves of the backing

pump line CB-1 and CB-2 are opened. Then the temperature of water of the cryo

pumps is checked and the pressures of chamber and the cryo pump backing lines are

also checked. If the high vacuum (Penning) gauges PNG-1 and PNG-2 show pressure

of ∼10−6 mbar and both PR-5 and PR-6 are∼10−2 mbar pressure, then CB-1 and CB-2

are closed and compressors of the cryo pumps are started. When the temperatures of
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Figure 6.10: Schematic diagram of SHARC with vacuum pumping system.

cryo pumps reach below 20K, HV-1 and HV-2 are closed, HV-3 andHV-4 are opened

and turbo are pumps switched off. After 10 min, TB-1 and TB-2 are closed RP-1 and

RP-2 are switched off and turbo pumps start venting. At this stage the chamber is

pumped by cryo pumps only. To achieve a clean vacuum of∼5×10−7 mbar, the whole

pumping system takes∼ 7h when SHARC is in empty condition. Alternative options

in special situations, such as selection of pumps in case of any failure or in case only

rough vacuum is required, are also provided through separate programme packages.

110
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HV1 OPEN 
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CB1 OPEN 
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HV4 OPEN 
HV2 CLOSE 
TP2 OFF 

TB2 CLOSE 
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START TP2 
VENTING  

PR7<10-2 

TP1 WATER OK 
PR2<10-2 

TP1 REACH 
FULL SPEED 

PR7<10-1 

PR5<10-2 

CP1 WATER OK 
PNG1<10-6 

PR5<10-2 

CP1 TEMP< 20K 
PNG1<10-6 

CB1 CLOSE 

10 MIN TIME 
DELAY 

PR3<10-2 

PR8<10-2 

TP2 WATER OK 
PR4<10-2 
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FULL SPEED 

PR8<10-1 

PR6<10-2 

CP2 WATER OK 
PNG2<10-6 

PR6<10-2 

CP2 TEMP< 20K 
PNG2<10-6 

CB2 CLOSE 

10 MIN TIME 
DELAY 

START 

Figure 6.11: A typical pumping sequence. Unit of the pressure is in mbar.

Presently, four types of pumping cycle have been stored in PLC, namely, CYCLE-

1, 2, 3, and 4. CYCLE-1 is the normal cycle of pumping as discussed above and will

be generally used. CYCLE-2 is only for rough vacuum, where turbo and cryo pumps

will not be used. CYCLE-3 will be used when any one or two scroll pumps will not

work. In case of any failure in cryo pumps, CYCLE-4 is used to bypass it. Any one

of these CYCLEs can be selected by the Human Machine Interface (HMI) by select-

ing the corresponding page by pressing side arrows as shown in Fig. 6.12. One may

also manually select the failed part and run the vacuum system except that failed part.

There is also a provision for slow manual pumping under demanding experimental

conditions.
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6.3.2 Operation of target ladder

The target ladder movement can be operated in two modes, either auto or manual.

The same PLC (Make: M/s. Schneider Electric Modicon) used in the operation of

pumping system, is also used to control the operation of the target ladder system in

auto mode. In this mode of operation, target ladder performed a particular operation

as per the specified value given through Human-Machine Interface shown in Fig.6.12

Figure 6.12: Human machine interface in auto mode.

which consists of keys and a display. On the other hand, in themanual mode, target

ladder movement is controlled by using jogging of keys and commands through touch

screen as shown in Fig.6.13and a separate PLC (Make: M/s. Panasonic) is used in

this case. Here we shall discuss a few most frequently used operations.

(a) Auto mode of operation: Operations of the ladder have been classified into

four broad category, (i) Angular value set, (ii) angular speed set, (iii) linear value set,

and (iv) linear speed set. Each of these operations has been set in a page which can

be selected by the side arrows (left and right) as in Fig.6.12. Under each of these

operations, there are few subcategories, like, SET, ACT, CURR SET etc. By SET,
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one can set the value of a particular operation by keys or by pressing the down and up

arrows. By button F4, SET value will be added with the actual value (ACT) and it is set

as current value of a operation (CURR SET) to be performed. The CURR SET value

can also be given directly through the buttons. A particularoperation, say, linear value

set is explained below. First of all, stepper motors have to be started by buttons F6. By

pressing F2 (for angular set F8), ladder will go to ‘home’ position (minimum value).

TOUCH SCREEN

LINEAR MOTION ANGULAR MOTION

Figure 6.13: Human machine interface in manual mode. Details of the buttons are given in

the text.

Initially we are in ‘read’ mode. To change the set value of thelinear position, we have

to go to ‘write’ mode by pressing up/down arrow un till ‘read’ is changed as ‘modify’.

Then press ‘ENTER’ button. It will ask for password. The CURRSET value can be

changed by F4 (for angular set F10) or by directly setting itsvalue through the buttons

by pressing up and down arrow properly. By pressing F1 (for angular set F7), ladder
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will starts to move to the CURR SET value and during the movement, instantaneous

position is seen in the display by ACT. This movement can be interrupted anytime

forcefully by button F5 (for angular set F11). After required operation, power supply

of motors has been switched off by pressing F12.

(b) Manual mode of operation: To select this mode of operation, there is a

key which is not shown in the Fig.6.13. Most of the operations can be performed

through the ‘touch screen’ as shown in Fig.6.13except ladder movement which can

be controlled by jogging the buttons. First three columns ofthe buttons are to control

the ‘linear motion’ and last three are for angular motion.

6.4 Status

SHARC has already been installed in SSC cave-1 and is connected with beam line-

1 as shown in Fig.6.2. We have successfully achieved a pressure∼10−7 mbar in∼8h

by following pumping sequence as described in Sec.6.3.1. Vacuum performance of
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Figure 6.14: Vacuum performance of SHARC during a typical pumping cycle.

the chamber during a typical pumping cycle is shown in Fig.6.14. The rough vacuum

of the chamber reached its saturation value of∼2×10−2 mbar in∼40 minute by using

two scroll pumps. After one hour, high vacuum valve of the turbo pumps are opened
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and pressure suddenly fall to∼1.5×10−5 mbar within∼75 second. It reaches saturation

at pressure∼1.4×10−6 mbar at∼4h. At this point, the cryo pumps are connected to the

chamber and pressure again falls suddenly to∼8×10−7 mbar and saturates at∼5×10−7

at∼8 hours.
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Chapter 7

Summary and conclusion

The inclusive double differential cross-sections for IMFs having atomic number, 3

≤ Z ≤ 5, emitted in the reactions involving bothα-cluster and nonα-cluster systems

(a)16O (117, 125, 145 and 160 MeV)+ 12C and (b)11B (64 MeV)+ 28Si, 12C (73 MeV)

+ 27Al and 12C (77 MeV)+ 28Si, have been measured in two separate experiments [(a)

and (b)]. For the system (a), the energy distributions of allfragments at all incident

energies were single peaked, having nearly Gaussian shapeswith their centroids at the

expected kinetic energies corresponding to the binary break up obtained from the Viola

systematics corrected by the corresponding asymmetric factors. The energy distribu-

tions of the fragments emitted from the systems (b) were found to have two peaks, one

originating from equilibrated source, identified as FF process, and, the other from non-

equilibrium source, DI process; each of these peaks is fittedwith a separate Gaussian.

Characterisation of the equilibrium component of fragmentspectrum has been done

in various ways. The angular distributions (dσ/dΩ )c.m. were found to follow 1/sinθc.m.

dependence in all cases. It has been observed that for each fragment, at all bombarding

energies, the averageQ-value is independent of emission angle, which suggests that

the fragments are emitted from a completely equilibrated source at all the incident en-

ergies considered here. Total elemental cross-section forthe fragments Li to B have

been estimated from the experimental distributions and thesame have been compared
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with the statistical model predictions. At all incident energies, a significant enhance-

ment in the yield of the fragment B have been observed over thetheoretical predictions

of CASCADE and EHFM calculations for theα-cluster system (a). The yield of the

fragments Li and Be are in good agreement with the theoretical predictions of the

statistical model code CASCADE, though they are underpredicted by EHFM calcu-

lations. However, the magnitude of mismatch increases progressively from Li to B,

which clearly indicates increasing additional contributions from other reaction mech-

anism or possible enhancement to the energy damped yield near the entrance channel

configuration. The above observation is consistent with thefact that the NOC value

for this system is much smaller than those for other two nearby systems - which is

indicative of the formation of an orbiting dinuclear complex in 16O+12C at the energies

studied here. However, the total angle integrated yields ofthe equilibrium fragments

in the reactions (b) are in fair agreement with EHFM predictions which confirm their

compound nuclear origin; even the yields of FF fragments emitted fromα-cluster sys-

tem,12C + 28Si, also match with EHFM predictions. It is interesting to note here that

a previous study on fragment decay from the same system (40Ca∗, produced through

inverse kinematical reaction28Si+ 12C at same excitation energy [83]) had indicated a

possible signature of enhancement in fragment yield (for relatively heavier fragments;

6 ≤ Z ≤ 8) over those predicted by the statistical model.

As the fragment emission study of the reactions (a)16O (117, 125, 145 and 160

MeV) + 12C indicated the possibility of dinuclear orbiting, the energy and angular dis-

tribution ofα-particles have been studied to measure the deformation of the produced

composite,28Si∗. The measured energy spectra have been compared with the same

predicted by the standard statistical model calculations.It has been found that the ex-

perimentalα-particle energy spectra are properly explained by CASCADEonly when

an appreciable amount of deformation is introduced by optimizing the ‘deformability’

parameters. The extracted quadrupole deformation parameters are found to be large

(larger than the corresponding RLDM values) at all beam energies. It is also observed

that the deformation is found to increase with increasing the spin of the excited com-
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posite. The observed enhancement of deformation in the present study may be another

indication of orbiting in16O + 12C. However the understanding does not seem to be

so simple and straightforward when one compares the above with the results of CAS-

CADE calculation with ‘frozen’ deformation, which has alsobeen shown to be almost

equally effective in explaining the data. In this case, the effective ‘frozen’ deformation

turned out to be smaller than that obtained using the optimised parameters (though

it is still higher than the corresponding RLDM value). So, the uncertainties about the

magnitudes of the actual compound nucleus deformations notwithstanding, it can, only

qualitatively, be said that equilibrium orbiting, which issimilar to particle evaporation

in time scale, could also be one of the contributing factors for the observed deforma-

tion. However, the present models are too simplistic to predict the actual deformation

of the compound nucleus; more realistic event-by-event Monte Carlo calculations, tak-

ing into account the initial deformation, spin distribution of the compound nucleus and

their subsequent evolutions, should be performed to have a proper understanding of

the compound nucleus deformation. In addition, new experimental inputs (like mea-

surement of deformation from GDR studies [120]) are needed for more comprehensive

understanding of the process.

The DI component of the fragment (3≤ Z ≤ 5) energy distribution in all the three

reactions (b) has been studied in details. It has been shown that the DI fragment an-

gular distribution falls off much faster than 1/sinθc.m. distribution. The time scale of

the DI process has been estimated from these DI angular distributions. It has been

observed that for all these reactions, the time scale, whichis related to net nucleon

transfer, decreases as the fragment charge increases (closer to the projectile charge). It

has also been observed that the averageQ-values for the DI fragments decrease with

the increase of emission angle and saturate at higher angles, signifying a saturation

in energy damping process beyond these angles. Assuming a compact exit channel

configuration (estimated from the extracted FF part of the spectra), the angular mo-

mentum dissipation factor,f , for the DI process has been extracted. For all the three
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reactions, the experimental values off have been found to be in fair agreement with

the corresponding sticking limit predictions.

A large high vacuum reaction chamber has been designed, fabricated and installed

in SSC beam line-I. This Segmented, Horizontal Axis, Reaction Chamber (SHARC)

will cater to needs of different types of experiments using the facilities being developed

under superconducting cyclotron utilization project, VECC. SHARC is a cylindrical,

three segment, stainless steel (SS 304L) chamber of length 2.2m, diameter 1m and

total volume including the pipes to connect the pumps is∼ 1800 litres and wall thick-

ness∼10mm. The front (beam-entry) end is hemispherical in shape of radius 500mm

and the rear end is elliptical dish (2:1) shaped. All three segments are mounted on

separate support structures which rest on external rails such that each segment can

move independently on the rails by automatic gear-motor control mechanism having

built-in limit switch locking facility with manual override option. Two pairs of rails

are provided within the chamber for mounting and placement of the target ladder sys-

tem and the user designed detector assemblies at any position within the chamber. A

generalized detector mounting table (made of Aluminum alloy 6061-T6) with preci-

sion alignment mechanism on manually movable stands with locking arrangement on

rails is also provided as default arrangement. All over thistable, there are inverted

‘T’-shaped channels which may be used for detector mountingin a general experi-

ment. There is provision to adjust the height of the table as per requirement of the

experimental setup. The table can be easily removed from thechamber if the rails are

sufficient to mount the detector system. To achieve optimum vacuum performance,

all inside surfaces were given smooth granular finish and were finally electro-polished

with bright finish. A target assembly is there inside the chamber; linear and rotational

motion is fully controlled very precisely with the help of two vacuum compatible step-

per motor and programmable logic controller. The whole assembly is mounted on one

pair of internal rails and may be placed at any position within the chamber to optimize

the flight path. The target assembly includes a ladder that can hold six targets at a time

in a column. Two glass windows are kept to visually inspect the positions of the target
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and the detector inside and also to see the beam spot at the target position (on alumina,

during optimisation of beam transport) using a camera outside the chamber. SHARC

has been provided with 24 ports (each of diameter 25 cm) on different locations of the

body of chamber to cater to various experimental requirements, like, the connections

of gas flow system, electrical signals from the detectors, detectors bias inputs, cooling

pipes (if required) etc. Flanges with standard LEMO connectors as well as indige-

nously designed and fabricated flanges with Flat Ribbon Connector (FRC) connectors

has been used as electrical feed-through to take the detector signals. The design of the

pumping system has been done by considering the possible degassing load due detec-

tor systems. Two sets of pumping systems, connected in parallel, have been used to

achieve the ultimate vacuum. Each set consists one turbo pump (speed 1000 l/s ) and

one cryo pump (pumping speed 2500 l/s) each backed by scroll pump ( peak pumping

speed 37m3/h). Whole pumping system is auto controlled by PLC. The chamber is

successfully commissioned in the SSC beam line and the nominal vacuum of∼5×10−7

mbar has been achieved in 8 hours in empty condition.
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