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SYNOPSIS

Transfer reactions are very important to study the strectdmuclei. In transfer re-
action, the residual nucleus may be left in any possibletegd@tate. So, the single
nucleon transfer reactions such as (d,t)’Hie) etc. give us opportunity to determine
the energies of the excited states of the final product nudlee value of the trans-
ferred angular momentumin a transfer reaction can be easily determined, and the
spin and parity can be assigned. Apart from these importapgpties, spectroscopic
factor for each individual excited state can be determiisa].transfer reactions open

up the possibility to test the predictions of the shell mddethe structure of nuclei.

In present thesis work, fierent excited states éfAl, populated through the re-
action?’Al(d,t)2%Al, have been studied. The nucletal has recently evoked a lot of
interest in nuclear physics as well as nuclear astrophysiatie decay of°Al may
be used as an isotopic chronometer for galaxies; moreoigali$o used to probe the
Standard Model. It is well known th&8Al is the first cosmic radioactivity detected
through its characteristig rays in the interstellar medium and its lifetime {° y) is
much shorter as compared to the time for galactic evolutiobQ° y), so the detection
of 26Al indicates that nucleosynthesis is currently active in galaxy and it is known
that massive stars are the main sources for the origfAlf So it is necessary to
understand the formation and destructiorf%{l in our galaxy in order to understand
its evolution. In addition, the observed excesg%®lg in meteorites and in presolar
dust shows that the study &Mg is also as important &8Al, because®Mg is the
radioactive g+) decay product of®Al. So, in order to understand the formation of

26A|, the study of?®Mg plays a significant role.

Previously, several studies were performed using one anchtwleon transfer re-
actions to extract spectroscopic information aboffedent excited states &fAl using
different reaction probes. In the present thesis work, the andidtributions of vari-
ous excited states 6fAl produced through the reactidhAl(d,t)?°Al, which is the first

direct study of®Al through (d,t) reaction channel, were measured. The data tihen
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analysed by zero-range distorted wave Born approximaaéoutation using the com-
puter code DWUCK4 and spectroscopic factors féiedent excited states &iAl were
extracted. The present study is the first direct measurensémg (d,t) reaction channel
to extract spectroscopic factors foffgrent excited states 8tAl. The primary motive

of this measurement was to extract spectroscopic factad#ffefrent excited states of
26Al using (d,t) channel and to compare the values with thogaioed earlier with
other reaction probes. In this work the dependence of speaipic factors on the po-
tentials used as well as how much tlikeet of finite range parameters on spectroscopic
factors were examined. Apart from several excited staté®df many excited states
of 2Mg were also observed in the present experiment. The speoipa factors for
the diferent excited states 8fMg were extracted and the comparison of analog states
of 26Mg with the states of®Al with T=1 was made..

So, with above motivation, the experiment for this thesiskWas been performed
at the Variable Energy Cyclotron Centre, Kolkata, using 26MvVdeuteron beam
from the K130 Cyclotron. The target was a self-supporteddb?’Al (thickness-90
ug/c?). A three-element telescope, consisting of a single-stfgain thick Si(AE)
strip detector (16 vertical strips of 3 mm width) and a doediled 1030Qum thick
Si(E) strip detector (16 strips, width 3 mm, both sides miljyuarthogonal to each
other) backed by four Csl(Tl) detectors (each of thickness, was used to detect
different transfer channels corresponding to various outgoanticles. The angular
distributions have been measured in the angular rangeoM8> in steps of 0.9. Sev-
eral excited states 8fAl, 2®Mg and?°Mg were produced through the reactigial(d,

t), 2’Al(d, He) and?’Al(d, ). A VME-based online data acquisition system was used
for collection of event - by - event data. Th&lme data analysis was done using ROOT

based analysis programme developed in-house.

In the present thesis work two theoretical codes, ECIS9DANMUCK4, were used
for the analysis of elastic scattering and transfer chagauel, respectively. The angular
distribution of elastically scattered deuterons has bdtedfusing the optical model

search code ECIS94. The parametric Wood Saxon (WS) formédes lsed for both
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real and imaginary potentials in the optical model analg$ithe elasically scaterred
deuterons. Three sets of best fit optical model potentia@rpaters were extracted and
used as entrance channel potential parameters in the DWdGiKputer code for the
analysis of the angular distributions of ground as well ded@nt excited states of
28Al. Two exit channel (& 2°Al) optical model parameter sets were used in DWUCK4
code. The first set of optical model potential parameters fer?®Al exit channel
was obtained from the relation given by Perey and Perey atohsgeset was taken
from a previously reportedSi(d, t) work. A total of six combinations of entrance-
exit channel optical model potential parameters were usedtract the spectroscopic
factors for ground as well asftierent excited states éfAl. To extract spectroscopic
factors using zero range DWBA, the following relation betwehe experimental and

theoretical cross sections was used.

(d(r) B NCZS(CIO' )
exp

do),  ~23+1 E)DWBA’
where, %)exIO is the experimental élierential cross-section an%()DWBA is the cross-
section predicted by the DWUCKA4 code. The value of the condtiais taken from
literature and it is 3.33 and 2.95 for (d,t) and®fde) reactions respectively.(J = 1+3)
is the total angular momentum of the orbital from where thelewn is picked upC?

is the isospin Clebsch-Gordon dheient andS is the spectroscopic factor.

In the present work, a detailed comparison of the presenttsesith those ob-
tained earlier from one neutron transfer reactions usifigr@int reaction probes was
made. Actually, the relative spectroscopic factors (spscbpic factors for dierent
excited states offAl relative to that of its ground state), rather than the mead
values of the spectroscopic factors, were compared to t@tkeaf the uncertainty in
absolute normalisation betweerttdrent reaction results. The present results were also
compared with the shell model calculations available inlitegature for the nucleus
26Al. The potential dependence of spectroscopic factorefaatas also examined us-
ing two exit channel optical model potential sets menticaigalve; it was found that for

each exit channel with three entrance channel potentiabgwations the variation was
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less than 10%. In the present work, spectroscopic factors aleo extracted using the
finite range correction value of 0.845 and nonlocal parareeait0.54, 0.25 and 0.85
for deuteron, tritium and neutron, respectively in DWUCKate. Using finite range
parameters, it was found that the spectroscopic factors vegtuced by 20% to 50%.
So, zero-range DWBA calculation was used to extract spgoduic factors for ground
as well as dferent excited states 8fAl. The present thesis work was also motivated
to study the ground as well agfidirent excited states Mg produced through the re-
action?’Al(d, *He). Spectroscopic factors for ground as well as excitegs@>*Mg
have been extracted and were compared with previouslyedpaues for the same.
The comparison of Spectroscopic factors for analog stdt&#\band ?Mg have been

performed.

In conclusion, the reactioffAl(d,t) was utilized for the first time to study ground
and excited states 6fAl. The experimental and theoretical angular distribusidor
both positive and negative parity states?®4l were found to be in good agreement
with each other. The extracted spectroscopic factors ferothserved states 6fAl
were found to be in good agreement with the shell model caficuis available in the
literature as well as with previously reported values fershme. Recently, the finding
of this thesis work about spectroscopic information fongrd as well as excited states
of 26Al upto an excitation of 5.50 MeV using zero range DWBA cadttidn has been
published in Physical Review C and some of the data were piegat the FUSION14
conference. Some of the data®fl was also presented DAE symposium on Nuclear
Physics 2014 in BHU, Varanasi, India and also in Nucleustdlus: Collisions 2015
conference in Catania, Italy(oral presentation). Thetiead’Al(d, 3He) was also
studied to extract spectroscopic information of the groasavell as excited states of
26Mg. The observed analog states?®Al and 2®Mg for T=1 were also studied. The

data of?’Al(d, 3He) will be submitted for publication very soon.
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Chapter 1

Introduction

1.1 Introduction

We know that the basic constituents of matter are atoms warieltomposed of elec-
trons and a core nucleus. Several attempts have been madedistand the structure
of the atom. In 1911, Rutherford’s experiment gave some ateaut the composi-
tion of atom and Bohr’s atomic model suggested the existehckscrete electronic
orbits around the positive nucleus. The successive atgetoginow about the com-
position of nucleus led to the discovery of neutron by J. @heklin 1932. After the
discovery of neutrons it was concluded that the nucleus msposed of protons and
neutrons. Further development in science and technolaging to the building of
powerful accelerators helped probing the nucleus withgeter projectiles to under-
stand the structure of flerent nuclei. With the availability of high energy beam at
present, we are able to probe the substructure of nucleahsremv about the smallest
constituents of matter called quarks. Broadly, the expenital nuclear physics is cat-
egorised as low energy and high energy nuclear physics deeopon the incident
energy. In low energy experimental nuclear physics, mo#t@experiments are per-
formed to probe the properties of nucleus (usually uptorsévens of MeV energy)

and the nuclear structure related informations are exdacOn the other hand, the
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aim of the high energy nuclear physics experiment ( Y@asleon and above) is to
probe the subatomic degrees of the freedom in general. \neleet these two energy
domains, there are intermediate energies (typically G&vinucleon) where one can
extract information on properties of nuclear matter as a&lhechanism of production

of various particles like pions, kaons etc.

The light and heavy ion induced low energy nuclear reactemesthe powerful
tools to probe the structure of nuclei. These reactions @brbadly divided into
two types as direct nuclear reactions and compound nuabeations. On the basis
of interaction time between the two colliding nuclei, th@secesses are categorised.
At low energies¢< 10 MeV/nucleon, close to coulomb barrier), the incident particle
either scatters elastically without loss of appreciabkrgy or fuse with target to form
a compound nucleus. As the incident energy is increasedy o#laction mechanism
like direct reactions, becomes significant. The typicaletiai interaction for direct
nuclear reaction is’107?? seconds. In this short interaction time, only a few particle
exchange may take place between the colliding nuclei; Tigetaucleus as a whole is
not disturbed but for particle transfer to mostly bound Engarticle states- leading to
single particle excitation of the recoiling nucleus. Onaliger hand, typical interaction
time for compound nuclear reactioni4407*® seconds. In compond nuclear reaction,
available energy is redistributed among the colliding eank leading to the formation
of highly excited compund nucleus. These processes can firessed in terms of
equation using the projectile (a), target (A), ejectile &byp recoil nucleus (B) using

following relations;

Reaction Type
a+A — b(x+a)+B(A-Xx) Pickup
a+A — b(@a-x)+B(A +Xx) Stripping

a+A—x+a+B Knockout

a+A—C Compound Nuclear
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The first two (pickup and stripping) reactions come undertthasfer reaction;
they are important as we can produce the nuclei of interesgsiitable target pro-
jectile combinations and can also extract spectroscofocrmation about the structure
of nuclei. Every nuclear reaction follows some conservataws like energy, linear
and angular momentum conservation etc. The details abeutublear reaction dy-
namics and conservations laws are givenSitQl, Gsh01 Ren01 Ber0Q1J]. In direct
nuclear reactions the transition probabilities from th&aarce to exit channel is esti-
mated using the initial and final state wave functions to cot@phe nuclear transition
matrix. The overlap wave functions are estimated in direattion theory to extract
spectroscopic information of the nuclei of interest praetithrough particular transfer
reaction. The direct reaction theory was first developedgisiane wave Born approx-
imation(PWBA) where both initial and final states are reprged by plane waves. The
angular distributions predicted from PWBA theory were fdto reproduce only first
or upto second peaks in the experimental cross section.efegberimental cross sec-
tions contain the coulomb as well as the nuclégeats, the wave functions should also
carry their signatures; therefore PWBA may not be a goodapmpration. Later, the
shortcomings of the PWBA were removed using distorted wasdhke initial and final
wave functions instead of plane waves and the new techniqedevrmed as distorted
wave Born approximation (DWBA). In DWBA theory, elastic #eging is taken as the
main process to occur while transition to other reactiomalets are taken as small per-
turbation. The distorted waves are generated from the apnodel potential(OMP)
which are extracted by fitting the angular distribution @fstic scattering cross sections
for both entrance and exit channels separately. Relevaatigéons of the OMP and
DWBA are given in chapte2. The direct reaction theory has been developed for both
single and multinucleon transfer reactions. The detaitfirefct reaction theory and its
application are available irSpt0] Sat02 Sit01, Ren0]. The structural informations
extracted from experiments need comparison with suitddgderetical predictions and

vice-versa to confirm the validation of the observations adlictions.
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1.2 The single particle shell model

Several theoretical models like shell model and colleatinaslel have been developed
to understand the structure of nuclei. The shell model, wiganainly a single par-
ticle model, was very successful in describing the singhéigda structure of nucleus.
The basic assumption of the shell model is that each nucleperiences an average
interaction potential created by all nucleons of the nuzleunlike the atomic case,
no central agency is known to exist in the nucleus. Howev&ras assumed that the
nucleons are moving independently in an average centrahpat; so it is possible to
obtain the solution of the Schroedinger wave equation femtiotion of an individual

nucleon in this field. The nuclear hamiltonian for shell magdn be written as;

H = H® + Hyes (1.2)

Where, H = Y2, h is the Hamiltonian for the indepedent particles in average
potential and K represents the hamiltonian for residual interaction. Tegusnce of

the single particle nuclear levels according to the shetlehas shown in Figl.1

In shell model, individual levels are described in termsudigtum numbers (fi))
as shownin Figl.1 Asin case of atomic physics, the degeneracy of each levathw
is the number of nucleons that can be accommodated in eaghie2(2 + 1). The
factor (Z + 1) arises from then, (projection of angular momentund) degeneracy
and the additional factor 2 comes from timg (projection of spin, s) degeneracy. At
the initial stage, spin-orbit interaction was not includedhe average potentials but
later Mayer, Haxel, Suess and Jensen introduced spin{ookéntial in the average
mean field potential. By the inclusion of the spin-orbit naietion, observed shell clo-
sures (and corresponding magic humbers) are successa@lyduced. The residual
interaction between the loose nucleons in the outermost tles not cause any per-
turbation of the single particle levels determined by {nj). It is usually assumed

that the residual interaction is weak compared to the spit-mteraction so that the
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j still remains a good quantum number and levels will chanaoed by definite j val-
ues. If this is not the case, then the particles may be redaaddhe superposition
of different (n,¢, j) states with energies close to one another. This is knawoa-
figuration mixing. The details of the shell model and theiplagation can be found
in [Pal0l, Hyd01, Gsh01 Kra01, Pbh0].

1.3 Transfer reactions as a spectroscopic information

tool

The types of transfer reactions giveniri provide us opportunity to determine the
excitation energy, spin, parity, orbital and total anguementum and also the spec-
troscopic factors for single particle levels of the nucleirderest. The main feature
of the transfer reactions is that the recoil nucleus may tiegdeany of the excited
states. The experimentally extracted angular distrilmstican be directly compared
with those predicted theoretically usingi@rent transfer reaction codes and we can
easily extract the spectroscopic factors fdtetient populated excited states of the re-
coil nucleus. Spectroscopic factor measures the degrehitih\a state populated in a
transfer reaction is a single-particle sta@d01. Spectroscopic factor describes the
single particle orbital structure of the observed statesi&adly, spectroscopic factors
give us the information about the occupancy of the singlégarorbital. If ®, and

®g are the intial and final wave functions of the nuclei A and Bdbefand after the
reaction, the norm of the overlap functiognl= (® | ®g) gives the spectroscopic
factor(SF).

The diferential cross section for the reactior & — b+ B is proportional to

the square of the transition amplitude and can be written as;

d
é o Y188 P (1.2)

Ijm,
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Where, % is the spectroscopic factor an@;" * contains all of the kinematic
dependence through the wave functions of the relative matia their overlap with
each other. In addition, it contains the nuclear wave famctf the transferred par-
ticle. | B}" * has angular dependence that depend¢ and the value of can be
determined by a comparison with experiment. If the initiakss are known then us-
ing total angular momentund (= ¢ + s) conservation and parity selection rulesl}’
between the intial and final states, we can determine thedtatds. The theoretical
cross sections calculated are compared with the experahenaiss sections to extract

the experimental spectroscopic factoid01].

Experimental spectroscopic factor is defined as the ratexpérimental cross sec-
tions to the theoretically predicted cross sections. Mamg total angular momentum
conservation, theoretical cross sections are calculatedifferent/-values and thé-
value for which the shapes of the theoretical and experiah@mtgular distributions
match is taken to be the value of required single particletairbrheoretically pre-
dicted cross sections are obtained using distorted wave 8gproximation(DWBA)
code DWUCK4 kunz01. The details of the DWBA theory and DWBA calculations
can be found in$at0] Sat02 Sat03 Gle0]. The DWBA theory takes into account
both the scattering and loss of flux (absorption) of partiEbeperimentally extracted
spectroscopic factors can be directly compared with thosgigted theoretically using
different nuclear models like shell model etc. and we can tegirdaictions from the

shell model for the single particle structure of nuclei.

1.4 Motivation of the present study

Since spectroscopic factor gives the structure relateanmdtion of nuclei, so it should
be independent of reactions involved as well as energies. iBuas observed that it
does not always remain constant and mdyedifor different reaction probes used to

study the nuclei. Distorted wave Born approximation met(DW/BA) is used to
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calculate the theoretically predicted cross sections astdrted waves are generated
by the optical model potential parameters separately fvaroe and exit channels, So,
the normalization between theoretical cross sections apdrenental cross sections
may difter for different reactions probes. From this short discussion one oraghude
that due to the choice of optical potentials, spectroscéaitors may come out to
be diferent Lee0l1 Lee02 End05 Tsa0]1. So, first point is that the examination of
extracted spectroscopic factors for particular nucleusgudifferent reaction probe
and its comparison using other reaction probes is hecesSacpndly, if one extracts
spectroscopic factors for a particular nucleus of intetsshg same reaction probe
but using diterent optical model potentials, then also the comparisoretessary to

examine the consistency of the spectroscopic factors.

1.4.1 Study of the reactior?’Al(d,t) 26Al

In the present thesis work, one neutron and one proton pickagiions or’Al target
have been studied. The main aim of the present thesis work éxtract spectro-
scopic factors for the dlierent observed states #fAl and Mg populated through
the 2(d,t)’’Al and ?’Al(d,>He*®Mg reactions. The reason for choosing the reaction
27Al(d,t)%Al is that the nucleus®Al has recently created a lot of interest as it is the
first cosmic radioactivity detected through its charastarigamma rays in the inter-
stellar medium. Since its lifetime-(1C° y) is much shorter as compared to the time
for galactic evolution{ 10'°y), the detection of®Al at the present time indicates that
nucleosynthesis is currently active in our galaxy and itnewn that massive stars are
the main sources for the origin &fAl [ Dieh01, Pran0]. There are also evidences that
short-lived nuclei were present in the early solar systéfags0] and it is, therefore,
necessary to understand the formation and destructié\bin our galaxy in order to
understand its evolution. So, from astrophysics as welbagctnuclear physics points
of view, the nucleugPAl has evoked lot of interest - as the decay’®l may be used

as an isotopic chronometer for galaxieSitQ1]; moreover it is also used to probe the
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Standard Modelfin01, Sat04. However, the astrophysical interest@Al is beyond
the scope of the present thesis work. The spectroscopur$act the observed states
of 26Al populated through th&’Al(d,t) reaction are the main focus of this work which

is the first direct study oAl using (d,t) reaction channel.

In previous years many of the states %6Al have been studied using ftbr-
ent reaction channels, lik&Si(p3He) [Chip01], ?2Si(d) and?*Mg(®He,p) [Tak01],
27Al(p,d) [Kro01, Shwo1], ?’Al(3He, @) [Bet01, Nur01]. In addition, an attempt has
been made in the past to study #al(d,t) reaction up to 2.08 MeV excitation energy
using df-line measurements of captured tritium activity in stacked foils [ VIa01];
however, no direct measurement of #8al(d,t) reaction has so far been available, to
the best of our knowledge, in the literature. The spins,tigarand branching ratios
for different excited states &tAl have been compiled by EndEpd0] and studied by
Endtet al. [End02 End03. Attempts have also been made to understand the structures
of the excited states @fAl theoretically in terms of the shell model; comparison of
spectroscopic factors up to 4.699 MeV have been made witlg & 0s;,, shell model
schemelKro01]. Furthermore, from the calculation of spectroscopicdesfor several
excited states A, it was shown thaC?S values for the low-lying states are in good
agreement with shell-model predictiorBeft0]]. Relative spectroscopic factors for

several excited states #fAl have also been extracted and compar@iavj01, Nur01].

In the present thesis work, the reactf@Al(d,t)?°Al has been studied at 25 MeV
beam energy with the motivation to extract spectroscomiofa of the ground as well
as diferent excited states populated in the reaction. The spectpic factors for
fourteen excited states éfAl have been extracted using zero-range distorted wave
Born-approximation (DWBA) calculations and compared vadrlier reported values
obtained using other single neutron pick up reactions. tRelapectroscopic factors
(calculated using the value of the ground state spectrastagior to be one) extracted
from the present data have also been compared with thoseedpzarlier for other
pick-up reactions. Shell-model results have been taken firo01] and [Bet0]] to

compare with the present results.
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1.4.2 Study of the reactior?’Al(d,*He)**Mg

In a similar way, the nucleu®Mg is also important from nuclear physics as well
as nuclear astrophysics points of view as it is the radivactiecay product of
26Al1. Very recent study of the reactio®Na(a,py®Mg indicated that the reaction
2Na(a,py®Mg directly influences the production &fAl [ AIm01]. Being the radioac-
tive decay product of°Al, the observed excess #Mg in meteoritesiPhe0], presolar
dust [Hop01, Hus0] and the presence of excel8blg resulting from the decay GPAI

in calcium-aluminium-rich inclusions (CAIs) and ferronmegian silicate spherules
(chondrules) from Allende meteorit8iz01] shows that the study ¢fMg is also im-
portant to understand the origin 8Al. The spectroscopic factors oIl analog states
of 26Al and Mg should be identical, so the verification o£T analog states iffAl
and?®Mg produced in (d, /t3He) reaction sequence was also the motivation of the
present study, which is the first study usifi@\(d, t) and?’Al(d,3He) reactions se-

quence.

In previous years, several particle transfer reactiongwerformed to study the
different excited states dfMg. Earlier, reaction (dHe) has been studied at 29
MeV [Ver01], 34.5 MeV |Wil01], 52 MeV [Wag0] and at 80 MeV Ard01]. Apart
from (d2He) reaction channel, other reaction channels suchiMg(a,3He) [JKra0],
Yas03 and?*Mg(d,p) [Burl01] were also used to studyMg. The spectroscopic fac-
tors for the excited states $IMg have been extracted in these reactions. A compilation

of different excited states 6fMg has been performed by Eneltal. [End01, End04.

In the present thesis work, nine excited states®g were studied by zero
range distorted wave Born approximation calculations dred extracted values of
spectroscopic factors were compared with the previousltseesising same reac-
tion probe and also with predictions from the shell modekgivn [Wil01, Wag0]
and predictions given from rotational model ikVg0]. In previous years, in
Refs. Bet01, Yas03 WagO01, the analog isobaric states #fAl and Mg were also

compared but the comparison of=T analog isobaric states usirt¢Al(d, t) and
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27Al(d,3He) reactions sequence was not performed ever before.dithibsis work, the
T=1 analog states observed in the present study of both thiéaesi Al(d,t)2°Al and

27Al(d,*He®Mg were also compared by their corresponding spectrosdagiors.

1.5 Outline of the present dissertation

This thesis work is arranged in five chapters in the followamgnner. Chapte2 con-
tains all the theoretical formulations used in the presasrtkwChapter2 begins with
the introduction of optical model potential followed by tieef description of DWBA
theory. A short introduction of spectroscopic factor isgamted which is followed
by the method to extract the theoretically predicted crestiens from the DWUCK4
code. The chapte? ends with a brief discussion on the calculation of experiaen
spectroscopic factors. The details of the experiment pedd for the present the-
sis work and data analysis proceedure are given in ch@ptéfter these chapters,
chapter4 contains the detailed results and discussions of the sthittyeoreactions
27Al(d,1)?°Al and 2’Al(d,*Hef®Mg. Finally, the summary and conclusions are given in

chapterb.
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Chapter 2

Theoretical Formulation

This chapter contains brief descriptions of various thicaereaction formalisms and
the related computer codes used in the analysis of expetaindata. The present
study deals with one neutron and one proton pick up reactiéhkd,t)?°Al and
27Al(d,2HeY*Mg with the motivation to extract the spectroscopic factimsground
as well as dferent excited states 8fAl and 2®Mg. The zero range distorted wave
Born approximation (ZR-DWBA) calculation was performedextract the spectro-
scopic information. Before performing ZR-DWBA calculatiove have extracted op-
tical model potential parameters to describe the elaséittexing of deutron from’Al
target and have also searched for suitable sets of opticdéhpmtential parameters
for tritium and helium-3 in the exit channels separatelyteAfjetting the best optical
model parameters, we performed the calculation of ZR-DWS4\.in this chapter we
have started with the brief discussion of optical modeldetd by the discussion on
the basics of distorted wave theory. Finally, a short iniiitbn and the procedure for

extraction of spectroscopic factors have been discussed.



Chapter 2. Theoretical Formulation 14

2.1 Reaction theory

2.1.1 The optical model

The dfect of any nuclear collision (other than the elastic sciatgrs to remove the
system from the entrance channel, by way of either inelas@ttering or nuclear re-
actions - which is generally termed as 'absorption’. Thigally happens when the
colliding nuclei are quite close to each other. Earliers iagsumed that upto some nu-
clear radius & R, there is strong absorption and compound nucleus formatiole
the plane wave form is retained forr R. A more realistic way to explain the gen-
eral features of nuclear reaction is to introduce a comptegrgial model called ‘The
Optical Model Potential OMP)’. The establishment of thesibaof the optical model
was given in HermO0J. The real part of the OMP represents the nuclear intemactio
between target and projectile and also describes theetastitering while imaginary
part of the OMP is responsibile for the absorption or the twsfux from the elastic

channel. The complex OMP can be written as follows,
U(r) = Ugr(r) + Uy(r) + Up(r) + Uso(r) + Uc(r) (2.1)

or in complete parametric form as,

U(r) = ~VK(r. R.a) - IWK(r. R..a) + 4iawDW
+§.ZVS%W + Uc(r) 2.2)

where, (R, @), (R &) and (R, &) represent radius andftliseness parameters for
the real, imaginary, and spin-orbit potentials, respetyivl he parameters of the OMP
depend upon the energy and the mass of the reactants (masgeifdand projectile),
So the parameters are adjusted to reproduce the elastierstgtiata accurately. The
parametric Wood-Saxon form is used for both real and imagipart of the potential

parameters to fit the experimental data. The Wood-Saxon factor f(r,R, a) has the
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following form,

f(r,R,a)= ! — (2.3)
l+ea

The U(r) and W (r) parts of the OMP are responsible for the absorption of @ux
particles in nuclear reactions from elastic channel. THe)is the volume imaginary
part and it is responsible for the absorption in the wholeina of the nucleus while
the Uy (r) acts specifically in the region close to the nuclear sirfaecause of the
derivative of function f. At high energy, the volume imaginpart plays the significant
role while at low energies, the surface part becomes moréfisignt. The fourth term

of Eqn.2.2is the spin orbit interaction term and it is also importantioa surface of

the nucleus because it also contains derivative of fundtidhis potential is necessary
to check the polarisatiorfiect in experimental value. Finally, the last term in Eg12

is the Coulomb interaction term and it has the form;

2
Uc(r) = lezécez (3 - %) r <R (2.4)
_ LZe (r>Ry) (2.5)

r

Where, R, is the coulomb barrier radius with other symbols have th&iral meanings.

In the present work, the optical model search code ECI&2h(] was used to
extract the optical model potential parameters for theage channel €’Al. The
parameters of the phenomenological OMP are adjusted todape the correct exper-
imental data by minimization of2. After best fit, we get the required optical model
potential parameters and these will be used for the anayte transfer reaction data
to extract the spectroscopic information. Two sets of OMRpeeters, one each for
t+26Al and *He+?®Mg in the exit channels were obtained from the relation giiren
[Per0]. The detailed procedure of extraction of OMP parametegivisn in analysis

and discussion in chaptér



Chapter 2. Theoretical Formulation 16

2.1.2 Distorted wave Born approximation

To understand the distorted wave Born approximation, lestagt with the simple
plane wave form for both entrance and exit channel wave ioimst Let us start with
the process A(a,b)B to understand the DWBA formalism. Taesition amplitude for

this reaction within Born Approximation may be written as

Tea = f e Ko (W Wy | V | WAk adryd, (2.6)

Where,l?a is the relative momentum amdthe separation of the centre of mass of
nuclei a and A, whiley, T, are the corresponding quantities in the exit channeli
The quantity?; represents the internal state of tHenucleus (a, A, b and B). V is the
interaction potential that causes the "transition” frora &ntrance to the exit channel.
In this section the physics description and notations ¥ollbe direct reaction theory
given in [Sat02. Assuming that nuclear forces (embodied in V) are of shemge, we
may approximaté ~ r, ~ , (which means that 'b’ is emitted from the same point at

which 'a’ is absorbed). This leads to,
Tea = f ERMC I VAR IO AN g (2.7)

Whereé = I?a— Eb is the momentum transfer. The matrix eleme@kg¥y, | V | Pa¥s)
represents an integration over the internal coordinatesmag write it as a multipole

series as,
ey | V | WaPa) = D FNY PO, ¢). (2.8)
&m

The nuclear spins, and possibly structural selection yukssult in only one or few
values of¢ (this ¢ is same as the’* of the orbit from where the particle is removed).
If we consider only one term and select the correspondihpartial wave from e

then the equatio.7 reduces to

Ton o f QY (2.9)

If we assume that the reaction is confined to the nuclear sirfa R, then we get

the characteristic dependence of the transition ampliardéhe multipolarity or the
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angular momentum transfer | as follows:
Tea o jo(Qr) (2.10)

where

Q = [K2 + k2 — 2kakpCOSE)] M2 (2.11)

and @ is the direction of emission of b relative to the incident mea-lere(j is the
momentum transfer and it is a consequence of momentum a@tiser. From the an-
gular momentum conservation, we can determine the valdeTie plane wave Born
approximation (PWBA) predicts accurately the first peakha angular distribution
but fails to predict total angular distribution accuratélyne magnitude of the cross
sections predicted in PWBA were in disagreement with theswmesl ones. Since in
the measured angular distributions, the coulomb as welliekear potentials play sig-
nificant role: the PWBA approximation can not explain thataingular distributions
accurately because the plane wave has been distorted due poesence of the said
two potentials. The main drawback comes from the concepuidése reaction. The
nuclear interior < R has been excluded by assuming that at some nuclear radius r
R there is strong absorption due to compound nucleus foomathile the plane wave
form has been retained foerR. So, to correct the PWBA for incoming and outgoing
particles, the concept of distorted wave Born approxinmgtias been introduced to ac-
count for the nuclear interior. So, instead of plane wavegeiuse distorted waves that
contain the plane wave and the part dispersed elasticallyeogresence of optical po-
tential, then the Born approximation is called distorted@&Born approximation. The
distorted wave((i)(I?, r) asymptotically describe a plane wave with momentﬁpius

an outgoing (or incoming) spherical scattered wave whicthécase of no coulomb

potential has the form,
etilz.?

YERK P — 57 1 1(6) (2.12)

r

Wherey™ andy~ represent the distorted wave in the entrance and exit chesspec-

tively and @) represents the scattering amplituétarjz01. The transition amplitude
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in DWBA for the reaction A(a,b)B can be written as,
Towen = [0 b (F¥y |V | 2P Rer)y  (2.13)

They's are generated by using optical potentials whose parasitedee been adjusted

to fit the observed elastic scattering at appropriate energy

2.1.2.1 Single nucleon transfer reaction

The DWBA theory assumes that the elastic scattering is thgt mgortant process
to occur when two nuclei collide and the removal of flux intonyather reaction
channels is considered as pertubationsy, 8 denote the entrance and exit channels

respectively. Then the transition amplitude for the preg®&,b)B can be written as,

To = f O B (s | V | PO (K, 7, (2.14)
Where,
By [V W) = (P | V | Walo)

Where, the relative momenta of a and b Akg andnk; respectively, angs in terms
of @ andg represents the relative motion of the partial®owards A and b towards B
respectively. The relation betweenffdrential cross section and transition amplitude
is given by,

do

o oc| Tgo [2 (2.15)

Since in the present work, the structuredil and 2Mg have been investigated using
the single nucleon transfer reactiotigl(d,t) and?’Al(d,*He). The equatio.14for
the reactiong’Al(d,t)2°Al and 2’Al(d,>He)?*Mg can be written as,

Tay = f O Y (s | V | ol (R, Fa)d (2.16)

and
T(d,3He) = fX(_)(R;He’ ?3He)*<\1",8 | \ | \I"a>)((+)(l2d’ r)d)d?ddr%He (2-17)

respectively.
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2.1.2.2 Spectroscopic factors

The factor(Ws | V | ¥,) = (PeWs | V | Ya'Pa) Of eqn.2.14is called the 'form factor’
or the 'transfer function’. This is a function of and . This factor plays the role of
an dfective interaction for the transition from the elastic seang statey™ to y*
and contains all the nuclear structure related informatiddasically it includes two
nuclear overlaps: (a)¥g | Wa) called target form factor and (¥, | ¥,) called
projectile form factor. The measurement of overlap of thiglkis the spectroscopic
factor [Sat03. A brief introduction of such measurements is as followg; ean de-
fine the meaurements of the said two types of nuclear oveftaphe reaction type
aE=x+b)+A — b+B(=A +Xx) as follows; S, j,(b,x | a) for the system 'a’ that
gives the probability that when it is in the stabg, it will be found to be composed
of the entity "X’ with orbilal angular momenturfy and totalj; relative to the product
nucleus 'b’ in the stat&, and similarlyS,, j,(A, x | B) for the system 'B’ that gives
the probability that when it is in the staliés, it will be found to be composed of the
entity 'x’ with orbilal angular momenturf, and totalj, relative to the product nucleus
‘A in the stateW,. Pick-up reaction is the inverse of the stripping reactiBickup
reaction a+ A(= x + B) — b(= x + a) + B(= A — x), populates states in the nucleus
A that are built on the ground state of B54t03. Measurements of these types give
us the spectroscopic factors. The main importance of thetisgeopic factor is that
it represents the degree to which a state populated in af¢rareaction is a single-
particle state and it provides us the opportunity to tesptieeictions from shell model

regarding the sigle particle state of the nuclei of intef€¢01].

In the present thesis work, zero range distorted wave Bguroapmation (DWBA)
calculation was performed to extract spectroscopic in&gioms about the single parti-
cle orbitals of%Al and?®Mg. In zero range DWBA calculation, the projectile form fac-
tor comes as a normalization constant. In physical meamrgrange DWBA assump-
tion suggests us that the particle 'b’ is emitted at the saon& gt which particle 'a’ is

absorbed, so that & M—‘B‘ra (where A, B are the masses of the corresponding nuclei).
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The use of zero range approximation reduces the computatitire six dimensional
integral in equation.13or 2.14into three dimensional integral and the interaction in
this representation is represented by delta functddras$ ; Vox(rox)¥a(fbx) = Dod(rox),
where, [ is the asymptotic normalization constant of the wave fuomctf the particle
'a’ [ Sat02 Sat03.

The spectroscopic factoS,; extracted from the pickup and stripping reactions
should follow the sum rule. Pickup with j from a target gives the fullness of the
orbital while stripping onto the same target indicates tmptyness of the orbital. In
case of pickup reactions};;, S;j(B,A) = n(¢, j), wheren(¢, j), is the average no. of
nucleons of type x in thé, j shell in the target nucleus. While in the case of stripping,
23, S¢j(A,B) = (2] +1)-n(¢, J) = h(¢, j) with h(¢, ]) is the average no. of x-type holes
in the (¢, j) shell in the target ground state. The suntSpf for pickup and stripping
must be equal to (2+ 1). The detailed discussion for spectroscopic factors @n b
found in [Sat02 Gle0]].

2.1.2.3 Experimental spectroscopic factors

The theoretically predicted cross sections from the DWUGHecand the experimen-
tal cross sections were matched to extracth® values for the observed states of the
recoil nucleus. Several basic information of the projectiarget, ejectile and product
nucleus are used in the DWUCK4 code as inputs to calculatdhdweetical cross sec-
tion. The inputs used in DWUCKA4 code are introduced in thd segtion. The value
of the transferred angular momentum and parity of the stzdesbe deduced from
the experimental angular distributions; so, single pkrstates of the product nucleus
can be verified. The experimental spectroscopic factore@bbserved states &fAl
were extracted using the following relation between expental and theoretical cross

sections taken fromkunz01, Bas01,

(dcr) B NCZS(CIO' (2.18)

do exp S 2)+1 d_Q)DWBA,
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where, %)exIO is the experimental éierential cross-section an%()DWBA is the cross-
section predicted by the DWUCK4 code. The value of the canigdais taken from
literature and itis 3.33 and 2.95 for (d,t) ancP{de) reactions respectively.(J = {)J_r%

is the total angular momentum of the orbital from where thatro® or proton is
picked up.C?is the isospin Clebsch-Gordon dbeient and its values for the reac-
tions 2’Al(d,t)?°Al and ?’Al(d,*Hef®*Mg are ¥3 and 23, respectively, an® is the

spectroscopic factor.

2.1.2.4 Method for DWBA calculation

DWBA calculation has been performed using zero range DWBR-WBA) com-
puter code DWUCK4 Kunz01. Several control parameters have been used while writ-
ing the input file and also several input cards have been ngib@ IDWUCK4 code. A
short description of control parameters and input cardaeaeable in kunz01. First
card in DWUCKA4 input file includes various control paramstésr the programme
and controls how the output can be written or suppressedon8ieéioput cards is for
initial and final angles with angle step for the calculatidrhird input card controls
the number of maximum partial waves used in the calculafitve. orbital and angular
momentum transfer values estimated will be given third trgamds which can be esti-
mated using the formulation given i8§t03. After third input card , fourth one is used
to control the the integration step size, lower and uppeiofiutadius and finite range
correction factor. After this fifth card is used to give ditaf the entrance channel
as beam energy, mass and charge of target and projectilespiithof the projectile
followed by the optical model potential parameters for @mte channel in separate
line. After entrance channel inputs, card for final distdneave inputs is used which
requires Q-value for the reaction, mass and charge of ieatd final nucleus with
spin of the ejectile followed by the optical model potentiatameters for exit channel
in separate line. After entrance and exit channel inputeparate input card was de-

signed for transferred particle form factor which needglgparticle binding energy,



Chapter 2. Theoretical Formulation 22

neutron’s mass, charge and spin with mass and charge of @denficleus followed

by separate OMP parameters in separate line in which thedepth was adjusted by
the code to get the required separation energy for the eaesf particle. After these
cards, the details about the orbitals from where the panties transferred is specified
in different card. After all these specific inputs, the last cardseduo represents the

end of data. The details of the input cards are givekiumgO1.

After calculating theoretical cross sections in ZR-DWBAE2.18has been used
to extract spectroscopic factors for the analysis of albobsd states GPAl and ?°Mg.
The unceratinty in spectroscopic factor caused by the ehafioptical model potential
parameters was also examined in this study. Also, we exatimeedfect of bound
state potential parameter in this study. The small exanonaif the uncertainty that
arises using finite range correction parameter along witliaual correction param-
eters was also performed. The detailed calculation anchastin of uncertainties in
spectroscopic factors of the observed state$Aifand Mg are given in analysis and

result chapted.
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Chapter 3

Experimental Details and Data

Analysis Technique

This chapter consists of several sections, organized iddlf@ving manner. Short
descriptions of the facilities used in the experiment (tbeeterator, scattering cham-
ber and detectors) have been given in secBdn Details of the present experiment
(Experimental setup, electronics set up, data acquisétimhthe the particle identifi-
cation technique) have been described in se@i@n The details of the data analysis

procedure has been given in sectiA.

3.1 General description of facilities used in the experi-

ment

3.1.1 Accelerator: Variable Energy Cyclotron

The experiment has been performed at the Variable Energylotgn Centre
(VECC), Kolkata, India, using the deuteron beam of 25 MeWfrE130 cyclotron.

The K130 cyclotron is a sector-focused, isochronous cyafofDiv01] and is shown
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Figure 3.1: K130 Variable energy cyclotron with switchinggmet and various beam

lines.

in Fig. 3.1 The diameter of the main magnet is 224 cm and it can producexa m
mum magnetic field of 2.1 T in the pole gap. Details of the K1g€@atron parameters
are given in Table.1 It is able to deliver accelerated light ions beam with thiphe
of Penning lonisation Gauge (PIG) ion source while usingctEten Cyclotron Res-
onance (ECR) ion source, it can deliver accelerated heawbheam. As per design
specification, it can accelerate charged particles upt@tieegy of 130(&/A) MeV,
where,Q andA are the charge state and the atomic mass of the acceleratediepa
respectively. There are four beam line channels correspgrtd different types of
experimental interest, which are shown in B2 The high current or irradiation ex-
periments were carried out i (Ch# 1 in Fig.3.2) beam line. The second beam line
shown as Ch# 2 in Fig.2is used for charged particle experiments while experiments
with y-detectors as well as charged particle detector are peetbimthe third beam
line (Ch# 3). The fourth beam line in Fi§.2 shown by Ch# 4 has been dedicated for

radioactive ion beam (RIB) facility.
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Table 3.1: Technical specifications of K130 cyclotron.

Cyclotron
Cyclotron type

:Azimuthally Varying Field

(AVF)

Magnet

Shape of magnet

Pole diameter
Average pole gap
Average magnetic field

: H-shaped electromagnet
224 cm

:24.5¢cm

:17.1 kG (max. of 2.1 1)

Main coil power : 490 kKW

Trim coil power : 433 kW

Valley coil power 127 kW

R. F. System

Frequency range :5.5-16.5MHz
Dee \Voltage : 70 kV (max)
Energy gain : 140 keVturn (max)

Oscillator power output

: 300 kW (max)

lon Source

Type : Hot cathode PIG, ECR
Filament current : 500 A (max)

Arc current :0-2A

Arc voltage :10-600V

Deflector

Type . Electrostatic 120 kV (max)
Vacuum

Operating pressure

- 1O Torr

Beam
Energy

Internal beam current
External beam current
Extraction radius

Resolution

Beam pulse width for particles

: Proton 6 - 30 MeV

. Deuteron 12 - 65 MeV
: Alpha 25 - 130 MeV

: Heavy ion 7-11 MeVYA

» 100A

DA

99 cm

: 0.5% (FWHM)
-4ns
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Figure 3.2: Layout of dferent beam lines of K130-cyclotron.

3.1.2 Scattering chamber

The present experiment was performed in general purposterscg chamber (GPSC)
which is placed in the second beam line (Ch# 2 in Bg). The shape of GPSC is
cylindrical and its diameter is approximately 1m. On eade sif beam direction, there
are two rotating arms which can be rotated from outside t@icthe required angular
range. There are several holes in each arm to put the detggtarticular position. The

movable target ladder is placed at the centre of the GPSQ aad be controlled from

outside. The vacuum (¢ 10> mbar) is achieved with the help of a largefdsion

pump and rotary pump combination.

3.1.3 Detectors

In the present experiment, a three elements detector tggessade from Si strip\E) -

Si strip (E) - CsI(TI) detector combination was used to detbarged particles. In the
following subsections, a general discussion ofiedent types of detectors e.g. (Si
and CslI(Tl)) along with the detectors used in the experinm@ve been given. The

detailed characteristic properties about Si and Csi(TtBaters can be found irkjnoll,
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LeoWR). The details characteristics of the detectors used in teggmt experiment is
available in TKO1].

3.1.3.1 Silicon detectors

Silicon detectors are very frequently used for detectingrghd particles because of
their good energy resolution and linear energy responseadame particles. The ad-
vantage of semiconductor detector is that the average ymegired to create an
electron-hole pair is 10 times smaller than that requiredyfs ionisation. Thus the
amount of ionisation for a given energy is an order of maglatgreater resulting in
increased energy resolution. Moreover, because of thgirehidensity, they have a
higher stopping power than gas detectors. One can segneenbtttacts of the main
detector volume into dlierent section because of the availability of large areaasili
wafer. These dierent sections are called strips and each strip can be usedeggs
arate detector which is referred as silicon strip detedd@pending upon the energy
of outgoing particles, detector thicknesses have beenechss that particle can be
stopped in the detectors. One can achieve good positiofutiEsousing si strip de-
tectors. The Silicon strip detectors used in the presergraxgents are ion-implanted,
passivated devices obtained from$/Micron Semiconductors Ltd., UKUKO1]. A
brief description of dierent elements of the detector telescope used in the present

experiment has been given below.

3.1.3.2 Single sided Silicon strip detector (SSSD)

The first elementAE) of the detector telescope is a SSSD of thicknesgrb5so as
to have low energy threshold for ionizing particle likd etc. In the present case Si
strip(AE) detector can stopH of ~ 3.2 MeV and®He of ~ 7.8 MeV. It is made up
of a single silicon wafer having an active surface area of @0mnt. It consists of
16 vertical strips in front side (each of dimension 50 R8rmm and in between two

consecutive strips 50 mk®.13 mm separation gap) which are read out individually
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and back side is grounded and is shown in Big(a) The resolution of the single-
sided SIAE) strip detector was 70 keV for 5 MeVa - partcle. These detectors can
be operated up to two times the typical full depletion vodigdD) i.e up to 2FD and
typical range of FD is 4V to 8V, total leakage currert0 nA (typical) with maximum
100 nA at 2FD.

3.1.3.3 Double sided Silicon strip detector(DSSSD)

The second element (Si(E)) of the detector telescope is hlel@ided silicon strip
detector of thickness of 103@n (shown in Fig.3.3(a) can stop®H of ~ 19.8 MeV
and3He of ~ 39.8 MeV. This detector is also made up of a single siliconewatv-
ing active surface area of ®60 mn?. Both the sides (Front; vertical side (EF) and
back;horizontal side (EB)) of this DSSSD consists of 1§st(dimension of each strip
is 50 mnmx3 mm) are mutually orthogonal to each other. Typical full ld&pn volt-
age(FD) for theses detectors ranges from 120V to 130V antdeaperated up to FD
+30 V; total leakage current at RE30 V is ~6 00 nA (at 28C) with max. leakage
current is 3uA. The resolution of double sided Si(E) strip detector wab keV for 5

MeV « - particle.

3.1.3.4 CsI(Tl) detectors

The cesium iodide [CsI(TI)] is an inorganic scintillatortéetor in which Tl acts as
an activator. It is widely used to detect energetic chargetiqgles because of its high
stopping power for charged particles and cdBt@iveness. The response of the de-
tector is not very linear with energy but is a complex funetaf not only of energy
but of the type of particle and its specific ionisation. Thé(T3 is less hygroscopic
than Nal(Tl), so it gives very good performance at room terafgee. Csl(Tl) is used
as charged particle detector in two ways; (1) as a stop (Eatiet inAE-E telescopic
mode, or, (Il) as a single detector using its particle dmaration property to detect

light charged particles. In the present experiment thel tfliement of the telescope is a
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Single sided Si strip detector Double sided Si strip detector
(a) (b)
Figure 3.3: (a)Single sided 3iE) and double sided Si(E) strip detectors and (b) Four

CslI(Tl) detector placed on each other.

Si-E- 1030pum

Sequence of detectors inside the telescope View of the detector telescope setup

Figure 3.4: A schematic sequence and view dedent elements telescope.
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stack of four CsI(TI) detectors (Fi§.3(b), which is used as a stop (E) detector for the
energetic particles. The front and back faces of these weteare square shaped of
dimension 2.5 cnx 2.5 and 3.5 cnx 3.5, respectively. The thickness of each CslI(Tl)
detector is 6 cm which can stop proton with energy uptd40 MeV and*®O with
energy~ 330 MeV/A. Each crystal is coupled with a photodiode (active area®f 1
mm x 18 mm) (Hamamatsu S3204-08). The reverse bias voltagedhdieecapplied to
photodiode is 100 V (maximum). The range of temperature iickvit can be operated
is -20P to 60°C. A charge sensitive preamplifier (gain of preamplifier i§ mV/MeV)

is directly coupled with the photodiode and can be operatechicuume TKO1]. The
schematic view and sequence of single and double sidedi@idettectors alongwith

the Csi(TI) detectors to form a telescope is shown in Big.

3.2 Description of the present experiment

3.2.1 Experimental setup

The experiment has been performed using 25 MeV deuteron freamK130 Vari-
able Energy Cyclotron on a self-support€dl (thickness-90 ug/cn¥) target. The
experimental set up used in present experiment is showrgirBFE. A three element
telescope has been used for particle identification, dedéilvhich has been presented
in 3.1.3 A horizontal slit of width 6 mm was placed in front of the tet@pe and it was
kept at a distance of 19.5 cm down stream from the target. @l angle subtended
by each strip was 0.47 msr. The angular distributions obvertransfer channels were
measured using the above described detector telescomamnsyBgpical two dimen-
sional specta obtained at®28sing Si stripAE) - Si strip(E) and Si strip(E) - Csl(TI)
detectors telescope have been shown in Bi§(a)and Fig.3.6(b) respectively. The
inclusive angular distributions of the ejectiles were nueed in the angular range of

16° to 40°. Typical angular resolution of each strip is 0.®ifferent ridges seen corre-
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arms

Figure 3.5: Detector telescope setup used in the preseatimgnt.

spond to diferent outgoing particles produced through the reactiohi¢d, t), 2’Al(d,
3He) and?’Al(d, «) are shown in Fig3.6(a)

3.2.2 Electronic set-up and data acquisition

A general discussion of the electronic set-up and data sitigui system have been
given in this subsection. The electronic setup used in thegnt experiment has been
shown in Fig.3.7 and a schematic block-diagram of the electronic setup hes be
shown in Fig.3.8. Since each strip detector consists of 16 strips per side/esoave
used a custom made 16 channel MPR-16 pre-amplifier and 1&ehstSCF-16 am-
plifier with differential outputs manufactured by/$Mesytec Pvt. Ltd, Germany as
per our specification to process the signal from the dete&tb®trips and the CslI(TI)
detectors were read out individually using standard retdmmetronics. The signals
from the detectors were first fed to the pre-amplifier. Theoouof the pre-amplifier

is a fast rising signal of few miliVolts with a long exponeaittail of the order of 50
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Figure 3.6: (a)Typical two dimensional spectra obtainead@Si(AE) strip Vs. Si(E)
strip detector telescope and (b) obtained using Si(E) $tsip Csl(Tl) detector tele-

scope.
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Figure 3.7: The electronic setup used in the present expatim

AE Si- strip o 16 channel s 16 channel E
detector '| PreAmplifier 1 Amplifier
OR
T“:p Module Vv
s EF Si-strip .| 16 channel &J 16 channel Gate and M
detector | PreAmplifier Amplifier Delay
E Si-strip | [ E &‘; E
detector »
A
EB Si- strip b chanr"sel 16 channel N
| detector 3 Preamplifie | ?) Amplifier H
i E D
CsI(TI) = Pre- » - E C
Amplif
dectectors Amplifiers i

Figure 3.8: Schematic block-diagram of the electronicsetu
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us or more. For further amplification and shaping, the outguhe preamplifier is
then fed to 16 channel MSCF amplifier. The TFA (Timing-Fifenplifier) and CFD
(Constant Fraction Discriminator) were in-built in the MSQ6 amplifier. The TFA
and CFD were used for timing and threshold application. Thagsian shaped output
pulse ( pulse height a few Volts) from the amplifier was further processed throtingh
32 channel analog to digital (ADC) (Model CAEN V785) and wawed using Versa-
Module Eurocard (VME) data acquisition system (DAQ) depeld at VECC. OR-
Logic was also generated by these amplifiers. The OR-Logig wed to generate
master trigger after some logic operation. A custom madeha@ieel shaper with TFA
and CFD (MSCF-16, unipolar header input) was used for aQstletectors. All the
electronic modules used in the electronic set-up and VME¥stem, kept inside

the experimental hall, were controlled through Ethernet.

3.2.3 Particle identification technique

As described above, detector telescope setup using B{Ad), Si-strip(E) and Csl(TI)
detectors was used in the present experiment for the idmatiion of different outgo-
ing particles. A short description of the particle idefitation method using telescope
is presented in this section. We know that the linear stappiower or the specific
energy loss for the charged particle in a given material fndd by the following

relation:

dE

S:—&

(3.1)

Where,dE is the diferential energy loss for that particle adais the corresponding

differential path length.

We also know that for particle with a given charge st&@eincreases with the
decrease in the particle velocity. The specific energy lassbhe described by Bethe

formula as given belowqnoll]:
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dE 4ne*Z
where
B=Z |n¢—|n(1—f v (3.3)

>’

andyv, ze, Mare the energy, velocity, charge and mass of the incidetitjgaandN, Z
are the number density and atomic number of the absorber @e¢ector material) and
Mg is the electron rest mass and e is the electronic charge. draengter, |, represents
the average excitation and ionization potential of the dieoand normally treated as
an experimentally determined parameter for each elemenndn-relativistic particle
(v << ¢), only the first term irB is significant. The value d8 in general varies slowly
with the energy of the incident particle. So, for a given redaivistic particle the

Eq.3.1can be reduced as:

- 3—5 o M?ZZ (3.4)
When we form two detector telescope, the energy loss in tataador AE) is very
less than the total energy E of the particle and the prodEctE becomes constant for
a given particle of masM and charge and represents the equation of a rectangular
hyperbola. The produdE.E is different for diferent particles but always represents
the equation of the rectangular hyperbola for the corredimgnparticles. So, in the
two dimensional spectrum obtained B¥ Vs. E plot, we get separate rectangular
hyperbolas for dferent particles detected. In this way we identify the plsizsing

detector telescope.

3.3 Offline data analysis procedure

For the analysis of datditine, the standard analysis platform (ROOT) has been used.
The data reduction has been done using algorithm develogp&DOT platform to

extract the details (angular positiof),(energy, types of particle etc.) of the detected
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particle in each event. The details of thiliae analysis have been described below in

different subsections:

3.3.1 Target thickness measurement

In the present experiment, thicknes$ @l target was measured using&Th-a source

of five groups of known energies (4.79, 5.82, 6.34, 7.07 aB8 8leV). We used a
single surface barrier detector with the standard eletreet up to detect the enrgy
spectrum ofa particles corresponding to energies of the five peaks. Tcsureahe
thickness of th&’Al foil, first we measure the energy spectrum with the targétify
placing the target in between the detector and the Bource. After this, the measure-
ment of the energy spectrum @fsource has been done without placing the the target
foil. After passing through the target, the incident pagtiosses some energy due to
the target thichness, which was calculated from the shiftiénADC channel number
observed from the energy spectrumaoparticles. Energy calibration of the detector
has been done using the known energy peaks pésticles and the ADC channel num-
ber. After energy calibration, the energy loss in the tafgiéhas been calculated from
the corresponding shift in the ADC channel numbers. Thepstgppower E/dX) for
different energies af-particle in the target material has been obtained from tuec
SRIM 2008 BRIM]. The average thickness of the target was estimated bygdkm
average of the ratios of energy loss in the target and stgpgmwer corresponding to
differenta peak energies. The average thicknes$'Af target has been estimated to

be~ 90 ug/cn?.

3.3.2 Gain match factor

To calculate the total energy of the any fragment, the enelggosited in the
SI(AE) strip detector and Si(E) strip detector has to be addedadibthe energy
deposited in these two detectors the gain ofAB) strip detector and Si(E) strip
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detector should be same. For this purpose, in the presedy gulser has been
used. The signal from pulser has been fed into the test inpuhe preampli-
fiers of of SIAE) and Si(E) strip detectors. The two dimensional spectrbmined
from pulser has been used to match the gain of the detectang tise relation
E(channel numbes m, x AE(channel numbe#) c,. where, g and ¢ are the slope
and intercepts obtained in the linear fitting of channel neralof E andAE detec-
tors. Typical spectra obtained to get the gain match fagtogsand ¢) between two
different strips of SKE) and Si(E) strip detectors using pulser have been shown in
Fig 3.9. Typical gain match factors grand ¢, for 3" strips are 0.203 and 63.849 while
for the 12" strips are 0.18973 and 50.05889, respectively. In this tieygain of all
the strips of SIAE) strip detector and Si(E) strip detector are brought irstirae scale.

The total energy deposited is proportional to the the totenoel number
which was obtained by adding the energy deposited in thaEji(and Si(E)
strip detectors. The total channel number was then measused the rela-
tion Eqw(channel numbery E(channel number (m, x AE(channel numbe# c,)
for all the strips of strip detector separately. A typicabtdimensional spectrum ob-
tained after gain matching of the % 2trip is shown in Fig3.1Q Different ridges seen
in Fig. 3.10correspond to dierent outgoing particles produced in the reactfdAd(d,
t), 2’Al(d, *He) and?’Al(d, «). A typical total energy spectrum (in channel nos.§idf
obtained by projectingH ridge onto the (B AE) axis is shown in Fig3.11(a) Dif-
ferent peaks in this spectrum corresponds ftedent excited states 6fAl populated
through the reactiofAl(d, t). Further this process has been repeated for aiis{(i6
strips, which correspond tofierent angles) to obtain the energy spectra-bht dif-
ferent angles. Similarly, the total energy spectrumtdé for different strips (dferent
angles) have been obtained by projectthte ridge onto the (B AE) axis. A typi-
cal total energy spectrum (in channel nos.)3g is shown in Fig3.11(b)in which
different peaks correspond tofgirent excited states 6fMg populated through the

reaction?’Al(d, *He). These spectra obtained in channel number in this maneer
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Figure 3.9: Two dimensional spectra obtained using putsetiie 3¢ and 12" strips
of SI(AE) strip Vs. Si(E) strip detector telescope.

further converted into total energy spectrum after catibreof each strips of the strip

detector. The calibration procedure has been describégifotiowing sub section.

3.3.3 Energy calibration of detectors

Seperate calibration has been done to extract energy iatmns about the observed
states of?®Al and Mg populated through the reactioA%I(d, t) and?’Al(d, 3He)
respectively. For théH, the energy calibration of each strips of the strip detecto
has been done using the well known state$®8d (ground, 228, 417, 1058, 2070,
2365, and 2545 keV) while fofHe, the calibration of each strips has been done
using well known states of®Mg (ground, 1808 and 2932 keV) alongwith ground
state of?®Al, respectively. For a given strip (for a given angle), themies of°H

and He corresponding to ffierent populated states 6fAl and Mg have been
obtained using two body kinematics, respectively. Knowihg energies of dier-

ent peaks from two body kinematics, the channel numbers efréspective peaks
(as shown in Figs3.11(a)and 3.11(b) have been calibrated using linear relation
Energy(E)= m x channel number c. where, m and c are the slope and intercepts

obtained in the linear fitting. This process was done fortadl $trips. Typical cali-
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Figure 3.10: Typical two dimensional spectrum obtainedrafain matching at36°.

bration graph for the'd and 14" strips of the Si(E) strip detector féPAl and Mg
have been shown in Fi@.12(a)and Fig.3.12(b)respectively. Energy calibrations of
the CslI(TI) detectors were done using the two-dimensiopatsum obtained by the

Si Strip and CsI(Tl) detectors.

3.3.4 Energy loss corrections

In measuring energies as well as excitation energies, gresg corrections due to
the target thickness and the dead layers in Si detectorsal@yeaken into considera-
tion. The energy loss due to the target thickness and theldgars in the Si detectors
depends on the type of particle detected in the detectoer Aftorporating all correc-

tions, the corrected energy of the particle can be written as

Ec = Edetected+ AEtarget + AEdetector (35)
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Figure 3.11: (a) Projection dH ridge and (b) Prejection dHe ridge onto the (B
AE) axis at~36°.
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Figure 3.12: (a) Energy calibration of3and 14" strips of Si(E) strip detector using
seven known states 6fAl while (b) represents the enaergy caliberation usingethre

states ofMg and ground state GPAI.
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where, E; is the corrected energy of the outgoing partidetecteqdiS the energy
measured in the detectakF..qe: iS the energy loss in target foil ankEgetector is the

energy loss in dead layer of the detector.

Due to the finite target thickness, it has been assumed thatetiction occurs
uniformly over the whole target thickness. So, half thicknémiddle) of the target
(average point of interaction) was considered to correetetfiergy loss due to target
thickness.AEger Can be calculated a%ii()% secf), where, &E) is the energy loss in
the target material, t the thickness of the target @mlthe angle with respect to the
beam direction. In the present work, we used L+SHLISE] software and calculated
the AE.qet and typical energy loss inside tR&Al target in the present case was from
2 to 3 keV for3H. The energy loss correction due to dead layer in Si detectais
estimated using the standard thickness of the dead layeidebby the manufacturer.
So, in this way diferent energy loss corrections were incorporated whilenadiing

the energies and excitation energies of the neucli of istere

3.3.5 Method to generate excitation energy

After calibration of each detector, excitation energy $peao has been generated for
the recoil nucleus at @fierent angles. The excitation energy (Ex) spectrum, was con-

structed using the following equation:
Ex = Ea - (EB +E - Q), (36)

where, gy, is the energy of incident particleghs the enrgy of the ejectile particle, E
is the energy of the recoil nucleus. Q is the Q-value for tlaetien and its value for
the reactiort’Al(d,t)?%Al is -6.80 MeV while for the reactio”’Al(d,*He*Mg is -2.78
MeV.

The overlap of excitation energy spectra correspondingpeécobserved states of
28Al and 2®Mg, obtained at two dierent angles are shown in Figdl3and 3.14

respectively. In Figs3.13and3.14 different excited states &Al and?®Mg are clearly
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labeled inside the figure are in keV.
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visible respectively. In this way, the identification offérent excited states &fAl and
26Mg have been done. In the next step, experimental crosoasatiere extracted for
all the observed states which has been described in thevialjosub section. The

analysis of diferent states has been discussed in chdpter

3.3.6 Calculation of experimental cross sections

To get the experimental cross section, the total yield (t©)uor area under each peak
was extracted. The Faraday cup reading was used to estineateitnber of incident
particle while target thickness was used to estimate thebeuiof target nuclei taking
part in the interaction. Sinc&E and E detectors are Si strip detectors, so in Si -Si
telescope system, there are cross talks among fferetit strips oAE and E detec-
tors apart from one to one correspondence. So, in the prasahitsis, the cross talk
events were also considered and were added in the yieldst&ar total area for the

different observed states. Finally, the experimental crog®aesas estimated using

do Y
(E)exp ~ N.LdQ S

the following equation,

where,

(&),,, — the experimental cross section,

Y — the total area under the peak,

N — the number of target nuclei per unit area which is estimassdguthe relation,
N = %t, where, A, N, and t are atomic mass of the target, Avogadro number 6023
10?% atomgmol and thickness of the target respectively.

| — the number of incident particle per second and it is measinoed the total col-
lected charge in Faraday cup.

dQ — solid angle subtended on the detector.

Since in Si - Si telescope system the protons and elastisedlitered deuterons
would pass through in the Si(E) detector and get fully stddpehe CsI(TI) detector.

So, the elastic scattering cross section was extracted tisncombination of Si strip
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and CsI(Tl) detectors. In the present study, the ratio aftelacattering cross section
to Rutherford cross section was calculated. The said raa® fwrther used to extract
optical model potential parameter and the method to extptital model potential
parameters were described in chaptelhe extracted optical model parameters were
used in the analysis of transfer reaction study and thelddtanalysis was described

in chapterd.

The cross sections in lab frame calculated using above3®@was converted into

centre of mass (CM) frame to interpret in theoretical predins as follows Ren0];

do do | 1+ycosP)cw |
do) _ (% : (3.8)
dQ cM dQ Lab (1 + )/2 + 2)/ COSG)CM)§

1
Where,y = (% EcEnij)z, in which A1, A2, A3, A4 are the masses of the projec-
tile, target, electile and recoil nucleus whilg£Q and @)cw are the center of mass

energy, Q-value of the reaction and angle in center of magssyrespectively.

The error in cross section data was taken to be the total ertbe present study.
Total error includes systematic as well as statisticalrerrd’he systematic error in-
cluded the uncertainties in the target thickness measunetie Faraday cup reading
and the solid angle measurement. The statistical error alaalated with the area or
total number of countsN) under the peak, which l% In the present work each type
of the systematic errors were taken to be 5%. Finally, alegtanated errors have been
incorporated by adding them in quadrature and taking tharsgoot of the quadrature

addition to estimate the total error in the experimentah getints.
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Chapter 4

Results and Discussions

The main aim of the present thesis work is the experimentalysof the observed
states of®Al and ?Mg populated through the reactiofl(d,t) and?’Al(d,3He) re-
spectively. So, in this chapter, discussions about theetdd spectroscopic factors of
the observed states &fAl and Mg have been presented. The details of the exper-
iment performed to fulfil the aim of the present thesis workevalready discussed
in chapter3. This chapter has been divided into two major sections whiehfur-
ther divided into diferent subsections to discuss the results extracted froprédsent
thesis experiment. The first section of this chapter (seetid) contains the study of
the reactior?’Al(d,t) which is the first direct study of°Al using (d,t) reaction chan-
nel. Zero-range distorted wave Born-approximation (ZR-BAY calculations was per-
formed to extract the spectroscopic factors for fourteeseoked states GPAl popu-
lated through the single neutron transfer reacti@(d, t) and relative spectroscopic
factors were compared with those reported earlier usingraimgle neutron pick up
reactions Kro01, Shw01 Bet0l NurOl]. The second section of this chapter (sec-
tion 4.2) deals with the study of’Al(d,3He) reaction. Nine observed states®#¥lg
populated througR’Al(d,3He) reaction were studied by ZR-DWBA calculations and
the extracted values of spectroscopic factors were cordpaith the same obtained

earlier Ver01, Wil01, Wag01, Ard01]. We also compared the spectroscopic factors
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of the observed low lying ¥1 (ground, 1806 and 2935 keV) states’®lg with the
corresponding ¥1 states studied in the present study'@fl(d,t) reaction Fish01.

For the above purpose, each section of this chapter has beeged in following
manner; starting from the optical model analysis, DWBA akdtion, methods used to
estimate spectroscopic factors and finally results andudgons about the observed

states of%Al and ?Mg sequencely.

4.1 Analysis of the reactior?’Al(d, t)

4.1.1 OMP parameters for the entrance channel (@2’Al).

In the present workvish01], the optical model search code ECIS®anh0] was used

to extract the optical model potential parameters for thea@ege channel€’Al. The
elastic scattering cross sections of 25 MeV deuteron werasuared in the angular
range of 16 to 40 in steps of 0.9 using the combination of Si strip and CsI(Tl)
detectors of the detector telescope discussed in chapt€he experimental angular
distribution of the cross sections of elastically scatledeuterons front’Al target
obtained in the present study alongwith the 23 MeV elastittedng data taken from
[Mah01]] have been shown iA.1and these were fitted using the optical model search
code ECIS94 using phenomenological optical model potentthe parametric Wood

Saxon (WS) form for both real and imaginary potentials inapgcal model analysis.

Three sets of optical model potential parameters were eetidor d-2’Al in the
entrance channel which are consistent in the descriptidheofneasured elastic an-
gular distribution. Search of the OMP parameters set A (gineTable4.1) was ini-
tiated with volume real, surface imaginary and spin-orbiteptial parameters taken
from [Uda0]. For other two sets (set B and set C given in Tadbl#), the optical

model potential parameters given iWij01] were used as the initial parameters to
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“Al(d , d)*Al at 25 MeV

“Al(d , d)*Al at 23 MeV

20 30 40 50
Oc.m. (degree)

Figure 4.1: Angular distributions of elastically scattbmeuteron fron?’Al at Ep
= 25 MeV (present data) and 23 MeV. The filled circles represgperimental data,

solid and dash-dash lines represent optical model fits tok sed set B, respectively.
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search for suitable OMP parameters for the?’d\l system at 23 MeV. Initially, the
elastic scattering cross section data of 23 MeV deuterams ffAl target taken from
Ref. [Mah0] has been fitted. The best fit potential parameters of the 23 &lastic
scattering data ((set C in Tabfel) were subsequently used as the starting parameter
set for fitting 25 MeV elastic scattering data of the presesqieeiment. The final pa-
rameter values are given as Set B in Tahle All the parameters were varied to arrive
at the minimumy? per degree of freedony?/N;. The best fit potential parameters

corresponding to minimurp?/N; are listed in Tablg.1 They? may be defined as;

2 _ X0 (@) - a"B))
- (Ace®(6;))?

X (4.1)

i=1

Where, N is the total number of experimental data poirss the scattering angle,
a"(6) ando®®(6,) are the theoretical and experimental cross section\ai(6;) is

the corresponding error in the experimental cross secti@spectively. The optical
model fits to the elastic scattering data are displayed in4=igfor both sets (A and

B) of potential parameters. The valueg@dfare almost same between the two sets, but

the total reaction cross sectiongtdr by ~10%.

4.1.2 OMP parameters for #2°Al in exit channel.

Several sets of optical model potential parameters in tlitechannel were tried but
only a few of them were found to be suitable to reproduce thEeemental cross
sections of the observed states®l. Finally, two sets of optical model parameters
for the t+2Al exit channel were chosen. The first set (Al in Tabl#) was obtained
from the relation given in Perey and Per@&ef0] and the second set (B1 in Talzlel)

was taken fromTrib01] for the 28Si(d,t) reaction.



Table 4.1: The best fit potential parameters used in DWUCKiedor?’Al(d,t) reaction.

Reaction Set \Y Ro A W, Wb R a Vis Ris s Rc
(MeV) (fm) (fm) (MeV) (MeV) (fm) (fm) (MeVv) (fm) (fm) (fm)

d+27Al A 89.209 1061 Q701 2250 1360 Q850 900 1061 Q801 125
B 90301 1055 Q675 2407 1400 0850 900 1055 Q780 125

88095 1055 Q780 3524 1300 0650 900 1055 Q780 125

t+2°Al  2A1 16191 1200 Q720 39.99 40 0840 250 120 0720 130
bB1 1720 1140 Q710 1752 1670 Q780 130

°n+26Al 1.200 Q650 1.30

& Parameters extracted from the relation given in Perey arel/feer0O].
b parameters taken frofSi(d,t) [Trib01].

¢ Well depth adjusted to get the required separation energyéatransferred particle.
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Table 4.2: Extracte@?S values for diferent states of°Al for the reactior?’Al(d,t).

JEX(keV) J ¢t PEx(keV) C?S
0 5+ 2 0 0.72:0.21
228.3 0 2 230 0.02:0.03
416.8 3 2 420 0.320.07
0 420 0.0%0.03
1057.7 T 2 1056 0.17%0.05
1759.0 2 2 1762 0.0380.006
1850.6 T 2 1848 0.0120.004
2068.8 2 2 2070 0.26:0.06
2365.1 3 2 2365 0.130.02
2545.3 3 2 2542 0.16:0.03
3159.8 2 2 3160 0.06:0.01
3402.6 5 2 3409 0.06:0.01
3507.6 6 4 3505 0.06:0.03
4430.7 2 1 4443 0.23:0.04
4705.3 4 2 4719 0.2%0.08

2 Values taken from the NNDQ\[nd07], ® Present work and

uncertainties in Ex in present work are withtrilO keV
4.1.3 DWABA Calculation for the reaction?’Al(d, t)

The experimentally extracted angular distributions ofdhserved states Al pop-
ulated througi’Al(d,t) reaction are shown in Figd.2to 4.7 by solid points and these
were fitted with the respective theoretical predictionsflmomputer coddqunz0]. In
the present thesis work, full zero-range distorted wavenB@proximation calculation
has been performed to extract spectroscopic factors ofttbereed states fAl. The
optical model potential parameters given in Tablé have been used in the DWBA
calculation. The)J™ assignments of the states, displayed in correspondingeBguere
taken from NNDC Nnd01].
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A short description of the input parameters used in DWUCKdecwvas already
introduced in chapte2. In this work, the DWBA calculation was performed by as-
suming pick-up from thed, (¢ = 2, J = 5/2) single particle orbital for most of the
states while by assuming pick up from the;} (¢=0, J = 1/2) and @y, (£ =1, J
= 1/2) single particle orbital was also done for one state fohe@te states of°Al
were analysed upto 5.50 MeV of excitation energy. The shapélse experimental
angular distributions were found to be reproduced quitd telthe theoretical pre-
dictions for states upto 3.409 MeV except for the state atké20 The deviations are
comparatively low for lower excited states and graduallyréase for higher excited
states. The favourable value of the transferred angularentum was calculated for
each and every observed states of the recoil nucleus selyanaing the relation pre-
scribed in Fat03. After calculating the favourablé-transfer in the reaction fierent
inputs corresponding to each of the observed staté&Adfwere used to extract the
theoretical predictions of the cross sections for eacle sfdte theoretically predicted
cross sections were compared with the respective expetain@mgular distributions
to extract spectroscopic factors using zero range DWBA. rEkaion given in chap-
ter2 as Egn2.18between experimental and theoretical cross sections veasinshe

present study to extract spectroscopic factors.

4.1.4 Methodology used to extracC?S

The angular distributions of flerent excited states éfAl have been analyzed with
all the potential sets given in Tabfel. We used six combinations of the potential pa-
rameters, e.g., A-Al, B-Al, C-Al, A-B1, B-B1 and C-B1 to exdr the spectroscopic
factors and these six sets were also used to estimate thaainties in spectroscopic
factors. The variations in the extracted spectroscopiofa@mong the potential com-
binations A-Al, B-Al and C-Al, and those among the combametiA-B1, B-B1 and
C-B1, were found to be less than 10%. To extract the spedpistactor of each state,

two sets of average spectroscopic factors were computedsetnwas obtained from
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the average of the spectroscopic factors for each statelatdd with three combina-
tions (A-Al, B-Al and C-Al) of potential parameters and tkieeo set obtained in the
same way from the other three combinations (A-B1, B-B1 arBliof potential pa-
rameters. Finally, the spectroscopic factor of each statetaken to be the mean of the
corresponding average spectroscopic factors of the tveo $he extracted values of
the spectroscopic factors forftirent excited states have been given in TdbkeThe
deviation between the mean spectroscopic factor and tinadodl spectroscopic fac-
tor for different excited states was found to be less than 20%. The desaalculated
from the two sets of average spectroscopic factors and #rage errors in experimen-
tal data points were used to estimate the uncertainti€d&for different excited states
of 26Al. A comparison of these spectroscopic factors with thevipresly reported val-
ues for the same obtained from other reactions is made ireflablKeeping in mind
the uncertainty in the absolute normalization betwedfedint reaction probes, the
spectroscopic factors for fiierent excited states 6fAl relative to that of its ground

state,C2S/C?Sys Were used for comparison(see Talg).

4.1.5 Results and discussions of the study of the reactidrAl(d, t)

The angular distributions were analyzed for both sets df @xannel parameters in
combination with all sets of entrance channel (set A, set & sat C). In the shell
model configuration picture ¢fAl with 13 protons and 14 neutrons has ground state
spin 52*. The ground, 230, 1056, 1762, 1848, 2070, 2365, 2542, 31409 and
4719 keV states of°Al were studied by assuming pick up frond4), single particle
orbital. The excited states at 3509 and 4443 keV were stumjegissuming pick up
from Ogy,and (py,, single particle orbitals, while the analysis of 420 keV stats
performed for both &/, and @s/, single particle orbitals. The experimental angular
distributions of cross sections of these states are showigs14.2to 4.7 along with

the respective theoretical predictions. The theoreticadligtions have been found to
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reproduce the forward angles data quite nicely indicatiegane step process for most

of the states.

(mbisr)

-
o

1762 keV : 27

ds / dQ

30 4
®c.m. (degree)

Figure 4.2: Comparison of experimental and theoreticalargistributions for the
ground, 230, 1056, 1762 and 1848 keV states. Filled circketh@ present experimen-
tal data. Solid and dash-dash lines are theoretical pred&ctfrom DWUCK4 code for

pick up from @s,, with set A-Al and set A-B1, respectively.

The angular distribution of ground state'{Shown in Fig4.2 is analysed by as-
suming pick-up from 85/, single particle orbital. The spectroscopic factor (shown i
Table4.2) for this state was found to be less compared to that repadied) other reac-
tions [Kro01, BetO]]. However, itis in good agreement with the theoreticallggicted

value for the same (1.0 and 0.61, using twiietent model configurationsiKfo01].

For the 230 (0) and 1056 (1) keV states shown in Fid.2, the spectroscopic fac-
tors were also calculated by assuming pick up fratg)Osingle particle orbital and are
given in Table4.2 The spectroscopic factors are found to be in good agreewignt
the values reported earliekijo01, Bet0]]. Relative spectroscopic factors were found

to be in close agreement with previously reported valueaduition, theC?S value
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obtained for the 230 and 1056 keV states are in good agreemitrihe corresponding

theoretical prediction given irkro01]).

a
10° 420 keV : 3%
10"
310'2
A
c I b
T 10’
3 M
10" = =
§€ %ae®
2 B
e
20 30 40

B8¢.m. (degree)

Figure 4.3: Same notations as in Fg2 for the 420 keV state . The upper plot (a),
represents calculation for pick up frons;}, and lower plot (b), represents calculation

for pick up from @s,.

The angular distribution for the 420 keV state shown in Big is analyzed by
assuming pick up from bothsl,, and @s, single particle orbitals separately with-
out considering mixture of these two single particle oibit# is clear from Fig4.3
that shape of the experimental angular distribution anadtmeesponding DWBA pre-
diction are in good agreement for &n= 2 transfer, while it is not so for afi = 0
transfer. It was earlier indicated that this state was pated| with puref = 0 trans-
fer [KroO1, BetO]. However, from the present study we conclude that it redesnb
more closely with aif = 2 transfer, rather than an= 0 transfer. But the spectroscopic
factor obtained from the present study (given in Tab® is comparable with its previ-
ously reported value fof = O transfer as well as the respective theoretical predistion

[Kro01].
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Table 4.3: Comparison d8?S/C?Sy; of the present study with those obtained from
other experimental studies done usinf§atient reaction probes forférent states of
26A|

dEx(keV) ¢ (present) [Kro01] [Shw0] [Bet0l] [Nur01],b
0 2 1 1 1 1 1
230 2 0.12 0.15 0.14 0.14 0.15
420 2 0.44 0.05
0 0.09 0.18 0.15 0.12 0.12
1056 2 0.24 0.24 0.31 0.31 0.29
1762 2 0.05 0.07 0.02 0.02
1848 2 0.03 0.05 0.016 0.02
2070 2 0.35 0.52 0.50
2365 2 0.18 0.28 0.23 0.26
2542 2 0.22 0.28 0.30 0.30
3160 2 0.08 0.12 0.10 0.10
3409 2 0.09 0.19 0.09 0.08
3505 4 0.08 0.04
4443 1 0.32 0.02 0.02
4719 2 0.37 1.00 0.71 0.86

a Present work, The state at 4443 keV is 4437 and 4430 keBetO[]] and
[ShwO] respectively. The state at 4719 keV is reported as 4711 @08 keV
in [Bet0]] and [ShwO01, respectively.

b Values ofC2S/C?Sgy for (d,t) reaction were taken fromv[a01]
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The angular distributions for 1762 keV*(2keV and 1848 keV (1) states shown
in Fig.4.2are not reproduced well with respective theoretical pteahs. This may be
due to fluctuation in experimental data because of low sizgisr may be a mixture
of s andd orbitals. In this work, these two states are analysed bynaisgupick-up
from Ods,, single particle orbital. The shapes of the angular distidiouof these states
are in close resemblance with the shape predicted thealtgtior Ods,, single particle
orbital. The extracte@?S values (given in Tabld.2) are in good agreement with the

previously extracted values as well as with the theordyigakdicted valuesro01].

The angular distribution for 2070 keV *Ztates is shown in Figd.4. Around
the excitation energy of 2070 keV*2there are three states at 2068, 2069 and 2071
keV. These states could not be resolved in the present expeti The analysis was
performed assuming a single state at the average excieiergy of 2070 keV. The
spectroscopic factor was subsequently extracted for thie with/ = 2 assuming pick
up from @ds, single particle orbital and are given in Talll&. The model calculation

reproduced the experimental angular distribution quitk &geshown in Fig4.4.

The 2365 :3 and 2542 :3 keV states were analysed using pick-up froos,9
single particle orbital only unlike the case of the 420 keV)(8tate, where analyses
were done for botld = 2 and¢ = 0 transfers. This is primarily due to the fact that the
angular distributions for 2365 and 2542 keV states are faaret well reproduced by
¢ = 2 transfers (see Fig.4). The spectroscopic factors given in Tabl&for 2365 keV
and 2542 keV states were also found to be less in the preséme@kction study com-
pared to those obtained using other pick-up reaction prdiiesrelative spectroscopic
factors of these two states are found to be in good agreerS8aat(]. This points to
the uncertainty in the normalization offtérent reaction data. The spectroscopic factor
value for the 2542 keV state from this experiment is large garad to its theoretically

predicted valueKro01].

The spectroscopic factor for 3160:BeV state given in Tablé.2, is also calcu-

lated assuming pick-up frondg), single particle orbital and is found to be comparable
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with its previously calculated value. The 3409 keV Siate of?°Al is also analyzed
with pick-up from @/, single particle orbital and the shape of the angular distioin
at forward angle is quite reproduced by theoretical preshet (see Fig4.4). The rel-
ative spectroscopic factor for 3409 keV state is in agreenvéh previously reported
vaues for the same as well as with the corresponding theafgtiediction given in
[Kro01].

E
E 2070keV:2+
10" &
E I | 1 | 1
E 2367 keV:3"
10 3 cane®®®
é | ! | ! | !

2542 kev : 37

| .
3160 keV : 27

do / dQ (mb/sr)
a\.'n

| . | . | .
10" 3409 keV: 57

20 30 40
®¢.m. (degree)

Figure 4.4: Same notations as in Mg2for the 2070, 2367, 2542, 3160 and 3409 keV

states for pick up fromd,.

The angular distribution of the*6state does not conform to eithér= 2 or ¢ =
0 one-step pick up from the s-d shell. One-step transferimesj@a pick up from a
0go,, Orbital corresponding t6 = 4. This indicates a possible two-step mechanism for
excitation of 6 state at 3505 keV (se&{o01]). In this paper, this state was analysed
assuming pick-up from adg,, single particle orbital and the corresponding DWBA

angular distribution is shown in Fig.5. The spectroscopic factor for the state at 3505



Chapter 4. Results and Discussions

60

10"

do / dQ (mbl/sr)

T
HOH
@
@
L
L
1o
1@
L
1@l
]
|

3505 keV : 67

20

30 40
Oc.m. (degree)

Figure 4.5: Same notations as in Fg2for the 3505 keV state for pick up frongg),.
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Figure 4.6: Same notations as in Fg2for the 4443 keV state for pick-up fronpg,.

do / dQ (mb/sr)

4719 keV : 47
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Figure 4.7: Same notations as in Fg2for the 4719 keV state for pick up frondg).,.
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keV given in Table4.2was not reported infro01] and [Bet01]; however, the relative
spectroscopic factor given irshw0] is in good agreement with the present result

assuming pick up from thedg,, orbital. The fitting is not good.

The shape of the angular distribution at 4443 keV state neatébr theoretical
predictions foré = 1 transfers. For this state, the analysis is performed bynaisg)
pick-up from Qoy/, single particle orbital closer to the fermi level. In the ead the
4443 keV : 2 state, there may be mixing of two states; so, the centroidippsvas
considered to extract the?S value. For this state (4443 keV rPthe nature of the
measured angular distribution shown in Fg6, was found to match with the corre-
sponding DWBA prediction for pick up fromm,, orbit. The spectroscopic factor
extracted for this state in the present case (shown in TaB)es found to be quite

different from the value reported iB§tO1]].

The 4719 keV : 4 state is analyzed assuming pick-up fronl© single particle
orbital and it may also be due to the mixing of two states. SoiHis state too the
determined centroid position was considered to extracspieetroscopic factor. The
extracted angular distribution along with theoreticaldicgon for ¢ = 2 is shown in

Fig. 4.7) and the spectroscopic factor is given in Tabl2

In the present work, attempt was also made to ex{€3&t using the finite range
correction value of 0.845 and nonlocal parameters 0.54 @r2l 0.85 for deuteron,
tritium and neutron respectively. The fitted angular disttions for two states gPAl
using these parameters are shown in Ei§, correspondin@?S values were found to
be reduced by 20-50% for the combination A-Al, and by 25-46f4le combination
A-B1. The states with poor statistics results large unagits in the estimate@?S
values, so the range of estimated uncertainties may bengaiyisome extent. Because
of this reason, we attempted to give the uncertainties ilngedrom minimum to
maximum. The results of the present work can be foundrishD1, vish02 vish03
vish04. The comparison of extracted spectroscopic factors uaingrmalization of
N = 2.54 as used in Trib01] with a finite range parameter of 1.3fan! for (d,t)
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reaction given by Hering et alHer01] alongwith nonlocal parameters with those with
full ZR-DWBA using the OMP sets B and Al (given in Tablel) has also been done

and the result can be found imi$h04.

-
e
I

do / dQ (mbl/sr)

-
S,

30 40
Oc.m. (degree)

Figure 4.8: Same notations as in F#2 for the ground and 1056 keV states but
theoretical predictions from DWUCK4 code for pick up fromds@ includes finite

range and non local corrections.

4.2 Analysis of the reactior?’Al(d, 3He)

4.2.1 OMP parameters for*He+2%Mg in exit channel.

Several set of potential parameters available in the titeeawvere tried to fit the ex-
tracted experimental angular distributions of the stafééMg but only a few sets are

found suitable to reproduce the angular distributions.afjmwe selected two sets
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of the OMP parameters foHe+2°Mg reaction in the exit channel which are given
in Table4.4 as set B and set C. The OMP parameter set B was calculatedthging
relation given in Ref.lPer0] while set C was selected from Ref/dr01]. The t+2°Al
parameters Set given in Tabdel, which was calculated using the relation given in
Ref. [Per0] was also tested in the present analysis*fée+2°Mg and this parameter
set was also found to reproduce the experimental data nithg/final set of potential
parameters used for the analysis of the extracted crogssecf the observed states
of 26Mg populated through the reactiéfAl(d,2He) are given in Tabld.4.

4.2.2 DWBA calculation for the reaction?’Al(d, 3He)

The analysis of dferent observed states Mg follows the same procedure as used
in the analysis for the states #fAl. The optical model potential parameters used in
the DWBA calculation to study th&Al(d, 3He) have been given in Tabke4. The
experimental angular distributions of cross sections efdbserved excited states of
26\ g are shown in Figs4.9and4.10and these were fitted with theoretical predictions
in ZR-DWBA using the computer code DWUCK4. Spin and parityigsments of the
observed states 6fMg were taken from NNDCNInd03.

In this work, the DWBA calculation was performed by assunpiak-up from the
0ds;2 (¢ = 2,3 =5/2) and I, (¢=0, J = 1/2) single particle orbitals. In addition,
analysis of some of the observed states was also perforreathayy the configuration
mixing of Ods;; and 1s,/, single particle orbitals. The favourable value of the trans
ferred angular momentum was calculated by the same manrdis@asssed in case
of 2Al. Different input files corresponding to theffdirent states of®Mg have been
prepared for DWBA calculation to extract the theoreticadictions of the cross sec-
tions for each state. The theoretically predicted crosi@ecwere compared with
the respective experimental angular distributions toaettspectroscopic factors us-

ing zero range DWBA. The relation (Eq2.18 between experimental and theoretical
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Table 4.4: The best fit potential parameters used in DWUCKie dor?’Al(d,3He) reaction.

Reaction Set V Ro Qo W, Wh R a Vis Ris as Re
(MeVv) (fm) (fm) (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)

d+2 Al A 89.209 1.061 0.701 2.250 1.360 0.850 9.00 1.061 0.8015 1.2

SHe+?Mg B 15197 120 0.720 37.75 1.400 0.880 250 120 0.720 1.30
C 2176 115 0.636 325 1.319 0.986 1.40

p+25Mg V 120 0.650 1.25

Set A Parameters were taken from present studsh1].

Set B were extracted from the relation given in Perey andyHé&rer0] .

Set C Parameter sets were taken frdmi(d,He) [Ver01].

V, the Well depth adjusted to give the required separati@nggnfor the transferred particle.
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cross sections given in chaptwas used in the present study to extract spectroscopic

factors.

4.2.3 Calculation of theC?2S values

Spectroscopic factors of the observed excited staté¥vif were extracted for all the
two sets of exit channel potentials (set B and set C) in coatlan with set A given in
Table4.4. The process of extraction @S values is almost same as adopted in case
of 26Al but the estimation of uncertainty in ti@?S values is a little bit dferent. The

detailed process is as follows;

To extractC?S values for diferent excited states 6fMg, the two combinations
A-B and A-C of OMP parameters obtained from the entranceahannel potential
parameter sets given in Tabled. The variation in the extracted spectroscopic factors
between the potential combinations A-B and A-C, was less Bi#6 for{= 2 transfer
(It should be noted that the variation includes all the obsgrstates for which con-
figuration mixing @s,, + 1s;,» was considered and also for those states which were
analysed without configuration mixing). This variation ftve ¢= 0 transfer for the
states shown in Figt.9is large (maximum upto 67%) because of very low contribu-
tion as compared t6= 2 transfer while for the states shown in KHg1Q the variation
was found to be from 14% to 30%. The average of the extract&€dvalues for difer-
ent excited states fMg from the said two combinations was taken as final and are
given in Table4.5. The estimated deviations between @S values extracted individ-
ually from the combinations A-B and A-C were used in deteingrthe uncertainties
in theC?S values for diferent excited states 6fMg. The theoretically predicte@?S
values from the shell and rotational models given Wap01, Ard01] are also in-
cluded in Tablet.5for comparison. The result of the present analysis can bedfau
[vishO5 vish0§ vish07.
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The uncertainties in th€2S values that arise due to the choice of bound-state po-
tential parameters in the calculation of ZR-DWBA, were dbgaen into consideration
to determine the uncertainties @S values in the present study. To see tlffee of
radius of bound-state potential, we extrac®® values for the two afore said OMP
combinations usindR,=1.25 fm and taken the average of t&S values for all the
states. The dierence between the avera@éS values calculated using the radius of
bound-state potenti&#,=1.25 fm and average using,=1.20 fm as described above
keeping other parameters unchanged was also included imttextainty inC?S val-
ues of the observed states?8klg. The reduction in th€?S values forR,=1.25 fm
was approximately 5 to 25% as compared to that Wtk1.20 fm for = 2 transfer
while for £= 0 transfer, 15% to 40% reduction @?S values were noticed except for
the states at 1806 and 2935 keV(For these two states, it wasl to be increased by
50%).

Along with the above two types of flerences estimated in the calculatiorG36
values, the average error in experimental data points veasiatiuded in the uncer-
tainty of C?S values for diferent excited states 6fMg. The total uncertainty calcu-
lated has been listed in Tabfe5 along with the measure@?S values for diferent
excited states of®Mg. So, to reduce thefiect of absolute normalization due to the
choice of optical model potential parameters and otherrparars that canféect the
C?S value, we calculated the relative spectroscopic factasging ground state spec-
troscopic factor to be 1) for ffierent excited states 6fMg and compared our results
with previously reported value§¥¢r01, Wil01, Wag01 Ard01] using the same reaction

probe. The relative spectroscopic factors are listed tadign Tabled.6.

It is clear from Tablet.5that theC?2S values extracted for the states?éi¥lg shown
in Fig. 4.9 were very large for= 2 transfer as compared witl0 transfer in @5, +
1s,,, configuration mixing. So, for=0 transfer, the uncertainties were not shown
for the states shown in Fig.9 and also we may avoid configuration mixing for these

states but for the sake of completeness we presented thts @ssuming configuration
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mixing. For the states shown in Fig.10, the contribution oC2S values extracted for

¢= 0 transfer has increased as compared with the states shdvig 9.

4.2.4 Results and discussions of the findings of the reaction

27A1(d, 3He).

The experimental angular distributions foffdrent excited states é#Mg produced

in the present study of th&Al(d,2He)reaction at 25 MeV have been fitted with the-
oretical predictions from the ZR-DWBA computer code DWUCKEHhe theoretical
predictions were found to reproduce the experimental datefer lower excited states
but for higher excited states the deviations between thieatg@redictions and exper-
imental data were found to be large at backward angles. Téwrekical predictions
are found to fit the data good at forward angles, indicatimgalliprocess. The detailed

dicussion of the present study is given below;

The angular distribution of ground state: @ Mg (shown in Fig4.9) is analysed
for Ods/, single particle orbital. The theoretical predictions avarfd to fit the data
quite fairly at forward angles. The extract€dS value for ground state (give ih.5)
was found to be less in the present study; however, it is stard, within the limits
of uncertainties, with previously reported values usingsaeaction probe at fierent

energies.

The angular distribution of the 1806 keV: &tate (shown in Fig4.9) is analyzed
for both s, and 1s,,, single particle orbitals. From the angular distributiorl8D6
keV shown in 4.9, it is clear that the angular distribution is dominated/by 2 trans-
fer. The contribution of &, was found to be<1% as compared with the contribution
of 0ds» single particle orbital in th€?S value and mixing of &, orbital can be ne-
glected. In the present analy€igS value of the 1806 keV state (give in Tabkb)
was also found to be less than compared with the previouglyrted experimental
values given in Yer01, Wil01, Wag01, Ard01] but the relativeC2S value (give in4.6)
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27p1(d , 3He)*mg at 25 Mev
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Figure 4.9: Angular distributions for ground, 1806, 293% 835 keV states.The

filled circles represent experimental data points and duoiil represents theoretical

cross section from DWUCK4 code for the OMP combination A-B ¢onsidering

pick up from @ls,, only, dash-dot-dash represents theoretical cross seftiiofs-B

with pick up from 1s,,, only while dash-dash represents the theoretical cros®asct

for 0ds,, + 1s;,, mixing. Note that theoretical cross sections were norredlio ex-

perimental data points.
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2TA1(d , 3He)?®Mg at 25 Mev

4847 keV

do/dQ (mb/sr)

10"

5718 keV

Figure 4.10: Angular distributions for 4847, 5302, 548218 aAnd 6141 keV states

(same notations as in F&§9).
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Table 4.5: Extracted values 6fS for different excited states 6fMg from the reactiorf’Al(d,3He) at 25 MeV.

DEX T bEX bC2s *TC1 TC2

(keV) (keV) =0 =2 =0 (=2 =0 (=2
0 0 0.17+0.05 029 .. 0.33

1808.7 2 1806 0.002  0.5%0.14 0.014 0.75 0  0.60

2938.3 2935 0.002  0.130.03 0.0032 029 ...

4318 T 0.07

4332 } (2-4)" 4335 0.004  1.080.19 { .. 180 { ~0 0.50

4350 0.16 0.002 ~0 0.14

4835.1 2 4847 £0.011:0.010 0.110.02 0.0061 0.022 ~0 0.36

5291.7 2 5302 0.01£0.004 0.01%0.004 ... 0.018

5476.1 4 5482 0.1120.024 ... 0.025

5715.6 4 5718 0.0%0.006 ...

6125.5 3 6141  #0.011:0.007 0.0430.005 ...

@ Values taken from the NNDQ\nd03.

b Present work in which the uncertainties in Ex are withih5 keV

*TC1 represents theoretical predictions from shell mod@hiit01, Wag01.

TTC2 represents theoretical predictions from rotationaflehgiven in fWag01]..

*Due to uncertainty in data the reported uncertainties agela
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Table 4.6: Comparison dE?S/C?Sgs of the present study with those obtained from
other experimental studies done using same reaction probgferent energies for
different states of®Mg.

JEX ¢ (present) [Ver0l [Wilo1] [WagOl [Ard01]
(keV)

0 2 1 1 1 1 1
1806 2 3.35 3.33 3.56 3.44 3.34
2935 2 0.76 0.73 0.77 0.70 1.11
4335 2 6.06 7.10 7.15 8.19
4847 2 0.65 0.27 <0.53
5302 2 0.06 0.04
5482 2 0.66 0.70 0.80 1.19 0.96
5718 2 0.29 0.23
6141 2 0.25 0.24 0.4

a Represents the values listed in Tablg (Present work).

was found to be in agreement with previously reported valliés also found to be in

agreement with the rotational model predictions given\iia§0].

The angular distribution of the 2935keV * &tate (shown in Figd.9) is also an-
alyzed for both @s,, and 1s,/, single particle orbitals. Like the 1806 keV state, also
from the angular distribution of 2935 keV, it is clear thaé thngular distribution is
dominated by’ = 2 transfer. The contribution ofsl,, was found to be<1% in the
C2S value as compared with the contribution ak@ ((see Table4.5) single particle
orbital and mixing of &, orbital can be neglected. The relatiZéS value (give in
Table.4.6) for £= 2 transfer is in agreement with the previously reportedeskvrhile

that for/= 0 transfer is comparable with the value reportedVidaf01.

Around the excited state at 4335 keV (2-4s¥hown in Fig.4.9, there are 4318
keV, 4332 keV and 4350 keV excited states and in the preseady shese states could

not be resolved (as shown in Fig.14). So the analysis was performed by taking the
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centroid position an@?S value (give in Table4.5) for the 4335 keV excited state was
extracted. The spectroscopic factor for the 4335 keV statefaund to be less in the

present study. The fit is not good.

The angular distribution of 5302 keV: &tate (shown in Figd.10 was analyzed
taking mixing ofs andd single particle orbitals. Almost 50% contribution 8&ndd
orbitals is found in the&C?S value to reproduce the experimental angular distribution.
The extractedC?S value (give in Table4.5) for the state at 5302 keV was found to be
in good agreement with previously reported experimentiaiesen [Ver01] for both ¢=
2 and¢= 0 transfers and also in good agreement with theoreticalgireds from shell
model given in Wil01, Wag01.

The angular distribution of 5482 keV:! &tate (shown in Figd.10 was analyzed
assuming pick-up fromd,, single particle orbital only. The extract@dS value (give
in Table.4.5) for the 5482 keV state was also less in the present studytamelative
C?Svalue was compared with previously reported experimeratiales as well as with
predictions from shell model given inWil01, Wag0]. It was found that its relative

C?S (give in Table 4.6) is in agreement with the values reported in Re&rp1, Wilo1].

The angular distribution of the 6141 keV* 8tate (shown in Fig.10) is analyzed
for both Ods/, and 1s;, single particle orbitals and is shown #4110 The contribution
of 1s,,, was found to be 25% of the contribution ad} single particle orbital in the
C?S value. The extracte@2S value (give in Table4.5) for the 6141 keV state was
found to be in agreement with the previously reported vatugier01] for ¢= 2 and
¢= 0 transfers. The relativ@?S value (give in Table4.6) of 6141 keV state was found

to be in good agreement with previously reported values.

There may be mixture of two or three states in 4847 keV stadtews in
Fig. 4.9) but we have taken them together as a single state and theeepxcita-
tion energy corresponds to the centroid position. SinyilaHere may be mixture of
two states in the state at 5718 keV (shown in Bi§). For 4847 and 5718 keV states,

the extracte?S value (give in Table4.5) were compared with the spectroscopic fac-
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Table 4.7: Comparison of spectroscopic facdasf T=1 analog states observed in the
reactions’’Al(d,t)2Al and 2’Al(d,*He)?®*Mg at 25 MeV.

DEX @c?s F o YEx Bic?s S(=2)
(keV) (keV)

230  0.02003 O 0 0.17%:0.05 1.04
2070  0.26006 28 1806  0.5%0.14 0.91
3160  0.06001 2 2935  0.130.03 0.92

@b Given in the present study of the reactiéhal(d,t) [vish01 and

27Al(d,3He) respectivelys is the spectroscopic factor only withoD?

tors reported earlier for those states which are close tovtbestates. The state 4847
keV is also analysed with mixing afandd single particle orbitals. The contribution
of sorbital is~10% of the contribution ol orbital in the extracte@?S values. Com-

parison of relativeC?S value for these states with previously reported values bas b

given in Table4.6.

4.2.5 Analog states of®Al and 25Mg.

Isobaric analog states (IAS) are defined as the states irstibaris with same and
isospin quantum number T but withftérent z component of isospitywherea de-
fines other quantum numbers @getc. including A). The spectroscopic factors of
IAS should be same. In transfer reactions, isospin formmhas been taken into ac-
count by incorporating isotopic Clebsch-GordanfGie&nt (C?) in the formulation of
DWBA. Since the spectroscopic factors for IAS isobaric npléts should be identical.
So, the spectroscopic factors of the low lyingITIAS of 2°Al and Mg observed in
the present study were compared. The comarison has beammped by putting the
value ofC? in the extracted?S values to see thefect of C? that how much the spec-
troscopic factors varries witB? value. The comparison is given in TableZ. From

Table4.7, it is clear that although th€2S values of analog states &Al and ?Mg
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are not same but the spectroscoic factor S are consistdnnwit% and this inconsis-
tency of 11% can be take care by the uncertainties irC®values of the respective
states. So, one can draw the conclusion from Tdbi¢hat the analog states are appre-

ciably excited. The results of the present study of IAS cafobad in [vish0g.
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Chapter 5

Summary and Conclusions

In summary, one neutron and one proton pickup reactfédid,t) and2’Al(d,*He)
have been studied in the present thesis work with the maidivad extract spectro-
scopic factors of the observed stateg%l and Mg populated through these reac-
tions respectively. Spectroscopic factor being a fundaalgmoperty of the structure
of any particular nucleus, it should be independent of feastinvolved as well as
energies. One of the motivation behind the study of the i@aé{Al(d,t)?°Al was
that the product nucleu®Al has recently generated a lot of interest as it is the first
cosmic radioactivity detected through its characterigglmma rays in the interstel-
lar medium. The lifetime+ 10° y) of 26Al is much shorter as compared to the time
for galactic evolution £ 10 y), so the detection of°Al at the present time indi-
cates that nucleosynthesis is currently active in our galéx previous years, ¢ier-

ent reaction channels, lik&Si(p3He) [Chip01], ?2Si(d) and?*Mg(®He,p) [Tak01],
27Al(p,d) [Kro01, Shwod, ?’Al(®He, @) [Bet01, Nur01] etc. were already used for
spectroscopic study 8fAl. In addition, an attempt has been made in the past to study
the2’Al(d,t) reaction up to 2.08 MeV excitation energy usirftrine measurements of
captured tritium activity in stackedAl foils [ VIa01]; however, no direct measurement
of the?’Al(d,t) reaction has so far been available, to the best okooledge, in the

literature. So, the reactiofAl(d,t) was choosen to extract spectroscopic factors of
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the diferent states oAl with motivation to examine and compare the spectroscopic
factors extracted using fiérent reaction probes. The other nucleus of interésty,

is the radioactive*) decay product ofAl; so the study of®Mg, is also important

in nuclear astrophysics to understand the origirf®{. So, we chose the reaction
27Al(d,3He) to extract spectroscopic factors of the observed stéféslg. Previously,
the reaction (dHe) was already been studied at 29 MeX01], 34.5 MeV [Wil01],

52 MeV [Wag0] and at 80 MeV Ard01]. So the primary motivation for the study of
27Al(d,3He) reaction was to examine the dependence of spectrodecpics on optical
model potential parameters used in the analysis by congp#rapresent results with
previously reported values for the same reaction. The skeowotivation of the study
of 27Al(d,3He) reaction was that to compare the spectroscopic factorE=f1 analog
states irfAl and 2®Mg produced in (d -t3He) reaction sequence which is being done

for the first time verification using’Al(d, t) and?’Al(d,3He) reactions sequence.

To fulfill the above motivation, the experiment was perfochat the Variable En-
ergy Cyclotron Centre, Kolkata using deuteron beam of gn2fgMeV on a self -
supporting target’Al ( 90 ug/cn?). In this experiment, we used a detector telescope
system, consisting of a single - sided @% thick Si (AE) strip detector, followed by
a double - sided 1030m Si (E) strip detector. These two detectors were backed by
four CsI(TI) detectors (each of thickness 6 cm). The inelaisingular distributions of
the ejectiles were measured in the angular range ofdl80Q in steps of 0.9. Several
excited states o®Al, 2Mg and?®Mg were produced through the reacticiial(d, t),
27Al(d, 2He) and?’Al(d, ). A VME based data acquisition system (DAQ) developed
at VECC was used to collect the online event by event dataoffffiee data extraction

and analysis was performed usingfdient algorithm developed in ROOT platform.

The analysis of the data was done in two steps. In the first tepanalysis of
elastically scattered deuterons fraifAl target was done and then the angular dis-
tributions of the observed states BAl and Mg populated through the 1n and 1p
transfer reactiong’Al(d,t) and ?’Al(d,°He) have been analysed to extract spectro-

scopic information. The elastic scattering angular distiion was used to extract
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optical model potential parameters for the entrance cHarsieg optical model code
ECIS94 Ran0]. The exit channel optical model potential parameters &ahlthe exit
channels+2°Al and *He+2°Mg were extracted using the global parametrisation given
in [Per0] and also some sets were taken from literature. In the pteserk, zero
range distorted wave Born approximation calculation watop@ed using computer
code DWUCK4 kunz01] for analysis of the observed states?8Al and ?Mg. The
observed states 8fAl were studied by assuming pick up frondg),, 0gg/, and Is7
single particle orbitals. In a similar way, the observedestanf?®Mg were studied by
assuming pick up fromdy,, single particle orbital but some of the states were studied

assuming configuration mixing ofg), and 1s,,, single particle orbitals.

The spectroscopic factors for the fourteen observed stteé$Al populated
through reactiort’Al(d, t) were extracted and relative spectroscopic facfkegping
ground state spectroscopic factor to be 1) of states wer@amad with the previously
reported values obtained usingfdrent reaction probe&fo01, Shw01, Bet01, Nur0]]
as well as shell model predictions given Krp01, BetO1]. The spectroscopic factors
for nine observed states #Mg populated through the reactiéfAl(d,3He) were ex-
tracted and relative spectroscopic factors were compaitbdoneviously reported val-
ues using the same reactiovef01, Wil01, Wag01 Ard01] and also with predictions
from the shell model given in}/il01, Wag0] and predictions given from rotational
model in Wag0]. In the present work, ¥1 analog states observed in the present
study of both the reaction¥Al(d,t)?°Al and ?’Al(d,3He¥®*Mg at 25 MeV were also
compared by their corresponding spectroscopic factors.résult of the present work
can be found inJish01, vish02 vish03 vish04 vish05 vish0§ vish07.

In summary, the results from the analysis of the reactigi(d,t)?°Al as discussed
in chapter4 may be concluded as follows; The reactfdAl(d,t) has been utilised for
the first time for the study of®Al. The new sets of optical model potential param-
eters were extracted from-d 2’Al elastic scattering data. The angular distributions
of different excited states GFAI were studied with the zero range distorted wave

Born approximation to extract the spectroscopic factorgtiese states. The experi-
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mental and theoretical results for both the positive anchtieg parity states were in
good agreement with each other. The extracted values ofrepeopic factors of the
observed states 6fAl were found to be in good agreement with the experimential va
ues reported earlier as well as with the respective shelleinmakdictions whereever
available. For the 420 keV state, it may be concluded thaeiperimental angular
distribution and the corresponding DWBA prediction are@od agreement for afi=

2 transfer, while it is not so for ah= 0 transfer. It was earlier indicated that this state
was populated with puré = 0 transfer Kro01, BetO1. However, from the present
study we conclude that it resembles more closely witld ar® transfer, rather than an

¢ = 0 transfer. Interestingly, the spectroscopic factor atgdifrom the present study is
comparable with its previously reported valuefet O transfer as well as the respective
theoretical predictiond{ro01]. The potential parameter dependence of spectroscopic
factors was checked with twoftierent sets of exit channel potential parameters. It was
found that for the?’Al(d,t) reaction at 25 MeV, the variation in spectroscogictbrs
was less than 10%. The estimated uncertainties in the éxttraalues of spectroscopic
factors are within 30% except for the states at 420 ké¥ Q case ) and 3505 keV (

= 4 case). The present results also compare well with thequreyneasurements.

The results from the analysis of the reactfél(d,*He®Mg as discussed in chap-
ter 4 may be concluded as follows;ftirent excited states 6fMg were studied with
zero range distorted wave Born approximation using theti@a¢’Al(d, *Hef%Mg at
25 MeV beam energy. The experimental data was found to beremibduced by the
theoretical predictions. The extracted values of spectiois factors were found to be
in good agreement with those reported earlier and were alsadfin agreement with
the predictions from shell model and rotational model. TxieagtedC?S values for
the analog states 8fAl and Mg were studied and were found to be in good agree-
ment indicating that the ratios of the production of analMvgse equally probable. The
variation between analog states is an important issue foridg resonance strength in
nuclear astrophysics. Two sets of exit channel potentiarpaters were used to check

the variation in the extracted spectroscopic factors ferabserved states &Mg. In
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the present study of the reactidfAl(d,®He), less than 25% variation has been ob-
served in extracte@2S values of the states éfMg for ¢= 2 transfer between the two
combination of entrance-exit channel potential paramsetéle for£= 0 contribution,
the variation was in the range between 10 to 67%. It has alen berified that the
change in the radius of bound-state potentitgéeted theC?S value significantly and
reduces the the extract€@S values up to 25% fof= 2 transfer while for= 0 trans-
fer, it has decreased upto 40%. All those factors tifaiceedC?S values, which have
been discussed in the present study, were used to estineat@dkrtainties in the ex-
tractedC?S values. It was found that the variation in the estimated ttaggies in the
extractedC?S were 10 to 36%.

In conclusion, both the reactiod$Al(d,t)?°Al and ?’Al(d,*Hef*Mg were found
to be good probe to studyfiierent states of®Al and ?Mg. The experimental data
was found to be well reproduced by the theoretical predistidhe experimentally
extracted spectroscopic factors were found to be in gooekagent with the theoretical

predictions from dferent model codes and also with those reported earlier.

The present study showed that all available sets of opticalelhparameters may
not be equally suitable for fitting the angular distribusai the reaction products (and,
therefore, for the extraction of spectroscopic factorslisTnay be due to the inherent
limitations ( range, precision, quality of fitting, etc.) sasiated with the particular
sets of data as well as the analysis techniques. So, it wil laé interesting to have a
systematic study of optical model potential parametersbfith entrance (d-2’Al)
and exit (inverse : closest possible) channels (3B + 2’Al, in place of 3He +
26Mg) alongwith the transfer study; this will certainly minise the uncertainties due
to variations of systematic errors infidirent experimentgnalysis procedures. This
is likely to help reduce the variation in extracted speaopsc factors studied using
different channels. The present study also indicated that #newesieon (fn) transfer

may also be used for study of isobaric analog states (IASabharic multiplets.
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