SOME PROTON CAPTURE REACTIONS

‘M. Azizur Rahman ’

384393

A thesis submitted for the degree of Doctor of Philosophy

in the University of Dacca

| AQEADZEE] T*L &




CONTENTS

Introduction

CHAPTER - 2

Experimental Procedure

2.1 Experimental Set up
24l Principle:of Scintillation Counters
2935 Interaction of gamma radiation with matter
2,4 Stilbene Scintillator
2,5 n-)¥ discrimination by Zero-Cross-over technique
2.6 (p, n) experimental set up
247 Beam alignment
2.8 Target holder
2.9 Suppression of backgrounds by Cold trap
210 Targets
2.11 Beam energy resolution
384933
CHAPTER = 3
sobaric Analogue Resonances from ¥ ) and

(p,yn) reactions in 51V, > Fe, 55Mn and 27A1

3e1

32

.3

Introduction

Formation of Analogue Resonances

52

Analogue states in Cr

Measurements

Result and discussion

Page No,

\O'\O

10
11
12
12
13
14
16

17
20

21
24



Page Noi

3,4 Analogue states in 5500
Measurements 27
Result and discussion 27
3,5 Analogue states in 56Fe
Measurements 29
Result and discussion 30

3.6 Analogue states in 288i

Measurements 32

Result and discussion 32

CHAPTER -~ 4

Coulomb displacement energy

4,1 Introduction 36
L,2 Coulomb displacement energy 38
4,3  Phenomenological Approach to Coulomb 38

displacement energy

L,4  Result and discussion 4o

CHAPTER - 5 384933

Fine Structures of Analogue Resonances

e —

5«1 Introduction T ] by
H‘ﬂ'i’ﬂ]n;
5.2 Measurements e ' 51
A N |
S5e¢3 Result and discussion 52
L The (p,¥ ) and (p,n) reaction in 2y
The (p,¥) and (p,n) reaction in 22yn



Dhaka University Institutional Repository

Page No.
CHAPTER - 6
Gamma ray Angular Distribution from 27A1(p,1() 285;
6.1 Iptroduaction = . 57
6.2 Experiment 58
6.3 Relative efficiency of Ge(Li) detector 61
6.4  Bxperimental and 4nalytical Irocedures 62
Experimental
Analytical
-~
6e5 Result and discussion 70
Thé Ep = 2,798 MeV resonance 70
The Ep = 2,482 MeV resonance V)
The Ep = 24511 MeV resonance 72
The Ep = 2,735 MeV resonance 72
CHAPTER — 7
The °7a1 (p,p) Measurement
761 Introduction 75
7.2 Experimental arrangement 76
7.3 Analysis of data 79
7.4 Result and discussion 83
CHAPTER - 8
Conclusions &7

REFERENCES 91



Dhaka University Institutional Repository

ABSTRACT

The proton capture reactions through (Pa") and (p,n)

4

in 21y and 55Mn and (p,¥) in 2*Fe and 2751 up to 3 MeV are

studied and a number of analogue resonances have been located.

Properties of resonant states including analogue resonances
through (p,¥) and (p,p) reactions in 2741 have been obtained. The
spin-parity of resonating states in 2854 aue to 2,198, 2.482, 2.511
and 2.735'MeV proton resonances are assigned as 13.707———2‘, 3-,
13.980—U4*, 14,007—L4" and 14,223—3",(2)" by measurement of
angular distribution of gamma rays. These are analogue states
corresponding to the excitation energy 4,383, 4.685, 4. 741 andy
4,928 MeV of 28A1. A small multipolarity mixing is observed. A strong
transition occurs between 14.007 and 4.620 MeV levels of 283i each
with J =4%. This is possibly a case of analogue to antianalogue M1
transition. Eleven isolated resonances in the energy range
Ep = 0,85 to 3,0 MeV have been studied through elastic scattering of
protons on 27A1 at the centre of mass angles 900, 125° and 14103
various properties of the resonances have been obtained. They, in
general, are in good agreement with previous results, Of these,
four resonances are located above 2 MeV where no previous measurement
is available, The resonances at EP = 1,117 and 1,793 MeV were
identified as analogues; the former being in agreement with Awayaa.
The (p,p) transition strengths obtained from the present work show
poor agreement with the corresponding (d,p) spectroscopic transition

éirengths.

The Coulomb displacement energies have been obtained from

28A 28

the present work for four isobaric pairs of nuclei e.ge 1l-"78i,
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52y_52¢,, 55 56, 56

5500 and Mn-""Fe and they are in excellent

Fe-
agreement with available measurements. A semi-empirial relation
similar to that of Anderson et al, has been obtained using a
large number of data with better accuracy available in the mass
region A=27-238 since the above work. Tz-dependence of Coulomb

displacement energy is found to be very small.

L]
Fine structures enveloping gross structures are displayed

52

by some analogue resonances in Cr and 56Fe. They have been

analysed using Robson% formalism, .3
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CHAPTER-1

INTRODUCTTION

' Isobaric spin quantum number T is introduced from the concept
of the charge independence of nuclear forces, In general a nucleon
is considered as a single entity having two states such as the proton
and the neutron, A nucleon is assigned to have an isobaric spin “‘ta
The t = ﬁék;meané that the nucleon is in a proton state and t = *%—

means it *is in a neutron state. The total isobaric spin of a nueleus

is defined as

A
E = Z_-E'i ‘e
i=1

where Ei is the isobaric spin vector of the ith nucleon. Tz, the
Z - component of T for any nuclear state is Tz=(N-Z)/2. In analogy
with ordinary spin S having been associated with (25+1) independent
states to same S, there are (2T+1) independent nuclear states
associated with the isobaric spin number T. Each state belongs to
different values of Tz, where Tz= Ty T=1y ssscesey =T If the forces
are the same for neutron and proton these states should have the same
energy apart from their Coulomb displacement energy and neutron-
proton mass difference and are said to form a T-multiplet. The
different members of the T-multiplet correspond to states in a set

of isobars. Any one of these states, in whichever nuclei it occurs,
is known as the analogue of the corresponding state in T=Tz=(N-Z)/2

nyclei, In practice Coulomb displacement energy and neutron-~proton

mass difference give different energy for different Tz‘ This produces
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a shift in the position of the level of one isobar with respect to
another such that the excitation energy of these analogue states

increases with the decrease in (N=-Z).

12 12

As an example, we consider three light nuclei § B, C and

and 1ZN; these are isobars, all having the same mass number A but

differing in the proton and neutron number Z and N. The value of

12B 12 14

Z-component of T is Tz=1, 0,~1 for = C and "N, In this example

123 tflere exists a vacancy in a proton level while a neutron

ne

for
occupies a level of considerably higher energy and for N there is

a vacancy in upper neutron level and a proton occupies a higher

r

energy state. These two nuclei are transformed into the stable C

nucleus by~ and 2 *-decay respectively.

As stated in the beginning since the nuclear forces are charge
independent, it is expected that in any pair of isobaric nuclei at
least the low lying excited energy states should have the same value.
The Coulomb force acts between protons and the difference in the
proton number in parent nucleus and analogue nucleus gives rise to -
Coulomb displacement energy. It is then expected that in any isobaric
pair of nuclei the energy states may differ almost by a constant
value of energy. Even some of the energy states of the same isobaric
pair of nuclei may be very well equal to each other and these energy

states are known as isobaric analogue states,

In order to obtain information about the compound nucleus by

sfudying the spectrum of evaporated neutrons in the (p,n) reaction ..

1)

Anderson et al. in 1961, performed a series of experiments on a
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* number of nuclei with masses ranging from 48 to 93. The time of
flight technique was used to obtain the neutron energy spectrum.
Targets were bombarded with 15 MeV protons. In the first experiﬁent
with 51V as a target they were disturbed to find a very:strong
neutron group which corresponds to a rather high excitation energy
in the residual nucleus, After checking out the electronics they
concluded that the peak was due to the isobaric analogue state from
light element contaminant. The existence of sharp analogue states
only in light nuclei was known at that time. They then calculated
the charge from the energy of strong neutron group. This energx.is
simply the Coulomb energy of the added proton together with the
neutron-proton mass difference. They found that the contaminant was

51V, the target nucleus itself.

Isobaric analogue resonances were first observed in the (p,n)
reaction on 89Y as compound nuclear states by Fox et El:Z) in 1964
by using the proton beam from Tandem Van. de-Graaff having an energy
spread of about 3 keV, The neutron spectrum displayed strong resonan-
ces and these resonances were interpreted as isobaric analogue states
in the compound ﬁucleus 90Zr corresponding to the low-lying excited
states of its isobaric nucleus 90&. It is to be noted that analogue
states observed by Fox EE'El;Z) were interpreted as compound nucleus
resonances, whereas the analogue states investigated by Anderson
et 2l:1) were observed as states in the residual nucleus in direct

@
reaction,
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Following the discovery of isobaric analogue states as

compound nucleus resonances a new tool has become available in the

field of nuclear spectroscopy. Since then a large number of

3-.6)

experiments (refs, and many others) on the study of isobaric

analogue states in medium weight nuclei have been performed by
different proton induced reactions namely through (p,p), (p,¥) and
(p,n) and it has thereby been possible to locate and study the
properties of isobaric analogue states,

ot

Isobaric analogue states in

. -
Cr have been studied by a few
7-9) '

authors « There appeares some discrepancies among these

measurements and a few well established levels in 52V (ref. 10) do

52

not seem to have any analogues in

51

Cr. The present investigation

in 7'V by (p,Y) and (p, n) reactions has been undertaken in an

attempt to resolve these discrepancies.

The analogue states in 5500 have been investigated by some

11=13)

authors +« Information on analogue states in this nucleus is

scantys The present (p,¥) experiment on 5L‘Fe ranges between
56Fe is not sufficients

14,15)
9

Information on analogue states in

A few analogue states have been identified by Otto et al.

16) 17)

Friedrich 33 al, and Sakai et al,

-1

. The present work by (p, Y% .
and (p, n) reactions on Mn target has been undertaken with a view

to study the analogue states in the energy range Ep=0.85-3.05 MeV.,
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Information on analogue states in ~ Si is also inadequate.

The only measurements are in refs, 18 and 19, Two analogue states

in 2851 by (p,¥) reaction in 27Al in the energy range Ep=1.20-2.50

MeV have been reported by Jaffe and Harchol 18). Awaya 19)

27

reported
three analogue states by Al (p,p) resonance reaction in the

energy range Ep = 0,77-1.390 MeV.

In chapter 3 results on identification of analogue states
through gamma-emission and where possible neutron emission following

proton capture reactions in 51V, SuFe, 55Mn and 27A1 are dislussed.

The Coulomb displacement energies for pairs of isobaric
nuclei namely'sZV—SECr, 55Fe-55Co, 56Mn-56Fe and 28A1r2851 were
obtained from the present experiments. The systematics of available
Coulomb displacement energy for isobaric pairs of nuclei in the
mass region A=27 to 238 have been surveyed in an attempf to obtain
a semi-empirical relation similar to that of Anderson et al. 20);
this was felt necessary as a large amount of data has accumulated
since the above work. The results are discussed in chapter L4,

An attempt has also been made to look for any Tz—dependencg of

Coulomb displacement energy starting from experimental data.

Fine structures enveloping gross structures are sometimes
exhibited in proton induced reactions., Fine structures were observed
in the present work in (p, ¥') and (p,n) reactions in 2y and
55

Mn, but no such structure was found in 27Al and 5L"Fe. The

results are discussed in chapter 5.
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Properties of resonance levels including analogue

28

resonances in =~ Si obtained from proton capture reaction in
27Alyhave been summarized by Endt and Van der Leun 21).
Information above Ep=2 MeV are lacking. Angular distribution
of gamma rays de-exciting the resonance levels at Ep=2.198,

2.482, 2,511 and 2.735 MeV have been studied and the results are

discusged in chapter 6.

Finally in chapter 7 we consider the 2711.1 (p,p) resonance
measurements in the energy range Ep: 0.85-3 MeV. Eleven isolated
L]

resonances were studied including two analogues and properties of

the resonance levels in 2881 have been given.
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CHAPTER -~ 2

EXPERIMENTAL PROCEDURE

21 Experimental set up

The experiments were performed with protons from the 3 MeV
Van de Graaff accelerator at the Atomic Energy Centre, Dacca.(pata
on gamma decay were collected at the Bhaba Atomic Research Centre,
Bombay , ;PdiéL A 25° beam deflection was achieved with an analysing
magnet, the field of which was measured with a proton-~-spin resonance
device. An electronic stabilizing system kept the proton energy

spread below 1 keV, .

The block diagram of the experimental set up for the
measurement of gamma-ray excitation function is shown in fige2:1.
The detector pulses were amplified with a preamplifier and RIDL
amplifier, The pulsés from the amplifier led to a RIDL single channel
analyser followed by a sdaler through a common control unit, This
controls all the scalers - used in the experiment with the help of
flipflop circuits, i.e. it can start and stop simultaneously all
the system connected to it. For checking the count rates the N.E.
timer was employed. This has 10 ¢/s oscillator and a transistorized
binary system for count oscillator pulse, This was also connected
to common control unit. The proton beam after passing through the
target material was stopped in the target backing which is in contact
with the target holder. The target holder is insulated from the beam
t;be. The beam current cellected by the target holder was integrated
by means of a current integrater which is based on the one described

by Smulders and Smithaz).

N
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The scintillation spectrometer consists of a 5" x 6 ' Nal
(T1) crystal mounted on a EMI photomultiplier tube 9578, The
detector was shielded by a cylindrical lead shielding of 10 cm
thickness around the crystal. The detector was kept at a distance
of 9 cm from the target making an angle of 550 with the direction
of the bombarding proton beam to ensure that the measured inten-
sities are averaged for possible angular distributions., The gaﬁma

.

ray excitation function was measured simultaneously with two differenwf
tial discriminators and scalers. Two channels were set to accept

pulses of 1.5 and 3.0 MeV arbitarily corresponding to gamma rayse

deexciting the product nuclei resonance levels.

242 Principle of scintillation counters"

When an incident charged particle impinges on the phosphor
it dissipates its energy in the ionization and excitation of the
molecules. A fraction of this energy is converted into photons which
are radiated in all directions. Some of these photons fall on the
photo~cathode of the photomultiplier tube and eject a number of
photo~-electrons., These pﬁoto—electrons are accelerated by the poten=~
tial applied between the cathodes and the first dynode of the tube.
On striking the first dynode each photo-electron ejects several
further electrons by secondary emission. This electron multiplication
process is repeated at subsequent dynodes, each of which is at a
higher potential than the preceding one. Finally after a multiplication

@

of about 106 to 109 the electron avalanche arrives at the collector
plates It produces a voltage pulse in the output condenser which is

applied to an external pulse recording circuit, Thus thHé initial
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energy of a single ionizing particle is transformed into a 'single

voltage pulse, which is used for detection and measurement.

2e3 Interaction of gamma radiation with matter:

The mode of absorption of nuclear radiation and production
of scintillation is different for cﬁéf@ed, uncharged particles and
photons, In case of gamma ray detection, the photons interact with
phosphor in three distinct processes, namely, photoelectric effect,

Compton effect and pair production, They are discussed in chapter 6.

2.4 Stilbene Scintillator

A 1%%" x 1" stilbene crystal mounted on a RCA 8575 photo-

multiplier tube with ORTEC equipment was used for the detection of
neutrons, Both neutrons and gamma rays being uncharged are detected
by secondary processes, In the scintillation method they interact
with the material of the scintillators to give recoil protons and
electrons respectively which subsequently deexcite to give quanta of
light. A photosensitive cathode of a photomultiplier tube collects
these quanta of light and are transformed into electrical pulses by
the tube. Consequently the separation of neutrons and gammas are

23)

difficult. Bonner deviced methods to reduce the gamma backgrounds

to a large extent using pulse hight discrimination method, Hornyakau)
used ZnS embedded in Lucite and obtained good particle discrimination
but the detection has poor energy resolution. In the past few years

a qqumber of methods have been suggested to obtain an effective
separation between neutrons and gamma rays using the decay time

property of the recoil proton and electron pulses in certain fast

scintillators,.

e, - e i e i i il it e D el G A i
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* 2,5 n-ydiscrimination by zero cross-—over technique

One recent ingenious method first suggested by Alexander
et gl;zs)is the Zero cross-over technique, An effective separation
éf neutrons against gamma rays has been obtained by this method by
different authors using fast scintillators like stilbene NE218 and
NE213., In the present measurement the Zero cross—over technique was
used for ng-¥separation and particle identification. In phosphor used
in zero cross-over technique for particle identification the signal
pulse is constituted of a component with a short decay time constant
plus a component with a long decay time constant. If signals dueg to
the long lived states as amplified by the photomultiplier tube are
integrated and then subjected to double differentiation, shift in
the zero cross-over of the resulting bipolar pulses will take place
depending on the decay times of the initial signals. The neutron
pulses, for example, having a large decay time than the gamma pulses
will have its zero cross-over point shifted further off from the same
due to a gémma ray. A measure of the time differences between the
points of initiation and the zero cross-over of the pulses will,

therefore, identify the different ionizing agents,

For stilbene the long lived states for proton and electron
deexcitation are ~ 67 and~49 nanoseconds respectively while the
corresponding values for short lived states are 6,0 and 5.6
nfnoseconds. The somewhat large difference of the lang lived decay

states enable it to bring about excellent n-¥ discrimination using the

zero cross-over pulse shape discrimination method.
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2¢6 (p,n) experimental set up

The neutron yields were measured with a 1%" x 1" Stilbene-
scintillation detector incorporated with ORTEC nbz/discrimination
system (fig.2.2). The current signal derived from the 9th dynode of
PM tube and shaped in a fast preamplifier model ORTEC 264 is fed to
the input of a linear amplifier (ORTEC 410)., The bipolar pulses
obtained from the linear amplifier are fed into a timing single
channel anélyzer (ORTEC 420) that provides an output at the time the
input pulse goes through zero. The neéative fast spike appearing at
the output of the single channel aﬁalyzer constitutes what is caljed
the 'stop! signal of a time-to-pulse~height converter (ORTEC 437).
The 'Start! signal of the TPHC is obtained from the anode of the PM
tube through a walkfree time derivation unit. This is a fast negative
timing signal., The time derivation unit is controlled by an ORTEC 403
éime pick off control unit and>the output passing through a gate and
delay generator (ORTEC 416) actuates the 'start! input of the TPHC,
The anode pulses are arranged to arrive in time coincidence or to be
slightly delayed with respect to the bipolar dynode pulses, which
have components of different zero cross-over times, so that a STOP
pulse occurs with every START pulse., The TPHC on-'receiving the 'start!
and 'stop' signals converts the time difference between the two into
a voltage signal which appears atits output., Thus the spectra of the
output pulses from the TPHC shows two peaks corresponding to the
neutron and gamma rays vhen analyzed in a multichannel analyzer., A
typical n-x’spgp;rum showing the separation of neutron from gag?a rays

5 . ‘
in “¥n (pyn) 56Fe reaction is shown in fig. 2.3. The discriminator
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level of the single channel analyzer (ORTEC L420) is then adjusted
so that the gamma pulses are rejected and the neutron output pulses

are recorded in a scaler,

*

2.7 Beam alignment.

The size of the beam spot is defined and regulated by the
81lit and the collimator used in fhe beam path. In the present measure-
ment the Qfam was aligned by horizental slits used before the magnet
‘to get a 3mm beam spot which was viewed. through viewer used there,
The beam after analysing by a 25° analysing magnet was aligned by
the horizontal slits and two tantalum collimators, The beam was
narrowed to 2mm by the horizontal slits before it passes through the
first 5mm tantalum collimator. The beam finally passes through a 2mm
tantalum collimator which is placed concentric in cold coppenﬁtqu
of the cold trap. The cold trap is hanged with a clamp which is
connected to a L-shaped stand. The clamp has an arrangement for

hor¢zontal and vertical adjustment of cold tube., Once the beam is

properly aligned it will only hit the target area.

2.8 Target holder:

-

The targef holder is made up of two hollow copper
cylinders. They are joined by silver soldeéring, Chilled water
circulates through the area in between the outer and the inner
cylinders, The front face of the target holder is cut at 45° for
bﬁfter heat dissipation from the backing material of target. A
hollow tantalum crylinder is used to push the target into the target

holder,
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2.9 Suppression of backgrounds by cold trap:

Since the resonance in the (p,X ) reactions of medium
weight nuclei are of low intensity, the detection system needs the .
most effective suppression of background signals., The intensity of
the background signals were almost equal to those of the readtions
to be studied., There are three main sources of background, stgtgdw

below,

(i) When the projectile hits the dirts deposited on the target

and the neighbouring collimator the light elements in the dirt
produces (p,p'¥ ), (py«¥) and (p,n ¥) reactions. The cross-sectlons
of these reactions are high and consequently g~yield was comparable
to that of the reactions studied. The dirts are due to mercury vapour
coming out of the diffusion pump and other gaéeous vapours such as

carbon etc,

(ii) Deuterons leaking from the deuteron container through the
palladium foil of the palladium heater get accelerated along with
the protons and due to higher mass cannot reach the target and are
deposited on the slits and on the magnet chamber etc, The next incoming
deuteron hitting the deposited one produées neutron through
2

}’I(ZH,n)3 He reaction. The neutrons in turn produce gamma rays from

the thick lemd shielding through Pb(n,¥ ) reaction.

(1ii) Gamma rays from cosmic rays and other sources,
* The first type of background was reduced by the use of cold
trape. All foreign particles are trapped on the cold surface such as

liquid air coeled copper tube and 2mm tamtalum collimator which are

placed in front of the target holder.
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Neutron background was reduced by disconnecting the deuteron
container and the palladium leak from the ion source., The deuteron

contaminated ion source was replaced by a fresh one. "

A concrete. wall was built in between the accelerator and the
target area to minimise the machine background gammas, The detector
was also shielded by thick cylindrical lead shielding to minimize

gamma backgrounds,

2,10 Targets

2 55

The 27Al, v and 27Mn targets were prepared in the Atomic

L]
Energy Centre, Dacca. The backing material used was tantalum., The
thickness of tantalum was about O.2mm. The tantalum backing was

cleaned by glowing it in a speedivac coating unit (Model 12E6/1222)

and then target material was evaporated on it.

The 27A1, 5"“V and 55Mn targets were prepared from natural
aluminium, vangiium and mangenese which were procured from British

Sk

Drug House, The 2 'Pe targets (different thicknesS) were prooured from
Harwell, England. Table 2.1 shows the various targets of different

thicknesses used in present measurements,
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Table 2.1

Thickness of

Target £ Abundance Reactions
arget 2
( pg/em”™) %
27 A1(natyral) 20 27 y1—A100 (py¥)
51V(natura1) 20 51v--——99.76 (py%)and
50V———- 0.24 (pyn)
willind
54
54 : 5 Fe —98.63
Fe(isotopic) 20
56Fe —1.20 (p't)
57Fe — 0,26
e —40.007
55Mn(natural) 16 and 45 22Mn — 100 (p,¥) and

(pyn)
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Tantalum was chosen as backing material since the
gamma rays from Coulomb excitation of tantalum are lower in
energy (E,fl_—'.-; 301 keV) (ref. 26) than those of other available
27)

backing material except tungsten . Because conmuercially

available tantalum is heavily contaminated with sodium, sodium

free tantalum was selected., The metal was much less contaminated

with liéht elements than other available materials, €eZe Silver

and tungsten. Moreover the surface smoothness of tantalum is

an advantage for the preparation of targets of uniform thickness,
.

Disadvantages of tantalum are its low heat conductivity and its

high absorption coefficient for low energy gamma rays.

2e11 Beam energy resolution

The beam energy resolution depends on the stability of
the analysing magnet current and finite width of the slit. This
spread is assumed to be Gaussian and is determined from the steps

of the thick target yield of 2751 (p,¥Y) 28

Si reaction at 992 keV
resonance, The spread in beam was found to be 850 eV, The proton
energy Ep is related to the measured frequency 'f' of nuclear

resonance probe by

Ep=Kf2 se s (201)

where K is constant depending on the effective radius of the
analysing magnet., The K~value of the analysing magnet was

[ ]

measured from 992 keV resonance in 27Al (pyX) 2881 reaction

which has been used as a primary calibration energy.
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CHAPTER -3

Isobaric Analogue Resonances from (p;¥’ ) and (p,n)

My, Tre, Pun, ana g

reactions in

3e1 Introduction

A new tool in the field of nuclear spectroscopy has bgcome
available following the observation of the isobaric analogue states
as compound nuclear resonances at high excitation energy by Fox
et g&;z). A*large number of experiments have been performed to study
the isobaric analogue resonances in different proton induced
reactions. The reactions that are commonly used are the elastic and

.

inelastic proton scattering, (p, ¥) and (p,n) reactions., These studies
serve to identify analogue states as standing well sbove the background
of numerous fine resonances in medium and heavy nuclei at an excita-
tion where the density of normal states (T = TZ) is high and as such
cannot be studied by other methods, Such measurements are expected
to provide useful information on the isobaric spin dependence of the

2

nuclear forces and Coulomb displacement energy in nuclei throughout |

the periodic table of elements.

There has been a very limited measurement: on analogue

52

resonances in Cr, The analogue states in 52Cr corresponding to

the ground and low-lying levels in 52V (refs 10) have been studied
from (p,¥ ) and (p,n) reactions in 2y upto Eps; 2470 MeV (refse 7,8,
10)ee A few analogue resonances has also been located in the energy
range of Ep = 2410-3,10 MeV by Coleman et gl;g). There appears some

disorepancies among these measurements, Analogue resonances observed

by some workers have not been observed in other measurements for

ol

Al " " o Ty
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example, analogues corresponding to levels 0,875, 1.490, 1,759

52V do

and 1,795 MeV in 52V. A few well established levels in
not seem to have any analogues in 52Cr. The present work in
2y by (p,¥ ) and (p,n) reactions was, therefore, undertaken in
an attempt to study the analogue resonances in 5ZCr.

There is a little information on isobaric analogue

L 11)

states in From (p,¥ ) reaction in 5Ll'Fe Maripuu has

reported two analogue states arising as strong resonances in the

energy range of EP = 1 - 2 MeV. In the elastic proton scatterimg

5k 12)

on ~ Fe four analogue states have been observed in the enefgy

range Ep = 1470 = 2,00 MeV and 2.30 -~ 3,20 MeV. Three analogue

states namely at Ep=1.802, 2.243 and 2,750 MeV by 5I+Fe (pyp) were
13)

observed by Lindstrom et al. in the energy range Ep=1.75-3.30

MeV,., Moreover a few levels have been identified as analogues to

SsFe from ( 3H9, d ) and (A, t) reactions at low excitation28-32).

54

The present work on (p,Y¥ ) reaction in 7 Fe was undertaken with

the intention to study analogue states using a proton beam upto

3 MeV,

Sufficient measurements on analogue resonances in

56 4)

measured the excitation

55

Fe are not available., Otto gghal.1

curves of (p,¥ ) and (p,n) reactions in ““Mn in the energy range

Ep = 1,30-1,85 MeV and obseeved a number of analogue resonances

56

é%rresponding to the ground and low-lying states in

16)

Mn upto
0,486 MeV, A later paper wasAconcerned with the decay proper-
ties of some of these (p, ¥') resonances. The only other measure-

ments available is of Sakai et al.17) who im their 55Mn (ps X2
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56

Fe reaction observed three analogue resonances at Ep=1.3h9,

1.439 and 1.537 MeV. 'The present work was undertaken with a

56

view to study the analogue states in © Fe from (p,¥’) and

55

( py, n ) reactions in ““Mn using the proton beam of energy

upto 3.05 MeV,

, Many workerghave studied the (p,X ) reaction in 27p1

and properties associated with resonances. These have been

21)

summarized by Ednt and Van der Lean « Information on analogue
states is, however, inadequate. The elastic scattering of »
27 19)

protons on Al was measured by Awaya in the energy range

Ep = 0,77-1.39 MeV; a few resonances were observed, some of

which were identified as analogues of low-lying states of 28A1

(ref. 21), Jaffe and Harchol 18)

compiled (p, ¥") data from

previous measurements and reported three analogue resonances

in the energy range 1.20 ~ 2450 MeV, No other measurement has
i

yet been performed. This motivated to undertake the present

measur ement,

This chapter is concerned with the identification of
isobaric analogue resonances from (p,g’) reaction in 27Al in
the energy range Ep = 0.85-3 MeV, Properties of resonance levels
in 28Si, including analogue resonances, by (p,¥ ) and ( p,p)

measurements will be discussed in chapters 6 and 7 respectively.
®
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3,2 Formation of Analogue Resonances

The formation of analogue resonances as compound
nuclear states in medium weight nuclei were first interpreted in
the (p, p) and (p, n) reactions on 89Y by Fox et ale 2). A reaction
of this type is pictorially presented in fig. 3.1 When one adds a
proton and a neutron to a target nucleus gA one can obtain the
analogue.states in the analogue nucleus (Z+1)N(A+1) and the parent

o’

Z(A+1). The mass number for the

state in the parent nucleus N+

analogue nucleus and the parent nucleus are same but their tota}
isobaric spin are different. The ground state isobaric spin of
the target nucleus is T3 = T, = (N-2)/2. The total isobaric spin
of the analogue nucleus and the parent nucleus are T = TZ = To=te
and T = T, = Ty + % respectively. A target nucleus ﬁA is
bombarded with protons to form a state in the compound system

( Z + 1) protons,N neutrons) with total isobaric spin T = T+,
the analogue of a state in the parant system ( Z protons, N+1
neutrons) which has the same total isobaric spin T = T, + %2 The
energy of analogue state in a compound system does not correspond
to the same energy in the parent system, This inequality in energy
is accounted for by the Coulomb displacement energy and the
neutron-proton mass difference as shown in fig. 3.1; the Coulomb
interaction couses the energy to increase and the neutron-proton
mess difference causes a decrease in energy. The difference is
given by .4Ec -cr 3 where z&Ec is the Coulomb displacement energy

between the nuclei;gﬁg?A + 1) and ggq + 1) and 3 is the neutron-.
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proton mass difference, One can write from fige 3.1 '.
CM :
CM _
OI“AEc=E +Bn R (3.1))
where, EgM is the incident proton energy in the gentre of mass
system and Bn is the neutron separation energy in the parent

nucleus,

The ground state energy of analogue in the compound system

analogue nucleus Z+;(A+1) comes to be

Blgsssa.)= ) +B = AE B 4B L reenes (302)

where Bp is the proton separation energy in the compound system,
The energy ofanalogue states corresponding to the low-lying

excited states in parent nucleus is obtained by

E(g.s.ao) =AEc-Bn+Bp+ex A IR (3.3)

where e, is the energy of low-lying excited states in the paré@nt.

nucleus.
343 Analogue states in 520r
.Measurements
Isobaric analogue states from 51(p,'() 52cr and 2

(Ryn) 51Cr reactions in the energy region EP = 0,70-2,98 MeV

and Ep = 2414 = 3,12 MeV respectively were measured. The analogue

y
PP R MICT CUNEY . T MR VSR SNy =3 Db RSRRCI -- o pont bl i RGN e R e el
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resonances at Ep = 0,760 and 0,783 MeV corresponding to ground
state and first excited state- 0,0172 MeV in 52V (ref. 10) were

51V by mass two beam. The target

observed by ( p,¥ ) reaction in
used was nominally 16/ug/cm2 thick and they were prepared in

A,E.,C., Dacca. The thickness of tantalum backing was about 0.2 mm,.
The beam intensity was 1«3 mA. Throughout the experiments the
backings were water cooled to avoid evaporation under exposure to
the proton beam., The gamma-ray and neutron yields were obtained

in 1 keV steps for a fixed number of beam charges. The yields were
then plotted as a function of proton energy to obtain the i
excitation function. The excitation function thus obtained is
independent of the complex decay scheme of the capturing levels

and was therefore free from any ambiguities arising due to the =
arbitrary setting of discriminator bias in measuring the (p,y")
yield. The detection of neutron below proton energy 2.14 MeV was

not possible because of the high neutron threshold and detector
threshold (g—value of (p,n) reaction in 51V is = 1.530 lMeV

(ref.33) and the detector threshold -~ 0.6 Mevl

The identification of analogue states depends on many
factors such as the density of T, states, the strength function
of the Ty states and the spectroscopic factor of the states In
favourable cases the analogue resonances can be identified by
inspection of resonance intensity. In the y-ray yield curve (fig.3.2)
th; y-ray intensity shows maxima at proton energies which may be

interpreted as analogue states of 52V in BZCf. The excitation

energy Ex(Obs) was optained from the incident proton energy Ep, the

il it ol el S NN Gl it i (0 i SRR . g S AR G 00 ol
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known Q-value of the (p,{ ) reaction given by

A v
s EP A (3.4)

E_(0bs) = Q (B,f ) +

The excitation energy Ex(cal) of the compound nuclear system
52Cr can be obtained from a knowledge of the Coulomb displacement
energylSEc of the isobaric pair of nuclei 52y _ 520r, low-lying
excited sfates of 22y (ref. 10) and Q-value of 2y (pyn) 220y

reaction namely through the relation

Ex (Cal) = Q(p,n) +AEC + ex YRR (305).

The Coulomb displacement energyﬁSEc can be obtained
experimentally from (p,t’), (p,n),‘S-decay, (p,d) and many other
reactions, The values of£>Ec, as measured by various workers, have
been subjected to a systematic analysis by Anderson et al. 20).

The variation ofl&Ec with target mass and charges shows the

following empirical least Squéres relation 38499 3

y | 7
AE_ = (1,444 + 0.005) 75 - (1413 + 0.04)  .eu. (3.6)

where Z = average charge of the compound nucleus and its isobar

and A = mass number of the isobar, The value[&Ec for the pair

22y . 5%y as calculated from the relation comes to be (7,961 +0.071)

MeV. It may be noted that we have made a similar least squares

anglysis of Coulomb displacement energy and obtained the relation
g :

given byAE_ = (1,437 + Q.oo3)Z/AV§ (1.081 + 0.02) eeese (37)
as discussed in details in the following chapter. ThebEcsvalue as

calculated from above relation comes to be (7.966 + 0.038) MeV.

Vs x

| b s
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Result and discussion

The ¥ -ray yield curve shown in fig. 3.2 exhibits a number
of strong resonances that stand prominently above the background of _.
fine resonances. These strong resonances are identified as analogues
of the ground and the low-lying levels in 2y, The (p,n) spectrum
shown in fig, 3.3 is almost identical with the(p,¥) excitation
curve. It ds seen that the resonanceé appear at about the same
proton energy agreeing to within a few keV, It is thus possible
to check the consistency of the measurement. The (p, K) yield
curve covering the energy range from 0,700-0,930 MeV using mass &

beam is given in fig. 3.4.

It is seen from the fig. 3.3 that the compound nucleus
220y corresponding to the low-lying states in 2%y below 1.419 MeV
51

were not observed in 'V (p,n) 21cr reaction for reason stated

earlier, These analogue states have becn observed by (p, X3 reaction
in 51V-

In the present experiment on 51V, sixteen analogue
states have been observed. The results of present work and other
available measurements are summarized in table 3.1 for comparison.

It is seen from the table that a resonance at EP = 1,558 MeV has

been suspected to be analogue of the passible 0,768 MeV state in
P

52 7,10) 3)

V by some authors while it has not been observed by others 7,
Thp present work shows a resonancei: at correct proton energy
(marked "x'" in fig. 3,2),but there is no positive evidence for the

existence of 0,768 MeV states in 52V and we believe it to be a

component of the structure exhibited by the adjacent resonance
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at E = 1559 MeV. A resonance analogue to the 0,875 leV has
P
0) 748)

previously been reported k but not observed by others
In the present measurement no stronq resonance has been observed

corresponding to this states; this is in agreement with the

latter authors.,

The resonance marked "Y" in fig, 3.3 at 2.2 MeV might
correspond to the analogue of 1.490 MeV states, but it is hardly
distinguishable from the adjacent normal states, This has been

0)

suspected to be analogue 100 and is weakly excited in refs,(7,8).
It is thus concluded that the 1.490 lMeV state has no analogue 2n
52Cr. We have observed strong resonances at Ep:: 2.54 and 2.58 MeV,

(figs.3;2 and 3.3) where an inconsistency exists.

The only measurement available at higher excitation

9)

energy is of Coleman et al, from (p,ny) experiments and there

is a good agreement between their results and those of the present
work., The only emception is the resonance at Ep = 2.945 MeV,

which is observed in our (p,¥ ) reaction. The analogue of the 1,842 and

and 2,318 MeV have been observed by Coleman et al.g)

and our
(pyn) reaction measurement. The former is also weak in the (p,¥)

8)

yield curve of Arai et al, and while the latter is not covered

in their energy range.

It will be seen from the table 3.1 that the difference
petween Ex(Obs) and Ex(Cal) comes to be on the average 114 keV

and 109 keV using relations (3.6)and (3.7) respectively while a

T O EIGNE. = N Y
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Fig.3.4 Gamma ray yield curve from the 61V(p,{ )sz'Cr reaction in the energy
§ range Ep = 0.,700—0,930 MeV. F stands for fluorine.
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variation of the individual cases lies within a reasonable limit,
This confirms the identification of strong resonances as analogue
resonances, The Coulomb displacement energy from the present measure- =

.

ment comes to be ( 8,075 + 0,043) MeV. This value is in excellent

agreement with the value (8.075 + 0,020) MeV of "Heranishi et al,”)
X ‘ . ... 92, 524
The energy level diagram for the isobaric pair V -7 Cr

' 2
is shown fn fig., 3.5. The low-lying energy levels of 2V are shifted
by the Coulomb energy difference and the neutron-proton mass

difference. The first column of fig. 3.5 gives the low-lying levels

in 52V, second column and third column represent predicated

52

excitation energy level Ex(Obs) in “"Cr respectively,

Therefore even though the(p,¥ ) and ( p,n) reactions lead
to different final nuclei, the reactions give information about e o
the resonance levels in the compound nucleu# 520r. The process may

be represented by

51Cr

520r

b 5

51V

The nucleus , in its ground state, has eight neutrons

Axiésﬂ“Anﬂﬁn‘i

and‘three protons in 1fZé sh&ll outside the closed N=Z=20 core,

e

The incoming proton interacts with. the five excess neutrons ieavif%

other neutrons practically undisturbéd,zthus forming 5§cr. Some of

the levels of 220y will ngve the same anéﬂ, parltynﬁ

¥
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excitation energies of analcgue states can, therefore, be estimated

from the level scheme of the low lying energy levels ex in 52V

(ref. 10) and the Coulomb displacement energy‘AEc, as stated earlier,

556,

3.4 Analogue states in

Measurement

The target isotopically enriehed and nominally 2O/ug/cm2
thick on t;ntalum backing was proeured from A.E,R.E., Harwell,
England.The beam current used was between 1,5 mA and 3 mA, The
(pyn) reaction in shFe is not possible in our 3 MeV Van dqgraaff
accelerator because of its neutron thresholds Q=value of (p, n)
reaction in 54Fe is - 040039 MeV (ref. 33) « Analogues gorrea@ponding
to the ground and lowest four states below 1,918 MeV cannot be
reached by proton capture reaction, because Q-value 54Fe () 5500
feaotion is 5.068 MeV. as against AE, + Q (pyn) in 55Fe - 5500

pair = 4,613 MeV,

Results and discussion

Isobaric analogue states from 5“Fe (pyX) 2260 reaction
have been measured in the proton energy range 0,854 - 2,980 MeV.
The y=-ray yield curve is shown in fig. 3.6 which displays a number
of strong resonances clearly distinguishable from the adjacent ones.
They were identified as analogues‘to the well known low-lying 1e§éls
1n 2PFe ( refs 34). |

4

The results of the preeent measurement -along with
41=13)

prejyious oneg are summarized in table 3.2 Eleven resonances

were iﬁeﬂtifigd in this work to be analogues of the low lying levels
g 3 § 2 'kz

ity )

|
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in 2% 11-13)

Fe, while previous authors , observed two, four and

three analogue states by (p,¥ ) and (p,p) reactions. Two strong

11)

resonances at Ep = 1,803 and 1.886 MeV observed by Maripuu from

(py,”) reaction were also excited strongly in the present measure-

5L’Fe by Ahlgren et a1.12)

ment. In (p,p) measurement on four
resonance at Ep = 2,758, 2.773, 2,961 and 3,125 MeV were observed
as analogdes; out of these, the 3,125 MeV is beyond our energy
range and the 2,773 MeV analogue resonance was weakly excited in
the present experiment., This is shown as marked 'x' in fig. 3.6 at
Ep = 2,779 MeV. It is also seen that there does not seem to have

55

any state in Fe to which it may be a possible analogue. Three

analogue states at Ep = 1,802, 2.243 and 2,750 MeV by (p,p) reported

by Lindstrom et al. 13) were observed in the present experiment.
It is to be noted that the analogue states observed in 5“Fe

(3 29430) at excitation energies 6.850 and 6,982 MeV

He, d) reaction
were also observed in the present (p,'f) experiment. The analogue
states in (3He,d) and (e, t) measurements occur at lower excitation
energy 28-32).

It is seen from the table 3.2 that the difference betwee§
Ex(Obs) and Ex(Cal) comes to be on the average 147 keV and a
systematic variation of the individual cases exists within a
reasonable limit, The Coulomb displacement energy for the present
measurement comes to Be (9.079 + 0.054) MeV. This is in good
afreement with the value (8.832 + 0.074) MeV given by the

sefi-empirical relation (3.6) of Anderson et al. 20) « The energy
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55 55

level diagram for the pair Fe - Co is given in fig. 3.7. The

low lying energy levels of 55Fe (ref.34) are shifted by the Coulomb
energy difference and neutron-proton mass difference. The systematic
difference in energies are almost maintained between the low lying

levels in 55Fe and observed excitedecd states in the compound nucleus

25¢e: when the former is shifted by a constant amount,

The strong resonances observed in (p,& ) reaction in

55Feo
55

5k

Fe correspond to the low lying energy levels in Because of

this agreement with the corresponding level scheme in Fe and the

correct value of the Coulomb displacement energy it is concluded

55

that the corresponding resonances in the

55

Co nucleus represent the
isobaric analogue states of the Fe nucleus. The rucleus 5L}Fe has
eight neutrons and six protons in 1fzé shell in its ground state
and the incident proton interacts with the two excess neutrons. The

other neutrons remain practically undisturbed and the compound

nucleus 5500 is thus formed.

345 Analogue states in 56Fe
Measurements
In order to study the isobaric analogue states in 56Fe

56Mn (ref. 34) the

corresponding to the low lying states in
experimental set up and technique to obtain the (p, ¥) and (pyn)
yields from 55Mn was identical with that of the measurement of

ana)ogue states inlsacr by (p, x) and (p,n) reactions in 51V.

Thejtargets used in the present work were fabricated by vacuum
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evaporation of natural Manganese (4,100% abundance of 55Mn) on=to

0.2 mm tantalum backings in A,E.C., Dacca,

The beam intensities were 3-6 mA, For the measurement
of (py¥ ) and (p,n) yidld curves the target thickness was nominally

16Jug/cm2 and 45/ug/cm2 respectively.

Results and discussion

56

Isobaric analogue states in © Fe from (p,¥) and (p,n)

55

reactions in ““Mn howe been studied in the energy range Ep=1.28-3.05

MeV and 1.50-3,05 MeV respectively. The (p, ¥ ) Excitation curve
shown in fig,., 3.8 displays a number of strong resonances and

they are clearly distinguishable from the neighbouring resonances.
The neutron yield curve shown in fig. 3.9, also exbibits a number
of strong resonances. The strong resonances appear almost at the
saﬁe proton energy as that of (p,f) yield curve agreeing to within
a few keV, But the shape of a few resonances is somewhat different

L)

and this was a2lso reported by Otto et al.1 e It is seen on

comparison that neutron yield curve supplements the information
derived from the gamma yield curve., These strong resonances were

identified as analogues to the ground and low-lying levels in

56

Mn (ref., 34), The present results together with those of previous

14,1%)

workers are listed in table 3.3. Twenty four analogue states

in the compound nucleus 56Fe from (p,¥) and (p,n) reactions in =

56

55u, ¢orresponding to the low-~3}ying states in Mn were observed
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1
in the present measurement. Otto et al, observed seven analogue
resonances corresponding to the ground and low lying states in
A
5eﬂnwug}to 0,486 MeV. The results of the present measurements are

L)

4 .
in excellent agreement with those of Ottoet al. and moreover

seventeen new analogue resonances were observed.

Below 1.70 MeV the 1" x 1%" stilbene detector could not ol
be used for the detection of neutrons because the sum of the Q-value for
the (p,yn) reaction and neutron detector threshold was =1.0145 -

0.6 = 1,62 MeV, Therefore, two analogue resonances at Ep = 1,536

and 1.683 MeV were identified by Zns crystal in (p,n) reaction. The
nucleus 55Mn, in tte ground state, has five protons in 1f7Aéshell

ahd" ten neutrons distribdbuted in 1£-2p shells., The incoming proton

interacts with five unpaired neutrons. The other neutrons remain

practically undisturbed and the compound nucleus 56Fe is formed,

A comparison of the observed excitation energy as compound
nuclear resonances in 56Fe with those expected from known levels in
56Mn shows that they differ on the average by 147 keV. The Coulomb
displacement energy as obtained from the present work comes to be

(84641 + 0,047) MeV *for 56Mn - 56Fe Pair using the relation (3.6) as
given by Anderson et 22420). Excitation energies obtained by relation
(3.7 given in this work are also presented in the table 3,3, It is seen
that the difference between the observed and expected excitation
energy, i.e., Ex(Obs) - Ex(Cal) on the éverage comes to be 144 keV
using.the present semi-empigical relation for Coulomb displacement

56Mn - 56Fe

energyudEc. The energy leve diagram for the isobaric pair

~

g e chuseiaieo o e o o a il ot B S L SRS e L L L ettt SR e i Shabdn & aelih. casiudy Ly SRS 2L Yl
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is shown in fige 3.10. The low-lying energy levels of 56Mn are
pushed up by the Coulomb energy difference and the neutron-proton
mass differences. The first column gives the low=lying levels of
the second and third Columns represent the predicted and obsérved

56

excitation energy in Fe respectively., The systematic appearance
of strong resonances differing in energy from one another by
approximately the same spacing as in the levels of 56Mn suggest

that these resonances are analogue resonances,

3.6 Analogue statesin 28Si

Measurements

The experimental set up and technique for the study of

27

isobaric analogue states in 2881 from (p,¥ ) reaction in Al are
given in chapter 2. The targets used were prepared by vacuum
evaporation of natural Aluminium (100% abundance of 27Al) on to
O.2mm tantalum backing using a tantalum boat in Atomic Energy
Centre, Dacca., The target thickness was nominally 20 Jug/cma..
The beam current was 1-3 _uA. The (p,n) reaction in 27Al is not
possible in our 3 MeV Van de Graaff Accelerator because of its

3
high neutron threshold. The Q-value of (p,n) reaction in 27Al is

~545925 MeV (ref. 33).

Results and discussion

An attempt was mg&e to study the isobaric analogue
states in 2851 from (p, x) reaction in 271&1 corresponding to the
low lying levels in 28Al.(ref. 21). The proton energy range was
0.85-3,0 MeV, The (p,¥ ) yield curve thus obtained as a function
of proton energy is shdi& in fig. 3411« The yield curve éxhibits
: ik @«'s-mkxﬁiuuk&gmgh;;ﬁggﬂgéggﬁ,;#,

s PRI v/ WV IO N L

Mn,
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a number of strong resonances that stand prominently above the

background of many fine resonances. These resonances were

28

identified as 2nalogues of the low lying levels in Al, The
analogue resonances corresponding to the ground and low lying

states in 28Al below 3,294 MeV can not be reached by proton capture
reaction, because Q-value of 27m (pyX) 28Si reaction is 11,585

MeV as againstAEc+Q(p,n) in 28A1-2851 pair = 9.154 MeV,

-

The results of the present measurement along with those

19) 18) are

of Awaya and the compilation of Jaffe and Harchol

presented in table 3.4 for comparison., It is seen that there is
a good agreement between the present measurement and that of

Awaya (ref., 19), But there exists a contradicticm in assignment
to proton resonances at Ep = 1,117 and 1.198 MeV between the two

18‘1,"9)

measurements

Proton resonances at Ep = 1,905, 2.308 and 2,370 MeV
were tentatively identified to be analogues to 4,115, 4,466 and
L, 518 MeV states in 28A1. These analogue resonances are not

strong enough and they are shown in parenthesis in table 3.4. The

3.669 MeV state in 28Al does not seem to have any analogue in

28

Si. The present work, however, shows a weak resonance marked

'X' in fig. 3.11 at the correct proton energy Ep = 1,454 MeV,

The analogue resonances at 24530 MeV reported by Jaffe
18)

and Harchol does not seem to have states in 28Al. No such
’ P

resonance was observed in the present measurement. Resonances

at Ep = 14364 and 1.388 MeV marked "Y" and "Z" respectively in
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fige 311 do not correspond to any states in 28A1 and they are

not analogues., We believe them to be components of some slight
structure exhibited by the resonance 1.380 MeV corresponding to

3.591 MeV states in 28Al. This resonance was studied with thinner

35)

targets, but does not display the Robsons asymmetry , usually

observed in the analogue resonances,

The 27A1 nucleus has, in its ground state, five protons
and six* neutrons in 1d5/2 shell. The incident proton interacts
with one unpaired neutron in 1ds/p shell. The other neutrons

remain undisturbed and the compound nucleus 28Si is formed.

The excitation energy Ex(Cal) of the analogue states
in 28Si are deduced from a knowledge of the energy levels of
28A1 (ref, 21), the Coulomb displacement energynk  and the
Q-value for the (p,n) reactions of the isobaric pair of nuclei

28, _ 28

Si. The expected excitation energy Ex(Cal) alonngith
the observed excitation energy given by the (p, ¥ ) compound
nucleus resonances are shown in table 3,4, It will be seen from
the table that they differ on the average by 149 keV and 131 keV
respectively using semi-empirical relations (3.6)and (3.7) thus
confirming the identification of the strong resonances as
analogues., The Coulomb displacement energy from the present

experiment comes to be (5,439+0,051) MeV which is in:eloee

o
agreement with the value (5.467 + 0.007) MeV given by Hardy

et al, 36). The value ofaﬂc for the isobaric pair of nuclei
28A1-2881 is found to be (5,290+0,062) and (5.308+0.033) MeV

4
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using relations (3.6) and (3.7) of Anderson et 21.2 and the
present work respectively.
. .28 28, .
The energy level diagram for the pair Al - Si is
28

given in fig. 3.12. The low lying energy levels of Al are
shifted by the Coulomb energy difference minus the neutron-proton
mass difference, The appearance of strong resonances and their
correspondence with the low lying levels in 28Al gives evidence
that they are analogues. There is an excellent agreement if one

displaces the analogue resonances through a constant amount.
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CHAPTER -~ L4

COULOMB DISPLACEMENT ENERGY

4,1 Introduction

L)
e measurement of Coulomb diSplécement energy by experimental
observations began with the discovery of mirror nuclei by Fowler

37)

et al. « They noted that if the nuclear forces were charge. symmetric
the difference in binding energy could be accounted for by the elec-

_ trostatic interaction between the protons. 3ince then the systematic
variation of the Coulomb displacement energy have been studied by

many authors 38-40). They have shown that the Coulomb displacement

ener depends on pairing and T-value effect and have discontinuties
P P g

at shell closures.
Recent observations of analogue states in heaviey nuclei,
first in the (p,n) reactioné1) and then in other processes 2), have made
it - possible to extend the measurements of Coulomb displacement
energy in that region of nuclei which usually have ground states

with T greater then unity. The following information can be obtained

from the study of. Coulomb displacement energy:

(i) an understanding of the dependcnce of the Coulomb ehergy
on Z and A (or on A and Tz ) for a larger group of nuclei or an
understanding of the dependence on the detailed nuclear structure for

a smaller group of nuclei or even a single isobaric pair.

(ii) the charge distribution and the chdrge radii of atomic

nuclei

(iii) the charge dependent effects such as charge dependence

of nuclear forcess il . . . g
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In practice every single measurement yields a numerical
value for a Coulomb displacement energy. In recent years there
has been a large amount of data on Coulomb displacement energy
which includes the heavier nuclei through various processes,
such as (p,n), (p,d) (d,n), (BHe, d), (BHe,t), (3He,p),(p,x) and
3 -decay measurements. In fact this has prompted several theoretical
and semi-empirical studies of Coulomb displacement energy. In
order to obtain an empirical relation for Coulomb displacement

L
20,41,42) have used the analogue state

enefgy Anderson et al.
group in (p,n) reactions for a wide range of nuclei from mass

LO to 165, They plotted AE  against Z/A1/3 using data available
upto 1965 and found that a straight line fitted data quite well.
There appeared to be pairing effects and possible shell effects

superimposed on the straight line even with experimental uncer-

tainties of about + 100 keV. Batty et al.qz)

studied the Coulomb
displacement energies of nuclei upto mass 238 at higher proton

energy with the same reaction. But the uncertaintics in the values

of‘AEc_were greater.

The use of isobaric analegue resonance technique is
very helpful in the sense that the Coulomb dispiacement energy
can be measured very accurately. The present measurements report
r?sults on zﬂEc for four pairsof isobaric nuclei in the mass

region 28 to 58, Many experiments with a better accuracy and

better energy resolution.have been performed since the work of

“illy
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20)

Anderson et al, and an attempt has therefore becn made to
fit the Coulomb displacement energy.&\EC with a linear least

20)

squares relation similar to that of Anderson et al. We

have used all available measurements for the purpose in the
region of the periodic table A = 27 - 238. An attempt has

also been made to stuvdy any possible TE dependence of.aEc.

L,2 Coulomb displacement energy

The values of Coulomb displacement energy obtained in
the present experiments are presented in table 4.13alsc included
in the tablc are the values from previous measurements
(refs. 14, 44-49), It will be seen that there is a good agreement

between these measurements.

4,3 Phenomenological Approach to Coulomb displacement energy

There have been several theoretical approaches to
derive Coulomb energy of a nucleus from liguid drop model, shell
model and others, The simplest model starts with a uniform

spherica. charge distribution of constant density and gives

B . g e moe i (Z1 ) eens (Be1)

Corrections arising from diffuseness of nuclear surface,
exchange energy, shell effect, Tz—dependence of nuclear radius
etc. have been incorporated, A review of all such works has

’ 50)

been made by Janecke
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TABLE 4.1 .

Coulomb displacement energy, lSEc .

M (K 1 t
Isobaric ; Z/Aq/3 ! ﬁSEc(Cal) from kEc(ObS) s References
pair : : (MeV) ——1 (MeV) |
; | covpglon | eapaien =.
2832854 bohh6 50290+0.062 5.308+0.033 5.439 +  P.W,
0,051
" " " " 5.467 i 36
' 0.007
22y-2%cr 6,296 7+961+0,071 7.966+0.038 8,075 + P.W,
0.043
" 1] " " 8.060+ 47
0,030
1] 1 "* 1"
oSy 7
" 1" " " 8.406+;_ ] 47
cor0™
" 1" 1" " 8.290+ Qq
0.030
" " " " 8.0501 88
0,020.
95 55
Fe-""Co 6.968 8,932+0.074 8.,932+0.074  9.079+ Pl
0,054
n " " " 8.956+ kg
0.070
" " " = 8.993+
0,028~ kg
56, 56
Mn-""Fe 64665 8.494+0,073 8.4974+0,039 8,641+ PoWe
0,047
" " " n 8.5931 1#
0,015
n " " n 8.590+ 15
0,010

P.W, Present work.
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experimental data

[¢]

b/ 3
4E, = b, Z/A 3, bys

AE = (c

c 1

7 + c2)/A1/}

- % 4E, = a, /a3 aa(Z/A)V? )

LS

ThehoRahivessiti ingttutienatRepesitpyri cal forms are used to analyse

(4.2)

(4.3)

(4, 4)

Clearly, the first term in above expressions is a

direct consequence of relation (4,1) and gives the major con=-

tribution toAXEc.

The second term in (4,2) is a consequence of exclusion .
principle and arises from antisymmetrization of the wave

functions, and it has been argued that aa/a1:t;

=045,

The expression (4.3) follows from (4,2) if one assumes

(Z/A)1/é‘:5 constant, as is true in heavier nuclei and the

ratio b2/b1 is predicted to be approximately - 0.4,

The expression (4.4) follows if we assume that the

matrix elements for ‘l/rij appearing in the Coulomb energy

operator

iy

proportional to A‘VB, it is then expected that ca/c

By=of 2 ket (k- tdim,

o eee

(45)

are the same for all pairs of protons in a nucleus and is

~s 0.

Relation (4.3) has been used by Anderson et~5;_20)

as mentionaé earlier, to analyag experimental data*onaE
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With the availability of further data, a similar analysis
has been made and we obtained b1 = (1.437 4 0,003) MeV and

=-(1.081 + 0.020)MeV. The chi-square values in the present case
20)

b2
as well as in the case of Anderson et al. have been found to
be 0,016 and 0.017 respectively.

4,4 Results and discussion

The relations (4.2) - (4,4) have been used in the present

case and the results of least squares analyses are shown in table 4.1j

ave . ;
also included for comparison/the values given by Janecke 50) and
Anderson et al. 20).

TABLE - 4,1

Summary of least squares analyses using relations(4.2) = (4.4)

ool

Coefficients (MeV) , o
Relation (4,2) Relation(4.3) Relation (4.4 No.of{References
data
points
21 a2 b, R 4 €2

1. 809 41,136 1.437 .-1,081 1.384 -=1.,852 245 (1)
1,424 ~=1,237 | 1,430 --0.992 1,389 ~ 2,041 149 (k)
1 4hk ~=1,130 ' (1)

n %
% * (j) Present work,
B () Res™

(1) Ref, 2©)

Fige 4,1 shows a plot of experimental values+of Coulomb
- displacement energy;ﬁchinéghe mass region A = 27 to 238 as a

SN S R i i i el o o B g
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Fig.4.1 Coulomb displacement energies plotted against Z/A1/3 for all available
isobaric pairsof nuclei in the mass region A=27-=233. The broken and

solid lines represent least squares fit using relations (3.6) and (3.7)
respectively.
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function of 'Z-/A/']/3 compared with the semi-empirical relationj
solid line is from present work, that is

/
/4

of & (1,437 1 0,003)8/8"/%~(1.081 1 0.020)

2 .
ahd -Broken’line is from Anderson et al. 0) given below

AE_ = (1.4bk 1 0.005) Z/a"> - (1.13 5 0,040) ... (ir.6)

A number of data points in the region Z/A1/é»'6-7 are not shown
in the figure for clarity; but included in the ahalysis. Errors
<30 keV are not shown in the figure. The experimental data for
‘ﬁEc in the mass region A = 27 to 238 plotted in fig. 4.1 are also
presented in table A-1 ih appendix. It is seen that values of[;Ec )
as predicted by the present relation lie very close to the observed
values._

Fig. 4.1 shows that the observed values ofﬁ;Ec from the
present work on four pairs of isobaéic nuclei namely 52V- SZCr,

55 56 28

Fe- 5500, 56Mn- Fe and Al- 288i are in good agreement with
the values of[&Ec in this region of periodic table as stated
earlier and most of values of[&Ec lie on or near to this straight

line, Henceforth the present relation can be used in predicting

Coulomb displacement energy in many relevant experiments.

54)

Improvements to relations ( 4,3-4.4) were made by Seeger

55)

and Lindner by considering surface diffuseness and Tz-dependence
of charge radius. This can be seen, if the quantitiesAQEc (Bxpt ) -

lxgc(Cal) be plotted for different isotones against Z; and for
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Fig.4.5 A plot of AEC as a function of Z/.A.']/3 for different T
line is from relation (4.3), using b

gz=vValues, Solid
and b separate groups and broken
line is same as solid line but using b and b2 assumlng a single group.
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different isotopes against N> . They represent an approximately
linear relationship with scatter about the mean line, having a
negative slope in the former case and a positive slope in the
latter (curve-a in figs. 4.2—4.4 for example). These relations
after necessary corrections for theoretical Tz-dependence ofA;Ec
however, shows respectively a positive and a negative slope, The

55)

introduction of Tz-dependence thus rotates the curves in right
direction, but more than what is necessary, showing that Tz-effect

have been ever estimated. We, therefore, proceed as follows,

Data on Coulomb displacement energyAEc were arranged into
several groups according to Tz-values and we made a least squares
analysis using relations (4.2) and (4.3) in each group separately,
as well as for the entire population treated as a single groupe.
Groups of Tz, for which data were insufficient or the range of
Z/A1/3 was small, were excluded from the analyses, Results are
summarized in table 4,2 end are displayed in fig., #.5; for clarity,
results for relation 4.2 are not shown. It appears from these

figures that Tz-effect on AEc is small.

We wanted to make a quantitative study in order to see
if the same regression equation can be used for different groups;
the results were, therefore, subjected to the F-test, as

summarized in tables 4.3—U.,5, We arrive at the following conclusions:
. i 1 Y

-



Least squares analyses of AE  using relations 4.,2-4.4 for

separate groups of Tz as well as assuming them to belong to

Dhaka University Institutional Repository

TABLE - 4,2

a single group,

Values of Coeffi- |Values of Coeffi- |Values of Coeffid
cients of relation |cients of relation|cients of rela-

S Bl (4.2)  (MeV) (4.3) (MeV) | tion(hoh) (MeV)
S 84 - b s 4 °2
1 9 1.k20 -1.241 1.439 -1.175 |1.365 ~1 4602
3/2 11 1,454 -1.,489 1.492 1,433 | 1,39 -2.,082
2 9 1,473 -1.647 14502 ~1.472 | 1,408 ~2.468
5/2 14 1,435 ~1.288 1.459 ~1.157 |1.376 ~1.613
3 8 1.429 -1.,236 1,455 1,117 | 1.382 ~1.730
/e 9 1.411 -1.051 1.412 -0.815 |1.371 ~1.379
4 & 1.419 ~1.099 1,414 ~0,800 | 1,376 ~1.448
g9/ 7 1.385 | ~0.862 1.378 =0.625 | 14356 | -1.096
11/2 7 1.419 -1,203 1.410 -0,840 | 1,384 ~14996
13/2 7 1.399 -0,962 .30 -0, 451 | 1,372 ~1.486
15/2 3: 1.3957 =0.897 125401 ~04187 | 1,368 =14309
17/2 5 12514 | =2.434 1.505 ~1.742 | 1450 -5.052
8.G," 95 1,418 21,194 1,464 ~1.295 | 1.378 “1,718

+Assuming all data points of above groups of Tz

as a single groupe.
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TABLE 4,3

Analysis of variance using relation (4,2)

Residual due Sum of Degress of Ft

to squares freedom

Calculated| 5% value |10% value

Deviation 04135 33 1,018 155 1.40
from hypo-
thesis++
Separate 0,237 59
regression
Common
regression 0,372 92
*F is the variance ratio often cslled Fisher's 'F!
Percentage values are taken from Fisher's table.

*ihe hypothesis in

tables jlhand /5is: the same regression

equation can be used for all groups of Tz~values.
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TABLE 4.4

Analysis of variance using relation (4.3)

v i) 1
7 ] '
Residual i Sum of ! Degrees | F
due to ; squares | of free- ; - 7 7
: ' dom, ! Calcula-; 10% ! 5% |2.5% | 1%
! ! ' ted. | value | value) value | value
i i iy 1 i L <1 L
Deviation 0.160 22 1.936 170=_ 1,84
from hypo-
thesis
Deviation 0,046 11 0.883 Te6% - “1497
from bypo-
thesis due
to b
1
Deviation 0.1k 11 2.747 1.97 2.4
from hypo-
thesis due
to b2
Separate 0.266 71
regression
Common 0.426 93

regression,
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TABLE 4,5

’

Test of equality of b2 assuming same b1 for all groups.

, " 11
) | ' ' F

Residual : Sum of ! Degress of!

due to : squares | freedom ' Calculatedi 5% value; 10%
' 1 ' ' :value
' H ' U 1

Deviation 0.114 11 2.73 1.79 1,62

from hypo-

thesis

Separate 04512 82

regression

Common 0,426 93

regression
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= bA =

(1) there is no evidence against the hypothesis that the
same regression equationt).Ec = a, Z/A1/3 + 8y (Z/A"/3 can be used

for different Tz-groups,

(11) for the relationAE = b, Z/A1/3 + by, b, is probably
the same ( to within limits of error) for all T -groups, whereas
indication is there that b2 perhaps somewhat varies from group

to group.

Next, the quantities[;Ec(EXpt ) —ijc(Cal) were plotted
against Z, and N, for fixed Ny and 7, -values (figs. h.2—lk.k),
that is against Tz. In evaluativm%‘ this diffrerence,AEc as given
by different groups of Tz-values, as well as for assuming them to
belong to a single group (relations 4.2 and 4.3) were used; we
should as such expect that the mean straight lines (in the least
squares sense) through the data points in figs.(c) and (e) should
lie on the Tz-axis or at least parallel to it, The straight line

in each case represents the least squares fit,
The following remarks may be made from figs. 4.2—4, L,

(I) slopes of the mean straight lines drawn through the
points in (a) and (b) are negative in fige. 4.2 and positive in
figs, 4.3 and 4.4,

(II) slope of mean straight lines in (e) is'clearly different
from that in (a) and (b),
*(III) slopes of the mean straight lines in (d) and (e) are

not significantly different from each other.

Remarks (II) and (III) therefore confirm the conclusions drawn

above, namely (ii) and (i) respectively in the proceeding prograph.
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CHAPTER ~ 5

FINE STRUCTURE OF ANALOGUE RESONANCES

541 Introduction

The observation of fine structure components in the analogue
resonances results from the mixing of the analogue states (the T>
statq)with the neighbouring nromal states of the compound nucleus
( the e states). The mixing between analogue states arises mainly
from outside the nucleus 35), that is, the highly excited unbound
states are considered to be situated outside the nucleus., The
isospin ceases to be a good quantum number outside the nucleus and
the mixing between analogue states and normal states can take
place. The unmixed analogue state contains width only in the
enteance- channel, According to Lane 5§) the mixing of the analogue
state and neighbouring normal states arises from inside the nucleus
which can produce resonances even when there is no width in the
entrance channel for the unmixed analogue state ( the Ty state)
provided it contains the width in the exit channel. Bloch and
Schiffer 57) also pointed out that the mixing is produced by the

Coulomb perturbation., This can be split up into a local and

distant effect, The local effect is nothing but the mixing of

35) 56)

analogue state T> which is considered by Robson and Lane .
The local effect could lead to the production of a resonance in

B3
reaction for which the unmixed analégee state Ty had neither width

in the >en£raﬁ¢é1channe1 nor in the exist channel,
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The number of fine structure components that one observes
is a function of the level density of the compound states of the
same spin and parity as the énalogue state and of the spreading
widths of the analogues. In practice the detection of fine
structure depends upon the level density and the experimental
energy resolution, For analogues of low lying statés in medium
weight nuclei (mass number about 40-60)the high resolution

3,13,58-67 4

developed by Duke group s sufficient to resolve the
fine structure components. ¥hen the variation in level density at
excitation energies corresponding to the analogues of low lying
states in the parent nucleus is so large that with high resolution
some analogues in medium weight nuclei are observed as a single

state, some analogues as a few states and some analogues with as

many as fifteen or twenty fragments.

In light nuclei the levels are widely spaced and as a
result the Coulomb interaction is weak. Thus the change in
energy produced by Coulomb interaction is small compared to the
separation energy between the analogue states and the ordinary
states, But in heavier nuclei the level densities are largey
the Beparation between the levels is small and Coulomb interaction

is strong.,

The ordinary normal states ( T, states ) with the same spin
ang parity may mix with analogue T, states. Therefore one would

expect to observe an analogue state in the midst of dense ordinary
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states as sharp resonances, Due to this mixing there is an
enhancement in the proton width of the compound nuclear resonance
in the vicinity of the analogue states. The information one can
obtain from the fine structure of analogue states is the total
width and partial widths of the individual resonances comprising
the analogue resonances. It was first reported by Florida State

Group 4) from 2a

Mo (p,p) experimenrt and the total width [T was

found to be about three times large than proton width. This suggests
that the analogue resonance was not a single level and one can
interpret the analogue resonance as due to the mixing of the

analogue state Ty amongst normal T, statesin the immediate

vieinityd

The individual fine structure levels resolved in an elastic
proton scattering experiment on koAr (ref543,59) indicates that
the fine structure componehts become broader as one goes through a
region where the analogue state is predicted. The results of

elastic scattering of protons provide an excellent test for some

35,62-64)
56). A

aspects of the existing theories of analogues states
A more recent version on fine structure is given by Lane
characteristic feature of these fine structure states is an
asymmetry of the enhancement, that is, the fine structure is
expected to be strongly enhanced over a considerable energy
rafge below the position of the analogue resonance but much

less so.inmediately above,:  The: asymmetey- of enhancement ' -~

or fluctuatidn “is explained as a natural consequence
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of coherent interference between the two contributions.to:the
width of each resonances, wthat is, the width it would have in
the absence of mixing with the analogue state and the portion

of the analogue state that mixes with it.

When the energy resolution is not sufficient to observe
the individuel fine structure components around the analogue, one
usually obtains a gross structure envgloping the nearby fine
resonances around the analogue, the width of which is about tens
of keV. This observed width of -any. fine structure resonance
included in gross structure does not seem to differ appreciably
from those of the normal states in a distant region. The distribution
of the widths about the gross structure shows an asymgiry about
the analogue resonance energy and cannot be accounted for by the

usual Breit-Wigner formula.

Since most analogue state experiments are not performed
with high resolution, it is of considerable interest to write
ES
an expression for the averaged cross section in order to see what

information can be extracted from poor resolution experiments,

The expression for energy distribution of averaged cross section

according to Robson 35) can be written as
(Ep -E)®
O-\/& 2 2 ,Eo=%‘ +A, een e 5.1
(E"+4-—E) +M/4 “

wﬁere Eo is the resonance energy, o~ is the cross section at the

observed energy E, A is the shift in resonance energy due to
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asymmetry and [» is the total width of the resonance. The values
of A and [ depend on the position of the analogue and the level

density of normal states in that region of excitation.

5e2 Measurements

52

Fine structure of analogue resonance in Cr and 56Fe

from (py, ¥ ) and (p,n) reactions in > and 22

Mn respectively were
studied using proton beam from 3 MeV Van de Graff accelerator at
Atomic Energy Centre, Dacca. The general experimental procedure is
similar to that described in chapter 2. The observation of fine
structure is primarily dependent on the experimental energy
resolution and level densities of the compound nucleus. Better

the beam resolution the fine structure components will be more
nicely resolved, The beam energy resolution depends mainly on the
stability of magnet current generator, RF supply to the ion source,
also on the slite, collimators and target thickness., The total
observed energy spread for the present measurements was found to
be about 850 eV which includes the incoherent beam spread, Doppler
broadenning in the target, the target thickness and the natural
width of the resonance. This was achieved by adjusting the slit
widths and using two collimators and thinner targets. The present
expériment has a limitation in energy resolution because of the

instability of magnet current generator.

The target thickness was 6-8/ug/cm2 and beam current was

105 =™ BﬂA.
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53 Results and discussions

Some of the analogue resonances as seen from gamma and

neutron yield curves ( figs. 3,2, 3.3, 3.8 and 3.9) appear to
have some structure, The structure of the analogue resonances at
several proton energies were studied from (p,¥ ) and (p,n) reactions
in 51V and 55Mn with higher resolution usihg thinner targets.
Though the energy resolution was not sufficient to resolve the
individual fine resonances, the analogue resonances showed an
observable fine structure enveloping as gross structures The gross
structure showed an asymmetry about the resonance energye. A computer
program was developed using equation (5.1) fo analyse them, The
best possible values of resonance parameters & and [ were obtained

in a search out procedure. The actual method employed was to

compare the experimental data to a theoretical curve generated

by IBN - 1620 computer. The theoretical curves were arbitrarily

normalized at the pezk counts using the chosen values of parameters
A andf,

The (p,¥) and (p,n) reaction§'1n'51V

The structure of analogue resonances at Ep = 1,210, 14559,

1.620, 2.329 and 2,970 MeV in o2

in 2

Cr from (p, %) and (p,n) reactions
V studied in this way are shown in figs. 5.1 and 5.2. The
dotted lines represent the the?ﬁégigal fits By Robson's formalism
us§ng parameter values summari;3§ in table 5;1;-It is seen from

figs. 5.1 and 5.2 that the‘grpségéﬁéuctureé of‘the analogue
i K iy

bk oo nils

oot SRR
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resonance at B = 2,329 MeV for both (p, ¥ ) and (p,n) processes .
P
35) ‘

have the same width and asymmetry, Robson's prediction s which

states that if any analogue resonance is assumed to be dominated

by the proton channel, the resonance shape should be the same for

both (p,n) and (p, ¥ ) reactions, holds good for the measurement,
.73

This resonance was earlier studied by Teranishi and Furubayashi

A

from (pg) and (p,n) reactions. In this as well as in the present

ks S

measurements the structure appears on the higher energy side of the "
resonance, This is contradictory with the measurement of Sekharan

65)

and Mehta , who investigated this structure for (p,n) reaction,
They considered the above mentioned structure as a separate
resonance at Ep: 2.339 MeV analogue of a different level in

52V (namely 1,578 MeV).

Thus they found the asymmetry parameter to be negative 3

and further that the two resonances have widths 6 and 8 keV

respectively (r* = 14 keV in the present case assuming a single

66)

resonance), Another investigation is due to Egan et al. ~y who

67)

M i

completed their preliminary studies with (p,p) and (p,n)

A e g

reactions, A strong anomaly in elastic scattering was observed

Rup i «

and attempts were made to épelyze data with a single resonance,

65), they concluded that the

ot Y
o RN 3

In agreement with Sekharan and Mehta

results could be explained by assuming the superposition of two

67)

regonances. Their preliminary work , however required a positive

value of A, ' :
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The situation is, therefore, confusingj; the behaviour
at high energy side of the strong resonance is either a component
of the structure exhibited by it ( ref. 7 and present work) or
is due to an altogether different analogue resonance -(refs. 65,66).

For comparison some of the results are reproduced in fig. 5.3.

In an attempt to solve the problem, we made measurements
on (p,¥ ) decay at these two energies (EP = 2.329 and 2.339 MeV)
with the idea that two distinct resonances analogue to two
different levels in 52V are most unlikely to have exactly the

same properties and decay modes. Proton beam was obtained fFfom

the van de graaff accelerator of the Bhaba Atomic Research Centre,
Bombay and gamma rays were detected in 20 cc Ge(Li). Results are

displayed in fig,. 5.4 where the two measurements are plotted side A

by side for comparison. The two gamma spectra are identical and
we, therefore, believe the structure on high energy side of the

resonance (Ep = 2.33 MeV) belongs to the resonance itself,

It will be noticed from fig. 5.2 that minimum occurs at s

a higher.proton energy than the resonance peak while in the

remaining resonances at Ep = 1.210, 1,620, 2.329 and 2.970 ﬂeV

the interference minimum occurs over a considerable energy range
below the position of the resonance peaks. In former case a dip is
observed at higher proton energy side and in latter cases the dip
is'observed at lower proton energy side of the analogue resonance
peaks, This reversal in asymmetry is possible at lower proton

Fﬁrubayéﬂ%% 7?@!§Hhe

Gk

energy as is pointed out by Qgranishi and
. R ey e D17
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asymmetry in structure of analogue resonances was also observed

in serveral proton elastic scattering experiments following its

L)

discovery by Richard et al. 920 (p,p) work,

55

The (p,% ) and (p,n) rea'tions in in

The fine structures studied at Ep = 1.439,1.535, 1,675,
14765, 1.800, 2.001, 2.459, and 2.500 MeV from 2J4in (p,¥) 50re
and 55Mn (pyn) e reactions are shown in figs. 5.5 and 5.6. The
dotted lines fepresent the theoretical fits by RobBOnfs formalism
using parameter values given in table 5.2, The results of Otto
et gié_1u) are also shown in the table for comparison. It is seen
from figs 5,5 and 5.6 that in case of analogue resonances at
By = 1.535, 1.806, 2,001, 2.100 and 2.459 MeV the interference
minimum occurs at a higher proton energy side of resonance peaks,
while at B = 1,439, 1,675, 1.765, 1.800 and 2.500 MeV the

interference minimum occurs at lower proton energy side of

resonance peaks,

The asymmetry of the analogue resonance at Ep = 1.800'HeV has
been found to be different in (p, ¥) and (p,yn) reactions as a;&u .

from fig, 5.5 and 5. 6 and table 5.2. This was also reported hy

L)

Otto et al. h for some analogue resonances which is VQty

marked for EP = 1.441 MeV. The:structure deponds on the’ tcactione

process, This behaviour ia not ‘well understood in terms of the

existing theories,
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TABLE 5.2 ‘
Fine Structure in 55Mn (pyf ) 56Fe and 55Mn (§§£)55Fé feactiéﬁé

Sl ! SSun(p,d) SFre é ?Mn(p,n) 77Fe
(ps¥) (pyn) (pyd) g, (kr;v) (kDG;V) (k{;v) (iﬁzv) g(ll:;V) (ﬁev) (Llc—ev) (@V)
a) a) b) E a} a) - b) b) 5 a) a) b) b)
1.439 1441 10 12 B2« 10.6 249 =k o6
1535 1.536 3 -6 L.5 -9 367 -9k
1,678 1,678 8 12 8,5 12 7 o8 1252
1,765 7 10
1,800 1,806 1.799 11 14 1.3 13,9 10 =12
2.001 15 -20
2.100 i -8
2.459 6 -8
24500 12 18

a) Present work, b) Ref. 14),
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TABLE 5,5

Q-values of (p,]‘) and (p,n) reactions

NUCLEI Qpsd ) Q(P, n)
(MeV) (MeV)
27
Al 11.585 -5,5925
5.V 10.""68 —1.530
e 5,068 ~9,0Q4
55

Mn 10.188 -1.,0145
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It will be noticed that fine structure enveloping as gross

“structure has been observed by (p,{ ) and (p,n) reactions in 51V

55

and Mn but not in the remaining cases of the present work. The
possible explanation is as follows. It is to be noted that at

high excitation energy, say above 10 MeV or so level density of o
nucleus is very large and analogue States are practically embedded
in the continuum., Mixing between analogue states and neighbouring
normal states occurs and as a result fine structure components are
developed., Table 5.3 gives the Q-values for (p,n) and (p,f’)
reactions relevant to the present work, from which excitation

energy in compound nucleus may be obtained. For reason mentioned
above averaged fine structures have been observed in compound nuclei

52 56

0
Cr and Fe (large Q-value for proton capture), But in 2“'Si the
level density is low (ref. 21) even though the excitation energy
k. : gl DD . s
is high. No such structure has been observed in Si. In Co the
level density (small Q-value for proton capture) is low at this
excitation (table 5.3), The chances of occurance of mixing between

analogue state and its neighbouring normal states are less and

hardly any fine structure has been observed in 55Co.
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CHAPTER-6
Gamma ray Angular Distribution from 27Al(p,K3 2881 Reaction

£ 0 e i e o G i e sl Sl S Lt (b h ey

6.1 Introduction

The properties of the levels of 28Si have been studied

27

by many authors by proton capture reactions on Al and an

up to date information up to Ex=13.483 MeV resonance levels has
been compiled by Endt and Van der Leun 21). This corresponds

up to EP = 1,969 MeV resonance energy. No information on the
properties of resonating states beyond this is available.

Analogue states by 27Al (p,x') 2881 reaction have been identified

in the energy range Ep = 0,85 - 3,00 MeV as discussed in chapter 3,

In this chapter we discuss the properties of some analogue
resonances for Ep) 2 MeV, In (p,p) experiment (discussed in the
following chapter) several resonances were observed and above
Ep = 2 MeV no resonance was found strong and common in both the
experiments, Ve therefore decided to study the properties of
resonant levels of isolated and sharp resonances above 2 MeV by
(py¥ ) reaction. This motivated us to undertake the present
measurement at Ep = 2,198, 2.482, 2.511 and 2.735 MeV resonances
to study the properties of resonating states of 2851 by gamma ray
angular distributions. The experimental procedure and results

obteined are discussed in the following Bections.
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6.2 Experiment

The measurements presented in this chapter have been
done by using proton beam from 5.5 MeV Van de graaff accelerator
at Bhaba Atomic Research Centre, Bombay, India. The beam was
collimated by using a number of tantalum collimators of various
diameters rinside the beam port tube.The beam energy resolution
has been found to be about 1 keV, The targets were kept fixed on
an adjustable - frame by screwing and the frame was electrically
insulated from target chamber. Moreover the chamber was insulated
electrically from beam tube. The targets were cooled by water
althrough the ekperiments. The beam currents of the order of
3-#;uﬂ were used. The targets were prepared by depositing natural
Al (100% 27Al) on tantalum backings by vacuum evaporation process,
The thickness of target was about 2O,ug/cm2 and it was kept at an
angle ¢5o to the beam direction. A 20 c.c. coaxial Ge(Li) detector
(Princeton Gamma Tech) has been used for the measurements reported
here. The distance between the face of the detector and the
target was 2.3 cm., The energy resolution of the detector was
fonnd to be 7 keV for 1.33 MeV gamma rays of 6000 source., The
signals output of the detector were amplified by an Ortec pre-
amplifier and a main amplifier and were then analysed by a
Nuciear Data 4096 channel pulse height, analyser. The gain of the
m%in emplifier was adjusted to obtainvenergy dispersion (keV/

Channel) so that the full scale of either 2048 or 4096 channels
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in the pulse height analyser covered the maximum energy of gamma
ray assuming a direct transition from compound excited state to
ground state (Ey = E =Q CpeX).+ K%T Ep MeV), With the increase
of proton energies the low energy background gamma rays increases
and it becomes difficult to keep the dead time down to acceptable
limits by adjusting only the beam currentsf It is desirable to
attenuate these low energy gamma rays by placinz thin lead sheets

either on the face of the detector or on outer surface of the

target chamber. In this way the difficulty is removed.

he gamma rays are detected in a Ge(Li) detector by their
ionizing properties, i.e. by the wereation of wecondary ekoctiron
hole pairs. The electron hole pairs are called carriers and are
collected under the influence of an electric field, These carriers
result a pulse height which is proportional to the gamma ray
energy absorbed, The absorption of gamma rays in the detector
material takes place by any one of the following processes. Photo-
electric effectyCompton scattering and pair production. At low
energies the first two processes are dominant., In low energy
region a monoenergetic gamma ray spectrum consists of full energy
absorption peak with a continuous C@ompton background upto an
energy Ey (1 + mocz/ZEJ'), where E is the energy of the
gamma ray and m is the mass of the electron produced by Compton

scattered gamma rayse.
°
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At energy of about 2,50 MeV the pair production becomes
the dominant mode of interaction and it starts just at 1,022 MeV,
A gamma ray having energy greater than 1.022 MeV (threshold energy)
incident on a Ge(Li) detector, produces an electron-positeon pair
and loses all its energy by ionisation within the detector. The
positron WHenl it comes to rest, annihilates with a nearby electron
emitting two oppositely directed gamma rays of 0.511 MeV each.
One or both of the gamma rays may then escape from the detector
without further interaction and these give rise to two peaks
corresponding to ( Ey ~ 0.511) and ( Ey - 1.022) MeV respectively.
The first peak is called single escape peak and the second is
called the double escape peak. Therefore a spectrum of monoenergetic
gamma rays consists of a full absorption peak (photo Peak/full
energy peak),a Comptén continuum and for energies above 1,022 leV
pair absorption peaks (single escape and double escape peaks).
The relative intensity with which each of them contributes to the
spectrum depends on the energy of the primary gamma ray, the
detector material and the size of the detector. The energy
calibration was done by taking a gamma ray spectrum of well known
0.992 MeV resonance of 27Al (p,x’) 2851 reaction, This is necessary
to know the energies ofthe:peaks observed in gamma ray spectra
Ep = 2,198, 2.482, 2,511 and 2.735 MeV resonances of 27Al (p,¥)

2881 reaction, The energy dispersion (keV/channel) was obtained
o
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schemes for

—

from 0,517 MeV energy differences between appropriate pairs of
full energy, single and double escape,peaks associated with high
energy gamms rays present in the spectrum of 0,992 MeV resonance

of 27A1 (p, {) Si reaction.

6.3 Relative efficiency of Ge(Li) detector

=

The intensities of gamma rays can be obtained from a

measured spectrum if the efficiency of the detector is‘kﬁqjg
with which a papticular gamma is detected by it. The efficieney
is defined as the number of events counted in a peak (the full
eneryy peak or escape peaks) in a gamma ray spectrum dévided

by the number of events actually produced by a reaction or by u

source over the 47T . ' é
The relative efficiency was obtained in purely experimental
way based on the so-called two lines method of Van Oostrun and

8)

Meijer by using 0.992 MeV resonance of 274 (p,Y) ZSSiiﬁé‘

reaction. This resonance produces a number of intense gamma raié:

ranglng from 1,78 MeV to 10,76 MeV and it 1a.formed‘preaqngsﬁnt1y~“
by 4 -wave proton capture (1 = O3 7
angular distribution of the gamma
of this resonance are ptactically
of *4%~ gamma rays for 0.992 MeV rehgﬁ;hcefgg known 70), Intéﬁgftiéé

do not need to be equal as long as they are known as they can be

accbunted for, The deexcitation g ray spectrum and de
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been determined by taking known intensities of gemma rays of
0.992 MeV resonance of 27Al (p,() 2851. This is shown in

fige 6.2+ The full energy peak efficiency was obtained for
gomma rays having energy less than 1.78 MeV by taking spectrum

with 152Eu source. The intensities of 0.779, 0,965 and 1.457 MeV
71)

are known from the works of Reidenger and Johnson

72)'

and Mukherjee

and Sen Gupta

It is seen from fig, 6.2 that the relative efficiency

of the detector for the double escape peak increases with the

increase of energy. This is expected from the theoretical estimate

of pair production cross section., A decrease in efficiency is
also observed at about 6,00 MeV., For high energy gamma rays,
electrons and positions are produced with a high enough energy

so that they can escape from the detector before losing all

their energy. The other effect which reduces the efficiency is
the escape ofa bremsstrahlung photon accompanying the slowiﬁg
down of the high energy electrons. Both effects generate a pulse
of lower height and thus contribute to the background below the Vi

double escape peak,

6.4 Experimental and Analytical Procedures

#

Experimental

° _ The angular distributions of gamma rays

were measured at angles O°, 300, 550, and 90° with a
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20 C.C. Ge(Li) detector movZable between 0° and 90° to the
beam direction. 4 5 "x6" Na9fT1) detector was placed at a fixed
angle (900) to the beam direction and served as a monitor for
normalising counts on angular distributions so that the
uncertainty in angular distributions due to any drift in beam
energy was accounted for., This detector was kept at a distance
of 5 cm from the target; ¥-rays from radioactive sources and
from the decay of the 0,99) MeV resonances in 27A1(p,5’) 2881
were used for the energy calibration of the 4096 channel pulse
height analyser. Gaﬁma ray angular distributions have been
measured for the resonances at Ep = 2,198, 2,482, 2.511 and 2.735
MeV from 27Al (py, X)) 28Si reaction. The gamma ray spectra at

Ep = 2.198 and 2,482 KeV for a fixed number of beam charges
accumulated at 90° are displayed in figs. 6.3 and 6.4, The

spectra were taken at 90° to eliminate Doppler shiftse.

The output signals from the Ge(Li) detector were amplified

by an Ortec pre-amplifier and a main amplifier and were then

analysed by a 4096 channel pulse height analyser,

5“0 Analytical

The peaks areas were determined by adding counts in each

channel under the peaks and this is described below as given

2

by Hossain « In order to determine the yield of gamma ray at

a particular energy it was necessary to remove the contributions

e LSS e atld o i At i
ke Y
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from the total number of counts in each pulse height analyser
channel due to the background under the peak, The yield is then

given by

Y (yield) = T (Total counts) - B(Background)
and the error is given by

%
= [kz;T)Z s (AB)° e vun Uhind)

whén B is very small the errérs in the yield are essentially

the statistical errors associated with the total counts in the
peak, This can be obtcined by taking large background as far as
«Aposéible on both sides of the peak. As for example when background
fﬁries slowly a large number of chénnels are added on both sides
of the peak so that the statistical errors are very small, By
drawing a straigﬁt line between the mean counts on both sides

of the peak the background is then subtracted. The number of
channels added on either side of the peak are, of course, limited
by the proximity of the neighbouring peaks or Compton edgesflThe
peak areas thus obtained were then correated for the inequality

of Nag(T1) detector counts at 90° (which is uaed for the monltoring:‘

of g’rays) Go Lo Ca ~“v“‘nd anistropy ob rved due to tﬁe"

¢ measured by placing 1

o

~detector at 0°, 3
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nuclear state has rested very largely on angular distributionﬂ;; s

e

measurements of a nuclear reaction. The formula forctheoreticalw
ancular distribution is usually written as

> A%
Sy

W (e )=A°
where W(©) is the intensity of the reaction observed at the
angle O relative to the incident beam and the Ao, A2 and.Au are
the coefficients of the corresponding Legeﬂﬂre Polynoq}als ¥ e
Po(CasQ), P2(Co§0) and Ph(CosO).Qz,and Q, are the atteﬁuntion
of the gamma rgys at various angles due to finite size of the

detector.>The values of Q2 and Qh have been taken froﬁ Hausserv_%;:/

et al. 74). The ratios A /A = ‘2 and All»/A = &4 depend* on the*.
- "ﬁ'*‘?"aﬂ .
spins of the initial and final states of a nuglear’reaction. i

In order to obtain the -walues 6f the coefficlents of Lqﬁpndre
Polynomials a computer programme has been developed ‘The . i;&ues

of A, A, and 4 have been obtained by least squares analyses of

2

Legendre Polynomials fit and thereby the values of G‘ &M ‘73-,{
have been obtained. They are presented in thble 6. 1. Tho'“‘

ray angular distributions data have bopn an&lyscd.hy uai

formula derived by Rose and Brink 75)" Ihxie writtén as
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TABLE 6.1

Summary of gamma ray angular distribution coefficients

E_(Lab) | Primary Ey ! A ' Ay E . M
%Mev) i transition | “ ! 89 A : &= Ao
{ o) ; i
L,shkha)
> 198 6.815b) 260928:13¢24 0.0l{"‘l' 00015
94085 b) 210484420,17  ~0,026L4 04110
11,918 b) 929,78+27.,03  ~0,130 -0,078
9.363 2182,42+51.53 0,351+0.050 0.096+0.098
2,482 12,200 45,98+7,56  0.498+0.334  0.196+0.652
24511 94390 2854,53+54,04 ~0,111+0.041  0,046+0.072
54275 227.67+29.97 =0,489+0.264  0.011+0.488
3535 122.05+19,98  -0,491+0.333  =0,142+0,630
24735 94606 h22,41+24 .24 ~0,127+0,125 0,128+0.238
124442 3949347412 ~0,328+0,308  0.082+0,703

a) See table 6,2

b) Angular distribution are measured at three angles and therefore

error limits in a, and a, can not be put.
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. L]
Here L and L' dencte the multJipolarities appearing in the

transition. <fc>and ‘(]7C> stahd for either electric or
magnetic.4SL§n> is the mixing ratio. The formula derived by
them describes the angular distribution of gamma rays emitted
from an aligned nuclear level., A level which does not have
all its marnetic substates equally populated but has them
unequally populated with the condition that the population of the
+ m sub-level is equal to the population of the - m sub-=level
is called an aligned level. The angular distribution formula for

deasxetting ¥ -rays making an angle © with the incident beam is

expressed as

e

\ Rk(LLJ1J2)+2SRk(LL"J1J2)+82(L‘“L*J1J§~
W(e) = E B, ()} 5 P(
Keven i 1 +é ._J

QkPkCOBQ e 000 0 e (6ll")

This expression is valid for the case when only the two lowest
multipolarities L and L‘ = L+1 contribute to the gamma ray

transition between the initial state of spin J1 and the final

state of spin J, and the polarisation of the deexciting gamma

2
ray is not observed. Bk(J1) is known as the population paraméter.
It contains information about the mode of formation of the initial

state. Bk(J1) is the same for all branches originating from a

o cmaiah g s v S e GoR RGN S Rk




’ »~

Dhaka University Institutional Repository

- 67 -

given level, Rk X power 8 contains the nuclear structure

information of the transition,

The mixing parameter S- is defined as

/ 2 IQ_
LTI )
LT, S™H I Y eLst) #

where the symbol <LJ1|£ T£<Trj> l) J2:> stands for the reduced

()
T 7,

matrix element of the multipole interaction parameter
The value of population parameter depends on the specific
process by which the initial state .‘jJ1M1> is formed. In the
present case the alignment is achieved through the absorption of
unpolarised protons in randomly oriented target.nuclei. Thus the
beam direction serves as the axis of quantization., In the present
case the target spin is 5/2" and two channel spins ( §=2,3)
oontribute to the formation of the compound level.Bk(J1) is then

obtained as

2 ' '
B (3.) =Z:Esk(llJ1s)A (1) +25,(11°7 8)A(1)A(1 )cos(gbc-;zs{,)
3 sk<1'1'J1s) A2(1')] 7(s) Y | A

,The amplitude for the formation of the J, with partial

1

1 L
waves 1 and 1 are A(l) and A(l ) which have the normalization

e
: ‘) :? “‘1]-,
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The channel spin intensity is T(&) with the normalization
g'l'(s) =1. It is seen that when the state J is formed by two
partial waves, for each channel spin, two parameterg enter in ?\
BL@%). The selection of l-value was made from a consideration
of the 27Al(d,p) stripping reaction populating the relevant levels

in 28A1 when availab1e11)

o In the present case, in three out of
four cases l-values were known. When two l-values (such as 1=0+2 and
1=1+3) contribute, the dominant 1 was considered, The expression

for Bk(J1) then simplifies to

Bk(J1) =Zsk(11J1s)T('5\).? ssve  [6e8)

The multipolarity of the emitted gamma ray is governed by the

selection rule
3y + Ig YL >/lJi-Jf| |

The parity of a nuclear state usually can not be determined
from the measurements of angular distribution because the electric
and magnetic radiation of the same multipolarity L are related by
the transformation § —-og ’ I_{ — -E. This transormation legvés
the poynting vector and therefore the angular distribution of
the radiation unaltered. Thus the dipole produces the same angular
distributions irrespective of its nature, A value of § velow unity

/

denotes the predominance of L, where as if & exceeds unity,

* '
there is an excess of L . The value £'=o characterizes pure L

'
radiation and 8=o¢ pure L radiation.
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In the analysis of results for every value of J1 the
only variable in the theoretical formula is the mixing ratio 6 .
A normalization constant is to be found out for a comparison
of theoretical distribution with experiment. The walues of
coefficients Qk, R, and S, are taken from ref.?4.. The mixing
ratio ér is then assigned a set of fixed values by putting
q5= arctan.g and varying 95 from -90o to & 90° in steps 50.
For every value Obe the normalization constant N is then found

by minimizing

% j;i:
~ 1 2 2
7< A (Yi-NWi/Ei sece (6.9)

=1

where n is the number of data points, Yi is the experimental
yield at angle Oi and Ei the corresponding error. Wi is. the value

of the theoretical distribution at angle Qi.

The minimum condition gives

b i

’ ¥, WT///( LY
= 2 2-/
E; zf_ E;

A computer programme has been developed to obtain the goodness

biae (6410)

of fit')('2 as a function of d~ and angular distribution fit by using

equations (6,4) and (6.8)-(6.10).

The value of'7§2 is a function of the mixing ratio 8

if J>Vz. Solutions with)&z larger than a chosen "confidence

1limit" are to be discarded, The confidence limit is defined as
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the probability that in an experiment under exactly the same con~
ditions")(2 would be smaller than a c'hosen‘“f\z° « This probability
depends upon the number of degrees of freedom. Confidence limits

for the nOrmallzed7A values are taken from the graph4 published

75 ). The general criteria adapted was that the

by Wapstra et al,

angular distribution curve did not fit the data for values of:
2

;&. well outside the 1% confidence limit, whlle the fit was

cons1dered to be satlsfactory for values of7& near or inside the

10% confidence limit.

6.5 Results and Discussion

Angulaer distributions of gamma rays which are emitted ﬁy

28

resonating states 13.707, 13.980, 14,007 and 14,223 MeV of “~ Si

at E = 2,198, 2.482, 2,511 and 2,735 MeV are discussed below. .

\

The Ep?2.198 MeV resonance '

The gamma rays 4,544, 6,815, 9,085 and 11.918 MeV emitted
by 13,707 MeV <1iit.a state populate the levels 9,16(2%,3™,4%),
6.89(4"), 4,62 (4%) and 1.78(2") MeV respectively of 28s1. The
spin of the level 9.16 MeV reached by the 4,544 MeV gamma ray is
uncertain. Further more since the spin of the resonance state is &
assigned either 2 or 3, it was not felt worthwhile to analyse the _ :
angular distribution, The angular distributions for the last three;'

gamns rays have been analysed. The theoretical fits to experimental

2
angular distribution and 7& as a function of arctan. 5‘for these

gamma rays are shown in fig. 6.5. The branching of each gamma ray °

bt ot bl oo MRRG I D T S
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along with ég-values at 1% and 10% confidence limits are

presented in table 6,2. Spin assignment either 2 or 3 to the
resonating state 13,707 MeV is favoured. Spin assignment either by
64815 or 9,085 MeV gamma ray do not probably give true information
because spin could be 2,3 or 4€fig. 6.5A and 6.5@} But the analyses

of data of 11,918 MeV gamma ray reject: the spin value 4(fig.6.5C).

In chapter 3, this resonance was considered to be analogue of the
c: .28 27 i
4,38 MeV level in ~ Al, The 1 _~value for “‘Al(d,p) reaction
n
leading to this level is uncertain 77-79) (table 6.3). An 1p=3 for :
the formation of this resonance was assumed in accordance with the
tentative 1n = 3 of Endt and Van der Leun 77).

The Ep = 2,482 MeV resonance

_ A,

The excited state 13,980 MeV of 2881 emits 9.363 and

12,200 MeV gamma rays and the 4,62(47) and 1,78(2%) MeV levels of !

28Si are populated respectively by them. Gamma ray spectra at

E_ = 2,482 MeV were studied by Antoufiev et al. i 1
Hossain 73), and they observed 100% branching to the 4,62 MeV : g

level, In the present work, angular distribution of both the

1
k.
gamma ray were measured and analysed as shown in fig.6.6(A and B). !
e

The most probable spin of the resonance state is 4 ; the

value 2 is rejected by fig. 6,64 and the other value 3 is barely 4

within 1% confidence limit for both the angular distributions.

]
In the analyses an lp = 3 was considered. The spin value 4 is

#
consistant with that of the analogue state in 28A1 at 4,685 1
3

gl cugkany'y
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2
The values of giat 1% and 10% confidence limits from7&

versus arctané; plot and gamma rays branching ratio are given

in table 6,2

The Ep = 2,511 MeV resonance

The (47} ki 617- MeV-Level 62 2054 Ta"populated by de=
excitation of 9.390 MeV gamma ray from the resonating state
14,007 MeV. Spin to this state is 4 as can be seen from the

7K2 versus arctan<§‘plot and from the angular distribution

fit (fige. 646C)e An 1p=2 was assumed in the analysis(table 6.3)
and these values (1p=2 and J = 4) are consistent with those of
the analogue state in 28A1 (ex = 4,741 MeV), The'f\z minimum

values and @-values at 1% and 10% confidence limits are given

in table 6.2,

The Ep=2.735 MeV resonance

The de~excitation of the resonating state 14,223 MeV
takes place through emission of 5275, Ts335, 9.606 aﬁd 12,442 H;V
gamna rays and 8.,9%, 6.89 (#+¢; 4,62 (4%) anda 1,78(27) MeV levels
of 2881 are populated respectively by them, The Bpin of the:

resonating 14,223 MeV state has been assigned to be 3, (2) fron
2

the X versus arctang fit and theoretical fits to experimen*fml

angular distributionc data of 7,335, 9.606 &nd 12,442 MeV gamma
.
rays (fig.6.74-C)e Spin 4 to the excited state 14,223 MeV is

rejected by the angular distribution,spin 2 is not favoured since

66%¢pn§g“hip3,df“9'6°6ﬁM¢V ganma ray takes pl

R

2 by decaying to °

-
-
.
1
e
3
b |
i
o

ik
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\

the 4,620 MeV state (4%), An lp=2 was taken in the analysis again
from a consideration of 2751 (d,p) 28A1 work as well as the spin
of the final state., The Jﬂﬂof-the assumed analogue state

(4,928 MeV in 28Al) is not known, the present value J = 3 is
consistent within the expected range of spin (0~6). It is worth-
while to repeat 27A1 (d,p) measurement at higher deuteron energy.
The values of 5~obtained at 7&2 minimum at 1% and 10% confidence

limits are given in table 6.2,

With the present spin assignment of the resonance state
(J=3), the angular distribution of 5,275 MeV gamma populating the
8.94 MeV level of 2851 was analysed, This leads to J=4 for the
latter level, This level decays to 4% level (Ex = 4,62 MeV) with about

100% branching which is consistent with the above spin assignment,

We now make some general remarks regarding all the resonances

mentioned above, ’ d

The spin values of resonating states 13.707, 13.980, 14,007 and

14,223 MeV corresponding to 2.198, 2,482, 2,511 and 2.735 MeV :

and given in table 6.3, They were identified as analogue resonances

|

i

F v proton resonances as assigned in this experiment are shown in fig, 6.8
E

I

f

from a consideration of intensity and excitation as discussed in f
f chapter 3, The spin values are consistent with the range of spin
valwes of bmu&egdb states, From the lﬁ-values required in the
F present analyses for the formatioh of the resonance states, the

ﬁ .
[ parities are also tentatively shown in table 6.3. They are consistent
F’ g »

»
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in all cases with those of *ﬁntqgut states in 28A1 except for

the resonance Ep~= 2.198 MeV, where parity assignment of the
parent state is not quite certain (table 6.3)., As has been said
before the 1§~values of 3,3, 2 and 2 respectively for Ep=2.198,
2.482, 2.511 and 2.735 MeV consistent with the acceptable spin

of the resonant levels and also with the correspowding ln values
in 27Al (dyp) 28A1 measurement (table 6.,3) were considered in

the analyses. A possible lp = 1 mixture with 1p = 3 resonance was
neglected from a consideration of the weak excitation of the

Ep = 2,198 MeV and 2,482 MeV resonances reported in the following
chapter. Further, since the ground state spin of 2751 is 5/5,
the possible channel spins are 2 and 3. Both these components
with 'varying proportion were tried in the present analysis. An
equal mixture of the two was usually considered; other proportion

did not change the arctang by more than 10°.

The small values of mixing ratio$ from table 6.3 (with
a possible exception for the gamma transition 14,223 MeV—96,89
MgV at Ep = 24735 MeV) suggests small multipolarity mixing'of the

emitted gamma rays.

For Ep = 2.511 MeV resonance it is seen from fig. 6.8
that the strong transition (~s100% branching) is between
14,007 Mév and 4,620 MeV levels each with J W = 4%, This probably
is a case of analogue to antianalogue M1 transition which is found
to be quite dominant in the s-d shell 81); It may be mentioned here
that the properties of 1f7/2 nuclei including analogue resonances

82)

has recently been reviewed by Ricci " . Contrary to the s-~d shell, no

suchuatrang analogue to antianalogue transition is usuaf&y observed,
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CHAPTER - 7

THE 27A1 (p,p) MEASUREMENT

71 Introduction

Information on the properties of nuclear states such as
the orbital angular momentum, total and partial widtls and spine
parity of resonant states can be obtained from the study of elastic
resonance scattering of protons on a target nucleus. The partial
width obtained from this measurement provides a valuablel-
cross check on the information obtained by independent measurements
such as (d,p) and (t,d) neutron stripping reactions in the same

target nucleus,

In nuclei in the 1f7/2 shell region Duke group has studied
the elastic proton scattering with high resolution., In light
nuclei (s~d; shell region) levels are widely spaced at lower excita-
tion energy and resonating states can be observed experimentally
with relatively poor resolution (~s1 keV), With these knowledge
and our present limitations (poor machine resolution and limited
computer facilities) we intended to study the elastic scattering

of protons on 27Al.

The 27Al (p,p) resonance reaction was investigated by
Awaya 19) at Ep=o.936, 06991, 1717, 14182, 1,1984 1.362,1.360
and 1,387 MeV at centre of mass angle 140,46° and at B =1.117,

o, ™ 90°. Tentative spin-

payity assignments of some of the resonances were also made.

83)

The experiments by Shoemaker et al. in the energy range

Ep = 1,40 - 4.1OMeV were concerned with the location of

resonance energies and do not give information on the properties

e

WL LSD-FRANTREY VIV - ) A T L, TR P L

ki

Akiadeiaaioh

s



[resees

ko o ol L PRI AR i Gk s Y
BFARILT SR USRS AN T,

Dhaka University Institutional Repository

-7 -

of resonance states. The properties of nuclear states by (p.g )
and (p,p) reactions on 271&1 upto Ep=1.968 MeV are available

as compiled by Endt and Van der Leun 21).

The present measurement was, therefore, undertaken to study
the excitation of functions in the energy range Ep=0.85 ~3%.00 MeV

in order to derive information on properties of resonances,

7.2 Experimental arrangement

The experiment has been performed with proton beam from
the 3 MeV Van de Graaff accelerator at Atomic Energy Centre,Dacca.
The spread in beam was about 850 eV as stated earlier, During the
measurements 27Al targets 5=20 ,ng/cma thick were used. These
targets were prepared in A.E.C. laboratory by Vacuum evaporation
technique an carbon backing of 5«20 /ug/cm2 thick. A high vacuum
carbon arc evaporation method was used to put the carbon Backing
onto a 1"x3" glass microscope slide which was coated with a very
thin film of detergent (soap solution) to facilitate separation

27

of carbon from the glasse The Al was evaporated onto the
carbon backed glass slides in high vacuum. The target foil ﬁas
then removed from the glass slide by floating in water, The
target foils were lifted off the water using square aluminium

or brass target frames having circular opening 10 mm in diameter

which were so designed as to fit into a target holder in the
(]

scattering chamber.

Elastically scattered protons were detected by two

ORTEC surface barrier detectors of 100 mm2 sensitive area and

£t S
o TR o SR Rl

T T e p————T
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depletion depths of 500 ¢4 and 1OOQ/Lre8pectively. The energy
resolutions of the detectors for 5.477 MeVo(-particles from 241Am
source has been found to be 60 keV and 67 keV respectively. The
target was kept at an angle of 450 with respect to'the proton
beam and the detectors were placed at distances of 10 cm inside a 18"
scattering chamber, The target holder can contain three targets at
a time, ‘bhe target position with respect to the bean axis can be
changed from outside without breaking the vacuum., Both the target
angle and the detector angle can be similarly adjusted from
outside. The proton beam enters the scattering chamber through a
tantalum collimator 2 mm in diameter, The @lastically scattered
protons fall on the sensitive area of the detector through a
button magnet and two tantalum collimators of 2 & 3 mm in diameter
placed just in front of the detector. The magnet was used as a
suppressor of electrons. The protons after'passing through the
tafget are collected in a Faraday cup which is insuléted from
the chamber. Each point on the measurements corresponds to 100 muc
of charge collected by the Faraday cup. This yields about 3% counting
statisties in the off resonance scattering cross-section. Excitation
functions were measured in energy steps of no more than 1 keV,

The detector pulses were fed to a set of scalers via a
charge sensitive preamplifier, a linaer amplifier and a single

channel analyFer. The experimental set up is shown in Fig. 7.1

The desired peak area of elastically scattered proton from the
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target is gated by the discriminater levels of the single channel
analyser ORTEC 420 which was previously calibrated. The discriminator
levels are adjusted accordingly for each increase in the proton beam
energy say every 5-10 keV increase in proton energy so that only

the counts in the desired peak area (elastically scattered protons
from 27A1) are registered in the scalers, A typical spectrum from
proton elastic scattering on 27Al at Ep=1.50 MeV at an angle

Orap = 88° is shown in fig. 7.2. This - spectrum shows proton groups
from elastic scattering on carbon, Oxygen and from the nucleus

being studied, The method of target preparation and floating made

it quite likely that a detectable amount of oxygen molecules might
be present in the target. Spectra at higher beam energies and at
larger angles had better resolution than that of 900, i.e., the

12C, 16O and 27Al peaks were separated even more distinctly.

When a charged particle‘passes through a semiconductor
detector it creates free electron hole pairs by the loss of energy
at a rate of 3.6 eV per electron hole pair for silicon and 2.9 eV
per electron hole pair for Germaniu@. The rate of formation of charge
carrier is independent éf energy and type of particle, Free charge
carriers created in sensitive region along the path'of ionizing
particle are separated under the influence of electric field
and the resulting net current represents the basic source of infor-
matipn about the number of charge carriers created by the incident

radiation,
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7.3 Analysis of data

Excitation functions are usually measured at several
angles in the study of resonances from proton elastic scattering.
The l-value of a resonances can easily be determined from the
variation of resonance shape with angle. The variation in shape of
resonances occurs due to interference between -Rutherfdord-scattering
and resonance scattering. For ~even~even  initial nuclei the
interference term in thelexpression of cross section is propor-
tional to the Legendre polynomial Pl(CbsOL In other words one is
required to determine the angle/angles at which the interference
is minimum and then these angles ocorresponds to zeros of the‘
Legendre polynomiads which occur as a factor in the interference
term in the expression for the differential scattering dross-
section. The zeros of the first four Legendre polynomials for

scattering angles in the centre of mass system are shown below:

PO(COSG) None

P, (Cose) 90°

P, (Cos0) 54,73°, 125,26°
P5(Cos0) 39.23°, 90°, 140,76° .

The absence of resonances at 90° shows that no resonances with
even values of 4 are present. The Rutherford scattering is very
much larger than thefresonance scattering at forward angles hile

at backward angles the contribution due to Rutherford scatteri

is very much less, For this reason sharpest resonances are

observed in the backward angles.
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In ideal case the measurements are done at Several angles
say, 90°, 1250, 140°, and 160° simultaneously with sevefal
detectore having same resolution, size and sensitive depth.
Resonan;e parameters such as proton width and partial width can
be extracted from one excitation function particularly at a far-
back angle. The analysis of (p,p) resonances data yiélds informa-
tion similar to that from the (d,p) stripping reaction. The
l-values of proton resonances are in’ general assigned from the
vanishing of the resonances at particular?f angles just as the
l-value of the captured neutron in a stripping reaction can be
obtained from the angular distribution. In the present case the
channel spin is 2 or 3. Therefore for different l-values obtained
from 27Al(p,p) analyses, the JT limits of the resonance levels

28

in Si are as follows

1=0: LR\
1=1: GY . Gl

The measurements in the present experiment were carried out at
centre of mass angles 900, 125o and 1hf1 The absolute cross-section
was obtained from the proton counts by normalizing the off-

resonance yield at Ep5; 1 MeV wifh the Rutherford scattering
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formula given below.

—

- VA
6/{: 14296 (_%_2____)2 LCosecl*wz)-Z(M,‘/Ma)a-{——--]

where Z1 = Charge of the incident particle,
Z2 = number of protons in target nucleus,
M1 = mass of scattering particle,
M2 = mass of target nucleus,
E = energy and jP’: scattering angle. The differential

elastic scattering cross section for proton from a target nucleus

near an isolated resonance relative to the non-resonant potential

scattering cross-section is expressed by the relation oo as
(E-E ) A(®) ‘
((G,E) =1 —2s 2+B(°)2 —s
KR (E-E_)“+( T /2) (B-E_)+(T/2)°
s wsalPed)

Where E is the energy of incident projectile, B is the
resonance energy and AéO) and B(@) are angle factors which
depend upon 1, J, total resonance width[ and ratio : between
proton width and total resonance -width [E/%—. The right hand
side of the above equation consists of Coulomb plus interference
term due to the cooherent parts of the Coulomb and resonance

scattered waves and resonance term due to the formation of
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resonant compound nuclear state. The angle factors are

given as
A©)= U Cosf o (3
Boy= 74 (uW+2u Sm@+~9"-) o (39)

L\Jkeve U= L_;I{i Ty (Sin 9/‘,') P{ (Cas b) cos ()
/r(Sm, /l) P (Cos 9) o (7;5“)
p=2 [’L (Sin gh) + Zarc‘ran /t- TT/] (@)
\
’?l:. 0,15:}5' lel[-é—"él_-"" /2 P (7.;)
(At AN E
Here Z1 is the incident projectiZie charge number, Z2
is the target charge number, A1 is the mass of the incident
projectile and A, is the mass of the target nucleus. Pl(Cose)
is the Legandre polynomial and Pl(CosO) is the associated
Legendre polynomial of first order., A computer program has been
developed using these relations for the analysis of data. The
above formulae are strictly valid for elastic scattering from
spin -0 target nuclei. For target nuclei with non-zero spin,
there will be an additional term arising from spin-spin

interaction. There is no clear Knowledge about this interaction

and as such most optical model analyses are carried out

neglecting target spin (ref. 85). It has further been suggestedss)
that unless there is positive evidence in favour of its existence,
it is not sworthwhile to incorporate such a complex spin-Spin

interaction, Awaya19) in his analysis of 27Al(p,p) resonance

scattering found the effect of channel spin to be unimportant,
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is 8% .

In view of this and also for limited computer facilities =g
at our disposal, we neglected the target spin, The different
resonance parameters extracted from the:present analyses are,
therefore, subject to an uncertainity, which we ‘believe to be

small.

4

The above formulae(7.1=7,7) are further applicable to a
case where the beam resolution is negligible compaéed to the natural
width of the resonances. ﬁut in most experiments it is not so
and therefore correction for this is taken into account. In Q

analysing our data this part was taken into consideration,

744 Results and discussions

The differential cross-~section of elastically scattered
; protons at the centre of mass angles at 900, 125° and 141° were

measured as a function of incident proton energy in the range

Ep=0.85~3.00 MeV as mentioned earlier, Error in absolute cross-
section is not more than 10%. The measured differential cross—
section at Ocm = "141° is shown in fige 743« Isolated resonances

observed'havp been serially numbered at all three CM angles but

Sl

% due to sudden breakdown of machine the measurement at Ocm=125°

B i

I

” could not be performed above 2,00 MeV, The analyses started with the
! determination of l-values. In order to determine l-values the j
E shape of the resonances for fixed values of Eo,r',(;ﬁ'and J but %
b

for different values of 1 at those three centre of mass angles
f Y

TN . -
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; b -2 éfgﬁw(7.1)-(7;7). With the l-values accurately known, the parity of

ﬂfg-the resonance can be ascertained positively. Once the levalues

- are known a search out proceedure is repeated for all observed

isolated resonances at each angle to find out suitable parameter
- values of [ , rb/f” and J, Results of the present analyses
are summarized in table 7.1. Resonance energies are correct to

within 3 keV and errorsin | and r; are estimated to be 20% and
16,21)

i
E
i
&
i

£ ”

30% respectivelyjalso included are those given by refs.
Figs. 7.4=7.6 illustrate fits to experimental data for resonances
1,3, 4,5,6,7, 10 and 11. Discussions on the results are as
followé. The resonance No,10 at Ep = 2,548 MeV was fitted with

*

1=2, The shape of the resonance at 90° is different from all other

resonances at this angle. All other resonances needed l=1. The

resonances at 90o for many cases‘(Nos.1,3,5,8, 9 and 11) are

either very weak oy altogether absent,

The first three resonances (Nos,1-3)were studied by
; 19) |

T Awaya and the properties for resonance Nos., 1 and 2 are given.'

[

" Properties for resonance levels Nos, 1-7 are compiled by Endi

 and Van der Leun 21) | there is in general & good agreement . . i

i g

betieen the present and previous measurements, A notable exception <«

is resonance No. 6, whe!:r_value in the present work is very small 4

}i ; compaped to that quoted tnfpf%?%L.There are also discrepancies

1n parit”Ha;gignment‘in_soﬁg cases, namely for resonances
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The resonance at Ep = 1,117 Mev was fitted equally well

with J=3 and 4 in apgreement with Awaya 19)

86)

, whereas in (p,'r)

work Meyer et al. assigned J=4 only.

The resonance No,3 is similarly fitted with two J=values
(table 7.1). This resonance is an unresolved doublet both with
positive parity (ref.21). We did not find any observable anomaly
at 90o as stated earlier, and could not fit the data at 125° and
141° with any even l-value; data were reproduced by lp=1 only.
Whether this discrepancy between the present measurement and that
of Meyer et 21;86) (quoted in ref, 21) is due to an interference
between the two resonances, unresolved in the present work, is
difficult to ascertain; a resonance due to two overBaping levels
giving 1=1 shape simultaneously at all three angles is not very

likely.

For resonance No.5 there is no anomaly in the excitation

: T
function at 90o and analyses at other angles suggest 1l=1, J =3

in contradiction to JTC=2+ of ref, 21,

The resonance No.4 at 90° could be fitted with two J-values
(namely J=3 and 4), whereas data at other angles needed J=3 only.

The latter value was, therefore, accepted.

From the proton width r; and the proton penetration factor - 2

P; the spectroscopic factor Sp was calculated using the relation

Sp = (2T+1) r‘p Pn. r—"\

+The values of penetration factor Pn were kindly sent by
Professor W.J. Thomson87).
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The results obtained are shown in table 7.1. No previous values

of Sp are available for comparison.

Two of the resonances, at Ep=1.117 and 1.793 MeV, were
identified as analogues., Their properties are summarized in
table 7.2. The Jrrvalues are consistent with those of the parent
states namely 3,461 and 4.030 MeV of 28A1 respectively, The former

19)

resonance was also identified by Awaya as analoguees The two

78)

parent levels in 28Al were observed by Carola and Van der Baan

and Chen et al.79) e

from “"Al (d,p) stripping reactions, The
spectroscopic transition strengthsgiven by them are presented in
table 7.2. The (p,p) transition strengths obtained from the present
work are much smaller than the above (d,p) values, It may be noted
that there is usually an uncertainty of about 30% in (d,p)
spectroscopic factors arising from DWBA calculations. As stated
earlier the r; values are correct to within 30%. Even on considera-
tion of these, values of neutron and proton spectroscopic factors

do not overlap. Similarly the (2J+1) S _values for two analogue

19) 27m (p,p) reaction at

ft

resonances studied by Awaya from

Ep=1.117 and 1.198 MeV ape 0.31, 0.39 (for J "= 3~ and 4 respectively)
and 1,60 respectively, again much too small compared to the corres-
ponding 27Al(d.p) strengthgsof 0,78 (ref. 78), 1.0 (ref, 79) and

L,2 (ref, 78),41(ref. 79) respectively.

-

k: 3
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CONCLUSIONS

52

Isobaric analogue states in ““Cr from (p,{ ) and (p, n)

5

reactions in 1V corresponding to the ground and low lying excited
states in 52V in the proton energy range upto about 3,12 MeV have
been observed, Sixteen analogue states have been identified, It is
seen that strong resonances appear at about the same proton energy
in both (p,¥ ) and (p, n) spectra agreeing within a few keV. The
results listed in table 3.1 are in excellent agreement with those

74,10) 7:8410)

of others o The ambiguities in the results such as
analogues corresponding to possible 0.768 MeV and 1.490 MeV states
in 52V marked as 'X' and 'Y' at the correct proton energies

Ep: 1.553 and 2.28 MeV respectively in fig. 3.2 have been resolved.

By (p,g ) reaction in 5I"Fe in the proton energy range
Ep=0.854-2.980 MeV eleven analogue resonances have been observed
as against previous three or four. Of this, six analogue states
are identified to be new. The present results are in good agreement
.with others 11—13). The 2.773 MeV analogue resonance observed by
Ahlgren et 25;12) is weakly excited in the present measurement and
is marked 'X' in fig. 3.7 at the correct proton energy Ep=2.779 MeV,
There is as yet no positive evidence for the existence of a state

in 55Fe to which this may be a possible analogue.
55

By (p,{) and (p,n) reactions in ““Mn in the energy range

Ep=1.28-3.05 MeV and 1,50-3.05 MeV respectively twenty four analogue

states have been observed as against seven analogue states of
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14) ”
F: Otto et al. in the energy range Lp=1.30-1.85 MeV, The

14)

results are in excellent agreement with those of Otto et al.

By (p,g ) reaction in 27p1 in the energy range Ep=0.85-3.00 Mev,
a- large- humber: of - resonances have been tentatively identified

18,19).

as analogue as against previous two or three

The Coulomb displace?ent energy[}Ec were obtained from the
position of isobaric analogue states. The observed values of
AEC from the present work on four isobaric pairs of nuclei e.g.
52V-52Cr, 55Fe—55Co, 56Mn--56Fe and 28A1-2881 are in excellent
agreement with available measurements, A semi-empirial relation

20)

similar to that of Anderson et al, has been obtained using a
large amount of data on Coulomb displacement energy with better
“accuracy available in the mass region A=27 to 238 since the above

work. An attempt has also been made to study any possible
Tz-dependence of[sEc. As theoretical models coverestimate the

55)

Tz-dependence y, we started with experimental data, TheAEc
values were carefully selected for several sets of isoﬁaric pairs
of nuclei, arranged according to TZ. The least squares analyaesTl
by assuming them to belong to different groups or to single group |
give almost indistinguishable fit. It is, therefore, concluded
that a Tz-dependence is very small and more refined: - “sets of ©
experimental Coulomb displacement energies are necessary to observe
-Tz-dependence.

Some of the analogue resonances in compound nuclei 52Cr and {’_—~\.
56

Fe exhibit fine structures enveloping gross structures. These



Dhaka University Institutional Repository

- 89 -

are accounted for by Robson's theory. The values of parameters,
namely,{ and { were obtained for analogue resonances displaying
gross structures, Of particular interest is the analogue
resonance at Ep=2.329 MeV observed in (p,’f) and (p,n) reactions
in 51V. The gross structure exhibited in both these reactions
could be fitted with same values ofAand [? in agreement with

_ Teranishi and FurubayaShi7>. The structure at slightly higher
energy (Ep=2.34 MeV) is, however, considered to be a separate.
resonance analogue of the 1,578 MeV level in 22y by Sekharan and

65) 66)

Mehta and Egan et al. , Which in the present work and in
ref. 7 is treated as a component of the resonance at Ep=2.329 MeV,
The gamma decay was therefore studied at these two proton energies

and the spectra were found to be identical. It is,therefore,

concluded that they belong to the same resonance,

An attempt has been made to study the properties 6f resonance
states including analogues through (p,”¥) and (p,p) reactions
in 27A1. In chapter 6 the properties of 13,707, 13.980, 14.007
and 14,223 MeV resonating states in 2831 have been studied by
angular distribution of gamma rays. The spin~-parity of these
states are assigned as 13.207—2, 37, 13.980—4-#-, 14, 007—4*
and 14,223—3",(2)"., These are excited states due to 2.198
2,482, 2.511 and 2.735 MeV proton resonances and are analogues

of the parent states in 28

Al at 4.383, 4,685, 4,741 and 4,928 MeV,

The small values of mixing ratio (table 6.2) suggests a

small multipolarity mixingfgmitted gamma rays, It is also noted,
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that there occurs a strong transition between 14,007 and
4,620 MeV levels of 2851 each with J7 = L*, This is probably a
case of analogue to antianalogue M1 transition, usually found

81)

in s-d shell y whereas in the 1£%A2 shell region there is a

32)

strong hinderance of analogue to antianalogue transition .

’m

The properties of resonances by (p,p) reaction on
including proton spectroscopic factors have been obtained. In
general there is a good agreement between the present measurement
and those of previous works except the F' of resonance at
E=1.574 MeV and JT of resonance at B =14363 MeV and B =1.496 MeV.
In the present measurement properties of eleven isolated mesonances
have been obtained._Two of the resonances namely Ep=1.117 and
1,793 MeV are found to be analogues, the former being in agreement
with Awé&a19). The proton spectroscopic factors obtained in this
measurement are in poor agreement with the neutron spectroscopic
factor obtained from 27Al(d,p) reaction by Carola and Van der

h78) 79)

Baa and Chen et al. .populating the parent states.

| No resonarnce above 2 MeV has previously been studied. In
F the present measurement resonances at Ep=2.028, 2.b72,2.548

f and 2.866 MeV have been observed and their properties are obtained.
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APPENDIX

Coulomb displacement energy

soabne I, %g-4 2/51/ 45 (0bs) BE_(Cal)(MeV) AE (Cal)(MeV) —Refer-
pair (MeV) from relation from relation rReae
(3.6) (3.7 )

Al-si 13 14 27 4,500 5.57+0.050 5.368+0,062 5.385+0,033 Lk
13 14 28 L 446 5.467+0,007 5.290+0.062 5¢308+0.033 36

13 14 28 4,446 5.439+0.051 5.290+0,062 5.308+0,033 P.W.
S=-cl 16 17 33 5,14k 6,250+0.050 6.,298+0,065 64311+0,035 89
37 4,951 6.250+0,070 6.020+0,064 6.034+0.034 88
Cl-Ar 17 18 35 5,350 6,660+0.050 6,595+0,066 64606+0.036 89
39 54160 6,435+0.030 6.321+0,065 64334+0,035 88
Ar-K 18 19 37 5.551 6,88+0,070 6.886+0.067 6.897+0.036 89
4o 5.409 6.658+0.070 6.68140.067  6.692:0,036 ___50
K=Ca 19 20 39 5.750 7.190+0.070 7.173+0,068 7+182+0.037 89
Lo 5,701 7.138+0,006 7,103+0.068 7.112+0.037 90
4o 5,701 7.130+0,005 7.103+0,068 7.112+0,037 91
40 5,701 7.069+0,100 7.103+0,068 7.112+0,037 50
41 5,655 7,040+0.015 7.036+0.068 7.045+0,036 92
k2 5,609 7.000+0,030 6.,970+0,068 6,980+0,036 93
k3 5,566 6.973+0.020 6,907+0.067 6.917+0,036 9k
Ca=Sc 20 21 40 5,99% 7.445+0,008 7.525+0.069 74532+0,037 95
b1 5,945 7.220+0.020 7.454+0.069 7.462+0.037 89
k2 5,897 7.214+0.013 7,386+0,069 7+393+0,037 88
43 5,851 7.246+0,013 7,319+0,069 74327+0,037 88
b4 5,806 7,228+0,013 7.255+0,069 74263+0.037 88
¢.. 20 45 5.763 7.236+0,013 7.192+0,068 7.20140,037 88

L6 5,721 7,209+0.013 7,131+0,068 7.140+0,037 88 ;

P,Wy, Present work.,
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< )
b B 7y A I/AV2 AB(obs) BB (0a)  AB(CA) g
(MeV) from rela- Pioes T ences
. t108-(3.6)  tion. (3,7)

Ca=-Sc 20 21 47 5.680 7.194+0,013 7,072+0,068 7,082+0,037 6

48 5,640 7.175:0,013 7,015:0,068 7,02440,036 6

kg 5,602 7.089+0,013 6,959+0,068 64969+0,036 6

50 54564 7.010+0,013 6,905+0,067 6.915+0,036 6
v Sc=Ti 21 22 42 6,185 7.766+0,009 74801+0,067 7,807+0,038 96
43 6,136 7.635+0.,020 7.731+0.070 7,737+0,038 97
Lt 6,090 7.489+0,125 7,664+0,070 7.670+0.,038 88
45 6,044k 7,640+0,030 7.,598+0,070 7+605+0,038 89
45 6,044 7.580+0,0k0 7.598+0.070 7.605:0,038 _ Lk
L6 6,000 7.620+0.030 7.534+0,070 7.541+0,038 98
k7 5,957 7;68010-050 7.472+0,069 7.480+0,037 89
. k9 5.875 7.720+0.050 7.734+0,069 7.362+0.037 89
Ti-V 22 23 66 6.279 7.847:0.012 7.937+0,071 7.942+0,038 89
. k6 6.279 7.835+0.005 7.937+0,071 7,942+0,038 88
46 6,279 7.800+0,040 7.937+0,071 7.942+0.038 by
| b6 6,279 7.837+0,003 7.937+0.071 7,942+0,038 99
k‘ by 6.23% 7,87+0.04  7.873:0.071 7.878:0,038 89
b7 6,238 7,846+0,018 7,873+0,071 7,878+0,038 88
by 6,234 7.810+0.04  7,873+0.071 7,878+0,038 Ly
b7 6,234 7.860+0.0%30 7.873+0,071 7.878+0,038 ° 88
" 48 6.191 7.789+0,018 7.810+0,070 7.815:0,038 88
48 6.191 7.740+0.03  7,810+£0,070 7.815+0,038 iy
| * 48 6,191 7.828+0.912 7.810+0,070 7.815+0,038 88
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Isobaric 2. 2. A 2-/AV/3AE (0bs) AE (Cal) AE (Cal)
pair 1 & ’O(MeV) f¥om .rela- (MeV) Refer-
tions (3,6) from rela= ences
tion.3,7)

Ti-V 22 23 49 6,148 7.807+0.018 7.748+0,070 7.754+0,038 88
b9 6,148 7.730+0.030 7.748+0,070 6.754+0,038 bk
49 6.148  7.796+0,030 7.748+0.070 7.754+0.038 38
50 6,107 7.805+0.,009 7.689+0,070 7.695+0.038 88
50 6,107 7.960+0,030 7.689+0,070 7.695+0.038 89
50 6.107 7.778+0,020 7.689+0,070 7.695+0,038 88
50 6,107 7.805+0.030 7.689+0,070 7.695+0,038 4k
51 6,067 7.754+0,030 7.631+0,070 7.63710.22§, 88

V-Cr 23 2k b9 6.422 8.135+0.030 8.143+0,072 8,143+0.039 88
51 6.336 8.050+0.100 8.020+0,071 8.,025+0,039 41
51 6.336 8.100+0.105 8,020+0.071 8,025+0,039 42
51 6,336 8.100+0,200 8.020+0.071 8.025+0,039 100
51 64336 7.950+0.130 8.020+0.071 8,025+0,039 101
51 6.336 8.,184+0.,040 8.020+0.071 8.025+0.039 47
51 6.336 8.29+0,050 8.020+0.071 8.025¢0.039 89
51 64336 8.139+0.,020 8,020+0.071 8.025+0.039 88
52 6,296  8.075+0,043 7.961+0.,071 7.966+0.038  P,W,
52 6.296 8.060£0,030 7.961+0,071 7.966+0,038 47
52 6,296 8.075+0,020 7.961+0,071 7,966+0.038 ° 7
52 6,296 8.406+0,020 7.961+0.071 7.966+0.,038 47
52 6.296 8.,290+0,030 7,961+0.071 7.966+0,038 il
52 6.296 8.050+0,020 7,961+0,071 7.96630;038 88
53 6.256 8.010+0,050 74909+0,038 93

749040, 071

‘(. P.W. Present wcrk., .
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Pt B T 4 B ARy e AECEZ:? i
from relat- from rela=- PR
ion. (3,6) tion.(3,7)

Cr~Mn 2h 25 50 64650 8.379+0.027 8.873+0.073 7.475+0.039 89

50 6.650 8.412+0.005 8.473+0,073 8,475+0,039 89
50 6.650 8.414+0,003 8,473+0.073 8,475+0,039 102
51 6,606 8.423+0.022 8.410+04073 8.,412+0,039 14
52 6,564 - 8,290+0.,039 8.348+0.072 8,35140.039 4k
52 6,564 8.,415+0.020 8,348+0,072 8,351+0.039 88
53 6,522 8.375+0,050 8.288+0,072 8,291+0,039 88
54 6,481 8,306+0,040 8.229+0,072 8423340089 83
Mn-Fe 25 26 52 64,831 8,773+0,105 8,735+0,074 8,736+0,040 88
53 6,788 8.850+0.070 8.672+0,073 8.674+0,0k0 89
53 6,788 8.775+0.,020 8.672+0.073 8.674+0,0k0 88
55 6.705 8.530+0,100 8,552+0.,073 8,554+0,040 Lk
55 6,705 84390+0,100 8.552+0.,073 8.554+0.04k0 101
55 6,705 8.644+0,019 8,552+0,073 8.554+0,04k0 89
55 6,705 8,641+0,200 8.552+0,073 84554+0.,040 47
55 6,705 8.,644+0,020 8,552+40,073 8,554+0.040 88
. T 56 6,665 8,641+0,047 8.494+0,073 8,497+0,039 P,u,
' 56 6,665 8.593+0.015 8,494+0.073 8,496+0,039 14
56 6,665 86590+0,010 B8.494+0.073 B8,496:0.039 15
57 6.626 8.790+0,200 8,438+0.073 8,440+0,037 89

P.W., Present work.



Av

Dhaka University Institutional Repository

Table A1 (Contd,)

Isgzizic 2 By A 2/81/3 L;Ec(Obs) AEC(Cal), AE (Cal) I::Z:z—*
(MeV) (MeV) (MeV)
from rela- from rela-
tion (3,6) tion.(3.7)

Fe~=Co 26 27 54 7,011  9.137+0,041 8,994+0,075 8,993+0.041 89
54 7011 9.030+0,200 8.994+0,075 84993+0.041 50
54 7,011 9,033+0,005 81994+0,075 8,993+0.041 43
54 7,011 9,033+0.005 8.994+0,075 8,993+0,041 88
55 6,968 9.079+0,54  8.932+0.074 8.932+0.,040 P,v,
55 64968 8.950+0.070 84932+0.074% 8.932+0.040 k9
55 6.968  8.993+0.028 8.932+0.074 8,932+C.LChe” 49
56 6,926 8.790+0.050 8.872+0.074 8.872+ 0,040 bk,
56 6.926 8.900+0,050 8.872+0.074% 81872+0.040 89
56 64926 8.933+0,017 8.872+0,074 8.872404080 L7
56 6,926 8,939+0.,015 8,872+0,074% 8.872+0.,040 88
57 6,885 8.890+0,030 8.813+0.074% 8,314+C,040 83
58 64,846  8,770+0,050 8.755:0,074 8475640,040 4k
58 6.846  8,31840,021 8,755+0,074 84756404040 46
59 6.807 9.1+0.136 84699+0,074 84.700+0,040 165

Co=Ni 27 28 56 7,188  9.,214+0,105 9.249+0.075 9.248+0,041 50
57 7145  9,300+0,050 9,18840,075 9,187+0,041 89
57 74145  9.24040.050 9.188+0.075 9.,18740,041 88
59 7.064  9.300+0,050 9,070+0.075 9,070+0,041 8?
59 7.064  8.91010.140 94070+0.075 94070:0.041 101

L~

Pu.

Present work.
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I;:?:ric Z, & Z/A1/3 AE_(Obs)  AE (Cal) AE (Cal) 2;222?
(MeV) (MeV) (MeV)
from rela- from rela=-
tion (3.,6)  tion. (3.7)

Co-Ni 27 28 59 7.06%  9.149+0.019 9.070+0.075 9.C70+C.041 89
59 7.064%  9.260+0.,1500 9.070£0.075 9.070+0.041 89
60 7.244  9,050+0,043 9,013+0.075 9.013+0,041 103,
60 7.244  9.100+0,150 9.,013+0.075 9.013+0.041 103
61 6.986  9.950+0.070 8,957+0.074 8.,957+0,040 88

Ni-Ca 28 29 58 7.362 9.557+0.006 9.501:0.076 9.499+0,042 88
59 7.320 9.480+0.,015 9,441+0.076 9.439ip.U#T’ 88
60 7.280 9.463+0.010 9,382+0.076 9.350+0.041 88
61 7.2k0  9.421+0,015 9.324+0.076 9.322+0,041 10k
62 7,200 9.372+0.010 9.268+0.076 9.266+0,041 88
63 7.162 9,300+0,010 9.212+0.075 9.211+0,041 88
64 7.125 9.,290+0,012 9,158+0,075 9,157+0.,041 88
65 7.088 9,246+0,055 9,105+0.075 9,104+0,041 89
65 7.088 9.607+0.035 9,105+0,075 9,104+0,041 89
65 7.088 9,216+0,035 9.,105+0,075 9.,104+0,041 105
66 7.052 9,212+0,015 9.053+0,075 9,053+0.,041 104

Cu-Zn 29 30 63 7.413 9.700£0.120 9,575+0.077 9.572:9.042. 89
63 7.413  9.550+0,100 9,575+0,077 9,572+0,0k2 42
63 7.413  9,612+0,032 9,575+0.C77 94572+0.042 47,
65 7.337 9.420+0,100 9.464+0,076 9,462+0,042 42
65 7.337  94570+0.040 9,464+C,076 9.462+0,Ck2 50
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Table A1 (Cond)

I:Z::ric z, &, A R&/a/3 AE (Obs) AE(Cal)  AE (Cal) Refer-
(MeV) (MeV) (MeV) RO
from rela- from rela-
tion (3.6)  tion. (3.7)
Co-Zn 29 30 66 7.299 9.,508+0.015 9.410+0.076 9,408+0.041 53
67 74263  9,490+C.040 9.358+0.076 94356+0,041 50
Zn-Ga 30 31 64 7,250 9.890+0.040 9.880+0,078 9.87640,042 988
66 7,547 9.800io.ouo 9.763+0.,077 94764+0,042 98
67 7.509  9.790+0.040 94713+0,077 94710+0,042 98?
68 7.472 9.?6oio.ouo 9.660+0,077 9.657io.6i{é/98‘?
69 7.436 9.680+0.,020 9,608+0.077 9.604+0,042 53
70 7.400  9.620+0,040 9.556+0.077 9.553+0.042 98
71 74365  9.577+0.020 9.506+0.076 94503+0,042 106
Ga=Ge 31 32 69 7.680 10,000+0,050 9,960+0,078 9,955+0.,043 47
71 7.607  9.800+0,030 9.,854+0.078 9.,850+C.0k2 50
Ge-As 32 33 75 7.706 10.016+0,020 9,998+0.078 9,993+0.043 53
77 74639 9.950+0.0%0 9,901+0,078 9.896+0.042 53
As-Se 33 34 76 7,908 10,339+0,015 10,290+0,079 104284+0,0k3 33
Se-Br 34 35 77 8,109 10.480+0.C20 10.580+0.080 104572+0,Ch4 107
79 8.0k0 10.457+0,020 10,480+0,080 10,473+0.,04k4 107
81 7.973 10.488+0,012 10,384+0,079 104377+0.043 106
83 7.909 10.468+0.020 10,290+0.079 104284+0,043 106
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Table A1 (Contd.)

Isobaric Z, 2, A Z/A"/3 4E (0bs)  AE (Cal) AE_(cal) e
FasE (MeV) (MeV) (MeV) ences.
from rela- from relation
tion.(3.6) (3.7)
Rb-Sr 37 38 88 8,430 11.160+0.090 11.044+0,082 11,043+0,045 14
Sr-Y 38 39 88 84655 11.450+0,020 11,368+0.083 11,357+0,045 53
89 8.623 11.395+0.010 11,321+0.083 11,310+0,045 53
Y-Zn 39 bo 89 8.847 11.650+0,025 11,645+0,084 11,632+04046 53
90 8,814 11,635+0,015 11,597+C.C84 11,585+0.046 53
Zn-Nb 40 41 90 9.037 11.854+0,300 11,920+0,085 11.905;0.047 103
91 9,00k 11.899+0.025 11,872+04085 11,855+0,047 , 108
92 8,971 11.,810+0.025 11,824+0,084 11.811io.o; 108
93 8939  11.735£0.025 11.778£0.084 11,76410.046 108
95 8.876 11.650+0.025 11,687+0,084% 11,673+0,046 108
97 8.814 11,570+0.025 11,598+C,084 = 11,585+0,046 108
NbeMo 41 42 93 9.159 11.900+0.0150 12,096+0,085 12,081+0,047 L2
93 9.159 12.,090+0,120 124096+04,085 12,081+0,047 101
9k 9.127 12,000+0.025 12,049+0,085 12,035+C,047 53
Mo=Tc 42 43 93 9,380 12.380+0.030 12.415+0,086 12,399+0.048 108
95 9.314 12,277+0.021 124319+0,086 12,303+0,047 108
96 9.281 12,170+0,030 12,273+0,086 12,257+0,047 108
97 9,241 12,15040.025 12,226+0,086 12,211+0,047 108
98 9,218 120920+05(30 12,181+0,086 12,165+0,047 108
99 94187 11.990+0,025 12,136+0.,085 12,121+0.,047 108
101 11,935+0,025 12,048+0,085 12,033+0,047 ~ 108"

9,126
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A 2743 ~E_(Obs)
(MeV)

Isobaric 2 Z2

Z:Ec(Cal)
pair

(MeV)
from rela-

tion . (3.6)

C;Ec(Cal)

(MeV)
from rela-

tion.(3.7)

Refer-
ences,

Pd-Ag

Ag-Cd

Cd=In

In-Sn

Sn-Sbh

L6 47 103

b7

L8

49

50

48

k9

50

5

105
107
109
108
108
108
108
110
112
113
114
115
115
115
113
115
117
118

B

120
125
125

9.920
9.856
9.79k
9.73k
9.§74
9.974
9.974
9.974
94913
10,061
10,032
10,002
9.973
10.179
10.179
10445
104334

10.325.

10,296
10,267

10,238
104154

10,100

13.140+0,040
13.050+0,025
13.0004+0.030
124915+C,030
13.300+0.040
13.340+0.160
13.250+0,150
13,070+0.150
13.190+0,020
13.368+0.C20
13.35oio.035
13.310+0,015
13.280+C.030
13 5C0+0U, 200
13.210+04150
13,930+0, 030
13,89Qio.625
13,803+0,015
13,760+0.020
13.737+£0.015

13.692+0.012
134609+0,012
13.,550+0,015

13.194+0.,089
13.103+0,089
13.013+0.088
12.926+0,088
13.273+0,089
13,273+0.089
134273+0.089
134273+0,089
13.185+04089
134399+0.090
13.356+0,090
134313+0.090
134271+0,089
134568404090
13,568+0,090
134953+0.092
13.,865+0,091
134779+0.091
134737+0.091
134695+0,091

134654+0,091
134533+0,090
13, 454+0,090

134174+0,049
13.083+0,049
12,994+0,049
124907+0,049
13,252+04049
13.25210:049
134252+0,049
134252+04049
13,165+0,049
134377+04050
13,335+0+050
134292+0, 050
134250404049
134546+0,050
134546+ 0. 050
134929+C.051
13,841+0,057
134756+0, 050
134714+0,C50
134672+0,050

134511+0,050
13.432+0\ 050

108
108
108
108
53
101
89
43
53
53
50
50
109
42
k3
108
108
108
108
108

108

_108

108
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Isobaric Z

pair

=

/\‘!
L_hc(Obs)

(MeV)

ASEC(Cai)

(MeV)
from rela-

tion (3.6)

z;Ec(Cal)

R
(MeV)

from rela-

tiOn : (307)

efer-
encesg

Sh-Te

Te-~I

Ba~La

La=Ce

Ce~Pr

Pr-Nd

Nd=Pm

Sm-En

51
He

56

57

58

29
60

62

52
53

b

58

59

60
61

63

124
126
127
129
131
1319
133
135
127
129
139
140

141

142

143
145
147
149
151
iﬁ?
9

161

104327
10.472
10 4k
104390
10.337
114124
11,068
11,013
104960
104907
11100
11,073

11239

1140k

114569
11.578
11.463
11,412
11,361
11.896
11,789+
11,737

13.850+0,030
14,030+0,0k0
14,030+0.020
134935+0,040
13.845+0,030
14,898+0,020
14,879+0,020
14.797+0,020
14,752+C,020
14,651+0,015
14.,800+0.120
14,800+04120
154103+0,015
15.342+0,415
15,540+0,015
15.427+0.015
150333+0,015
150259+0,015
15.180+0,015
1569924£0.015
15,760+04030

1 50 700:0. 030

13478304061
134992+0,092
13.952+0,092
134873+0,091
134797404091
14,934+0,095
14,853+0.,095
14 ,774+0,095
144696+0,094
14.620+0,094
14.898+0,095
14,860+0,095
154100+0.,096
154338+04097
15.576+04097
154499404097
15,423+0,097
154349+0,097
154276404096
16 4049+0,099
154893404098
15818+0,098

Satacui i

13,760+0,050
134967404051
134928404051
134850+04051
134773+£04051
14490540, 035
14,82550,053
14,746+0.053
144,663+0,052
144592+04052
144870404053
14,832+0,053
154070+0,053
154370+0,05k4
154544+0,054
154467+0,054
154392+ 04Q54
154318+0,054
154245+0,054

164014+0,055 *

150860+04055

15.785%0.055_

e

53
2
b=
53
22
50

50
50
53
101
101
53
53
53
110
110
110

110
140
111

111




? Isobaric Z1 Z A Z/A173AEC(Obs)
(MeV)

?

Er-Tm

| Hf-Ta

Axi
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Qair

2

AE
¢

(MeV)
from rela-

tion ‘(306)

(cal)

A Ec(Cal)

. (MeV)
from rela-
tion. (3.7)

Referm
ences.

Au-Hg

68
722

Ta=W 75

Os-Ir 76

Pt-Au 78

79

82

EP-Bi

U-Np 92 93
L

69
73

77

79

80

83

171
181
181
181
189
191
193
195
197
199
197
197
205
205
207
207
208
208
208
208
209

209
209
209
238
§38

12,341

12,816

12.993
124995
13.330
13,283
13.237
13.537
13491

13,445
13,663
13,663
134991

13991

13,946
13,946
13.92k
13.92k
13924
13,924
13,902

134902
13.902
+902
926
4,926

164687404051
17,?4010.050
174220+0,190
17+8%0+0.200
18,032+0.032
18.000+0,102
17.940+04104
18.363+0,028
18.320+0,029
18,250+0,102
18..500+0,200
18.770+0.230
19,024+0,015
18.972+0,011
18.955+0,036
18.899+0,011
19.140+0.100
18.86840,013
18.855+0,022
18.877+0,022
18,841+0,010

18.841+0,030
18,813+0,025
18.791+0,015
194770404150
19.860+0,200

164691+0,701 164653+C,057

17.37710.104
174633+04104
174633+0,104
18.119+0.106
18,051+0,106
174985+0,106
18.417+0,107
180351+0,107
18,286+0.107
18,599+0,108
184599404108
19,074+C,109
19.074+0,109
19.009+0.109

19.009+0,109

184976+04109 -

184976+0.109
18,976+0.109
184976+0.109
18 4 944+0,109

18.944+04109
18.944+0.109
18,944+Q109

20,423+0.114
20.423+0.,114

174337404058
174591+0.058
174591+04058
18.075+0,059
18.007+0,009
1749414+0,059
184372+0,060
186306+0,060
18,280+0,060
18.55310,0é0
184553404060

194025+0,06%

194025+0,061
18,960+04061
184960+0.061
184928+0, 061

18,928+0,061

12}928i0.061
'Q§8i0-061

112
101
L3
50
50
50
50
50.
*
43
101
113
113
114
113
101
113
113
113

184896+ 04067113

184896+0,061
184@96io.061
184896+0.061
20.568+0,064
204368106k

114
115°
114
109
43





