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ABSTRACT

The proton capture reactions through (PjHj) (P|ii)
in and ^^Mn and (?,"]() in ^^Fe and *̂̂ A1 up to 3 MeV are 
studied and a number of analogue resonances have been located.

Properties of resonant states including analogue resonances
onthrough (p,^) and (p,p) reactions in A1 have been obtained. The

28spin-parity of resonating states in Si due to 2,198} 2,^82, 2.511
and 2 ,7 3 5  ̂ MeV proton resonances are assigned as 13*707-- 2~, 3”i

1 3.980— 4"̂ , 14,00?---and 1^,223----- 3  ̂>(2 )'*' by measurement of
angular distribution of gamma rays. These are analogue states 

corresponding to the excitation energy ^,3 8 3i ^.685, ^.7^1 and.̂
pQ

4.928 MeV of Al, A small multipolarity mixing is observed, A strong
28transition occurs between 1^.007 and 4,620 MeV levels of Si each

TUwith J =4’'’, This is possibly a case of analogue to antianalogue Ml 
transition. Eleven isolated resonances in the energy range 
Ep = 0,85 to 3 ,0 MeV have been studied through elastic scattering of 
protons on ^ A 1 at the centre of mass angles 90°, 125° and l4l°; 
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 E^ = 1,117 and 1.793 MeV were 
identified as analogues^ the former being in agreement with Awaya.

The (p,p) transition strengths obtained from the present work show 
poor agreement with the corresponding (d,p) spectroscopic transition 
strengths.

The Coulomb displacement energies have been obtained from
28 28the present work for four isobaric pairs of nuclei e.g, Al- Si.
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^^V-^^Cr, ^^Fe-^^Co and ^^Mn-^^Fe and they are in excellent 
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 vjork. T^-dependence of Coulomb 
displacement energy is found to be very small.

Fine structures enveloping gross structures are displayed
COby some analogue resonances in Cr and Fe. They have been 

analysed using RobsonVformalism. ,
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CHAPTER-1 
I N T R O D U C T I O N

Isobarlc 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 

The t = means that the nucleon is in a proton state and t = 
means it ̂ s in a neutron state. The total isobaric spin of a nucleus 
is defined as

A
T =, S i t .  

i=1 ^

where t. is the isobaric spin vector of the ith nucleon, T , the *■1 z
Z - component of T for any nuclear state is T^=(N-Z)/2, In analogy 
with ordinary spin S having been associated with (2S+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 T^, where T^= T, T-1, ....... ~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=Tj^=(N-Z)/2 
n;jclei* In practice Coulomb displacement energy and neutron-proton 
mass difference give different energy for different T ,̂ 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 *12As an example, we consider three light nuclei< B, C and
and these are isobars, all having the same mass number A but
differing in the proton and neutron number Z and N, The value of
Z-component of T is T̂ ='l > 0,-1 for and In this example

12 'for B tfiere exists a vacancy in a proton level while a neutron 
occupies a level of considerably higher energy and for there is
a vacancy in upper neutron level and a proton occupies a higher 
energy state. These two nuclei are transformed into the stable 
nucleus by/3“ and ̂  "̂ -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 niimber in parent nucleus and analogue nucleus gives rise to ■ 
Coulomb displacemimt 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
studying the spectrum of evaporated neutrons in the (p,n) reaction 

1)Anderson ̂  al« in 19^1, performed a series of experiments on a
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• niimber of nuclei with masses tanging 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 experiment
with 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 energy^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 (pin) 
reaction on as compound nuclear states by Fox _et al,^̂  in '\̂ 6k 

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

90in the compound nucleus Zr corresponding to the low-lying excited
90states of its isobaric nucleus Y, It is to be noted that analogue

2 )states observed by Fox et al. were interpreted as compound nucleus
resonances, whereas the analogue states investigated by Anderson

1)et al, were observed as states in the residual nucleus in direct
mreaction.
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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
experiments (refs, and many others) on the study of isobaxic
analogue states in medium weight nuclei have been performed by

different proton induced reactions namely through (pip)t (Pj/") and
(p,n) and it has thereby been possible to locate and study the
properties of isobaric analogue states,

52 ' •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 (ref» 10) do
not seem to have any analogues in ^^Cr, The present investigation

51in V by (p,y) and (p, n) reactions has been undertaken in an 
attempt to resolve these discrepancies.

The analogue states in ^^Co have been investigated by some
authors Information on analogue states in this nucleus is
scanty. The present (p,]P experiment on Fe ranges between
E = 0,85-3.00 MeV,P

Information on analogue states in ^^Fe is not sufficient,
A few analogue states have been identified by Otto et al, ’ ,
Friedrich _et al, and Sakai £t al, The present work by (pj^]
jyad (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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28Information on analogue states in Si is also Inadequate.
The only measurements are in refs, 18 and 19. Two analogue states
in ^^Si by reaction in "̂̂ Al in the energy range £^=1,20-2,50

l8) 19)MeV have been reported by Jaffe and Harchol . Awaya ' reported
27three analogue states by A1 (p,p) resonance reaction in the 

energy range = 0,77-1.390 MeV.

In chapter 3 results on identification of analogue states 

through gamma-eraission and where possible neutron emission following 

proton capture reactions in ^^Fe, ^^Mn and "̂̂ Al are discussed.

The Coulomb displacement energies for pairs of isobaric 
nuclei namely ^^Fe-^^Co, ^^Mn-^Se and ^®Al-^®Si 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 attempt to obtain 
a serai-empirical relation similar to that of Anderson £t al, • 

this was felt necessary as a large amount of data has accumulated 
since the above work. The results are discussed in chapter k.
An attempt has also been made to look for any T -dependence of

Z i

Coulomb displacement energy starting from experimental data.

Fine structures enveloping gross structures are sometimes
exhibited in proton induced reactions. Fine structures were observed

51in the present work in (p, and (p,n) reactions in V and
55 27 5kMn, but no such structure was found in A1 and Fe. The
results are discussed in chapter 5»

Dhaka University Institutional Repository



-  6 -

Properties of resonance levels including analogue
28resonances in Si obtained from proton capture reaction in

27 2l)A1 have been summarized by Endt and Van der Leun •
Information above MeV are lacking. Angular distribution
of gamma rays de-exciting the resonance levels at E^=2.1 9 8,
2,^8 2, 2 ,5 1 1 and 2 .735 MeV have been studied and the results are
discussed in chapter 6.

27Finally in chapter 7 we consider the A1 (p,p) resonance 
measurements in the energy range E^= 0,85-3 MeV. Eleven isolated 
resonances were studied including two analogues and properties of

28the resonance levels in Si have been given.
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CHAPTER - 2 

EXPERIMENTAL PfiOCEDURE

2*1 Experimental set up «
The experiments v/ere performed with protons from the 3 MeV 

Van de Graaff accelerator at the Atomic Energy Centre, Dacca«(Data 
on gamma decay were collected at the Bhaba Atomic Research Centre, 
Bombay, Indi^ 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 fig.2;1«
The detector pulses were amplified with a preamplifier and RIDL
amplifier. The pulses from the amplifier led to a RIDL single channel
analyser followed by a s<Sa,ler 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 c/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 insvilated from the beam
tube. The beam current collected by the target holder was integrated
by means of a current integrator which is based on the one described

22)by Smulders and Smith ,

-  7 -
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The scintillation spectrometer consists of a 5" x 6 ” Nal 
(Tl) 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 55° with the direction 
of the bombarding proton beam to ensure that the measured inten­

sities are averaged for possible angular distributions. The gamma 
ray excitation function was measured simultaneously with two differen­
tial discriminators and scalers. Two channels were set to accept 

pulses of 1,5 and 3.0 MeV arbitarily^corresponding to gamma raya 
deexciting the product nuclei resonance levels,

2,2 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 photo-electrons are accelerated by the poten­

tial, applied between the cathode 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 10 to 10^ the electron avalanche arrives at the collector 
plate. It produces a voltage pulse in the output condenser which is 
applied to an external pulse recording circuit. Thus tHe 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.*

2,3 Interaction of gamma radiation with matter

The mode of absorption of nuclear radiation and production 
of scintillation is different for charged, 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,^ Stilbene Scintillator

A 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 disexcite 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

in
2k)

23)difficult, Bonner deviced methods to reduce the gamma backgrounds
to a large extent using pulse hight discrimination method, Hornyak 
used ZnS embedded in Lucite and obtained good particle discrimination 
but the detection has poor energy resolution. In the past few years 
a rfiumber of methods have been suggested to obtain an effective 
separation between neutrons and gamma rays using the d»c'«y time 
property of the recoil proton and electron pulses in certain fast 
scintillators.
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2,5 n-;Tdiscrimination by zero cross-over technique

One recent ingenioiis method first suggested by Alexander
25)et al, is the zero cross-over technique. An effective separation 

of 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 rifĵ 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 duetto 
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 gamma 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 ̂ 6 7  and/>̂ 49 nanoseconds respectively while the 
corresponding values for short lived states are 6,0 and 5*6 

nanoseconds. The somewhat large difference of the lang lived decay 
states enable it to bring about excellent n-jTdiscrimination using the 
z.ero 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 n-"jTdiscrimination 
system (fig,2,2), The current signal derived from the 9th dynode of 
PM tube and shaped in a fast preamplifier model ORTEC 26k is fed to 
the input of a linear amplifier (ORTEC 4lO), The bipolar pulses 
obtained from the linear amplifier are fed into a timing single 

channel analyzer (ORTEC 420) that provides an output at the time the 
input pulse goes through zero. The negative fast spike appearing at 
the output of the single channel analyzer constitutes what is canj.ed 
the 'stop' signal of a time-to-pulse-height converter (ORTEC ^37)»
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 k03 
time pick off control unit and the output passing through a gate and 
delay generator (ORTEC h^G) 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 STilRT pulse. The TPHC on receiving the 'start' 
and 'stop' signals converts the time difference between the two into 
a voltage signal which appears at it8 output. Thus the spectra of the 
output pulses from the TPHC shows two peaks corresponding to the 
neutj:on and gamma rays when analyzed in a multichannel analyzer, A 
typical n-^speojrum showing the separation of neutron from gamma rays 
in "^Mn (p*i.n) ^^Fe reaction is shown in fig, 2.3. The discriminator

-  11 -

Dhaka University Institutional Repository



50 100 150 200 
CHANNEL NUMBER

Fig,2,3 A typical discrimination spectrum.
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level of the single channel analyzer (ORTEC 420) 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 

slit' and the collimator used in the beam path. In the present measure­
ment the beam was aligned by horizontal 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 coppejj...;tu§e 
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 
horizontal and vertical adjustment of cold tube. Once the beaim is 
properly aligned it will only hit the target area,

2.8 Target holder

The target holder is made up of two hollow copper 
cylinders. They are joined by silver soldering. 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 
better heat dissipation from the backing material of target. A 
hollow tantalum crylinder is used to push the target into the target 
holder.

-  12 -
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2,9 Suppression of backgrounds by cold trap;

Since the resonance in the (p,j') reactions of medium 
weight nuclei are of lov; 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, stated^ 

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*^), (Ptô /̂ ) and (p,n^) reactions. The cross-sections 
of these reactions are high and consequently gi-yield was comparable 
to that of the reactions studied. The dirts are due to mercury vapour 
coming out of the diffusion pump and other gaseous 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 produces neutron through 

P P 3H,n) He reaction. The neutrons in turn produce gamma rays from 
the thick leod shielding through Pb(n,'S') reaction,

(iii) Gamma rays from cosmic rays and other sources,

* The first type of background was reduced by the use of cold 
trap. All foreign particles are trapped on the cold surface such as 
liquid air cooled copper tube and 2mm tantalum collimator which are 

placed in front of the target holder.

-  13 -

Dhaka University Institutional Repository



Neutron background was reduced by disconnecting the deuteron 

container and the palladium leak from the ion soixrce. 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 backgroxinds.

2,10 Targets
27 55The Al, V and Mn targets were prepared in the Atomic

Energy Centre, Dacca. The backing material used was tantalum. The
thickness of tantalum was about 0.2mm. The tantalum backing was
cleaned by glowing it in a speedivac coating unit (Model 12E6/1222)
and then target material was evaporated on it.

27 51 55The Al, V and Mn targets were prepared from natural
aluminium, vaniiiium and manganese which were procured from British
Drug House, The targets (dlfferen̂ 'thiobnê S'). 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
Target thickness and isotopic abundance

Target TJvLckness of 
target ^
( /ig/cm )

Abundance
%

Reactions

^Al( natural) 20 ^ ' ^ k i— i b o ( p , ? r )

^^V(natural) 20 --- 99.76
---  0.24

(p,ĵ )and
( P i n )

5 k Fe(isotopic) 20 ^^Fe 98.63

^^Fe --1,20
*̂̂ Fe 0,26 

^^Fe — ^0.007

( P t i T )

^^Mn(natural) l6 and ^5 ^^Mn —  100 (PijT) and
( P i n )
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Tantalum was chosen as backing material since the
gamma rays from Coulomb excitation of tantalum are lower in

energy (E^^301 keV) (ref. 26) than those of other available
27)backing material except tungsten . Because commercially 

available tantalum is heavily contaminated with sodium, sodium 
free tantalum was selected. The metal was much less contaminated 
with light elements than other available materials, e.g. silver 
and tungsten. Moreover the surface smoothnesiS 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,

2.11 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 ^”̂A1 (p,y) ^^Si reaction at 992 keV 
resonance. The spread in beam was found to be 850 eV. The proton 
energy is related to the measured frequency *f* of nuclear

-  16 -

resonance probe by

E = Kf^ ...... (2.1)P
where K is constant depending on the effective radius of the 
analysing magnet. The K-value of the analysing magnet was

27 28measured from 992 keV resonance in A1 (p,)^) Si reaction 
which has been used as a primary calibration energy.
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CHAPTER -3

Isobaric Analogue Resonances from and (p,n)
reactions in ^ Fe, and

3*1 Introduction

A new tool in the field of nuclear spectroscopy has become 

available follov/ing the observation of the isobaric analogue states 
as compound nuclear resonances at high excitation energy by Fox 
et al.^\ 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 above the background 

of numerous fine resonances in medium and heavy nuclei at an excita­
tion wh63pe the density of normal states (T = T ) is high and as suchz
cannot be studied by other methods. Such measurements are expected 
to provide useful information on the isobaric spin dependence of the

-  17 -

nuclear forces and Coulomb displacement energy in nuclei throughout 
the periodic table of elements.

■rw

There has been a very limited measurements on analogue
52 52resonances in Cr, The analogue states in Or corresponding to

the ground and low-lying levels in (ref, 10) have been studied

from (p,^T) and (p,n) reactions in upto 2,70 MeV (refs. 7i8,
10)., A few analogue resonances has also been located in the energy

9)range of = 2*10-3*10 MeV by Coleman et al»  ̂» There appears some 
discrepancies among these measurements. Analogue resonances observed 
by some workers have not been obseirved in other measurements for
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example, analogues corresponding to levels 0,875? 1.^90, 1.759
■52 52and 1,795 MeV in V. A few well established levels in V do

52not seem to have any analogues in Cr. The present work in
by (p,Jf̂ ) and (p,n) reactions was, therefore, undertaken in 

an attempt to study the analogue resonances in ^^Cr.

There is a little information on isobaric analogue
c c 'I "1 )states in Co. From (p,if') reaction in Fe Maripuu has

reported two analogue states arising as strong resonances in the
energy range of = 1 - 2 MeV. In the elastic proton scatteri»g
on '̂ F̂e four analogue states have been observed in the energy
range = 1,70 - 2,00 MeV and 2.30 - 3«20 MeV. Three analogue
states namely at E =1,802, 2.2^3 and 2,750 MeV by ^^Fe (p,p) were

13)observed by Lindstrom et al. in the energy range E^=1,75-3*30
MeV, Moreover a few levels have been identified as analogues to
^ j— ^ 2 8 5 2)Fe from ( He, d ) and (<7̂ , t) reactions at low excitation ,

3kThe present work on (p,y') reaction in Fe was undertaken with 
the intention to study analogue states using a proton beam upto

3 MeV,

Sufficient measurements on analogue resonances in
^^Fe are not available, Otto et^al.^̂  ̂measured the excitation

55curves of (pjiT) and (p,n) reactions in Mn in the energy range 
E^ = 1 ,30-1 ,8 5 MeV and obsecved a number of analogue resonances 
c*orresponding to the ground and low-lying states in ^^Mn upto
0,486 MeV, A later paper was concerned with the decay proper­

ties of some of these (p,^) resonances. The only other measure­
ments available is of Sakai et al.*̂*̂  ̂who in their ^^Mn (p,̂ f̂ )
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reaction observed three analogue resonances at E^=1,3^9i

1,^39 and 1«537 MeV. The present work was undertaken with a 
view to study the analogue states in ^^Fe from (p,3^) and 
( p, n ) reactions in ^^Mn using the proton beam of energy 

upto 3.05 MeV,
27, Many worker^have studied the (pj?<̂ ) reaction in A1

and properties associated with resonances. These have been
21)summarized by Ednt and Van der Lestn . Information on analogue

states is, however, inadequate. The elastic scattering of *
27 19)protons on A1 was measured by Awaya in the energy range

E = 0,77-1.39 MeV; a few resonances were observed, some of
28which were identified as analogues of low-lying states of A1

1 8)(ref, 21), Jaffe and Harchol compiled ( p j O  data from 
previous measurements and reported three analogue resonances
in the energy range 1,20 - 2*50 MeV, No other measurement has

U
yet been performed. This motivated to undertake the present 
measurement.

This chapter is concerned with the identification of 
isobaric analogue resonances from (p, reaction in A1 in 

the energy range E = 0,85-3 MeV, Properties of resonance levels
28in Si, 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 weighti nuclei were first interpreted in 
the (p, p) and (p, n) reactions on by Fox et al» A reaction

of this type is pictorially presented in fig. 3.1 When one adds a 
proton and a neutron to a target nucleus ĵA one can obtain the 

analogue states in the analogue nucleus and the parent
*

state in the parent nucleus ĵ ^̂ (A+1), The mass number for the 
analogue nucleus and the parent nucleus are same but their total

•

isobaric spin are different. The ground state isobaric spin of
the target nucleus is “ (N-Z)/2. The total isobaric spin
of the analogue nucleus and the parent nucleus are T = = Tq-T̂

2and T = T^ = Tq + respectively. A target nucleus is
bombarded with protons to form a state in the compound system
( Z + l) protons,N neutrons) with total isobaric spin T = Tq+Ĵ,
the analogue of a state in the parant system ( Z protons, N+1
neutrons) which has the same total isobaric spin T = T^ + 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 caniBBS .the energy to increase and the neutron~proton
mass difference causes a decrease in energy. The difference is
given by <E -cT « where A E  is the Coulomb displacement energy c c
between the n u c l e i / A  + 1) and + l) and ^ is the neutron-

-  20 -
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Bn

N
A + n

^(A+1)
(N+1)

T z - T o

12
±
2 T z - f o + ^

Target Nucleus Analogue Nucleus Parent Nucleus

analog^e*^etates showing energy relation between
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proton mass difference. One can write from fig. 3«11 '•

-S = E ™  - S

or, AE = + B ...... (3.1))’ c p n

CMwhere, is the incident proton energy in the ;:entre of mass
system an*d is the neutron separation energy in the parent 
nucleiis.

The ground state energy of analogue in the compound system 
analogue nucleus comes to be

,0M „ „ ..........  (3,2)

where is the proton separation energy in the compound system. 
The energy of analogue states corresponding to the low-lying 
excited states in parent nucleus is obtained by

ECg.s.a.) =AE -B„+B +e^ .........  (3.3)c n p

where e is the energy of low-lying excited states in the pcrSnt-X,

nucleus.

523*3 Analogue states in Cr 
Measurements

51 52 51Isobaric analogue states from if) Cr and ^ V

(ftiii) ^^Cr reactions in the energy region E^ = 0.70-2.98 MeV
and Ep = 2.1^ - 3.12 MeV respectively were measured. The analogue
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resonances at = 0,760 and 0,783 MeV corresponding to ground
state and first excited state 0,0172 MeV in (ref, 10) were

5lobserved by ( p,'jf) reaction in V by mass two beam. The target 
used was nominally 16 yug/cm^ thick and they were prepared in 
A,E,C, , Dacca, The thickness of tantalum backing was about 0,2 mm.

The beam intensity was 1-3p-k» Throughout the experiments the 
backings vîere 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 *
excitation function. The excitation function thus obtained is 
independent of the complex decay scheme of the capturing levels 
and was therefore free from any anbiguities arising due to the 
arbitrary setting of discriminator bias in measuring the (p»jĵ ) 
yield. The detection of neutron below proton energy 2,1^ MeV was 
not possible because of the high neutron threshold and detector 
threshold (Q-value of (p,n) reaction in ^^V is - 1.53G MeV 
(ref,33) and the detector threshold - 0,6 Me)jL

The identification of analogue states depends on many
factors such as the density of T̂  states, the strength function
of the T^ states and the spectroscopic factor of the state. In
favourable cases the analogue resonances can be identified by

inspection of resonance intensity. In the jj'-ray yield curve (fig,3*2)
the j^ray intensity shows maxima at proton energies which may be

52 52interpreted as analogue states of V in Cr. The excitation 
energy E^(Obs) was obtained from the incident proton energy E^, the

-  22 -
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known Q-value of the (p,||f̂ ) reaction given by

E^(Obs) = Q (F,j( ) + .... ' (3.if)

The excitation energy E^(cal) of the compound nuclear system
^^Cr can be obtained from a knowledge of the Coulomb displacement
energyAE of the isobaric pair of nuclei - ^^Cr, low-lyingc
excited states of (ref. 10) and Q-value of 5^  (P.n)
reaction namely through the relation

(Cal) = Q(p,n) +AE„ + ê  .... (3.5),X C X

The Coulomb displacement e n e r g y c a n  be obtainedc
experimentally from (p,l̂ )̂, (p ,n), |5-decay, (p,d) and many other
reactions. The values of^E , as measured by various workers, havec
been subjected to a systematic analysis by Anderson et al.
The variation ofAE with target mass and charges shows theo
following empirical least squares relation 3 8 4 9 9 3

*
A.E^ = (l.Hif + 0.005) - (1.13 + 0.04) .... (3.6)

-  23 -

where Z = average charge of the compound nucleus and its isobar
and A = mass number of the isobar. The value^E for the pairc
52v . 52^ as calculated from the relation comes to be (7.9^1 _̂0,07l)
MeV. It may be noted that we have made a similar least squares
analysis of Coulomb displacement energy and obtained the relation
given by2^E = (1.437 + 0.003)2/A^i (1,081 + 0.02) ----  (3.7)
as discussed in details in the following chapter. Thei^ -value asc
calculated from above relation comes to be (7,966 + O.O38) MeV.
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Result and discussion

The 2̂ -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 The (p,n) spectrum

shown in fig, 3.S is almost identical with the(pj'jf̂ ) excitation 
curve. It .is seen that the resonances 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,^) 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 comjjound nucleus
^^Cr corresponding to the low-lying states in below 1.419 MeV

51 51were not observed in V (p,n) Cr reaction for reason stated 
earlier. These analogue states have been observed by (p, reaction 

in
51In the present experiment on V, 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 E = 1.558 MeV hasP
been suspected to be analogue of the possible 0,768 MeV state in
^^V by some authors while it has not been observed by otherŝ '̂.

The present work shows a resonancef̂  at correct proton energy
(marked "x" in fig, 3.2),but there is no positive evidence for the

52existence of 0,768 MeV states in V and we believe it to be a 
component of the structure exhibited by the adjacent resonance

-  24 -
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at E = 1.559 MeV. A resonance analogue to the 0,875 HeV has 
previously been reported but not observed by others
In the present measurement no strong 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,^90 MeV states, but it is hardly 
distinguishable from the adjacent normal states. This has been 
suspected to be analogue and is weakly excited in refs,(7j8).
It is thus concluded that the 1,^90 MeV state has no analogue ±n 
^^Cr, We have observed strong resonances at 2,5^ and 2,58 MeV,

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

The only measurement available at higher excitation
energy is of Coleman et al, ^^from (p,n3T) experiments and there
is a good agreement between their results and those of the present
work. The only exception is the resonance at = 2«9^5 MeV,
which is observed in our (p,?}') reaction. The analogue of the 1,842 and

9)and 2,3i8 MeV have been observed by Coleman ^  al, and our 
(p,n) reaction measurement. The former is also weak in the (p,jJ)

Q N

yield curve of Arai et .nl, and while the latter is not covered 
in their energy range.

It will be seen from the table 3«1 that the difference 
between E (Obs) and E (Cal) comes to be on the average 1l4 keV

X  X

and 109 keV using relations (3.6)and(3.7) respectively while a
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0.700 0.015
Ep(M eV)

0.930

Fig.3.^ Gamma ray yield curve from the^^V(p,^ )^^Cr reaction in the ener 
range = 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 + 0.045) MeV, This value is in excellent

7)agreement with the value (8.075 + 0,020) MeV of 'PITeranishi et al,
52 52The energy level diagram for the isobaric pair V - Cr

is shown in fig, 3*5. The low-lying energy levels of 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 second column and third column represent predicated

52excitation energy level E^(Obs) in Cr respectively.

Therefore even though the(p,j^) and ( p,n) reactions lead
to different final nuclei, the reactions give information about

52the resonance levels in the compound nucleu® Cr, The process may 
be represented by

51

51V + p--

-  26 -

Cr

^^Cr

51The nucleus V, in its ground state, has eight neutrons

and three protons in 1f7^ sh4ll outside the closed N=Z=20 core.
The incoming proton interacts with- the five excess neutrons leaving

52otiier neutrons practically undistxirbed, thus forming Cr, Some of
52 'the levels of Cr will have the same spin, parity and ieotopic

52spin as the low-lying levels of the isobaric nucleus V, The

Dhaka University Institutional Repository
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Fig,3.5 The energy level diagram for the isobaric pair ^^V-^Cr, The low- 
lying energy levels of V are shifted by the Coulomb energy 
difference and the neutron-proton mass difference.
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excitation energies of analogue states can, therefore, be estimated
52from the level scheme of the low lying energy levels 6^ in V

(ref, 10) and the Coulomb displacement energy , as stated earlier,c
3.4 Analogue states in ^^Co 

Measurement

The target isotopically enriched and nominally 20/ig/cm^ 
thick on tantalum backing was procured from A,E,R.E,, Harwell, 
England,The beam current used was between 1,5yuA and 3/lA, The 
(p,n) reaction in ^^Fe is not possible in our 3 MeV Van d^raaff 
accelerator because of its neutron threshold* Q—value of (p, n)

c l lreaction in Fe is - 9*0039 MeV (ref, 33) • Analogues porreaponding
to the ground and lowest four states below 1,918 MbV cannot be

5^ 55reached by proton capture reaction, because Q-value Fe (p, ̂ ) Co
i^̂ QCtion is 5»068 MeV^ as against AE + Q (p,n) in ^^Fe - ^^Co

0

pair = 4«613 MeV,

Results and discussion
5^ 55Isobaric analogue states from Fe (pja') Co reaction

have been measured in the proton energy range 0,B^k - 2.980 MeV,
The g'-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 levels

in ^^Fe ( ref, 3^).
9

4 The results of the present measurement along with
I 11—13)premous ones are summarized in table 3*2 Eleven resonances

werelidentified in this work to be analogues of the lov/ lying levels

Dhaka University Institutional Repository
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11-13)in Fe, while previous authors , observed two, four and

three analogue states by (p, /) and (p,p) reactions. Two strong
1 1 )resonances at E = 1.8o3 and 1,886 MeV observed by Maripuu from P

(p,*?!̂ ) reaction were also excited strongly in the present measure-
54 12)ment. In (p,p) measurement on Fe by Ahlgren ^  al. four

resonance at = 2,758, 2.773» 2.961 and 3.'125 MeV were observed
as analogues; 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
E = 2 ,77 9 MeV. It is also seen that there does not seem to have 
P
any state in ^^Fe to v/hich it may be a possible analogue. Three 
analogue states at E = 1,8o2, 2.2^3 and 2.750 MeV by (p,p) reported

1 3 )by Lindstrom et al. v/ere observed in the present experiment.
5 /fIt is to be noted that the analogue states observed in Fe 

(^He, d) reaction^^’̂ ^^ at excitation energies 6,850 and 6,982 MeV 
were also observed in the present (p,'Y) experiment. The analogue 
states in (^He,d) and (<x, t) measurements occur at lower excitation

28-3 2)energy
It is seen from the table 3*2 that the difference between 

E (Obs) and E (Cal) comes to be on the average 1^7 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 +, 0.05^) MeV. This is in good 
a»eement with the value (8.832 + 0.07^) MeV given by the 
seli-empirical relation (3.6) of Anderson et al. » The energy
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* %

Fig.3,7 The energy level diagram for the isobaric pair ^^Fe-^^Co. The
low-lying energy levels of Fe are shifted by the Coulomb energy 
difference and the neutron proton mass difference.
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55 55level diagram for the pair '̂ Fe - -̂ Ĉo is given in fig. 3.7. The 
low lying energy levels of ^^Fe (ref,3^) 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 ^^Fe and observed excitetLed states in the compound nucleus 

^^Co when the former is shifted by a constant amount.

The strong resonances observed in'(p,jj") reaction in
5k 55Fe correspond to the low lying energy levels in Fe« Because of
this agreement with the corresponding level scheme in ^^Fe and the
correct value of the Coulomb displacement energy it is concluded
that the corresponding resonances in the ^^Co nucleus represent the

55 5^isobaric analogue states of the Fe nucleus. The rucleus Fe has
eight neutrons and six protons in 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 ^^Co is thus formed,

3.5 Analogue states in ^^Fe 
Measurements

In order to study the isobaric analogue states in ^^Fe
corresponding to the low lying states in ^Sln (ref. 3^) the
experimental set up and technique to obtain the (p, iT) and (p,n)

55yields from -̂̂ Mn was identical with that of the measurement of
52 51analogue states in Cr by (p,2r) (p>n) reactions in V,

Theltargets used in the present work were fabricated by vacuum

Dhaka University Institutional Repository



Ep (M*V)

Fig.3«8 M/asured 5̂ *fasured ggmma ray yield as a function of proton energy from *̂ n(p,ĵ ) Fe reaction. The proton analogue resonances are label]̂ '̂  
,coyrespondingtatateB\inT-^fee/-are. Shown in the parenthesis^
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evaporation of natural Manganese (̂ 1̂009̂  abundance of ^^Mn) ontto 
0,2 mm tantalum backings in A.E.C., Dacca,

The beam intensities were 3-6yuA, For the measurement
of (p,jj') and (p,n) yidld curves the target thickness was nominally

2 2 l6^g/cm and k^^g/cm respectively.

Results and discussion 
•

Isobaric analogue states in ^^Fe from (p,}C) and (p,n)
reactions in ^^Mn hiare been studied in the energy range £^=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*9i also exhibits a number
of strong resonances. The strong resonances appear almost at the
same 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

14)and this was also r'eported by Otto _et al, , It is seen on
comparison that neutron yield curve supplements the information
derived from the gamma yield curve. These strong resonances v/ere
identified as analogues to the ground and low-lyi]jg levels in

^^Mn (ref, 3^). The present results together with those of previous
workers ’ ' are listed in table 3»3» Twenty four analogue states
in the compound nucleus ^^Fe from (pta") and (pin) reactions in

feopreeponding to the low-^ying states in were observed

-  3 0 -

Dhaka University Institutional Repository



0)

VO
ITN

(0
0)
+>

fA
• +>

(A 03

W (1)
3

m hO
c O
EH 1—I

as
a
csS

o
•H

Id

o
(0

M

(—i 
CIS 

O

I
(0

x>o

>
0)

X

w
X

0)
c

w

Co > 
•H 0)
i i  ^  (0 
-p  
•H 
O
X

w

CO
(U
o
c!
CO
co
(Q
0)

«

flo
>
0>

S

O
U  X i  

CM OS 
l-l 

’X3 w  
a>
>
u
<u
to

x>o
w

TJ
I

o

0>
1

r A IN vo CN l A T - OO tA -d - r A V oo VO ON t A r - VO
vo VO -d- l A l A CM CO VO r— r -  OJ CM CM CM t A l A t A tA
T— r - r - T- V- T— OO T- r - CJN ^ T- r* r~ 'C" T - r -

T3
1 VO o C3N o OO -d - K - VO CN VO J - CJN CM OO ON

VO J - tA r A rA T -  VO -4- CM CM tA OJ VO t A t A l A
V - t - T— r - r~ O n t - ON K~ r - r - V - t - r -

VO CM vo O vo rA CM CM VO tA CM vo CM OO O -
t—1 -d- CN- tA VO 00 ON rA VO ON OO r— OJ CO CJN «A
cC ^ (A lA -d- lA VO OO O O T— tA l A tA lA VD

O  <B • • • • • • « • • • • • • • '•
r - r— T- r - r - CM CM CM CM CM CM CM CM

X
w

V- r - r- r - r - r - V r - r - r - r~

to

o ̂  
✓
X

H

(3 ^  * o
P4

N o

P i

d ^  
- , c i

P i

P i

c  >

M ^ VO
0) OJ

-P  .t! O
u es «

-P  VO
ja  l A

O  O

l AON O  C3N T- O- O'ON ^  VO I>- lA lA

ON f<̂  K\^ VO m  ifN CO
K^ ^  lA  VO

CN- ^ rvi o
VO ON (M OD
VO VO IN

• • • •(\J CM OJ (V

ONONf^OJ ONrAONir\-^^ T- ONIN ( M I A O N O O  O f M  C ^ O N K S v O  ONr- INOO O  t A l T N L T N i n v O V O V O• • • • • • • • •  • • • • •T-t-c\Jojojf\jojojojojoj(\jrvicvi
g

O n ON (\l r -
O  O  ON -d-
ir\ lf\  VO VO OO

• • • • •

^  O  
CM VO 
ON ON 

• •

O  O N O N K N O N K N V O  K>VO O N K ^ V O  l A l A O v O ^  O f V J v O  rvl-4- tNf^^OJfVJVOVOO-C'-C^OOOOoOON
o j o j o j ( \ j f \ l f \ ) f \ J c \ i ( \ j ( M ( \ ) ( \ j

CX) ^  VO VO OO ■4" ON
^  00 -;!■ U M > -  VO ON

-d - IT\ VO VD IN  CN• • • • • • • •

OO V  VO CO ^  ON
J -  CXD ^  CN VO ON
^r^ ^  l A  VO IN  IN

• • • • • • •

VO l A  
O O  

l A  VO

tf\  l A  ON l A  OJ
-S', IN  f A  r A  CO
r A  l A  -d - l A  VO

lA VO VO O  
CO 

• •

ON o 
VO O  
I N  CO

t A  VO t A  ON O  r A  l A
ON V  ^  l A  O  VO CO
ON r -  r -  -4 -

• • • •
^  OJ CM C\J

O
CM

O -  J -  r A  r -  
IN O  tA O

l A t A l A V O V O  I N C N O O  
• • • • • • • •

CM nj  OJ  CM CM CM CMCM

O  0 - 4 " 0 0  O V O  CM C M - d - - ^ r A - : f
O  O l A l A ^  l A O O V O  O N r -  r A O N

• r - v - J - l A l A l A  » v O t N C N t N
a j » « « * * » C M » * » «'-'(MCMCMfVJC\lCM^OjrvJCM'\J

^ ^ 5
r -  CM l A

• • •
o  o o

I N V O V O  O C T n v O  O ' X i C M  r -
- +  OO ' r-  t A  K '  VC OO t A  « A  CJN 

^  Cn-  I N  CO

O  O  O  O  O

CM

r -  OO VO - J"
, , _.  ,M J -  IN tA
(M CM rA l A rA -4-

Dhaka University Institutional Repository



V
3
ciH-p
a
o

o

■

<uiH
(S

w
I

(0

o
w

>
<D

w

c
O >  •H 0) 

■P S  
o 

+>
•H
O

W

(0
o
o
a
a
c
o
(0
o

«

o  >  o <u 
+> s
OFhPU ̂  

x>
T3 C5 <U t-P 
> ft<U W 
W

x>o

•H

ttj 
0
+> ( 
(d ? -p VO W ITN

(1)s:

•o
Io

0
1

X I

xs
I

ffl
o

X
w

to
o

X
w

to
o

w

a

a  o

•• -̂Nft O

" J O

ft

r -  CO OO OO OJ 
VO VO VO

-;»• T- T- r- IfN
VO OO 00 VO

CT\ VO CO IT\
C\J IT\ o  OJ OD
OO OO ON 0\ CT\

* • • • •
(\J f\l CM (\J OJ

CJ\
OJ lA
OO OO

O
O

lA  OJ 
OJ oo

On ON CT\

<V (\J OJ rvj OJ

O  -4- V  VO 1>-ON OJ CO O  -d-ON O  O  r- r-
• • • • •

OJ tA  fA  rA

/—' lA CN- o OO f\I
« lA co J - VO T -
•• OO OO ON ON o

ft • • • • •
w  X I OJ OJ OJ OJ (A

ON VO ON rA <\J « to •
• J- oo -d- r ” 0) tH
oo CO ON ON O 0 u 0)

• * • • • ft ffi
OJ rvj OJ (M

K> O IN (\J ON
y—■ oc T - lA UD rA

ctf -d - lA lA. lA VO
« • • • •

r - r - r—

■nS3
cs
a

s
VOlA

tJ

VOlA

VOlA

C•H •HtopH (0<D 1—1> (U(U >rH <D
t—1

•»
»-

•rl ^
td VO •Hft • nS •

lA f t f A
0) N—'

P>4 c 0) fl
O
•H VO +> lA 

I 13 IC ?! C2 O’ S
VO <D VOlA

pti O 
•H
+> C3
<D lA>5 >»(h JD

O O«HT3
<D

•O •(U
-p

c: O c o
•H •H

f t 'O f t  T3'w' 0) (I)
&  u cy

f t f t
B e
O 10 o W
)h as ®tM 0) <H <u-ci p! T3 ;30)r—i 0)H
-p CC -P 05
o > O >
a> 1 0) 1ft o ft ow

<1
X
W
M
<

T) 0)

Xfn
O
&

o

Dhaka University Institutional Repository



-  31 -

1 ^ )in the present measurement, Otto £t al» observed seven analogue 
resonances corresponding to the ground and low lying states in

0,486 MeV, The results of the present measurements are 
in excellent agreement with those of Otto et al. and moreover 
seventeen nev; analogue resonances were observed.

Below 1,70 MeV the 1" x 1}̂" stilbene detector could not

be used for the detection of neutrons because the sum of the Q-value for
the (p,n) reaction and neutron detector threshold was -1,0145 -
0,6 = 1,62 MeV, Therefore, two analogue resonances at = 1,536
and 1.683 MeV were identified by Zns crystal in (p,n) reaction. The

55nucleus -̂ Mn, in ite ground state, has five protons in If-̂  ̂shell 
ten neutrons distributed in 1f»2p shells, nte incoming proton

interacts with five unpaired neutrons. The other neutrons remain 
practically undisturbed and the compound nucleus ^^Fe is formed.

A comparison of the observed excitation energy as compound
;lear 1

5 6 ,

nuclear resonances in ^^Fe with those expected from known levels in
Mn shows that they differ on the average by l4-7 keV, The Coulomb 

displacement energy as obtained from the present work comes to be 
(8,64l + 0,0^7) MeV for ^^Mn - ^^Fe ]pair using the relation (3.6) as

2 0 )given by Anderson _et al, • 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 
ener^, i.e., E (Obs) - E (Cal) on the average comes to be 144 keV 
using the present semi-empirical relation for Coulomb displacement 
energy4dE^. The energy level diagram for the isobaric pair ^^Mn - ^^Fe

Dhaka University Institutional Repository



Fig,3.10 The energy level diagram for the isobaric pair The low-
lying energy levels of^^Mn are shifted by the Coulomb energy 
difference and the neutron proton mass difference*
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is shown in fig. J.'IO. The low-lying energy levels of ^^Mn are 

pushed up by the Coulomb energy difference and the neutron-proton
5 6mass differences. The first column gives the low-lying levels of Mn, 

the second and third Columns represent the predicted and observed 
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 ^^Mn suggest 

that these resonances are analogue resonances,
2 83 .6  Analogue stateyin Si 

Measurements

The experimental set up and technique for the study of
2 8  2 7isobaric analogue states in Si from (pijj') reaction in A1 are

given in chapter 2. The targets used were prepared by vacuum
2 7evaporation of natural Aluminium (100?̂  abundance of Al) on to

0,2mra tantalum backing using a tantalum boat in Atomic Energy
2Centre, Dacca. The target thickness was nominally 20 jis/cm

2 7The beam current was 1-3 ^A. The (p,n) reaction in 'Al is not
possible in our 3 MeV Van de Graaff Accelerator because of its

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

-5.5925 MeV (ref. 33).

Results and discussion

An attempt was made to study the isobaric analogue
2 8  2 7states in Si from (p,?^) reaction in Al corresponding to the

^ 28low lying levels in Al (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 shown in fig. 3»11» The yield curve exhibits
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a number of strong resonances that stand prominently above the 
background of many fine resonances. These resonances were

28identified as analogues of the low lying levels in Al. The 
analogue resonances corresponding to the ground and low lying

Q O
states in Al below 3*29^ MeV can not be reached by proton c:apture

27 28reaction, because Q-value of Al (p,?T) Si reaction is 11.585
 ̂Q O

MeV as againstfiE +Q(p,n) in Al- Si pair = 9*15^ MeV, c
The results of the present measurement along with those
19) 1 8)of Awaya and the compilation of Jaffe and Harchol are

presented in table 3«^ for comparison. It is seen that there is
a good agreement between the present measurement and that of
Awaya (ref, I9), But there exists a contradiction in assignment
to proton resonances at E = 1,11? and 1,198 MeV between the tv/o

 ̂ 1 8,1 9)measurements ,

Proton resonances at E^ = 1,905» 2.308 and 2,370 MeV 
were tentatively identified to be analogues to ^,1 1 5 » ^»^66 and

28k, 518 MeV states in Al. These analogue resonances are not
strong enough and they are shown in parenthesis in table 3*^. The

3.<
28,

283 .669 MeV state in Al does not seem to have any analogue in
Si, The present work, hov/ever, shows a weak resonance marked 

'X’ in fig, 3 ,1 1 at the correct proton energy = 1.^5^ MeV,

The analogue resonances at 2,530 MeV reported by Jaffe
1 8) 28and Harchol does not seem to have states in Al, No such 

f
resonance was observed in the present measurement. Resonances 
at Ep = 1,364 and 1.388 MeV marked "Y" and "Z" respectively in

Dhaka University Institutional Repository
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fig. 3.11 do not correspond to any states in A1 and they are 
not analogues. We believe them to be components of some slight 
structure exhibited by the resonance 1.380 MeV corresponding to

283,591 MeV states in Al. This resonance was studied with thinner
35)targets, but does not display the Robson̂ s asymmetry ^  , usually 

observed in the analogue resonances,
27The Al nucleus has, in its ground state, five protons 

and six neutrons in shell. The incident proton interacts
«

with one unpaired neutron in shell. The other neutrons
28remain undisturbed and the compound nucleus Si is formed.

The excitation energy E (Gal) of the analogue states
28in Si are deduced from a knowledge of the energy levels of

pO
Al (ref, 21), the Coulomb displacement energyAE and thec

Q-value for the (p,n) reactions of the isobaric pair of nuclei
pQ pO
Al - Si, The expected excitation energy E (Cal) along with 

the observed excitation energy given by the (p,^T) compound 
nucleus resonances are shown in table 3.^. It will be seen from 
the table that they differ on the average by 1^9 keV and I3I keV 
respectively using semi-empirical relations (3.6)and (3,7) thus 
confirming the identification of the strong resonances as a \ 
analogues. The Coulomb displacement energy from the present 
experiment comes to be (5.^39+0.051) MeV which is in:cloee
•
agreement with the value (5»^6? + 0.00?) MeV given by Hardy 
et al, The value of/.̂! for the isobaric pair of nuclei

^®Al-^^Si is found to be (5.290+0,062) and (5.308+0,033) MeV

28
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20)using relations (3,6) and (3.7) of Anderson ^  al. and the 

present work respectively.
23 23The energy level diagram for the pair Al - Si is

23given in fig. 3•I2. 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

28correspondence with the low lying levels in Al 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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CHAPTEE - k 
COULOMB DISPLACEMENT ENERGY

,̂1 Introduction
$

The measurement of Coulomb displacement energy by experimental

observations began with the discovery of mirror nuclei by Fowler 
37)et al. . They noted that if the nuclear forces v/ere charge symmetric 

the difference in binding energy could be accounted for by the elec­
trostatic interaction between the protons, Since then the systematic 
variation of the Coulomb displacement energy have been studied by 
many authors ^0)^ They have shown that the Coulomb displacement 
energy depends on pairing and T-value effect and have discontinuties 
at shell closures.

Recent observations of analogue states in heavier nuclei,
■ 1) 2) first in the (p,n) reactions and then in other processes , 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 dependence of the Coulomb energy
on Z and A (or on A and T ) for a larger group of nuclei or anz

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 charge radii of atomic
nuclei

(iii) the charge dependent effects such as charge dependence 
of nuclear forces.

-  3-̂  -

I
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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), (̂ He, d) , (^He,t), (^He,p) ,(p,5̂) and
/?-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 displacem.ent
20 2̂)energy Anderson e^ al. ’ ’ have used the analogue state

group in (p,n) reactions for a wide range of nuclei from.mass 
kO to 16 5. They plotted against using data available
upto 1965 and found that a straight line fitted data quite v/ell. 
There appeared to be pairing effects and possible shell effects 

superimposed on the straight line even with experimental uncer-
if3)tainties of about +100 keV. Batty al. studied the Coulomb

displacement energies of nuclei upto mass 238 at higher proton
energy with the same reaction. But the uncertainties in the values
of -dE were greater, c *

The use of isobaric analegue resonance technique is 
very helpful in the sense that the Coulomb displacement energy 
can be measured very accurately. The present measurements report 
results on for four pairs of isobaric nuclei in the mass
• ®
region 28 to 58, Many experiments with a better accuracy and 

better energy resolution have been performed since the v/ork of

Dhaka University Institutional Repository



Anderson ^  a l . and an attempt has therefore been raade to
fit the Coulomb displacement energy ZlE with a linear leastc
squares relation similar to that of Anderson _et a l 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 study any possible T- dependence of A E  ,z c
k,2 Coulomb displacem&nt energy

The values of Coulomb displacement energy obtained in 
the present experiments are presented in table ^.1;also included 
in the table are the values from previous measurements 
(refs. . It will be seen that there is a good agreement
between these measurements.

Phenomenological Approach to Coulomb displacement energy

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

spherical, charge distribution of constant density and gives

•lE = -2---__________________________ (It.l)

Corrections arising from diffuseness of nuclear surface, 
exchange energy, shell effect, T^-dependence of nuclear radius 
etc. have been incorporated. A review of all such works has 
been made by Janecke

-  3(5 -
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Coulomb displacement energy, .c

TABLE 4.1

Isobaric
pair

Z/aV 3
1

' A e  (Cal) from 
° (MeV)

t

Us^(Obs)
1 (  U  ^ \ T  ^

References
f equation * equation j ( , M e V J  

1

28a1 -28si k . k k 6 5 .290+0.062 5.308+0.033 5.^39 +

0.051
P.W.

II II II If 5.467 +  

0.007
36

6.296 7 ,96li0,07i 7 .966+0.038 8.075 +

0.043 “
P.W.

It II II II 8,060+
0.030”

47

II II I f  !T 8.075+
0 , 02.0 “ 7

II M II If 8.4o6+. .e o i . o  ~~ - ^7
M II II If 8,290+

0.030“
44

II II If II 8.050+
0.020~

86

6.968 8.932+0.07^ 8.932+0.07^ 9.079+
0.054

P.W.

II II II II 8,950+
0.070“

49

II II
II

II 8.993+
0.028 49

5S„.56Fe 6.665 8,k9k+0,073 8.^97+0.039 8.641+
0.047“

P.W.

If II II II 8.593+
0 .0 15

14

II

•
n II II 8.590+

0.010
15

P.W, Present work.
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s

The following semi-empirical forms are used to analyse
50-53)

-3 9 -

experimental data

= â  Z/A^/^ + a-(Z/A)^0 , ... (̂ .2)

Z/a''/3 + b2, ... (^.3)

= (<=1 ... X H A )

Clearly, the first term in above expressions is a 

direct consequence of relation (̂ .1) and gives the major con­
tribution to , c

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 -0.5.

The expression (4.3) follows from (4,2) if one assumes 
(Z/A)V^ constant, as is true in heavier'nuclei and the 
ratio b2/b^ is predicted to be approximately - 0,4,

The expression (4.4) follows if we assume that the 
matrix elements for appearing in the Coulomb energy
operator

= e^ ^  (Yz ^ t h  (>^-t^)A..,‘ ... (̂ .5)c i<j z z ij

are the same for all pairs of protons in a nucleus and is 
proportional to fV3, it is then expected that^c^/c^^ 0, 

Relation (4,3) has been used by Anderson ^  ,
a, •*-

as mentioned earlier, to analyse experimental data onfliE ^c
and the following least squaresjjvalues are obtained 

b̂  = (1,444 + 0,005) and ^ 2 ^ ~ '̂’•''̂ 1 0*0^)*

Dhaka University Institutional Repository
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With the availability of further data, a similar analysis

has been made and we obtained b̂  = (1.^37 ± 0,003) MeV and
b^ =-(1.08l + 0.02d)MeV. The chi-square values in the present case

as well as in the case of Anderson et al. have been found to
be 0,016 and 0 .0 17 respectively.
k,k 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 4,1_,‘

60)also included for comparison/the values given by J^necke and
4. 1 20)Anderson _et al. .

TABLE - 4,1

Summary of least squares analyses using relations(4,2) - (4,4)

Coefficients (MeV) - . .

Relation (4,2) RelationC4.3) Relation (4,4) No, of 
data 
points

fi ef erences

®1 ^2 N  “2 "1 "2

1.415 -1,136 

1.424 — 1.237

1,437 ^-1.081 

1,430 --0.992 
1.444 ^-1,130

1,38 4 — 1 ,8 5 2  

1 .3 8 9 ---2,041

245
149

(d)
(k)

(1)

' (j) Present work,
(k) Ref,^°^
(l)*Ref.

I.*- ■ -

|U Fig* 4,1 shows a plot of experimental values *of Coulomb
displacement e n e r g y i n  the massiregion A = 27 to 238 as ac

§
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?c.o r

>•0)2

<

.̂0 6 0 6 0 12.0 14.0 16.0__  10.0

Fig.4,1 Coulomb displacement energies plotted against Z/A'̂ /3 for all available 
isobaric pairi of nuclei in the mass region A=27-̂ =s230. The broken and 
solid lines represent least squares fit using relations (3«6) and (3.7) 
respectively.
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function of compared with the semi-empirical relation;

solid line is from present work, that is 
- 4  (1 .^ 5 7 + 0.0 0 3 ) . 0 8 1  + 0.020) 

ahd'broken'line is from Anderson et al. given below

Ae = (1.4U + 0.005) - (1 . 1 3  + 0.0^0) ... (h,6)C •

A number of data points in the region Z/A /-• 6-7 are not shown
ta

in the figure for clarity; but included in the analysis. Errors 
^ 30 keV are not shown in the figure. The experimental data for 
£iÊ  in the mass region A = 27,to 238 plotted in fig, ,̂1 are also 
presented in table A-1 in appendix. It is seen that values ofAE  ̂ I
as predicted by the present relation lie very close to the observed 
values.

Fig, ,̂1 shows that the observed values ofA.E from theo
present work on four pairs of isobaric nuclei namely
^^Fe- ^^Co, ^^Mn-^^Fe and ^^Al- ^^Si are in good agreement with
the values ofAE in this region of periodic table as stated c •
earlier and most of values ofAE lie on or near to this straight v.c
line. Henceforth the present relation can be used in predicting 
Coulomb displacement energy in many relevant experiments.

Improvements to relations ( ^#3-^.^) were made by Seeger^^^
and Lindner^^^ by considering surface diffueeness and T^-dependence
of charge radius. This can be seen, if the quantities ̂ E (Expt ) -c
AE^(Cal) be plotted for different isotones against Ẑ  and for

_  Ifl _
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A plot of AE (Expt)n£JC (Cal), as a function of N. for Z. = 50.(a) - (e) same as fig.4.2. °  ̂  ̂ v / vey
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Fig,4,5 A plot of N5 as a function of Z/A^/^ for different T^-values, Solid
line is from relation (^.5), using and b separate groups and broken 
line is same as solid line but using b and b assuming a single group
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different Isotopes against . 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 T^-dependence ofAE^ 
however, shows respectively a positive and a negative slope. The 
introduction of T^-dependence thus rotates the curves in right
direction, but more than what is necessary, showing that T^-effect 
have been over estimated. We, therefore, proceed as follows.

Data on Coulomb displacement energy AE were arranged intoc
several groups according to T^-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 group.
Groups of T , for which data were insufficient or the range of z

was small, were excluded from the analyses. Results are

siommarized in table 4,2 and are displayed in fig. 4,5; for clarity,
results for relation 4,2 are not shown. It appears from these
figures that T -effect on AE is small, z c

We wanted to make a quantitative study in order to see
if the same regression equation can be used for different groupsj
the results were, therefore, subjected to the F-test, as
summarized in tables 4,3— 4,5i‘ We arrive at the following conclusions;

-  42 -
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TABLE - k,2

Least squares analyses of ZiE using relations ^,2-^.^ forc
separate groups of T as well as assuming them to belong to

z
a single group.

T No, of
data
points

Values of Coeffi­
cients of relation 

ik.Z) (MeV)

1

Values of Coeffi­
cients of relation 
(4.3) (MeV)

Values of Coeffi­
cients of rela- 
tion(4.4) (MeV)

% -

1

3/2 

2 
5/2 

3 

7/2  

k 

9/2 

1 1 /2  

13/2 ' 

15/2 

17/2 

S,G,^

9

11

9

8

9

k

7

7

7

5r
5

95

1.if20 

1.^5^ 
1.^73 

1.^35 
1.^29 
1.411

1.419 

1.385

1.419

1.399

1.395-
1.514

1.418

-1.241 

-1.489 

-1.64? 
-1.288 

-1.236  

-1 .0 5 1  

-1.099 

-0.862 

-1.203 

-0.962

-0.897 

-2.434 

-1 .174

1 .4 3 9

1 .4 9 2

1 .5 0 2

1 .4 5 9

1 .4 5 5

1.412 

1.414 

1 .3 7 8  

1,410

1 .3 7 1

l.344i-- 

1.505 

1.464

.1 . 1 7 5

-1 .4 3 3

.1 .4 7 2

-1 . 1 5 7

-1 . 1 1 7

-0.815

-0.800

-0.625

-o.84o

-0.451

.0.187

-1.742

-1 .2 9 5

1 .3 6 5

1 .3 9 1

l.4o8

1 .3 7 6  

1 .3 8 2  

1.57.1
1 .3 7 6  

1 .3 5 6

1.384

1 .3 7 2

1.3 6 8

1.4 5 0

1 .3 7 8

-1 .6 0 2

- 2.082

-2.468

-1 .6 1 3

-1 .7 3 0

-1.379

-1.448

-1.096

-1.9 96

-1.486

-1.309
-5.052

-1 .7 1 8

Assuming all data points of above groups of T as a single group.
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TABLE h,3

Analysis of variance using relation (̂ .2 )

-  1*5 -

Residual due 
to

Sum of 
squares

Degress of 
freedom F̂ 1- 'i,.

A • •
Calculated value 109̂  value

Deviation 
from hypo- 
thesis++

0.135 33 1 .0 18 1.55 1.^0

Separate
regression

0.237 59
.}

Common
regression 0.372 92

F is the variance ratio often called Fisher's *F'.
V ■ 'Percentage values are taken from Fisher's table,

ft--.'̂ ihe hypothesis in tables if.1tand if'S"is: the same regression
equation can be used for all groups of T -values,z

, -■, . 4 ""■■■ i-# .
'-r - , V -

I-
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TABLE k,k

Analysis of variance using relation (4.3)

1
f

Residual !
due to ;

f
1
f
1

Sum of Degrees 
of free­
dom.

F
squares 1

Calcula-', 109̂
ted. 1 value 

1

1 1
; 5% :
; value',

2.5^
value

; 19̂
J value

Deviation 
from hypo­
thesis

0.160 22 1.936 1 .7 0 1.84
■y*-

Deviation 
from hypo­
thesis due 
to

0,046 11 0.883 1 .6 3 1.97

Deviation 
from hypo­
thesis due 
to b.2

0.114 11 2 .74 7 1.97 2.41

Separate
regression

0.266 71

Common
regression.

0.426 93
•r- A

I'?:;., ;■

Dhaka University Institutional Repository



- ^5 -

TABLE k,3
4

Test of equality of assuming same for all groups,

r1
Residual | 
due to 1

I
1

Sum of 
squares

> Degress of 
t freedom

F
Calculated' 5^ value110^

< 1 value 
1 1

Deviation 
from hypo­
thesis

0,11^ 11 2.73 1.79 1.62

Separate
regression

0.312 82

Conmon
regression

O A 26 93

ife*.
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C-- / (i) there is no evidence against the hypothesis that the

same regression equation^E^ = can be used
for different T -groups, z

(ii) for the relation/i^E = b Z/a '̂ ^̂  + b^, b is probablyc n ^ I

the same ( to within limits of error) for all T -groups, whereasz
indication is there that b^ perhaps somewhat varies from group 
to group.

Next, the quantitiesAE^(Expt ) -AE^(Cal) were plotted
against and for fixed and -values (figs, k,2—
that is against T̂ , In evaluatiitŝ  this difference, AE^ as given
by different groups of T -values, as well as for assiiming them to

z

belong to a single group (relations k,2 and ^.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 T^-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. k,2— k,k,

(I) slopes of the mean straight lines drawn through the 
points in (a) and (b) are negative in fig. ^.2 and positive in 
figs,4,3 and k,k,

(II) slope of mean straight lines in (c) is clearly different
I

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 3 

FINE STRUCTURE OF ANALOGUE RESONANCES

5,1 Introduction

The observation of fine structure components in the analogue
resonances results from the mixing of the analogue states (the
stat^with the neighbouring nromal states of the compound nucleus
( the states). The mixing between analogue states arises mainly
from outside the nucleus 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
entrance channel. According to Lane 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 T^ state)
provided it contains the width in the exit channel. Bloch and 

57)Schiffer 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 
analogue state T^ which is considered by Robson and Lane 
The local effect could lead to the production of a resonance in 
reaction for which the unmixed analAgiae state had neither width

-  •’+'7 _

in thet entrance channel nor in the exist channel.
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The niixnber 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 analogue 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 states in medium

weight nuclei (mass number about ^0-60)the high resolution
3 13 58 61)developed by Duke group » ''is sufficient to resolve the

fine structure components, When 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 large,

_ the Beparation between the levels is small and Coulomb interaction
It'

is strong.

The ordinary normal states ( T^ states ) with the same spin
«and parity may mix with analogue T^ states. Therefore one would 

— expect to observe an analogue statein the midst of dense ordinary

-  <f8 -
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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 v;idths of the individual resonances comprising ^
the analogue resonances. It was first reported by Florida State 

i|.) 92
61‘oup from Mo (p,p) experiment and the total width p  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 amongst normal states in the immediate
vicinity.

The individual fine structure levels resolved in an elastic
îOproton scattering experiment on Ar (refs,3>59) indicates that 

the fine structure components 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 
aspects of the existing theories of analogues states 3 3)62-6 )̂̂

A more recent version on fine structure is given by Lane A
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 
range below the position of the analogue resonance but much i:r-.

loss so. inDedlatelyiSnbdve,fi)»The> aeymnetr^--of ehhattCenmnt'̂
03? flUcittAtidn'-S'is explained as a natural consequence

-  ^9 -
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of coherent interference between the two contributions-totthe 
width of each resonances, v/that 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 individual fine structure components around the analogue, one 
usually obtains a gross structure enveloping the nearfty 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 gros,s structure shows an asymffl|;ry 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
X

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 Hobson can be written as

(E^ -E)^

(E^+^~E) +r A
wtiere E^ is the resonance energy, cr'is the cross section at the 
observed energy''E, is the shift in resonance energy due to

-  -
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asymmetry and p is the total width of the resonance. The values 
of A  and p depend on the position of the analogue and the level 

density of normal states in that region of excitation.

5*2 Measurements

Fine structure of analogue resonance in ^^Cr and ^^Fe 

from (pjjT) (Pî )̂ reactions in and ^^Kn 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 85O 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 bjff adjusting the slit 
widths and using two collimators and thinner targets. The present 

experiment has a limitation in energy resolution because of the 
instability of magnet current generator.

* The target thickness was 6-8yug/cm and beam current was

1.5 - 3>nA.

«
______ . . . . .  . a . . . , .  . .. ^  I | » >  Krmli ,1
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J.60 1,63 1,66 2.21 2,26 2.31 2.36 2,̂1

Fig.5.1 Fine structures of analogue resonances by (p,jJ) reaction in^V observed 
at a) E^=1,210 MeV, b) E =1 ,5 5 9 MeV, c) E =1.620 MeV and d)Ep=2,329 MeV.
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b )

0)0

100

2.95 2,98 3.01

Fig.5.2 Fine structures of analogue resonances in the^^V(p,n)^W reaction 
observed at a) Ep=2.326 MeV and b) K^=2.970 MeV,
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5.3 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,iir) and (p,n) reactions 

51 55in V and hn v/ith higher resolution using 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 structure# The gross 
structure showed an asymmetry about the resonance energy. A computer 
program was developed using equation (5.1) to analyse them. The 
best possible values of resonance parameters and p were obtained 

in a search out procedure. The actual method employed was to 
compare the experimental data to a theoretical curve generated 
by IBM - 1620 computer. The theoretical curves were arbitrarily 
normalized at the peak counts using the chosen values of parameters 

y\ andp .

The (p,)T) and (p,n) reactions in

The structure of analogue resonances at = 1.210, 1.559»
1 ,620, 2.329 and 2.970 MeV in ^^Cr from (p,^) and (p,n) reactions 

51in V studied in this way are shown in figs, 5,1 and 5»2, The 
dotted lines represent the theoretical fits by .'lobson's formalism 
usj.ng parameter values summarized in table 5.1. It is seen from 
figs. 5.1 and 5.2 that the gross structures of the analogue

Dhaka University Institutional Repository
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resonance at E = MeV for both (pijf) and (p,n) processesp
have the same width and asymmetry, Robson's prediction v/hich
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,J^) reactions, holds good for the measurement*

7)This resonance was earlier studied by Teranishi and Furubayashi 
from (p,î ) and (p,n) reactions. In this as well as in the present 
measurements the structure appears on the hight-r energy side of the 
resonance. This is contradictory with the measurement of Sekharan 
and Mehta^^\ who investigated this structure for (p,n) reaction.
They considered the above mentioned structure as a separate

I
resonance at 2,339 MeV analogue of a different level in 

(namely '1,578 MeV),

Thus they found the asymmetry parameter to be negative 

and further that the two resonances have widths 6 and 8 keV 
respectively (p  = keV in the present case assuming a single 
resonance). Another investigation is due to Egan et al,^ ]̂ who

67)completed their preliminary studies with (p,p) and (p,n)
reactions, A strong anomaly in elastic scattering was observed 
and attempts were made to analyze data with a single resonance.
In agreement with Sekharan and Mehta , they concluded that the 
results could be explained by assuming the superposition of two 
refonances. Their preliminary work , however required a positive 
value of^.
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(a) 51v(p,n)51cr

8 0 -

6 0 h

n  
E
c ^0 
a
u  

20h,

N<— Fit with
\ Ar^OKeV 
! r=8 KeV

Fit with 
A=-30KeV 

\ r=6 KeV

2.31 2.33
Ep(MeV)

2.35 2.37

rsi
O

Q
U
>-■jr
2H
IDUJ
z

2. 27 2.35
E p (M e V )

2.̂ 3

E p ( M e V ) E p ( M e V )
Flff R  ̂ rt

structure at E =2.329 MeV observed in (a). (p,n) 
( p r e s ! n i ' \ l r i ) .  M .  (p.n) <ref.7)  and (d). (p.l!)
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The situation is, therefore, confusing; 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, 6 5,6 6). 
For comparison some of the results are reproduced in fig. 5.3.

In an attempt to solve the problem, we made measurements 
on (p,lf ) decay at these two energies (Ê  = 2.329 and 2.339 MeV) 
with the idea that t\vo distinct resonances analogue to tv/o 
different levels in are most unlikely to have exactly the 
same properties and decay modes. Proton beam was obtained ffom 
the van de graaff accelerator of the Bhaba Atomic Sesearch Centre, 
Bombay and gamma rays v/ere detected in 20 cc Ge(Li). Results are 
displayed in fig. 5.^ where the two measurements are plotted side 
by side for comparison. The two gamma spectra are identical and 
we, therefore, believe the structure on high ener.fjy side of the 
resonance (Ê  = 2.33 MeV) belongs to the resonance itself.

It will be noticed from fig. 5.2 that minimum occurs at
a higher proton energy than the resonance peak while in the
remaining resonances at = 1.210, 1.620, 2,329 and 2.970 MeV
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

7)energy as is pointed out by Te,ranishi and Furubayashi , The

-  54 -
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asymmetry in structure of analogue resonances was also observed 
in serveral proton elastic scattering experiments following its 
discovery by Richard et al.^^ in ^^Mo (p,p) work.

The (p ,2T) (p̂ n) reâ 'tions in 55,Mn

The fine structures studied at = 1 .̂ 39»''• 535 > 'l«675t 
1 .7 6 5, 1 .800, 2.001, 2./f59, and 2.500 MeV from ^^Mn (p,)f) ^Se
and ^^Mn (p,n) ^^Fe reactions are shown in figs, 5.5 and 5.6. The
dotted lines represent the theoretical fits by Robson's formalism
using parameter values given in table 5-2. The results of Otto

1et al. 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 
Ep = 1 .5 3 5, 1 .806, 2.001, 2.100 and 2.^59 MeV the interference 
minimum occurs at a higher proton energy side of resonance peaks, 

while at Ep = 1,^39, 1,6?5, 1.?65, I.800 and 2.500 MeV the 
interference minimum occurs at lower proton energy side of 
resonance peaks.

The asymmetry of the analogue resonance at Ê  = 1.800 1ieV has 
been found to be different in (p,^) and (p,n) reactions as seen 
from fig, 5 .5 and 5.6 and table 5.2. This was also reported by
Otto et al. 14) for some analogue resonances which is very
marked for = 1.4^1 MeV. The;structiare depends on'the reactione 
process. This behaviour ia not well understood in terms of the 
existing theories, ^
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TABLE 3.2 '
Fine Structure in ^^Mn (p,-( )^^Fe and ^^Mn reactionB

E (MeV) P 55«„(p,i) 56Fe
1

; ^^Mn(p,n) 
1

55Fe

(P>^) (P»n) (p,^) 
a) a) b)

r(keV)
a)

A
(keV) 

a)

r(keV)
b)

A  : r
(keV) ;(keV)
b) i a)

1

A
(keV)
a)

(keV)
b)

A
(keV ) 

b)

-1.439 1.441 10 12 9.2 10.6 2.9 -4.6

1.535 1 .5 3 6 3 -6 4 .5 -9 3.7 -9.4

1 .6 7 8 1.6 7 8 8 12 8.5 12 7.8 1 7 .2

1 .7 6 5 7 10

1,800 1.806 1.799 11 14 11.3 1 3 .9 10 -12

2.001 15 -20
2.100 7 -8

2.459 6 -8

2.500 12 18

a) Present work. b) Ref. 14).
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TABLE 5,3
Q-values of (p,ji) and (p,n) reactions

•
NUCLEI QCPi'j/ ) 

(MeV)
Q(P, n ) 
(MeV)

-•r
27
A1 1 1 . 5 8 5 -5 . 5 9 2 5

1 0 , ^ 6 8 -1 . 5 3 0

5 . 0 6 8 -9.0Qif

55nn 1 0 . 1 8 8 -1.01^5
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k:

V.
>

It will be noticed that fine structure enveloping as gross 
structure has been observed by (p,l̂  ) and (p,n) reactions in 
and ^^Mn but not in the remaining cases of the present v/ork. 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 c. 
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,1̂  ) 
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 2^Cr and Fe (large Q-value for proton capture). But in "̂ Si the
level density is low (ref. 21) even though the excitation energy
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 ^^Co.
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CHAPTER-6
Gamma ray Angular Distribution from '̂̂ Al(p.lf) ^^51 Reaction

6,1 Introduction

: ir# ..
-rW i

28,The properties of the levels of Si have been studied
27by many authors by proton capture reactions on A1 and an 

up to date information up to E =13»^83 MeV resonance levels has3C
21 )been compiled by Endt and Van der Leun . This corresponds 

up to Ep = 1 .9 6 9 MeV resonance energy. No information on the 
properties of resonating states beyond this is available.
Analogue states by '̂̂ Al (p,^) ^^Si reaction have been identified
in the energy range E^ = O . 8 5  - 3.00 MeV as discussed in chapter 3.

In this chapter we discuss the properties of some analogue
resonances for Ê p> 2 MeV, In (p,p) experiment (discussed in the
following chapter) several resonances were observed and above
E = 2  MeV no resonance was found strong and common in both the P
experiments. We therefore decided to study the properties of 
resonant levels of isolated and sharp resonances above 2 MeV by 
(p,/) reaction. This motivated us to undertake the present 

measurement at E = 2 , 1 9 8 ,  2 .482, 2.511 and 2.735 MeV resonances
P « ^28to study the properties of resonating states of Si by gamma ray 

angular distributions. The experimental procedure and results 
obtained are discussed in the following aections.
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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 Hesearch Centre, Bombay, India. The beam was
collimated by using a number of tantalum collimators of various
diameters-'.inside 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
althrouph the experiments. The beam currents of the order of
3-^ ■uA were used. The targets were prepared by depositing natural 

27A1 (100^ Al) on tantalum backings by vacuum evaporation process. 
The thickness of target was about 20_/ig/cm̂  and it was kept at an 
angle 45° 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 
found to be 7 keV for 1,33 MeV gamma rays of ^^Co source. The 
signals output of the detector were amplified by an Ortec pre­
amplifier and a main amplifier and were then analysed by a 
Nuclear Data channel pulse height, analyser, The gain of the
main amplifier was adjusted to obtain energy dispersion (keV/ 
Channel) so that the full scale of either 20^8 or ^096 channels

- 58 -
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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 = Q (PiS") + MeV). .'/ith the increase
of proton energies the low energy background gamma rays increases 

and it becomes difficv.lt to keep the dead time dov/n to acceptable 
limits by adjusting only the beam currents. It is desirable to 
attenuate these low energy gamma rays by placing 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.

The gamma ra;̂ s are detected in a Ge(Li) detector by their 

ionizing properties, i.e. by the urrea.ti.on of asejCTondQry'̂ io<rtron 
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, Pĥ oto- 
electric e£fect^ Compton 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 v/ith a continuous ©ompton background upto an 
energy (l + mQC /2Eg' ), where E is the energy of the 

gamma ray and m^ is the mass of the electron produced by Compton 
scattered gamma rays.
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At energy of about 2,30 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-positron pair
and loses all its energy by ionisation within the detector. The
positron it comes to rest, annihilates with a nearby electron
emitting two oppositely directed gamma rays of 0.5H MeV each.
One or both of the gamma rays may then escape from the detector
v/ithout further interaction and these give rise to two peaks
corresponding to ( 'E‘f -  0.511) and ( - 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)j a eompt.4;n continuum and for energies above 1:,022 MeV
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

27 280.992 MeV resonance of A1 (p, yf) Si reaction. This is necessary 
to know the energies oftfee peaks observed in gamma ray spectra 

E d,198, 2,^82, 2 .5 1 1 and 2.735 MeV resonances of "̂̂ Al (p,̂ j')
28Si reaction. The energy dispersion'! (keV/channel) waS obtained

-  60 -
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from 0,5'l"i MeV energy differences between appropriate pairs of 

full energy, single an̂  double escape peaks associated with high 
energy gamms rays present in the spectrum of 0.992 MeV resonance
of "̂̂ Al (p,?r) 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 known 
with which a particular gamma is detected by it. The efficiency 
is defined as the number of events counted in a peak (the full ■ 
enert>y peak or escape peaks) in a gamma ray spectrum divided 
by the number of events actually produced by a reaction or by a 
source over the hlX .

28_

■-.sr.

■ -

The relative efficiency was obtained in purely ejiperimental 
way based on the so-called two lines method of Van Oostrun and 
Meijer by using 0.992 MeV resonance of '̂Al ( p, jf) Si 
reaction. This resonance produces a number of intense gamma rays 
ranging from 1.78 MeV to 10,76 MeV and it is formed predominantly 
by 4 -wave proton capture (1 = 0; 99^ and 1» 2; 1$̂ ). Therefore the 
angular distribution of the gamma rays observed in the deexcitation

69)of this resonance are practically isotropic . The intensities 
of th'' gamma rays for 0,992 MeV resonance is known Intensities
do not need to be equal an long as they are known as they can be 
acc?)unted for. The deexcitation gamma ray spectrum and decay

V-
schemes for this resonance are shown in fig, 6,1, The relative 
efficiencies for full energy peaks and double escape peaks have
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been determined by taking known intensities of gamma rays of

0.992 MeV resonance of (p,?') ^^Si, This is shown in
fig, 6.2. The full energy peak efficiency was obtained for
gamma rays having energy less than I.78 MeV by taking spectrum

with "'̂ Êu source. The intensities of 0.779> O.965 and 1.^57 MeV
71)are known from the works of Reidenger and Johnson and Mukherjee 

7 2)and Sen Gupta .

r 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 positrons 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 slowing 
down of the high energy electrons. Both effects generate a pulse 

' of lower height and thus contribute to the background below the
double escape peak,

i
6,k Experimental and Analytical Procedures 

Experimental

t The angular distributions of gamma rays

p. were measured at angles 0°, 30°, 55°, and 90° with a
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20 C.C. Ge(Li) detector moveable between 0° and 90° to the 
beam direction. A 5 "x6" Na9(Tl) detector was placed at a fixed 
angle (90°) 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 targetj ^-rays from radioactive sources and

27 28from the decay of the 0.991 MeV resonances in Al(p,y^) Si 
were used for the energy calibration of the ^096 channel pulse 
height analyser. Gamma ray angular distributions have been 

measured for the resonances at = 2.198, 2. 8̂ 2, 2.5 1'! and 2.735 
MeV from *̂̂ A1 (pj/lT)  ̂Si 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 wore taken at 90° to eliminate Doppler shifts.

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 ^096 channel pulse height analyser.

b . ‘■(■b Analytical  ̂■

The peak' areas were determined by adding counts in each
/

channel under the peaks and this is described belov; as given 
73)by Hossain . In order to determine the yield of gamma ray at 

a ^larticular energy it was necessary to remove the contributions

... ^ -------  .. ..........  . .X... ..
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iRT >< •. 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) «s T (Total counts) - B(Background) 

and the error is given by

%
= (^T)^ + ( 6 . 1 )

'.mk

when B is very small the errors in the yield are essentially
the statistical errors associated with the total counts in the
peak. This can be obtained by taking large background as far as
possible on both sides of the peak. As for example v;hen background
varies slov/ly a large number of channels are added on both sides
of the peak so that the statistical errors are verj'; small. 3y
drawing a straight 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 edges. The 
peak areas thus obtained were then corrected^for the inequality 
of Nai(Tl) detector counts at 90°(which is used for the'monitoring

■lik.

of y'rays), C.I.C. counts and anietropy observed due to the 
variation of distance.^between lithe ̂ detector"'(Ge(Li) and the ,
Y-rays source and or any change'' in position due to the placing

...  :m r ■
or y'-rays source to the exact, target position. Anisotropy was

• 152"measured by placing Eu source in the target position and>the
detector at 0°, 30° 55? 90*̂
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nuclear state has rested very largely on angular distribution 

measurements of a nuclear reaction. The formula for theoretical 
anj'Ular distribution is usually written as

where >7(0) is the intensity of the reaction observed at the 
angle 0 relative to the incident beam and the and are
the coefficients of the corresponding Legendre Polynomials 

P^(Cos0), P^CCos©) and P^(Cob0). and are the attenuation 
of the gamma rays at various angles due to finite size of the

■f- ■ .
detector. The values of Q and Q. have been taken from Haiusser /'
at al. . The ratios A^/A^= and A,/A^ = depend-̂  on the,̂

■ V" ■■....'.spins of the initial and final states of a nuclear reaction, ,
. V . ^

In order to obtain the Taliiee 6f the coefficients of Legendre . 
Polynomials a computer programme has been developed.The,ralues 
of Â , A^ and Â  ̂have been obtained by least squares analyses of 
Legendre Polynomials fit and thereby the values of (X and Q,.' *T
have been obtained. They are presented in table 6,1. The gamma..-, 
ray angular distributions data have been analysed :..by using the"̂

 ̂ -"'r 75)formula derived by i-Jose and Brink 

W(v̂ ) = >

,“ It’is written as

---(6.3)
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TABLE 6.1

Summary of gamma ray angular dist-ribution coefficients

E (Lab) ; Primary }
---------------------------------r

^0 : a *2 iP »(MeV) ;
tt

transition J 
(Me?) ;

0 t f I f 1
2' ''o ;

1t
"0

i+.5 îfa)

2,198 6,815 b) 
9.085^)

260,28+13.24
210,84+20.17

0.044
-0.0264

0.015
0.110

11.918^) 929.78+27.03 -0.130 -0,078

2 ,k82.
9.363
12.200

2182,42+51.53 
45.98+7.56

0,351+0.050
0.498+0.334

0,096+0.098
0.196+0.652

2.5n 9.390 2854.53+54,04 -0,111+0.041 0.046+0.072

5.275 227.67+29.97 -0,489+0.264 0.011+0.488
7.335 122.05+19.98 -0,491+0,333 -0,142+0.630

2.735 9.606 422.41+24.24 -0.127+0,125 0.128+0.238

12,442 39.93i7.'i2 -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 and can not be put.
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Here L and L denote the mult^ipolarities appearing in the 

transition. and stand for either electric or
magnetic. 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 mai netic subs,tates equally populated but has them 

unequally pOj)Ulated 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 

de-aaxettinij ^-rays making an angle 0 with the incident beam is 
expressed as

w(e) = I
keven

Q^PkCosG (6.4)

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 and the final

x\state of spin and the polarisation of the deexciting gamma 

ray is not observed. is known as the populaticu pararaete?r.K \

It contains information about the mode of formation of the initial 
state. B, (J ) is the same for all branches originating from aK \
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given level, x power S contains the nuclear structure 
information of the transition.

The mixing parameter ^  is defined as

-  67 -

C _  / C ^ L t i r
-r<TT> 

L

where the symbol / | j '^2^ stands for the reduced
<7T>matrix element of the multipole interaction parameter Ln •

The value of population parameter depends on the specific
is formed. In theprocess by which the initial state 

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 ( S=2,3)
contribute to the formation of the compound level.B, (J.) is then
obtained as

Sj^(llJ^s)A^(l) +2Sj^(ll'J^s)A(l)A(l')COS(:j6̂ -9^^^

T(s) .... (6,6)+ Sĵ (l'l'ĵ s) A^(l')

,The amplitude for the formation of the with partial 
waves 1 and 1 are A(l) and A(1 ) which have the normalization

(6.7)
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The channel spin intensity is T(6) with the normalization 
T(s) =1, It is seen that when the state is formed by two

partial waves, for each channel spin, two parameters enter in f;.,.
The selection of 1-value was made from a consideration

27of the Al(d,p) stripping reaction populating the relevant levels 
in ^^Al when available^"'\ In the present case, in three out of 
four cases 1-values were known. When two 1-values (such as 1=0+2 and 
1=1+3) contribute, the dominant 1 v;as considered. The expression 

for then simplifies to

B (J ) = " ^  S^(llJ^s)TCs) -: --- (6.8)
k s

The multipolarity of the emitted gamma ray is governed by the 
selection rule

Ji-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 E — H , H -E. This transormation leav46 

the l̂ oynting 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 f below unity
i

denotes the predominance of L, where as if S' exceeds unity,
• I «there is an excess of L . The value 5 =0 characterizes pure L 

radiation and^=cc pure L radiation.
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In the analysis of results for every value of the 
only variable in the theoretical formula is the mixing ratio ̂  • 
A normalization constant is to be found out for a comparison 
of theoretical distribution with experiment. The ralues of 
coefficients Q^, and are taken from ref.?4..- The mixing 
ratio is then assigned a set of fixed values by putting 
<^~ arctan and varying ^  from -90° to + 90° in steps 5°»
For every value o f t h e  normalization constant N is then found 
by minimizing

(6.9)

where n is the number of data points, is the experimental 
yield at angle 0  ̂and the corresponding error, is. the value 
of the theoretical distribution at angle 0 .̂

The minimum condition gives

y Y. W.

_ tv Z .1 T  • • • •

A computer programme has been developed to obtain the goodness 
of fit as a function of J" and angular distribution fit by using 

equations (6 ,̂ ) and (6.8)-(6,10).

, The value of  ̂ is a function of the mixing ratio ^ 
if Solutions v/ith>,̂  larger than a  chosen "confidence
limit" 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 would be smaller than a chosen*/^ • This probability

9

depends upon the number of degrees of freedom. Confidence limits 
for the normalized*A values are taken from the graph - published 
by Wapstra et al. The general criteria adapted was that the
angular distribution curve did not fit the data for values of 

well outside the confidence limit, while the fit was 
considered to be satisfactory for values of^ near or inside the 

10^ confidence limit.

6 .5  Results and Discussion

Angular distributions of gamma rays which are emitted by
pQ

resonating states 13.707, 13.980, l̂ f.OO? and l̂ f.223 MeV of Si
at E = 2,198, 2,^82, 2,511 and 2,735 MeV are discussed below.

\
The E =2,198 MeV resonance 'g__________________

The gamma rays ^,5^^, 6,815, 9.085 and 11 ,918 MeV emitted 
by 13.707 MeV state populate the levels 9*16(2^,3~ , ,
6.89(4"̂ ), 4,62 (4”̂) and 1.78(2''') MeV respectively of ^®Si. The 

spin of the level 9 .16 MeV reached by the 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 
gamma* rays have been analysed. The theoretical fits to experimental 
angular distribution and as a function of arctan - S  for these
gamma rays are shown in fig, 6,5. The branching of each gamma ray •

mSt.
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along with (^-values at ■]% 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

6,815 or 9,083 MeV gamma ray do not probably give true information
because spin could be 2,3 or ^^fig, 6.5A and 6,5^  But the analyses
of data of 11 ,918 MeV gamma ray reject- the spin value ^(fig.6.5C).
In chapter 3 » this resonance was considered to be analogue of the

k»3S MeV level in ^®A1 . The 1 -value for "̂̂ Al(d,p) reaction
77— 79)leading to this level is uncertain ” (table 6.3). An lp=3 for

the formation of this resonance was assumed in accordance with the
77tentative 1 = 3 of Endt and Van der Leun ).n

The E = 2,^82 MeV resonance 
____ 2____________________

p Q

The excited state 13»980 MeV of Si emits 9*363 and 
12,200 MeV gamma rays and the ^.62 (̂''’) 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, andp -----
Hossain and they observed 100^ branching to the k,S2 MeV
level. In the present work, angular distribution of both the 
gamma ray were meastired and analysed as shown in fig,6,6(A and B),

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

value 2 is rejected by fig. 6.6A and the other value 3 is barely 
within confidence limit for both the angular distributions.
In the analyses an 1 = 3 was considered. The spin value k is

28consistant with that of the analogue state in Al at 4.685

( jTT = (1-if)”'').
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C ^The values of o at and 109  ̂confidence limits from'X 
versus arctan^ plot and gamma rays branching ratio are given 
in table 6 ,2

The E = 2,5'l'l MeV resonance ____ P____________________
 ̂O

The ^,617 MeV level of Si is populated by de­
excitation of 9.390 MeV gamma ray from the resonating state 
1^.007 MeV, Spin to this state is k as can be seen from the 

versus arctan plot and from the angular distribution 
fit (fig. 6 , 6 c ), An lp=2 was assvimed in the analysis (table 6 . 3 ) 

and these values (1 =2 and J = 4) are consistent with those of
P p28the analogue state in A1 (e = ^,7^1 MeV), The*7  ̂ minimum 

values and Rvalues at 19̂  and 109  ̂confidence limits are given 
in table 6,2,

The E =2.735 MeV resonance 
_ E ____________________

The de-excitation of the resonating state 14,223 MeV 
takes place through emission of 5.275» ’7«335» 9*6o6 and 12,442 MeV 
gamma rays and 8 ,94 , 6 , 8 9  (4^^,  4 ,62  (4"*̂ ) and 1,78(2^) MeV levels

pQ
of Si are populated respectively by them. The spin of the
resonating 14,223 MeV state has been/assigned to be 3j (2) from 

2
the "X versus arctan ̂  fit and theoretical fits to experimental 
angular distributionc data of 7*335» 9«6o6 and 12.442 MeV gamma 
rays (fig,6,7A-C), Spin 4 to the excited state l4,223 MeV is 
rejected by the angular distribution^spin 2 is not favoured since 
669̂  branching of 9*6o6 MeV gamma ray takes place by decaying to
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t .
■■rz

•te-

the ^,620 MeV state (4 )̂. An 1 =2 was taken in the analysis againP
from a consideration of A1 (d,p)  ̂A1 work as well as the spin 
of the final state. The of the assumed analogue state

28(^,928 MeV in Al) is not known, the present value J = 3 is 
consistent within the expected range of spin (O-6). It is worth-

27while to repeat Al (d,p) measurement at higher deuteron energy.
The Talues of S  obtained at "A minimum at and "̂0% confidence 

limits are given in table 6,2,

With the present spin assignment of the resonance state 
(J=3), the angular distribution of 5«2?5 MeV gamma populating the

pQ
8 ,9  ̂MeV level of Si was analysed. This leads to J=^ for the 
latter level. This level decays to level (E = k,62 MeV) with about 
100?6 branching which is consistent with the above spin assignment.

We now make some general remarks regarding all the resonances 
mentioned above.

The spin values of resonating states "I3«707» 13»980, 1^.007 and 
14.223 MeV corresponding to 2,198, 2,482, 2,511 and 2.735 MeV 
proton resonances as assigned in this experiment are shown in fig, 6,8  

and given in table 6,3. They were identified as analogue resonances
• fW

from a consideration of intensity and excitation as discussed in 
chapter 3* The spin values are consistent with the range of spin 
vali»es of states. From the l̂ v values required in the

present analyses for the formation of the resonance states, the 
parities are also tentatively shown in ,tablê  6.3« They are consistent

Dhaka University Institutional Repository
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in all cases with those of states in A1 except for23

the resonance = 2,198 MeV, where parity assignment of the
parent state is not quite certain (table 6.3). As has been said
before the l̂ *-values of 3*3 , 2 and 2 respectively for E^=2,198,
2*^82, 2,511 and 2,735 MeV consistent with the acceptable spin
of the resonant levels and also with the correspop'ding 1^ values

in *̂̂ A1 (d,p) ^^Al measurement (table 6,3) were considê red in
the analyses, A possible 1^ = 1 mixture with 1^ = 3 resonance was
neglected from a consideration of the weak excitation of the
E = 2,198 MeV and 2,^82 MeV resonances reported in the following P
chapter. Further, since the ground state spin of A1 is 
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 arctan 5" by more than 10°,

The small values of mixing ratio^ from table 6,3 (with 
a possible exception for the gamma transition 1^,223 MeV— *6,89 
M«V at Ep = 2,735 MeV) suggests small multipolarity mixing^ of the 
emitted gamma rays.

For E = 2,511 MeV resonance it is seen from fig. 6,8  P
that the strong transition ( ~ 1009  ̂branching) is between 
1^,007 MeV and ^*620 MeV levels each with This probably ^
is a case of analogue to antianalogue Ml transition which is found 
to *be quite dominant in the s-d shell \  It may be mentioned here
that the properties of ''̂ 7/2 including analogue resonances

O ̂ \
has recently been reviewed by Ricci , Contrary to the s-d shell, no 
such strong analogue to antianalogue transition is usually observed.
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CHAPTER - 7 

THE '̂̂ Al (p,p) MEASUREMENT

7,1 Introduction
Information on the properties of nuclear states such as 

the orbital angular monentum, total and partial widtte and spin- 
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 valuable" 
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 '̂ 7̂/2 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 keV). With these knowledge
and our present limitations (poor machine resolution and limited 
computer facilities) we intended to study the elastic scattering

27of protons on Al.

The on'Al (p,p) resonance reaction was investigated by

Awaya at £^=0.936, 0.991, 1 .1 1 7, I.182, I.198, 1 .362,1,380  

and 1.387 MeV at centre of mass angle and at £^=1 ,1 1 7,
1.182 and 1.198 MeV resonances at 0  ̂ = 90°. Tentative spin-
pagrity assignments of some of the resonances were also made.

Q-X \
The experiments by Shoemaker et al. in the energy range
E = 1.^0 - ^.lOMeV were concerned with the location of P
resonance energies and do not give information on the properties
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of resonance states. The properties of nuclear states by (p,^ )
po

and (p,p) reactions on A1 upto E =1,968 MeV are available
21 )as compiled by Endt and Van der Leun .

The present measurement was, therefore, undertaken to study 

the excitation of functions in the energy range £^=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 85O eV as stated earlier. During the

27 2measurements 'A1 targets 5-20 /ig/cm thick were used. These
targets were prepared in A.E.G. laboratory by Vacuum evaporation

2technique on carbon backing of 5-20 /ag/cm 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

27of carbon from the glass. The A1 was *vaporated onto the 
carbon backed glass slides in high vacuum. The target foil was 
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' * ■’* tilr - “ 2j-v ORTEG surface barrier detectors of 100 mm sensitive area and

Dhaka University Institutional Repository
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depletion depths of 500^  and 1000^ respectively. The energy
resolutions of the detectors for 5«^77 MeVo<-particles from Am 

source has been found to be 60 keV and 67 keV respectively. The 
target was kept at an angle of ^5° with respect to the proton 

beam and the detectors viere placed at distances of 10 cm inside a I0 
scattering chamber. The target holder can contain three targets at 
a timê  the 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 Plastically 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 
target are collected in a Faraday cup which is insulated from 
the chamber. Each point on the meiasurements corresponds to 100 ̂ c 

of charge collected by the Faraday cup. This yields about 3% counting 
statistics 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 
chanael analyser. The experimental set up is shown in Fig,
The desired peak area of elastically scattered proton from the

2^1
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target is gated by the discriminator levels of the single channel

analyser ORTEC k20 which was previously calibrated* The discriminator
levels are adjusted accordingly for each increase in the proton beam
energy say every 5-''0 keV increase in proton energy so that only
the counts in the desired peak area (elastically scattered protons
from are registered in the scalers, A typical spectrum from

27proton elastic scattering on A1 at E^=1 ,50 MeV at an angle 
©Lab = 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 90°, i.e., the 
"*̂0 , "'̂ O and "̂̂ Al 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 Germanium. The rate of formation of charge 
carrier is independent of 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- 
matirfjn about the number of charge carriers created by the incident 
radiation.

Dhaka University Institutional Repository



250 2 9 5
C H A N N E L  N U M B E R

3 4 0

Fig.7.J..A^sample^pectrum for^\l(p,p) resonance reaction at E =1.50 MeV 
L«4T

Dhaka University Institutional Repository



7 .3  Analysis of data

Excitation functions are usually measured at several 
angles in the study of resonances from proton elastic scattering. 
The 1-value of a resonances can easily be determined from the 
variation of resonance shape v;ith angle. The variation in shape of 
resonances occurs due to interference between’Rutherfdrd'sciittering 
and resonance scattering. For even-even initial nuclei the 
interference term in the expression of cross section is propor­
tional to the Legendre polynomial P^(C6s$>). In other words one is 
required to determine the angle/angles at which the interference 
is minimum and then these angles oorresponds to zeros of the 
Legendre polynomials which occur as a factor in the interference 
term in the expression for the differential scattering cross- 
section. The zeros of the first four Legendre polynomials for 
scattering angles in the centre of mass system are shown below.

P (CosO) Noneo
P^(Cos9) 90°
P2(Cos9 ) 5^.73°, 125.26° .
P^(Cose) 39.23°, 90°, 1^0 ,76°.

The absence of resonances at 90° shovjs that no resonances with 
even values of -6 are present. The Rutherford scattering is very
much larger than thejresonance scattering at forward angles while
at backward angles the contribution due to Rutherford scattering 
is very much less. For this reason sharpest resonances are 
observed in the backward angles.

-  79 -
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In ideal case the measurements are done at several angles 

say, 90°, 125°, 1^0°, and 160° simultaneously with several 
detectors having same resolution, size and sensitive depth,

V
Resonance 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 yields informa­
tion similar to that from the (d.,ip) stripping reaction. The 
1-values of proton resonances are in' general assigned from the 
vanishing of the resonances at particular!';, angles Just as the 
1-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 1-values obtained 
from *̂̂ Al(p,p) analyses, the limits of the resonance levels

28in Si are as follows

1 = 0 : jTT = 2%  3"

1 = 1 : = l"-4"

1 = 2 : jTT = 0^-5"

The measurements in the present experiment were carried out at 
centre of mass angles 90°, 125° and I4l°, The absolute cross-section 
was obtained from the proton counts by normalizing the off- 
resonance yield at 1 MeV with the Rutherford scattering

Dhaka University Institutional Repository
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formula given below.

6^ - 1 . .9 6 ■*Cosec’0 ^ 2)-2(MyM2 )̂ -i---

where = Charge of the incident particle,
= number of protons in target nucleus,
= mass of scattering particle,

= mass of target nucleus,
E = energy and y>'= scattering angle. The differential 

elastic scattering cross section for proton from a target nucleus 
near an isolated resonance relative to the non-resonant potential

84)scattering cross-section is expressed by the relation c.z as

(E-E^)^+( r/2 )̂  (E-E^)^+(r/2 )̂

Where E is the energy of incident projectile, Ê  is the 
resonance energy and A(©) and 3 (6) are angle factors which 
depend upon 1 , J, total resonance width P  and ratio? between 
proton width and total resonance width • The right hand
side of the above equation consists of Coulomb plus interference 
term due to the ■ coherent 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(9) =  'M-rCosP 
B CO) =  r y / f  ( U?"-t a u  9 n ( l -t- \9 ^ )

u  -  t  (S fn  e /2 )^  CCcS B)

^  -  -7  ̂ fp/r(S'^v (CoS

Vi
J

O j 5?fZ,Z_^
(,a ,+ a ^ E _

■ ■ (?■ !)

■ ■ G - 2.)
■ • (?•‘̂)

■ ■ (?=?•)

■■(1-9 

■■■ (7-?)

Here is the incident projecti^^e charge number,
is the target charge number, is the mass of the incident
projectile and is the mass of the target nucleus. P^(Cos0)

1is the Legandre polynomial and P^(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 suggested 
that unless is positive evidence in favour of its existence,
it is not ^worthwhile to incorporate such a complex spin-spin 
interaction, Awaya^^^ in his analysis of "̂̂ AlCpip) resonance 
scattering found the effect of channel spin to be unimportant.

85)
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In view of this and also for limited computer facilities 

at our disposal, we neglected the target spin. The different 
resonance parameters extracted from the present analyses are, 
therefore, su|)ject to an uncertainity, which we believe to be 

small.

The above formulae(?•1-7*7) sre further applicable to a 
case where the beam resolution is negligible compared to the natural 
width of the resonances. But in most experiments it is not so 
and therefore correction for this is taken into account. In 
analysing our data this part was taken into consideration.

Results and discussions

The differential cross-section of elastically scattered 
protons at the centre of mass angles at 90°, 125° and l4l° were 
measured as a function of incident proton energy in the range
E =0,85-3»00 MeV as msationed earlier. Error in absolute cross~P
section is not more t.han 10 ,̂ The measured differential cross-
section at © = '1^1° is shown in fig, 7»3« Isolated resonancescm
observed have been serially numbered at all three CM angles but
due to sudden breakdown of machine the measurement at © =125°cm
could not be performed above 2,00 MeV, The analyses started with the 
determination of 1-values, In order to determine 1-values the 

shape of the resonances for fixed values of E o-r.l^/r and J but 
for different values of 1 at those three centre of mass angles

Dhaka University Institutional Repository
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'r were generated by computer with the use of expressions

'(7.1 )-(7.7 )• With the 1-values accurately known, the parity of
- the resonance can be ascertained positively. Once the l»values

are knov/n a search out proceedure is repeated for all observed
isolated resonances at each angle to find out suitable parameter

values of p , !?/(”  and J, Results of the present analyses
are summarized in table 7«1 * Resonance energies are correct to
within 3 keV and errow in f”and P" are estimated to be 20% and

*16 )respectively^ also included are those given by refs, ’ .
Figs, 7 »̂ “7»6 illustrate fits to experimental data for resonances

^i5»6 ,7 » 'lO and 1 1. Discussions on the results are as
follows. The resonance No, 10 at E = 2,5^8 MeV v/as fitted withP
1=2, The shape of the resonance at 90° is different from all other 
resonances at this angle. All other resonances needed 1=1 , The 
resonances at 90° for many cases (Nos, 1 ,3 ,5 ,8 , 9 and 1 1) are 
either very weak oi* altogether absent.

The first three resonances (Nos,1-3)were studied by
Awaya19) and the properties for resonance Nos. 1 and 2 are given.

1’Properties for resonance levels Nos, 1-7 are compiled by Endt
' 21), and Van der Leun , There is in general a good agreement

betv/een the present and previous measurements, A notable exception •
is resonance No. 6 , where I value in the present work is very small
compattfed to that quoted i»ref'. ̂ 1« There are also discrepancies

•T *
in parity assignment in some cases, namely for resonances
Ep =1i565 and 1,if96 MeV.
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The resonance atE = 1 ,1 17 Mev was fitted equally well
P 1 q)with J=3 and k in agreement with Awaya  ̂ , whereas in

or \
work Meyer et al. assigned J=^ only.

The resonance No, 3 is similarly fitted with two J-valuee
(table 7,1). This resonance is an unresolved doublet both with

positive parity (ref.2l). We did not find any observable anomaly
at 90° as stated earlier, and could not fit the data at 125° and
1 f̂1° with any even 1-value; data were reproduced by 1^=1 only.
Whether this discrepancy between the present measurement and that 

86)of Meyer et al. (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 overlaping 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 
function at 90° and analyses at other angles suggest 1=1 , =3“
in contradiction to J^=2  ̂of ref. 2 1.

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 and the proton penetration factor 
the spectroscopic factor was calculated using the relation

+The values of penetration factor P were kindly sent by
87) ^Professor W.J. Thomson .
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\  The results obtained are shown in table No previous values

of are available for comparison.

Two of the resonances, at £^=1 ,1 17 and 1.793 MeV, were 
identified as analogues. Their properties are summarized in 

table 7 .2. The J^values are consistent with those of the parent
28states namely 5 .̂ 61 a n d  ^.030 MeV of A1 respectively. The former
19)resonance was also identified by Awaya as analogue. The two

28 78)parent levels in A1 were observed by Carola and Van der Baan 
79) 27and Chen ^  al. from A1 (d,p) stripping reactions. The 

spectroscopic transition strengths given 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 values are correct to within 305 »̂ 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) 27resonances studied by Awaya from Al (p,p) reaction at

3 FtEp=1 ,1 17 and I.198 MeV ar« 0.3 1, 0.39 (for J = 3“ and k" respectively) 
and 1,60 respectively, again much too small compared to the corres­

ponding *̂̂ Al(d,p) strengthsof O.78 (ref, 78), 1 ,0 (ref, 79) and 
(ref, 78) ,lf,1(ref, 79) respectively.
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Isobaric analocue states in ^^Cr from (p,̂ / ) and (p, n)
3'!reactions in V corresponding to the ground and low lying excited

states in in the proton energy range upto about ^,'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,V ) and (p, n) spectra agreeing within a few keV, The
results listed in table are in excellent agreement with those
of o t h e r s ' ^ T h e  ambiguities in the results such as

analogues corresponding to possible O.768 MeV and 1,^90 MeV states

in marked as 'X' and 'Y' at the correct proton energies
E = 1.553 and 2,28 MeV respectively in fig. 3 .2 have been resolved.P

, 54By (p»5 ) reaction in Fe in the proton energy range
E =0.854-2.980 MeV eleven analogue resonances have been observed 
P
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 '''’"''5 )̂  2.773 MeV analogue resonance observed by

Ahlgren et al.^^̂  is weakly excited in the present measurement and 
is marked ’X' in fig, 3-7 at the correct proton energy £^=2.779 MeV, 
There is as yet no positive evidence for the existence of a state

m

in ^^Fe to which this may be a possible analogue.
By (p,V) and (p,n) reactions in ^^Mn in the energy range

E =1,28-3.05 MeV and 1.50-3.05 MeV respectively twenty four analogue 
P ^
states have been observed as against seven analogue states of
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Otto ^  in the energy range E =1 ,30-1 #85 MeV, The
results are in excellent agreement with those of Otto £t al»

By (Pi^ ) reaction in "̂̂ Al in the energy range E^=0 ,85-3.00 MeV,
a"" large- number-'of resonances have been tentatively identified

l8 19)as analogue as against previous two or three ’ •

The Coulomb displacement e n e r g y w e r e  obtained from the ̂ c
position of_isobaric analogue states. The observed values of
/AE from the present work on four isobaric pairs of nuclei e,g, c

^^Fe-^^Co, ^^Mn-^^Fe and ^^Al-^^Si are in excellent ,
agreement with available measurements, A semi-empirial relation

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
T -dependence of ̂ E , As theoretical models ''overestimate the z c
T -dependence^^\ we started with experimental data. The£SkE z c
values were carefully selected for several sets of isobaric pairs

of nuclei, arranged according to T , The least squares analyseŝ '
z

by assuming them to belong to different groups or to single group i 

give almost indistinguishable fit. It is, therefore, oonciuded 

that a T^-dependence is very small and more ref ined̂  - :s:et's of 
experimental Coulomb displacement energies are necessary to observe
T -dependence,

52Some of the analogue resonances in compound nuclei Cr and 
^^Fe exhibit fine structures enveloping gross structures. These

r

Dhaka University Institutional Repository



-  89 -

are accounted for by Robson’s theory. The values of parameters,

namelyand P  were obtained for analogue resonances displaying
gross structures. Of particular interest is the analogue

resonance at E =2,329 MeV observed in (piY) and (p,n) reactions P
in "̂̂ V. The gross structure exhibited in both these reactions
could be fitted with same values of^^nd P  in agreement with

n\Teranishi and Furubayashi . The structure at slightly higher 
energy (E^=2,3  ̂MeV) is, however, considered to be a separate.' 
resonance analogue of the 1.5?8 MeV level in by Sekharan and 
Mehta^^^ and Egan et al,^^^, which in the present work and in 
ref, 7 is treated as a component of the resonance at £^=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 of resonance

states Including analogues through (pj’lf) and (p,p) reactions
in "̂̂ Al, In chapter 6 the properties of 13.707, 13«980, 1^,007

28and 1^,223 MeV resonating states in Si have been studied by 
angular distribution of gamma rays. The spin-parity of these
states are assigned as 13,?07-- 3“, 13»980—— 4”, 1^,007---
and i4,223-- 3̂^,(2)'*'. These are excited states due to 2,198

2,^82, 2»5'l'l and 2,735 MeV proton resonances and are analogues
pQ

of the parent states in A1 at ^,383, ^*685, 4,7^1 and ^,928 MeV,
The small values of mixing ratio (table 6,2) suggests a.
small multipolarity mixing/emitted gamma rays. It is also noted ,
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'<T

that there occurs a strong transition between 1^.007 and 

if, 620 MeV levels of ^^Si each with This is probably a
case of analogue to antianalogue Ml transition, usually found 

in s-d shell^"'\ whereas in the shell region there is a
3 2 )strong hindcrance of analogue to antianalogue transition .

27The properties of resonances by (p,p) reaction on A1

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 (~ of resonance at

Ep=1.57  ̂MeV and of resonance at E^=1.363 MeV and E^=1 MeV.
In the present measurement properties of eleven isolated resonances
have been obtained. Two of the resonances namely £^=1 ,1 17 and
1,793 MeV are found to be analogues, the former being in agreement

19 )with Awaya . The proton spectroscopic factors obtained in this
measurement are in poor agreement with the neutron spectroscopic

27factor obtained from Al(d,p) reaction by Carola and Van der
78) 79)Baah and Chen ^  al. ,populating the parent states.
No resonance above 2 MeV has previously been studied. In

the present measurement resonances at £^=2*028, 2 ,̂ 7 2}2,5^8

and 2,866 MeV have been observed and their properties are obtained.
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APPENDIX 
TABLE A-1 

Coulomb displacement energy

Isoba-
ric
pair

z l A  AE (Obs)
(MeV)

AE^(Cal)(MeV)
from relation 
(3.6 )

AE (Cal)(MeV) c
from relation 

(3.7 )

Refer­
ences

Al-Si

S-cl

Cl-Ar

Ar-K

KwCa

Ca-Sc

ic

13 1^ 27 ^,500

13 28 k.kkS

13 14 28

16 17  33 5.1^^

37 4.951

17 18 35 5.350
39 5 .1 6 0

18 19  37 5.551

40 5.4o9

19 20 39 5 .7 5 0

4o 5.701 
4o 5 .7 0 1

40 5 .7 0 1

41 5.655
42 5 .6 0 9

43 5 .5 6 6

20 21 4o 5o99^

41 5.9^5

42 5 .8 9 7

43 5 .8 5 1

44 5.80 6

45 5 .7 6 3

46 5 .7 2 1

5.5710.U50

5.467+0.007

5.439+0.051

6,250+0.050
6.250+0.070
6.660+0.050

6.435+0.030
6.88+0.070
6.658+0.070
7.190+0.070
7.138+0,006

7.130+0.005
7.069+0.100

7.040+0.015

7.000+0.030
6.973+0.020

7.445+0.008
7.220+0.020

7.214+0.013
7.246+0.013

7,228+0.013
7.236+0.013

7.209+0.013

5.368+0.062

5,290+0.062
5,290+0.062

6.298+0.065
6 .020+0.064

6,595+0.066

6.321+0.065
6.886+0.067
6.681+0.067

7.173+0.068
7.103+0.068
7.103+0.068
7.103+0.068
7.036+0,068
6,970+0.068

6,907+0.067

7.525+0.069
7.454+0.069

7.386+0,069
7.319+0.069

7,255+0.069
7.192+0.068
7.131+0.068

5.385+0.033
5.308+0,033
5.308+0.033

6.311+0.035
6.034+0.034

6,606+0.036
6.33^+0.035
6.897+0.036

6.692+0.036

7.182+_0.037

7.112+0.037

7.112+0.037
7.112+0.037
7.045+0.036
6,980+0.036
6.917+0,036
7.532+0,037

7.462+0.037  

7*393+0,037

7„327+0.037
7*263+0,037

7,201+0.037

7.140+0.037

44

36

P.W.

89
88

89
88

89
---30

89
90

91
50

92

93

94

95

89
88

8S

88

88

88

P.W, P re sen t  work.
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Au

Table A1 (Contd)

'•

Isobaric
pair ^2 " Z/a'’''5 AE (Obs) - c

(MeV)
6E (Cal) 1 c
from rela- 
tion.(3,6)

fXE (Cal) 
°(MeV) 
from rela­
tion. (3,7)

Refer­
ences

(' Ca-Sc 20 21 k7 5.68o 7.194+0.013 7.072+0.068 7.082+0.037 6
V
\m

48 5.640 7.175+0.013 7.015+0.068 7.024i0,036 6

if9 5.602 7.089+0.013 6,959+0.068 6,969+0.036 6

50 5.564 7.010+0.013 6.905+0.067 6.915+0.036 6
f
i Sc-Ti 21 22 42 6,185 7.766+0.009 7.801+0.067 7.807+0.038 96

c,

1
43 6,136 7.635+0.020 7.731+0.070 7.737+0.038 97

2
44 6.090 7.489+0.125 7.664+0.070 7.670+0.038 88 g
45 6.044 7.640+0.030 7.598+0.070 7.605+0,038 89

i
45 6,044 7.580+0.o4o 7.598+0.070 7.605+0.03^^  44

46 6,000 7.620+0.030 7.534+0.070 7,541+0.038 98

4? 5.957 7.680+0.050 7.472+0.069 7.480+0,037 89 ■1
• 49 5.875 7.720+0.050 7.734+0.069 7.362+0,037 89

•5

r
1 Ti-V 22 23 46 6.279 7.847+0.012 7.937+0.071 7.942+0.038 89

..i
1 46 6.279 7.835+0.005 7.937+0.071 7.942+0.038 88

46 6,279 7.8oo+0.o4o 7.937+0.071 7.942+0.038 44

-.-i . ,r 46 6.279 7.837+0.003 7.937+0.071 7,942+0,038 99

E : 4? 6.234 7.87+0.04 7.873+0.071 7.878+0,038 89 i

i . V?; 47 6.238 7.846+0.018 7.873+0.071 7,878+0.038 88

4? 6.234 7.810+0,04 7.873+0.071 7.878+0.038 44'
( ■m

4? 6,234 7,860+0.030 7.873+0.071 7.878+0.038 • 88
• j

; 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 44

’ ^ 48 6.191 7.828+0.Oi2 7.810+0.070 7.815+0.038 88
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Table A1 (Contd . )

Isobaric Z Z A Z"/A^/3 AE (Obs) AE (Cal) AE(Cal) 
pair ''  ̂ f^om.rela- (MeV)

'■ tion,(3,6) from rela­
tion.5.7)

Refer­
ences

Ti-V

V-Cr

22 25 i+9 6.148 7.807+0.018 7.748+0.070 7.754+0.038 88

k9 6.1^8 7.730+0.030 7.743+0.070 6.754+0.038 44

ks 6.l̂ f8 7.796+0.030 7.748+0.070 7.754+0.038 88

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 44

51 6.067 7.754+0.030 7.631+0.070 7.637+0*0^ 88

23 2k k9 S A 2 2 8.135+0.030 8.143+0.072 8.148+0.039 88

51 6.536 8.050+0.100 8.020+0.071 8.025+0.039 4i

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 6.336 7.950+0.130 8.020+0.071 8.025+0.039 101

51 6.336 8.i84+o.o4o 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 6.336 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+C.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 44

52 6.296 8.050+0.020 7.961+0.071 7.966+0.038 
i *" 8*8

53 6.256 8.010+0.050 7.904+0.071 7.909+0.038 93

P.V/, P resen t  wcrk.
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AIV

Table  A1 (Contd«)

Isobaric
pair A Z/A^/3 AE (Obs) 

(MeV)
AE (Cal 

°(MeV) 
from relat- 
ion„ (3,6)

£̂ E (Cal) c
(MeV) 

from rela- 
tion,(3 .7)

Refer­
ences

GrwMn

-4

y-v-

Mn-Fe

25 50 6,650 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+0,073 8,412+0.039 14

52 6,564 • 8,290+0,039 8,148+0,072 8 .351±0.039 44

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

3k 6,481 8,306+0.040 8,229+0.072 8*233+0J i ^ 88

26 52 6,831 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+0.040 89

53 6.788 8,775+0.020 8.672+0.073 8.674+o.o4o 88

55 6.705 8.530+0 ,100 8.552+0.073 8.554+0,o4o 44

55 6.705 8.390+0,100 8.552+0.073 8,554+0,040 101

55 6,705 8,644+0.019 8,552+0.073 8,554+0,o4o 89

55 6.705 8,641+0.200 8.552+0.073 8.554+0,o4o 47

55 6.705 8,644+0.020 8.552+0.073 8,554+0,040 88

56 6.665 8,641+0.047 8.494+0.C73 8,497+0.039 P.W.

56 6,665 8.593+0,015 8.494+0.073 8,496+0.039 14

56 6,665 8.590+0,010
/

8.494+0.073 8.496+O.O39 15

57 6,626 8.790+0.200 8,438+0.073 8 .440+0.037 89

i m t

P«W, Present work,
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Av
Table A1 (Contd,)

iBobaric <2, k Z/A (Obs) îE (Cal) A£ (Cal) Refers1 2 '  c "  c c
(MeV) (MeV) (MeV)

from rela- from rela­
tion (3.6) tion,(3.7)

Fe-Co 26 27

Co-Ni 27 28

7.011 9.137+0.041 8.994+0.075 8.993+0.041 89
3h *;ioii 9.030+0.200 8.99^+0.075 8.993+0.041 50

7.011 9.033+0.005 81994+0,075 8.993+0.041 48

5h 7.011 9.033+0.005 8.99^+0.075 8.993+0.041 88

55 6.968 9.079+0.54 8,932+0,074 8.932+0.040

55 6.968 8.950+0.070 8.932+0,074 8.932+0,040 49

55 6.968 8.993+0.028 8.932+0.074 8,932+cj;t«^ 49
56 6.926 8.790+0.050 8.872+0.074 8,872+ 0,340

56 6.926 8.900+0.050 8.872+0.074 81872+0,040 89
56 6.926 8.933+0.017 8,872+0.074 8.872+0.040 47
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 8.3i4+o.o4o 88

58 6.846 8.770+0.050 8.755+0,074 8.756+9.040 44

58 6,846 8.8^8+0.021 8.755+0.074 8.756+0.040 46

59 6.807 9.1+0.136 8.699+0.074 8.700+0.040 161

56 7.188 9.214+0.105 9.249+0.075 9.248+0.041 50

57 7.1^5 9.300+0.050 9.188+0.075 9.187+0.041 89

57 7.1^5 9.240+0.050 9.188+0,075 9.137+0.041* 88

59 7.064 9.300+0.050 9.070+0.075 9.070+0.041 89
•

59 7.064 8.910+0.140 9.070+0.075 9.070+0.041 101
•

T?VI. Prcst-ht wovk.
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Avi

Table  A1 (C o n td . )

Isobaric _ 
paxr 1 ^2 A 2/aV 3 (Obs) A E  (Cal) AFl (Cal) c c c

(MeV) (MeV) (MeV)
from rela- from rela­
tion (3.6) tion. (3.7)

Refer­
ences

Co-Ni 27 28 59 7.o6^f 9.149+0.019 9.070+0.075 9.070+c.04i 89
59 7.064 9.260+0.155- 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-Cu 28 29 58 7.362 9.557+0.006 9.501+0.076 9,^99+0,042 88

59 7.320 9.480+0.015 9.441+0.076 9,439+0.«*Ft̂ 88

6o 7.280 9.463+0.010 9.382+0.076 9,350+0.041 88

61 7.240 9.421+0.015 9.324+0.076 9.322+0,041 io4

62 7.200 9.372+0.010 9.268+0.076 9.266+0.04i 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
6 5 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*^13 9.700+0.120 9.575+0.077 9,572+0,042  ** •
89

63 7.413 9.550+0.100 9.575+0.077 9,572+0.042 42

63 7.^13 9,612+0.032 9,575+0.077 9,572+0.042 ^7.
65 7.337 9,420+0,100 9.464+0.076 9.462+0,042 42 .
65 7.337 9 , 5 7 0 +0 . o4o 9.464+0.076 9,462+0,042 50
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Table A1 (Cond)

Isobaric
pair "2 A A/aV3 /IE (Obs) A E  (Gal) />E (Gal) c c c

(MeV) (MeV) (MeV)
from rela- from rela­
tion (3.6) tion, (3.7)

Refer­
ences,

Co-Zn 29 30 66 7.299 9,508+0 .0 1 5 9.410+0.076 9.4o8+o,o4i 53

6? 7.263 9.490+0.0^0 9.358+0.076 9.356+0,041 50

Zn-Ga 30 31 6k 7.250 9.890+0.040 9.880+0.078 9.876hO,o42 98^

66 7.5^7 9.800+0.o4o 9.768+0.077 9.764+0,042 98̂

67

68

7.509

7.472
9.790+0.040

9.760+0.040

9.713+0.077
9.660+0.077

9.710+0,042

9.657+0,(542

98̂ .
980

69 7 M 6 9.680+0.020 9,608+0.077 9,6o4+o,o42 53

70 7.^00 9.620+0.040 9.556+0.077 9.553+0.042 98̂

71 7,365 9,577+0.020 9.506+0.076 9.503+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+0,042 50

Ge-As 32 33 75 7.706 10.016+0,020 9.998+0.078 9.993+0.043 53

77 7 .6 3 9 9.950+o.o4o 9.901+0.078 9,896+0,042 53

As-Se 33 3^ 76 7.908 10.339+0.015 10,290+0.079 10.284+0,043 53.
Se-Br 3^ 35 77 8.109 10.480+0,020 10.580+0.080 10.572+0,044 107

79 8,oko 10.457+0,020 10.480+0.080 10.473+0,044 107.
8i 7.973 10,488+0.012 10.384+0,079 10,377+0,043 106

83 7.909 10.468+0.020 10.290+0.079 10.284+0.043 106
•
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A v ' l i i

Table A1 (Contd . )

Isobaric
pair ^2 A Z/a''/3 .AE (Obs) c

(MeV)
AE (Gal) c

(MeV) 
from rela­
tion,(3»6)

A E  (Gal) c
(MeV) 

from relation 
(3.7)

Refer­
ences

Rb-Sr 37 38 88 8.i+30 11.160+0.090 1 1.044+0.082 1 1.043+0.045 l4

Sr-Y 38 39 88 8.655 11.450+0.020 11,368+0.083 1 1,357+0,045 53

89 8.623 1 1.395+0 .010 11.321+0.083 11.310+0.045 53

Y-Zn 39 ifO 89 8.847 11.650+0.025 1 1 .645+0.084 1 1,632+0,046 53

90 8.8H 11.635+0.015 1 1.597+0.084 1 1,585+0.046 53

Zn-Nb ko 90 9.037 11.854+0.300 11.920+0.085 1 1,905+0,047 103

91 9. coif 11.899+0.025 11.872+0,085 11.855+0.047 y 108

92 8.971 11,810+0.025 1 1 .824+0,084 1 1 ,811+0,04 108

93 8939 11.735+0.025 1 1.778+0.084 1 1,764+0,046 108

95 8.876 11.650+0.025 11.687+0.084 1 1,673^0,046 108

97 8.8iif 11.570+0.025 1 1 ,598+0,084 1 1,585+0,046 108

Nb-Mo kz 93 9.159 1 1.900+0*0150 12.096+0.085 12,081+0.047 42

93 9.159 12,090+0.120 12,096+0,085 12,081+0,047 101

9.127 12.000+0.025 12,049+0,085 12.035+0,047 53

Mo^Tc h2 93 9.380 12.380+0.030 12.415+0.086 12,399+0.048 108

95 9 . 3 1 4 12.277+0.021 12,319+0,086 12.303+0.047 108

96 9.281 12.170+0.030 12,273+0,086 12,257+0.047 108

97 9.24 i 12.150+0.025 12.226+0.086 12.211+0,047 • 108

98 9.218 12Q12Q+G*C30 12.181+0*086 12,165+0,047 108

99 9,187 11.990+0.025 12.136+0*085 12,121+0,047 108

101 9*126
i

11.935+0.025 12.048+0,085 12.033+0,047 io8 *
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Aix

Table A1 (Contd . )

Isobaric Z A Z/A''/3 /iE^(0bs) /.'Ê (Cal) (Cal)
(MeV) (MeV) (MeV) Refer-

Pd-Ag

Ag-Cd

Cd-Ili

In-Sn

Sn-Sb

from rela- from rela­
tion (3.6) tion.(3.7)

ences.

46 47 103 9.920 13.i4o+0.o4o 13.194+0.089 13.174+0.049 108

105 9.856 13.050+0.025 13.103+0,089 13.083+0.049 108

107 9.794 13.000+0.030 13.013+0.088 12,99^+0;049 108
109 9.734 12.915+0.030 12.926+0.088 12,907+0,049 108

if? 48 108 9.974 13.300+0.040 13.273+0,089 13,252+0.049 53

108 9.974 13.340+0.160 13.273+0.089 13. 252+0.04 101

108 9.974 13.250+0.150 13.273+0,089 13,252+0,049 89
108 9.974 13.070+C.150 13,273+0.089 13,252+0,049 43
110 9.9^3 13.190+0.020 13.185+0,089 13,165+0.049 53

48 49 112 10.061 13.368+0.020 13,399+0.090 13.377+0.050 53

113 10.032 13.350+0.035 13.356+0.090 13.335+0.050 50
114 10.002 13.310+0.015 13.313+0.090 J 3,292+0.050 50
115 9.973 13.280+C.030 13.271+C.089 13.250+0.049 109

49 50 115 10.179 13.500+0.200 13.568+0,090 13.546+0.050 42

115 10.179 13.210+0.150 13.568+0.090 13,546+0,050 43
50 51 113 10«.445 13.930+0.030 13.953+0.092 13,929+0.051 108

115 10.334 13.890+G.025 13.865+0.091 13.841+0.05T 108
117 10.325,,13.803+0.015 13.779+0.091 13.756+0,050 108
118 10.296 13.760+0.020 13,737±0.091 13,714+0,050 108
119 10.267 13.737+0.015 13.695+0,091 13.672+0.050 108

1 120^
123
125

10,238 13.692+0.012 
10.154 13.609+O.CI2
10.100 13.550+C.015

13.654+C.091
13.533+0.090
13.454+0.090

13.631+0.050
13.511+0,050
13,432+C1050

108
108
108

Dhaka University Institutional Repository



Ax

Table A1 (Contd , )

Isobaric Z ^ A  AE^(Obs) AE^(Cal) AE^(Cal) Reft-r-
(MeV) (MeV) (MeV) ences

from rela- from rela­
tion (3.6) tion.(3»7)

Sb-Te 51 52 124 10.327 13.850+0.030 13.783+0.061 13.760+0,050 53

Te-I 52 53 126 10.472 i4.030+0.040 13.992+0.092 13.967+0.051 53

127 ^o,kkk i4.030+0.C20 13.952+0.092 13.928+0,051 53

129 10.390 13.935+0.040 13.873+0.091 13.850+0.051 53

131 10.337 13.845+0.030 13.797+0.091 13.773+0.051 53

Ba-La 56 57 131 11 .124 14.898+0.020 14.934+0.095 14.905+0.0^ 50

133 11.068 14.879+0.^20 14.853+0.095 14,825+0.053 50

135 11.013 14.797+0.020 14.774+0.095 14,746+0.053 50

137 10.960 14.752+C.020 14.696+0,094 14,668+0,052 50

139 10.907 14.651+0.015 14.620+0,094 14,592+0,052 53

La-Ce 57 58 139 11 .100 i4.800+0.120 14,898+0,095 14,870+0.053 101

Ito 11.073 14.800+0,120 14,860+0.095 14.832+0.053 101
Ce-Pr 58 59 l̂fl 11.239 15.108+0.015 15.100+0.096 15.070+0,053 53

Pr-Nd 59 60 ■ 'iki 11.4o4 15.342+0.'-15 15.338+0.097 15.370+0,054 53

Nd-Pm 60 6l ^k3 11.569 15.540+0.015 15.576+0.097 15.544+0,054 53

1^5 1 1.5'̂S 15.427+0.015 15.^99+0.097 15.467+0,054 no
1̂ +7 11.463 15-333+0.015 15.423+0.097 15.392+0^4 n o
1^9 11.412 15-259+0.015 15.349+0.097 15.318+0,054 no

151 11.361 15.180+0.015 15.276+0.096 15*245+0,054 •110
Sm-Eo. 62 63 1^5 11.896 15-992+0.015 16,049+0.099 16,014+0,055 • 110

1 /
1V9 11.789+ 15.760+0.030 15.893+0,098 15.860+0,055 111

1^1 11.737 15.700+0.030 15.818+(0.098 15.785+0,055 111
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/4xi

^Isobaric 7. Z k Z/A^'^AE (Obs) A E  (Cal) (Cal) • „. n P c c c K6i6r»
(HeV) (MeV) . (MeV) ences.

from rela- from rela­
tion,(3.6) tion (3.7)

Er-Tm 68 69 171 12.3^1 16.687+0.051 16.691+0.101 16,653+0.057 50'

Hf-Ta 72 73 181 12.816 17.240+0.050 17«37710.io4 17.337+0.058 112

Ta-W 73 7k 181 12.993 17.220+0.190 17.633+0.104 17.591+0.058 101

181 12.993 17.840+0.200 17.633+0.104 17.591+0.058 43

Os-Ir 76 77 189 13.330 18.032+0.032 18.119+0.106 18.075+0.059 50

191 13.283 18.000+0.102 18,051+0.106 18.007+0,009 50

193 13.237 17.940+0.104 17.985+0.106 17.941+0.059 50

Pt-Au 78 79 195 13.537 18.363+0.028 18.417+0.107 18.372+0,060 50

197 15^^91 18*320+0.029 180351+00107 18,306+0,060 50

199 i3-^^5 18.250+0.102 18.286+0.107 i8,2*K)+0,060
•

Au-Hg 79 80 197 13.663 18.500+0.200 18.599+0.108 18,553+0,060 43

197 13.663 18.770+0.230 18.599+0.108 18,553+0.0.60 101

Pb-Bi 82 83 205 13.991
<1

19.024+0.015 19,074+0.109 19,025+0,061 ■' 113

205 13.991 18.972+0.011 19.074+0.109 19.025+0,061 113

207 13.9^6 18.955+0.036 19.009+0.109 18,960+0,061 114

207 13.9^6 18.899+0.011 19.009+0.109 18,960+0,061 113
208 13.924 19.140+0.100 18.976+0.109 18,928+0,061 101

208 13.924 18.868+0.013 18.976+0.109 18.928+0,061 113

208 13.924 18.855+0.022 18.976+0.109 18 5̂ 28+0,061 

^,^8+0,061
113 '

208 13.924 18.S77+0.022 18.976+0.109 113

209 I3o902 18.841+0.010 18.944+0.109 l8,896+0t06i ^ l 3

U-Np
1
92 93

209
209
209
238
}38

13.902
13.902

^3.902 
A .  926 
14.926

18.841+0.030 18.944+0.109 
18.813+0.025 18.944+0.109
i8.79'I+0.015 18,944+0109 
19.770+0.150 20,423+0 .114  
19.860+0.200 20.423+0 .114

18,896+0.061 
18', 896+0.061 
18.896+0.061 
20.̂ 68+0.064  
20.368V^ 6 4

114
1 1 5’

101
43
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