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CHAPTER 1

INTRODUCTION



1. INTRODUCTION

1.1.  Nuclear data and its applications

In the study of nuclear science and technology, nuclear data is the key
component in the development and understanding of the nuclear systems and all of
its applications. Nuclear data consist of experimentally measured or evaluated data
consisting of a large number of physical quantities, like scattering and reaction cross
sections, nuclear structure and nuclear decay parameters, etc. which are relevant for

nuclear physics and nuclear applications.

A complete nuclear data for all isotopes are desirable for nuclear
astrophysics, safe reactor design, transmutation, understanding nuclear structure and
reaction dynamics, improving existing nuclear model parameters for better
prediction, industrial and medical applications. However, for various nuclear
applications, experimentally measured nuclear data are not available to cover all the
required energies. Moreover, due to the fact that some isotopes are unstable and
short-lived, or the reaction cross section itself is very small, it is sometimes
impossible or difficult to measure their cross sections directly with the present
technology. Therefore, in such cases, incomplete or inconsistent experimental data
are coupled with the optimum theoretical models to produce evaluated data (Gunsing
et al., 2015; Chadwick et al., 2006). These evaluated data are produced such that the
important data for all the nuclear reactions at all energy regions are covered.
Although the existing nuclear data covers rather complete information for all the

nuclear reactions, there is still a need for further improvement in the evaluation of



nuclear data which may include evaluating the validity of nuclear models and the
choice of parameters within it, and the technique adopted in analyzing a variety of

observables related to the compound nucleus decay (Ajay Kumar, 2014).

1.2. Radiation effects in nuclear reactor materials - Necessity of nuclear data

for unstable nuclei

In nuclear reactor developments, the generation of hydrogen and helium
through neutrons has always been a very serious problem. In addition to the
production of hydrogen and helium, the other processes such as atomic
displacements and transmutations, etc. can produce micro-structural defects in the
material. More precisely, two effects are known to occur in non-fissile materials in

the intense neutron environment of a nuclear reactor:

(1) The extensive displacements of the atoms from their lattice sites due to elastic
interactions with the impinging neutrons, and
(2) The formation of impurity atoms in the materials by transmutation reactions.
Both these effects, the displacement of atoms from their lattice sites and the
consequent production of various types of defect structures as well as the production
of impurity atoms due to transmutation reactions can influence important
macroscopic properties like strength, ductility and dimensional stability which are
the most important features for the practical application of the structural materials.
The changes brought about by irradiation on these properties are quite often
unfavorable and adverse, justifying the influence of radiation on materials being
referred to as "radiation damage™ (Rodriguez et al., 1984). There have been many
serious accidents occurred in nuclear power plants which results in many deaths and

2



the surrounding areas are left uninhabited. Out of such incidents, the three high-
profile accidents that fueled most people fear of the nuclear power are the Three Mile

Island, Chernobyl and Fukushima Daiichi.

The structural material, generally stainless steel, comprises of Fe, Ni, Cr,
Mn, Co, Nb, etc. In the Stainless Steel of type SS316, the content of Fe and Cr are
approximately 65% and 17% respectively. In the fusion reactors, the structural
materials are exposed at a high fluence of 14.1 MeV neutrons. The high production
rate of *°Fe, having a half life of 2.744 years (Huo Junde, 2008), from the neutron
exposure of natural iron via the threshold reaction *°Fe(n,2n)>°Fe, **Fe(n,y)>°Fe,
*Ni(n,a)>Fe and the production rate of >>Cr via >*Cr(n,y)**Cr(n,y)>>Cr, **Cr(n,y)>>Cr
and *2Cr(n,y)**Cr(n,y)**Cr(n,y)*°Cr is of main concern as an activation product during
the lifetime of an operating reactor (Wallner et al., 2011). Since Chromium is
structural elements in fission and fusion reactors, accurate knowledge of neutron or
proton induced reaction cross sections for its stable as well as unstable isotopes is
very important. The neutron induced reactions on °Fe and other long-lived
radionuclides, however, are difficult to measure using the standard activation
techniques due to the unstable nature of the targets and their low activities. For this
purpose and other applications, the values of total cross-sections for the production
of charged particles in the reactor materials through nuclear reactions induced by
different projectiles in the energy range from few keV to 20 MeV are required
(Lalremruata et al., 2009). Recent studies have shown that there is a possibility in
extracting the total cross sections of such nuclei which are impossible or difficult to

measure experimentally.



1.3. Literature survey: Entrance channel effects on the compound nucleus

decay

Ghoshal (1950) performed an experiment to study the excitation functions of
%4Zn formed between proton and alpha particle induced reactions on ®*Cu and ®°Ni
respectively. He established the validity of Bohr’s independent hypothesis that the
decay of compound nucleus does not depend on its mode of formation. Several
authors recently studied heavy ion fusion of some nuclei and observed an entrance

channel effect in the decay of a compound nucleus.

Bissem et al. (1980) studied the decay of the composite system °®%Ga*
formed through d+°*%°zn and *He+%*%Cu at Eq = 9-26 MeV and E(*He) = 10-44
MeV respectively. They observed entrance channel dependence in the yields for
single p- and n- emission. Ruckelshausen et al. (1986) reported that an unexpected
entrance channel effect was observed in the decay of the compound nucleus **°Er
formed between the nearly mass-symmetric ®*Ni+%Zr and asymmetric **C+***Sm
entrance channels. Similar results were also observed by Thoennessen et al. (1991)
in the decay of excited compound nuclei *°Er and **Yb at excitation energies 53
MeV and 49 MeV respectively. The compound nuclei **°Er were formed by
bombardment of °O and ®Ni on the isotopically enriched **Nd and *°zr
respectively, and the compound nuclei ***Yb were formed via the entrance channels
10 + 8sm and *Ni + *®Mo. They observed that the gamma ray spectra from *°0
induced reactions on ***Nd show a typical giant dipole resonance bump whereas the
gamma ray spectra from the more symmetric entrance channels ®Ni+*°Zr and

®*Ni+'%Mo show a dramatically different shape. They claimed that the differences



observed in the gamma ray spectra between the different entrance channels arises
from detailed nuclear structure effects in the early stages of the compound nucleus

decay.

Ajay Kumar (2014) observed an angular momentum variation in the
compound nuclei "°Kr* formed by the fusion reactions of the asymmetric entrance
channel **C+*Zn and the symmetric entrance channel *'P+*Sc at the excitation
energy of 75 MeV. In the case of the compound nucleus "°Kr* formed via the
asymmetric entrance channel ?C+%zn, the maximum angular momentum is 41t
which is the same as suggested by the Bass model (Bass, 1973) and the neutron
spectra are in good agreement with the statistical model calculations using the
normal-level density parameter a = A/8 MeV ; whereas the maximum angular
momentum is 30h in the case of the compound nucleus "°Kr* formed via the
symmetric entrance channel *P+*Sc and found that the neutron spectra are not in
agreement with the statistical model predictions using normal parameters as used for

the asymmetric system.

A more detail investigation on heavy ion reactions was made by Anastasi et
al. (2018) towards the various properties of de-excitation of the same **°Th*
compound nuclei, formed by the four different entrance channels °0+%Pb,
OAr+180Hf, 825e+138B3 and °Zr+'2*Sn. Even though the compound nucleus ?°Th* is
characterized by the same Z and A values and has the same excitation energy E¢y,
the authors pointed out the effects of the entrance channel on the compound nucleus
formation and the consequent different ways of its de-excitation cascade in the

emissions of charged particles proton and alpha together with neutron emission.



They reported that the reason of the different way of de-excitation is due to the
different orbital angular momentum distribution in the four considered entrance

channels.

The role of entrance channel effects for prediction of charged particle spectra
from the compound nuclei formed via the fusion of asymmetric and symmetric
systems was reported by Govil et al. (2000). In their experiment, a nearly same
compound nucleus having same angular momentum 42h and the same excitation
energy of 84 MeV was formed through the fusion reaction of **C+*Sc asymmetric
system and “®Si+?’Al symmetric system. They observed that the a-spectra from
283j+%"Al symmetric system deviate at both higher and lower energies from the
statistical model calculations while the measured a-spectra from *2C+*Sc
asymmetric system agrees the predictions from the statistical model calculations.
However, the authors claimed that these results could be quite different when it
comes to higher masses and at high excitation energies where the dynamics of the
reactions are perhaps quite different. Boger et al. (1994) also studied the a-
evaporation spectra from the composite nuclei **"***Th* formed by “°Ar+"'Ag at 337
MeV and %°Kr+%*Cu entrance channels. Cinausero et al. (1996) have also reported
the comparison of a-evaporation spectra for three different systems ®°Kr+"°Ge,
1%0+*%Sm and *°Ni+'®Mo. They have concluded that the a-evaporation spectra for

these systems are independent of the entrance channel.

Since the 1970’s, surrogate method had been utilized successfully for neutron
induced fission cross section measurements (Escher et al., 2012; Cramer and Britt,

1970; Britt and Wilhelmy, 1979; Younes and Britt, 2003; Younes and Britt, 2003;



Petit et al., 2004; Plettner et al., 2005; Burke et al., 2006; Lyles et al., 2007; Lyles et
al., 2007; Nayak et al., 2008; Goldblum et al., 2009; Basunia et al., 2009; Lesher et
al., 2009; Goldblum et al., 2010; Lesher et al., 2010; Kessedjian et al., 2010; Ressler
et al., 2010; Ressler et al., 2011; Desai et al., 2013; Desai et al., 2013). Recently, the
surrogate ratio method was also used to measure the **>Fe(n,p) reaction cross section
in the incident energy range 7.9 — 20.1 MeV (Bhawna Pandey et al., 2016). A lot of
efforts have also been given to extend the surrogate method for other reaction
channels such as for neutron capture cross sections and theoretical investigations
have been performed (Forssen et al., 2007). Experimental investigations have also
been performed for well known neutron capture reactions (Bernstein et al., 2006;
Boyer et al., 2006; Goldblum et al., 2008; Allmond et al., 2009; Hatarik et al., 2010).
Recently, Boutoux et al. (2012) performed experiment for Y2Yb(n,y) and *”*Lu(n,y)
with Yb(He,ay)'®Yb and Yb(*He,py)'"®Lu reactions as their surrogates
respectively. They observed large discrepancies in the gamma decay branching ratio
between the surrogate and the desired neutron induced reactions. This large
discrepancy is attributed to the fact that gamma decay probabilities are very sensitive
to the mismatch in the J™ distributions between the compound nucleus formed by the
surrogate and desired reactions. They reported that the average compound nucleus
spin is 3—4 h higher in the surrogate reaction than the neutron induced reaction.
Scielzo et al. (2010) also performed experiments to investigate the reliability of
153155157Gd(n,y) reactions using the surrogate reactions *******%8Gd(p.p*). They also
observed large deviation in the gamma emission probabilities from the direct and

surrogate reactions. They concluded that in order to extract reliable (n,y) cross



sections, a more sophisticated analysis should be developed that takes into account

angular momentum differences between the neutron induced and surrogate reactions.

1.4.  Basic principles of RF oscillator
Oscillator is an electronic device for generating an AC signal voltage.

Oscillators generate sinusoidal or non-sinusoidal waveform from very low

frequencies up to very high frequencies. It converts direct current (DC) from a power

supply to an alternating current (AC) signal.

Basically, an RF oscillator is an amplifier that provides itself (through
feedback) with an input signal. It is a non-rotating device for producing alternating
current, the output frequency of which is determined by the characteristics of the
device.

Oscillators are characterized by the frequency of their output signal:

1) A low frequency oscillator (LFO) is an electronic oscillator that generates a
frequency below 20 Hz. This term is typically used in the field of audio
synthesizers, to distinguish it from audio frequency oscillators.

2) An audio oscillator produces frequencies in the audio range, about 16 Hz to
20 kHz.

3) An RF oscillator produces signals in the radio frequency range of about 100
kHz to 100 GHz.

An RF oscillator produces a periodic signal without any input signal.
Depending on the requirement of the frequency range, there are different types of
oscillator circuits. In order to achieve high frequencies, the RF oscillator is

developed with an LC oscillator circuit; typically the Hartley, Colpitts, Clapp



circuits, etc. The basic principle of an oscillator circuit can be explained via a linear
feedback system. Figure 1.1 shows the basic block diagram of the oscillator circuit. It
includes an amplifier and a resonator, which comprise the positive feedback network.
When the power is switched ON, the circuit produces noise. The noise is amplified
by the amplifier, and passes through a resonator circuit which has filter function. At

last what's left is the signal in the passband.

Non-inverting amplifier

High impedance

Positive Feedback network High inspecance

Feedback B(jo) (_/

Figure 1.1: Basic block diagram of oscillator circuit.

The unwanted signal is filtered by the resonator. So, the signal that passes
through the resonator will then be send to the input port of amplifier and combine
with the original signal having the same phases with each other. The signal will be

amplified again at this stage. The transfer function can be expressed as:

V, (jw) _ A(jw)
Vi(iw) 1-A(jw)A(jw)

A (jw)= e (L)



The definition of open loop gain is:
L(jw)=A(jw)A(jw) ....(1.2)
Using Barkhausen principle, the oscillation condition is:
L(jw,)=A(jw,)B(iw,)=1 ... (1.3)
Therefore, a specific corner frequency @, can be obtained to ensure that the

open loop gain L( jw, ) is equal to 1, and the phase must be 0°, that is:

|A(iw,) B(iw, )|=1 e (1.4)

arg[ A( jw,)B(jw,)]=0° ... (15)
In order to satisfy Equations (1.3) and (1.4), the product of the feedback
factor and the amplifier gain should be 1. Meanwhile, the total summation of the
phases is zero after feedback. Therefore, Figure 1.1 can be changed to figure 1.2 for

different structures of amplifier.

10



Figure 1.2: Oscillator circuits comprised by non-inverting and inverting amplifier.

1.5.  Applications of RF oscillator and motivation of the work

An RF radiation has many applications in various fields such as
communication systems, medical sciences, etc. The main focus of the present study
lies in the development of ion sources. The use of RF voltage to create plasma in ion
sources dates back to the late 1940s (Thonemann et al., 1948; Hall, 1948). Since
then, the improvements made on radio frequency ion sources to deliver large ion
beams has been one of the most important advancement in the development of
particle accelerators(Thonemann, 1946; Goodwin, 1953; Eubank et al., 1954). lon
sources have widespread applications in industrial plasmas (Kaufman et al., 1982),

neutral-beam injection (NBI) systems for fusion devices (Fantz et al., 2007), bio-

11



medical sciences (Schardt et al., 2010), particle accelerators (Brown et al., 2004) and
mass-spectrometry (Houk et al., 2004). In an RF driven ion source, the high
frequency electric field accelerates free electrons to energies that are high enough to
ionize atoms or molecules with which they collide. The density of the plasma thus
created depends on the RF signal frequency and power, and plays crucial role in the

performance of the ion source (Zhu et al., 2007; Tripathi et al., 2011).

In the development of RF ion sources, the main factors to be optimized are
the operating frequency and output power of the RF oscillator, extraction probe
voltage and the ion current. Out of the various factors that affect the ion current
extracted from ion sources, the effect of RF power on the plasma density is the main
interest of the present study. Numerous works have been seen in literature on the
design and construction of RF ion sources (Brown et al., 2004; Tripathi et al., 2011).
However, these studies are mainly devoted to the extraction and different
characteristics of plasma, and little attention has been paid towards RF oscillator
itself. In the operation of vacuum tube RF oscillator, the only parameter used to
adjust the total output power level is the DC plate voltage. Thus understanding the
relationship between the two parameters is important for proper operation of the
oscillator. To measure the output power of the oscillator, two simple and inexpensive
techniques, namely, a modified form of photometric method and an RF peak voltage
detection method were used. Photometric method is one of the oldest methods of RF
power measurement in history. It is based on the ability of incandescent lamp to
convert RF power into light which is then measured with a photometer (Conhaim et

al., 1963; TM 11-685/TO 31R-1-9, 1961s). However, this method is rather classified
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as power indicator than absolute power measurement due to the inductive reactance
of the load at high frequency. On the other hand the latter method is one of the
standard and well known methods where RF power is made to be absorbed by a
purely resistive load and the electrical energy consumed is calculated from the RF
signal peak voltage. The detail procedure for RF power measurement using these two

different methods is discussed.

It has been reported that an RF ion source with power up to 300 W provides
high current density at the operating frequency of 27.12 MHz (Voznyi et al., 2013).
The saturation in the ion current can be achieved at an RF power of 380 W according
to their experimental observations (Ganguly and Bakhru, 1963). The frequency of the
RF oscillator used in their study was 40 MHz. Although it is now understood that
saturation in the ion current can be achieved at a particular frequency, it is still
important to understand the operational characteristics of an RF oscillator in terms of
its operating frequency. Therefore, the effect of the operating frequency of an RF
oscillator on its output power which is basically determined by the design of the tank
circuit or RF coil, used as antenna is studied in the present work. The dependence of

the operating frequency on the design of the RF coil is also discussed.

Among the various designs available, vacuum tube self-excited push-pull
oscillator is one of the most commonly used RF signal generator in radio frequency
(RF) driven plasma source. Even though there are now more efficient semi-
conductor based RF power sources, vacuum tube oscillator, especially self-excited
push-pull RF generator continues to occupy important place in the design and

construction of RF ion sources due to its circuit simplicity, robustness, compactness
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and ease of maintenance. However, electron tubes are high voltage devices and have
operating conditions different from that of semiconductor devices. Therefore, proper
understanding of the performance of such device is important for their application in
ion sources. The present work aimed at providing a more detailed description of the
oscillator system and operational characteristics of a self-excited push-pull oscillator

using twin beam-power tetrode, constructed for operation at around 100 MHz.
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CHAPTER 2

ENTRANCE CHANNEL EFFECTS ON THE DECAY OF A
COMPOUND NUCLEUS



2. ENTRANCE CHANNEL EFFECTS ON THE DECAY OF A COMPOUND

NUCLEUS

2.1.  Nuclear Models

In the present work, the compound nucleus formation cross sections in both
the neutron and proton induced reactions are calculated using the nuclear reaction
code TALYS-1.9 (Koning et al., 2008). The simulation of nuclear reactions in this
code involves neutrons, photons, protons, deuterons, tritons, *He- and alpha-particles,
in the 1 keV - 200 MeV energy range and for target nuclides of mass 12 and heavier.
The compound nuclear reaction calculations are done in the statistical Hauser-
Feshbach formalism (Hauser and Feshbach, 1952) with the optical potentials
developed by Koning and Delaroche (2003). Theoretical calculations for the neutron
and proton induced reactions are performed for the same set of default nuclear
models and model parameters in TALYS-1.9 from few MeV to 20 MeV incident

energy in the steps of 1 MeV.

The nuclear models that are included in TALYS can generally be categorized
into optical, direct, pre-equilibrium, compound and fission models, all driven by a

comprehensive database of nuclear structure and model parameters.
2.1.1. Optical Models

The optical model has a significant impact on many branches of nuclear
reaction physics. The central assumption of this model is that the complicated
interaction between an incident particle and a nucleus can be represented by a

complex mean-field potential, which divides the reaction flux into a part covering
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shape elastic scattering and a part describing all competing non-elastic channels.
Solving the Schrédinger equation with this complex potential yields a prediction for
the basic observables, namely the elastic scattering angular distribution and
analyzing power, the reaction and total cross sections and, for low neutron energies,
the s- and p-wave strength functions (Sy,S;) and the potential scattering radius (R).
An important feature of a good optical model potential (OMP) is that it can be used
to reliably predict these observables for energies and nuclides for which no
measurements exist, while the ingredients of the model, either microscopic or

phenomenological, are physically well-behaved (Koning and Delaroche, 2003).

The default optical model potentials (OMP) for neutrons and protons used in

TALYS are the local and global parameterisations of Koning and Delaroche (2003).

The phenomenological OMP for nucleon-nucleus scattering, Y, is defined as:

Y (r,E) = —Cv (r,E) - iQ\/ (r,E) - iQD (r,E) + Cso (I’,E).'.O + iQso

(r,E).l.o + ¢c (1), (2.1)

where ¢y so and Qy p so are the real and imaginary components of the volume-central
(V), surface-central (D) and spin-orbit (SO) potentials, respectively. E is the LAB
energy of the incident particle in MeV. All components are separated in energy-

dependent well depths, ¢y, Qv, Qp, cso, and Qso, and energy-independent radial parts

f, namely

cv(r.E)= ov(E) f(r,Rv,av), (2.2)

Qy (r.E) = Qy (E) f (r.Rv,av), (2.3)
Op(rE) = —4apQp (E)=f (rRo.ap), (2.4)
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cso (E) (L)Z %%f (r,Rs0,850), (2.5)

mgyc

Gso (I,E)

QSO (I',E)

2
Q0 (E) () 73 (NRsoaso), (26)
The form factor f (r,Rj,a;) is given by

f(rRia) = (1+ expl(r — R)/a;D7", (2.7)

where R; =AY, A is the atomic mass number and a; is the diffuseness parameter.

For charged projectiles, the Coulomb term ¢ is given by

Zze? r2
ce (N = 2R (3 — R_g)' forr <R¢
- zze? for r >R (2.8)

r

where Z and z is the charge of the target and projectile respectively, and R¢ = rcAY

is the Coulomb radius.

The parameterization of optical model potential for either incident neutrons

or protons is

2 3

cv (E) = v |1-v(E-E) +vs(E - E) - v(E - E)]
O (E) - _(or)”

v - 1 (E—Ef)2+(w2)2
Iy = constant
ay = constant

(E=Ep)°

Qo (E - 20 exp[—d,(E-E

o (E) 1 Gy P2 (E ~ Er)]
'o = constant
dp = constant
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Gso (E) = 1750139519[—77502 (E - Ef)]
(E-Ep)*
Qs (E = w
SO ( ) So1 (E—Ef)2+(Wsoz)2
'so = constant
dso = constant
rc = constant (2.9)

where Ep = B} = —2[So(Z,N) + Sy(Z, N + 1)] and Ef = Ef = —2[S,(Z,N) +

Sp(Z,N + 1)] are the Fermi energy for neutrons and protons respectively in MeV,
with S, and Sy being the neutron and proton separation energies for a nucleus with

proton number Z and neutron number N.

In general, all parameters appearing in Eq. (2.9) differ from nucleus to
nucleus. When enough experimental scattering data of a certain nucleus is available,
a so called local OMP can be constructed. TALYS retrieves all the parameters of
these local OMPs automatically from the nuclear structure and model parameter
database. If a local OMP parameterisation is not available in the database, the built-in
global optical models are automatically used, which can be applied for any Z, A
combination. A flag exists (the localomp keyword) to overrule the local OMP by the

global OMP. All optical model parameters mentioned above can be adjusted.
2.1.2. Compound nuclear reactions

When a projectile is captured by the target nucleus, a highly excited nucleus,
called compound nucleus, is formed which subsequently decays by emission of a

particle or gamma. The compound nucleus has a total energy E® and a range of
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values for the total spin J and parity I1. In such a picture, the following conservation

laws need to be obeyed.

E.+ Sa = E,+Ex+S, = E™ (2.10)
S+1+1 = s+ D+ = J (2.11)
ol To(-1)’ = mlli(-1)" = Il (2.12)

The compound nucleus formula for the binary cross section is given by

oo
Lmax+I+s J+I  j+s J+Ir j'+sr
_ Dcomp z Z 2/ +1
1 mod(I+s,1) [[=—1 (21 +a)(2s +1) J=l=111=lj=s| jr=|]=11| U=|jr=s!|
x 8, (a)8,(a") Ea,;” ;i(ZTXTz],(]E(E» - afljwllj“ (2.13)
where E, = projectile energy
S = spin of the projectile
o = parity of the projectile
I = orbital angular momentum of the projectile
J = total angular momentum of the projectile
Se(@) = 1, if (—1)'moIo = IT and 0 otherwise
a = channel designation of the initial system of projectile and
target nucleus:
o={a,s, Eq E2, |, I1o}, where a is the projectile type and E?
the excitation energy of the target nucleus (usually zero).
Ihax = maximum I-value for projectile
Sa = separation energy
E. = ejectile energy
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s’ = spin of the ejectile

T = parity of the ejectile

' = orbital angular momentum of the ejectile

j' = total angular momentum of the ejectile

So(a) = 1, if (1) s = I and 0 otherwise

o = channel designation of the final system of ejectile and residual
nucleus:

o' = {a',s', E,, Ex, I', TI}, where a' is the ejectile type, Ex the
excitation energy of the residual nucleus

I = spin of the target nucleus

I = parity of the target

I = spin of the residual nucleus

I = parity of the residual nucleus

IT = parity of the compound system

J = total angular momentum of the compound system

D™ = depletion factor to account for direct and pre-equilibrium
effects

k = wave number of relative motion

T = transmission coefficient

W = width fluctuation correction (WFC) factor.

For o channels in which E, is in the continuum, the effective transmission

coefficient for an excitation energy bin with width AEy is

Ex+=AEy

(Td,/l/j/(Eal)> = fE _leE dEXIp(EXI!]I H)Ta{,l,j,(Eal)V (214)
pa 2 pa
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where p is the level density and T is evaluated at an emission energy E, that
corresponds to the middle of the excitation energy bin, i.e. E,, = E® — E, — S, .
Hence, both transitions to discrete states and transitions to the whole accessible
continuum are covered by the sum over o' in EQ. (2.13). The normalization factor

D™ js
peomp — [Urea O.disc,direct _ UPE]/Greac , (2_15)

For the angle-integrated compound cross section, instead of performing the
full calculation, Eq. (2.13) can be decoupled into two parts that represent the

incoming and outgoing reaction flux, respectively. It simplifies to

Tar (B0 ] I-Ey,I" f)
FtOt(EtOt,],H) ’

comp _ l +I+s CF rrrtot
aaa/ - Z]Z‘rlrjlcod(1+s,1) ZH——l O-] (E © )

(2.16)

where afHF is the compound formation cross section per spin and parity given by

CF toty — 2j+1 J+1 Jjts
(E o) pecomp — 7 (21+1)(25+1)Z] |- Ilzl lj—s| al](Ea)S (a) (217)
2.1.2.1. Width fluctuation correction factor

The Eqg. (2.13) show that the width fluctuation correction factors depend on
all the angular momentum quantum numbers involved, and thus has to be re-
evaluated each time inside all the summations. The Eq. (2.13) is needed for relatively
low incident energy, where the WFC has a significant impact and where the
compound nucleus cross section to each individual discrete state is large enough to

make its angular distribution of interest. For projectile energies above several MeV
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(we generally take the neutron separation energy for safety), the width fluctuations

have disappeared, meaning that Wa’lja,l, j» = 1 forall channels.

The WFC factor W accounts for the correlations that exist between the
incident and outgoing waves. Above a few MeV of projectile energy, when many
competing channels are open, the WFC factor can be neglected and the simple

Hauser-Feshbach model is adequate to describe the compound nucleus decay.

Defining a = {o, |, j} and b = {a’, I, j'}, the compound nucleus cross section

can be written in the compact form

T TaTp

Oap = k_éﬁ Wab , (218)

Theoretical calculations are also carried out with and without width
fluctuation corrections. However, we do not observe difference in the results with

and without width fluctuation corrections in the energy ranged considered.
2.1.3. Level densities

The nuclear level density is an important physical quantity in the statistical
calculation of compound nuclear decay and therefore, useful for both pure and
applied research. It is a fundamental property of the atomic nucleus defined as the
number of energy levels per unit energy at excitation energy Ex. Together with the
optical model potential, a correct level density is perhaps the most crucial ingredient
for a reliable theoretical analysis of cross sections, spectra, angular distributions, and
other nuclear reaction observables. This is one of the reasons why level densities

have been thoroughly studied in the past and the existing literature on the subject
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consists of panoply of models ranging from microscopic level densities that are
directly obtained from combinatorial methods and Hartree—Fock approaches to
phenomenological analytical expressions (Koning et al., 2008). In the latest version
of Talys, i.e. Talys-1.9, there are six different level density models. A good reason to
provide more than one level density model is that while no single model is the most
appropriate for all nuclides, having various approaches that are all assumed to be
more or less reliable offer the possibility to do sensitivity and uncertainty analyses of

nuclear reaction calculations.
The analytical expression of level density is factorized as follows
p(Ex,J, 1) = P(Ey, J, IT) R(Ex, J) p"(Ex), (2.19)

where P(Ex , J, II) is the parity distribution, R(Ey, J) the spin distribution and
Pt (Ey) = X; Xnp(Ey, ], 1) is the total level density which corresponds to the total

number of levels per MeV around E.

2.1.3.1. The Constant Temperature Model (LDM-1)
In the Constant Temperature Model (CTM) (Gilbert and Cameron, 1965), the
excitation energy range is divided into two:
M A low energy part from 0 MeV up to a matching energy Ey, where the so-
called constant temperature law applies, and
(i) A high energy part above Ey, where the Fermi gas model applies.

Hence, for the total level density we have

pE(Ex) = pit(Ey), if Ex <Ew
= piPt(Ey), if Ex>Ewm (2.20)

and for the level density
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peru(Ex ], T = 2 Re (B, NP (By),  if Ex < En

= pr(Ey,J, 1), if Ex>Ewm (2.21)
2]+1 (+2)°
where Rp(E,,]) = %exp I— #l is the Fermi gas spin distribution and o is the

spin cut-off parameter, which represents the width of the angular momentum

distribution and is given by

c%(Ey) = o3, for 0 <Ex<Egq
= 0+t (0F(B) —a),  forEg<Ec<S,
= o} for Ex> Sy (2.22)

The Fermi gas level density of Eq. (2.21) is

2
1 2]+1 (]+1) Vi exp[2vaU]|
pr(Ey, J, 1) = 2 22ro3 exp I_ 2022 IE al/4ys/a (2.23)

where the first factor 1/2 represents the equiparity distribution, a is the level density

_ ACT™M

parameter and U = Ey is the effective excitation energy in which the energy

shift is given by

cTM_ ., 12
A = )(\/Z (2.24)

with x 0, for odd — odd,

1, for odd — even,
= 2, for even — even, (2.25)
2.1.3.2. The Back-shifted Fermi gas Model (LDM-2)
The expression for the total Back-shifted Fermi gas Model (BFM) level

density is
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tot —
pBFM(Ex) [ tot(Ex) Po(f) (226)

In the above equation, for the total level density, the pairing energy is treated
as an adjustable parameter and the Fermi gas expression is used all the way down to

0 MeV given by

P () = s @.27)
where U = E, — 4°™ s the effective excitation energy with energy shift given by
ABFM = )(\/_ + 4, (2.28)
where ¥ =-1, for odd — odd,
=0, for odd — even,
=1, for even — even.

and 0 is an adjustable parameter to fit experimental data per nucleus.
And, po of Eq. (2.26) is given by

exp(1) (an+ap)”

po(t) = Wﬁ exp(4anap 2) (2.29)

Wherean:apzaIZandtz\/g.

Hence, with the two adjustable parameters a and 6, and the inclusion of spin

distribution, Back-shifted Fermi gas Model (BFM) level density is

1\2
2 J+3
porm (Ex.), 1) = 2222 exp [— u] P (Ey), (2.30)
2.1.3.3. The Generalized Superfluid Model (LDM-3)
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In the Generalized Superfluid Model (GSM), the total level density has two

forms: one below and one above the critical energy U.. The general formula for the

total level density according to the Fermi Gas Model is given by

(i)

eS

tot
(Ex) \/EO'\/— )

(2.31)

For energies below U, i.e. U< U, the total level density is given by

tot 1 e

pGSM(Ex) = \/EO'\/_B )

and the level density is

1
Pesm(Ex, ], TI) = ERF(ExJ)PéOsgvl (Ey),
where the critical energy is U, = a.T? + E,ong-»
and the critical temperature is T, = 0.567 Ay,

Here, the pairing correlation function is given by

12

AO=\/_Z’

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

The condensation energy Econg., Which characterizes the decrease of

the superfluid phase relative to the Fermi gas phase,

expression

2
Econd. 2 zacA y

is given by the

(2.37)

where the critical level density parameter ac is given by the iterative equation

a. =4a [1 + W= —exp(-yacts )]

2
acT¢

The entropy S is defined as

T, Ur
crtu.’

Tc
S=SCF(1—¢2)=S

where S, = 2 a. T is the critical entropy and @2 = 1 — U—.

c
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(i)

The determinant D is expressed as

! ! 2
D=D.(1-¢)A+¢D? =D (2-7) (2.40)

Uc

144 . .- .
where D, = 76137}5 is the critical determinant.

The spin cut-off parameter is given by

2 U/

02 =02(1 - ¢?) = 02 o (2.41)
where g2 = 0.0138945%/3 %TC is the critical spin cut-off parameter.

The Fermi gas spin distribution is given by

Re(Ex]) = L exp l— Ml (2.42)

202 202

For energies above U, i.e. U> Ug, the total level density is given by

1z exp[2vaU]
pg?gs\l(Ex) :\/EO'E a1/4U5/4 ] (2'43)

And the level density is given by

Posu(Ex,J, T = 2 Re(Ex, ))pESh (Ex), (2.44)
where U = E, — 4%M is the effective excitation energy, with the energy shift

given by
A%M = Eqong. — x40 — 8, (2.45)

and the spin cut-off parameter in the high-energy region is

0% = 10% \E (2.46)

Finally, in the Generalized Superfluid Model (GSM), the adjustable

parameters are a and §.

2.1.3.4. The microscopic level densities (Skyrme force) from Goriely’s

tables (LDM-4)
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The previous three level density models are based on phenomenological
approaches. Although the analytical level density formulae are still routinely used in
nuclear reaction calculations, microscopic approaches are obviously to be preferred,
and the combination of advances in theoretical nuclear physics and dramatically
increased computer power has indeed led to very promising results (Koning et al.,
2008). Therefore, for incident energies up to 150 MeV and spin values up to J = 30,
there is an option to employ the nuclear level densities in tabular format which are

calculated by S. Goriely on the basis of Hartree-Fock calculations.

2.1.3.5. The microscopic level densities (Skyrme force) from Hilaire’s
combinatorial tables (LDM-5)

Apart from the Goriely’s table, level densities for more than 8500 nuclei are

available in tabular format (Capote et al., 2009), for excitation energies up to 200

MeV and for spin values up to J = 49. These level densities are used with Idmodel 5.

2.1.3.6. The microscopic level densities (temperature dependent Hartree-
Fock-Bolyubov, Gogny force) from Hilaire’s combinatorial tables

(LDM-6)

Since the above two microscopic level densities referred as ‘LDM-4" and
‘LDM-5’ have not been adjusted to experimental data, adjustment flexibility is added
through a scaling function to the microscopic level densities. Therefore, the level

density becomes
p(Ey,],TD) = exp(cy/Ex — ) purm(Ex — 6,],10), (2.47)
where 9 is the pairing shift which simply implies the level density at different energy,

the constant ¢ is more or less similar to the level density parameter a of the
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phenomenological models. By default, 6 and ¢ are both zero which is the case when
these two values are not altered. Adjusting 6 and c together gives adjustment
flexibility at both low and higher energies, so that both discrete levels and
experimental mean resonance spacings can be reproduced as good as possible.

2.2.  Theoretical framework

According to the compound nucleus theory, the decay of the compound
nucleus is independent of how it is formed. However, it is known that due to the
different J™ distributions of the compound nuclei formed by different entrance
channels, a particle decay probabilities can be very different. In this work, we
investigate how the J™ distributions of the compound nuclei formed by the neutron
induced and proton induced reactions influence the alpha decay channel for the

reactions mentioned above.

In the Weisskopf-Ewing(WE) limit of the Hauser-Feshbach compound
nucleus theory, it is assumed that the decay branching ratios are independent of the
compound nucleus angular momentum and parity (Hauser and Feshbach, 1952). We
can therefore write the expression for the neutron induced reaction cross section

referred here as ‘reference’ by
Ona(En) = O-gN(E*)Ga(E*) (2.48)

where oV (E*) = Y= a5V (E*,J™) is the compound nucleus formation cross section
at the excitation energy E* in the neutron induced reaction which can be calculated
easily with a suitable optical potential, and G, (E*) is the alpha branching ratio of the

compound nucleus produced by neutron induced reaction.
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Similarly, the proton induced reaction which produced the same compound
nucleus at the same excitation energy, and decay into the same outgoing channel as

the neutron induced reaction can also be expressed as
Opa(Ep) = oV (EM)GH(EY) (2.49)

where agN(E*) = Y ag"’(E*,]”) is the compound nucleus formation cross section
in the proton induced reaction which can also be calculated easily with a suitable
optical potential, and G, (E*) is the alpha branching ratio of the compound nucleus

produced by proton induced reaction.

The kinetic energy of the particle E; is related to the excitation energy of the

compound nucleus E*, via
E*X=E +§ (2.50)

where E* is the compound nucleus excitation energy that has been reached in the
case of the neutron induced reaction, A, is the mass of proton, A is the mass of the
target nucleus and S, is the separation energy of proton from the compound nucleus.
The proton energy can be converted into its equivalent neutron energy using equation
(2.50).

In the WE limit, the branching ratios in Eq. (2.48) and Eq. (2.49) are similar,
which is experimentally measurable alpha decay probability from the proton induced

reaction. Hence, we can write the decay probability as

Pdecay(E*) — Ga(E*) — G‘;(E*) (251)
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By utilizing Eq. (2.51), the neutron induced reaction cross section can be

extracted by using the proton induced reaction referred as ‘extracted’ by
Ona(En) = 05" (E")Gg(E™) (2.52)
where symbols have their usual meanings.

If the neutron induced cross section given by Eq. (2.48) is taken as reference,
and under the Hauser-Feshbach formalism of compound nucleus reaction calculation
with the valid assumption of the WE limit, this reference cross section should be the
same as the extracted (n,a) cross section from the proton induced reaction using Eq.

(2.51).

For the reactions considered in the present work, since the preequilibrium
contributions are significant especially above 7 MeV incident energy, their
contributions have to be taken into account. Escher et al. (2012) suggested that the
best way to account for the missing preequilibrium contribution is to perform model
calculations of the reference reaction with (gS¥*PE) and without (of¥
preequilibrium, and to multiply the ratio of the two model calculations with the cross
sections extracted using Eq. (2.52). This can be implemented by extending Eq. (4) as

follows

U’na(En) = O-rgN(E*)G,a(E*)R (2.53)

CN+PE
na

where R = JGCN and other symbols have their usual meanings as in Eq. (2.52).

na

There are eight different options for the y-ray strength function in TALYS-
1.8 and their sensitivity has been studied. In general, most of these options are based
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on the work of Kopecky and Uhl (Kopecky and Uhl, 1990), or Brink (Brink, 1957)

and Axel (Axel, 1962). The eight different Photon Strength Functions are listed

below:

1)

(@)

Photon Strength Function 1(PSF-1): Kopecky-Uhl generalized Lorentzian
(Kopecky and Uhl, 1990).
Photon Strength Function 2(PSF-2): Brink (Brink, 1957) and Axel Lorentzian

(Axel, 1962).

(3) Photon Strength Function 3(PSF-3): Hartree-Fock BCS tables (Capote et al.,

(4)

()
(6)

2009).

Photon Strength Function 4(PSF-4): Hartree-Fock-Bogolyubov tables (Capote et
al., 2009).

Photon Strength Function 5(PSF-5): Goriely’s hybrid model (Goriely, 1998).
Photon Strength Function 6(PSF-6): Goriely temperature-dependent Hartree-

Fock-Bogolyubov.

(7) Photon Strength Function 7(PSF-7): Temperature-dependent relativistic mean

(8)

field.
Photon  Strength  Function 8(PSF-8): Gogny D1M  Hartree-Fock-
Bogolyubov+QRPA.

Theoretical calculations are also carried out with and without width fluctuation

corrections. However, we do not observe difference in the results with and without

width fluctuation corrections in the energy ranged considered.
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3. CONSTRUCTION AND CHARACTERIZATION OF AN RF

OSCILLATOR

3.1. Introduction

This chapter consists of a detail description in the design of the RF oscillator
adopted in the present work. In Section 3.2, the complete circuit diagram of the
present RF oscillator is shown. Each of the associated parts comprising the RF
oscillator is characterized in the present work. The different parts of the oscillator are

described in the succeeding sections from Section 3.2.1 to 3.2.5.

As discussed in the importance of power measurement in Chapter 1, the
reliable and inexpensive power measurement technique is required for better
maintenance of the RF ion sources. Different techniques for measuring the RF power
were investigated in this work. The detail description of two of the most simple and

reliable power measurement techniques and their flaws are presented in Section 3.3.
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3.2.  Circuit Description

Schematic circuit diagram of an RF oscillator used in the present study is
shown in Figure 3.1. The present RF oscillator follows the design used in an Oak
Ridge type ion source reported by Moak et al., 1951, and works on the principle of a

push pull amplifier.

RF Coil

* Ve

: *Vae
. -

Figure 3.1: Circuit diagram of RF oscillator. Q = 829B twin beam-power tetrode; RF
Coil: tube diameter = 0.6 cm, pitch = 1 cm, coil diameter = 7 cm; Rs = 20
kQ,20W; Ry =Rp=68kQ, 1 W;Cy=Cgp=1PpF,1kV; C=50pF,

Li= 586 pH; L= 589.5 pH.
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3.2.1. Power supply

DC power supply for the tube is obtained from a full-wave rectifier with
center-tapped 230V to 1kV step-up transformer and RC filtering circuit as shown in
Figure 3.2. The necessary biasing DC voltage is also supplied to the screen grid via a
resistor ‘Rs’ (20 kQ, 20 W). Low wattage below 15 W results in excessive heating of
the screen grid resistor, and thus changing the resistance value and operating point of
the tube. Separate ac supply of proper voltage is employed to heat the filament. The
applied plate voltage of the tube can be varied using a Variac (0-270 V) connected at

the input of the step-up transformer.

“>9

-
e
o

[ B

Figure 3.2: Circuit diagram of 1 kV DC power supply. T = 100 VA Step-Up
Transformer; D = IN 4007, 700 V (PIV); C = 330 uF, 450 V; R = 1.18

MQ.
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3.2.2. Amplifier

The amplifying stage of the oscillator is a vacuum tube connected in push-
pull arrangement with capacitive coupling to the control grid. Vacuum tube is an
electronic device that controls the flow of electrons in a vacuum. It is also called
electron tube or a valve. It is a device used to amplify electronic signal. A vacuum
tube consists of a cathode (also called filament) that emits free electrons, anode (also
called plate) that collects the electrons emitted by the Cathode and the grid that
controls the flow of electrons or electric current between Anode and Cathode. The

vacuum tube used in this study is an 829B Twin Beam Power Tube.

The schematic diagram of a pentode valve and the photographic image of an

829B twin beam power tube are shown in Figure 3.3 (a) and (b).

Plates Suppressor grid

€—— Screen grid

~

Controlgrid 1—>} €
Controlgrid 2

Cathode

(@) (b)

Figure 3.3: (a) Schematic diagram of pentode, (b) Photograph image of 829B power

tube.
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3.2.3. RF Choke

Radio Frequency Choke (R.F.C) is a basic inductor used to choke the Radio
frequencies. This kind of inductor will allow DC current to pass through but blocks
AC current in the radio frequency range. The choke circuits are low pass filters
because they choke out high frequencies and pass the lower frequencies. L, L, and C
of Figure 3.1 are the RF chokes and capacitor to prevent the dc source from RF

signal interference.

3.2.4. RF Cail

The LC frequency selector or RF coil or Tank circuit is the most important
part of the RF oscillator. It is used as an antenna for transmission of the generated RF
signal. The RF coil is basically an inductor and a capacitor connected in parallel.

Initially the capacitor is charged to some voltage. Then the capacitor C will
start discharging through inductor L. The voltage across capacitor will start to
decrease and the current through the inductor starts increasing. The increasing
current creates an electromagnetic field around the coil and when the capacitor is
fully discharged the electrostatic energy stored in the capacitor will be fully
transferred into the coil as electromagnetic field. With no more energy in the
capacitor to sustain the current through the coil, the field around the coil starts to fall
and the current through the coil tends to decrease. Due to electromagnetic induction,
the inductor will generate a back emf equal to L(di/dt) in order to oppose the change
in current. This back emf will charge the capacitor again.

When the capacitor is fully charged, the energy stored in the inductor as

electromagnetic field will be moved to the capacitor as electric field. Then the
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capacitor starts discharging again and the cycle is repeated. This cyclic transfer of
energy between the capacitor and inductor is the reason behind the production of
oscillation in the tank circuit. Hence, the oscillation frequency of the oscillator is
primarily determined by the resonance frequency of the RF coil forming LC tank
circuit and is given by

f=1/2nV(LC), (3.1)

The inductance ‘L’ and capacitance ‘C’ of equation (3.1) are dependent
factors which are basically determined by the dimension of the tank circuit. The
schematic diagram of the RF coil used in the present study is shown in Figure 3.4. It
is made of copper tubing winded into two turns of coil. The parasitic or stray
capacitance between the windings serves as the capacitive part of the LC tank circuit.
The inductance and other parameter of the RF coil are calculated using a web-based
calculator employing current-sheet coil geometrical formula (Corum et al., 2001)

available at http://www.hamwaves.com/antennas/inductance.html corrected for field

non-uniformity and round wire.
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Figure 3.4: A photograph and schematic diagram of RF coil

3.2.5. Push-pull Amplifier and operation of a push-pull oscillator

Push-Pull Amplifier is a power amplifier which is used to supply high power
to the load. It consists of two amplifying stages. One of the amplifying stages pushes
the output on positive half cycle and the other pulls on negative half cycle; this is
why it is known as Push-Pull Amplifier. The basic operation of a push-pull oscillator

can be described briefly as explained below.

When a random voltage fluctuation makes the grid of Py; (see Fig. 3.1)
positive, it makes the grid of Py, negative. These cause changes in the plate current.
Resonated by the tank coil in the plate circuit, they cause voltage changes on the

plate which, fed through the plate to grid capacitance, reverse the polarity of the
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grids. This continues, the tank circuit strengthens the voltage changes of the grids

and plates, so that strong oscillations are developed.

In addition to the fact that the two tubes are operating to give greater power,
the symmetry of the circuit makes it particularly suitable for use at ultra high

frequencies.

3.2.6. Grid leak resistors and capacitors

The grid leak resistors and the capacitors are used for switching the two
amplifying stages of the tube. The grid leak resistors Ry and Ry, each of resistances
22 kQ are connected between the control grids and ground, to which both the
cathodes are also connected. The plates and control grids are connected cross-wise
by coupling capacitors of capacitance 1pF. The grid leak resistors together with
coupling capacitors provide the necessary biasing to the control grid. This
combination forms an astable multi-vibrator circuit, which has no stable state and the
output is continuously oscillating between the two unstable stages. It automatically
and continuously goes on triggering itself internally. The time period of each state is

determined by the RC time constant.

The plate resistances of the tube in the fully conducting state and the internal
grid resistances at zero or positive grid-to-cathode potential are very small compared
with the external resistances in the plate and grid circuits. Furthermore, it is assumed
that the influence of the stray capacitances of the valve electrodes and the wiring,
which shunt the resistances and can have considerable effects on the wave shape of

the relaxation signal at high frequencies, is negligible. More precisely, this means
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that the time constants containing these stray capacitances are very small compared

with the period and time of rise of the relaxation signal.

With these assumptions, the multivibrator action may be described as a
switching device that changes the two amplifying stages of the valve alternately from
the conducting into the non-conducting state in a switching time that is negligibly
small compared with the total period of the relaxation signal which results from this
switching action. Then, during one half of the total period of the multivibrator signal,
one of the amplifying stages, say Unit No. 1 (U3), is conducting; the other stage, Unit
No. 2 (Uy), is cut off. During the second half of the period, the reverse process holds,

namely U; is cut off and U, is conducting.

The oscillator is naturally air cooled during operation and the frequency of
the RF signal is directly measured with frequency counter FC 2400. Conventional

digital multimeters are used to measure voltage and current.

3.3. RF Power measurement

3.2.1 Modified form of Photometric Method

The experimental setup for RF power measurement is shown in Figure 3.5.
The method is based on the ability of incandescent light bulb to convert RF power
directly into heat and light. The setup consists of an ordinary 100 Watt, 230 V light
bulb ‘B’ directly coupled to the RF tank coil using two parallel open wires of length
50 cm. Light emitted by the incandescent lamp is detected with a cadmium sulphide
LDR (light-dependent resistor) photometer. For all measurements, LDR is kept at

distance of 5 cm from the center of the bulb and Vpr is fixed at 7 V. To achieve
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impedance matching between the source and the load, the positions of the two output
tapping points in the RF coil are adjusted till maximum LDR current reading is
indicated by the ammeter. With 100 watt light bulb load, impedance matching is

observed at 1/3 of the coil center tapped point.

@
y 4 B
J——_ 69 LDR () — ?? .
} RF Coil
. 03 A

Scm 50 cin

Figure 3.5: Experimental setup for photometric method of RF power measurement.

The LDR current reading at different light intensity is next calibrated into power

with standard 50 Hz AC source using the following relation
P=VI 3.2)

In the calibration process, the transmitter is replaced by a variable standard ac
source and the brightness of the bulb is adjusted to give LDR current reading equal to
that recorded with RF power. With this modified form of photometric method the
relative RF output power can be obtained at a more precise level.

However, the filament of incandescent lamp is coiled coil in structure and as a
result the power value indicated by this measurement method will not be same if the
load is purely resistive. To estimate the amount of power attenuated by the filament,
inductors of different inductances are connected in series with a 100 watt light bulb
in a 50 Hz AC circuit, and the variation of AC power with inductive reactance is first

studied at different applied voltage. The inductance of the external inductors used in
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this study varies from 14 mH to 415 mH according to direct measurement with Fluke
PM6303A RCL meter at 1 kHz. From the relationship between inductive reactance
and power delivered to the load, the amount of RF power attenuated by the filament
reactance can be calculated as explained in Section 3.2.

The inductance of the filament is calculated from its physical dimension using
Lundin’s formula (Lundin et al., 1985) as the 1 kHz RCL meter cannot be used for
direct measurement. Following are the dimension of the filament obtained with a
travelling microscope (VC = 0.001): length = 35 mm; bigger coil diameter = 0.8 mm
(outer), pitch = 0.27 mm; smaller coil diameter = 0.12 mm; filament wire thickness =
0.05 mm; number of turns (bigger coil) = 96; number of smaller coil turns in the
bigger coil = 22.

All power measurements using photometric method are conducted in a dark room
to avoid interference from background light. Each measurement was repeated at least
three times to check the consistency in our results and the maximum uncertainty in
power measurement is calculated to be about 2%.

3.2.2. Peak voltage detection method

In this method, the RF power is transferred to a purely resistive load of 50
ohm through a coaxial cable and the voltage developed across the load is detected
with a high speed diode as shown in Figure 3.6. The diode rectifies the RF signal and
converts it to a DC voltage, which can be read by a multimeter with good accuracy;
the 1nF capacitor is there to smooth the rectified DC signal presented to the meter.
The voltage thus measured corresponds to the peak RF voltage and related to the RF
power by the equation

P =V, %2R (watt) (3.3)
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where V,= measured peak voltage + diode forward voltage drop which is 0.7 V for
Silicon, and R is 50 ohms. The high speed diode used to detect and rectify RF signal
is 1N4148 having reverse recovery time of 4 ns. The 50 ohm dummy load is
constructed out of 20 number of 1k (1 watt) carbon resistors connected in parallel
between two circular copper coated PCB. The whole unit is then immersed in
paraffin oil to further increase the power handling capacity. No appreciable change in
temperature of the paraffin oil was observed during operation. Peak voltage
measurement cannot be performed beyond 800 V due to the interference of the

digital voltage measuring device by the high field RF signal.

D

® R =c (V)

Figure 3.6: Circuit diagram for peak voltage measurement with diode detector and

dummy load. (R =50 ohm; D = 1N4148, 100V PIV; C = 1 pF).
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CHAPTER 4

RESULTS AND DISCUSSION



4. RESULTS AND DISCUSSION

4.1. Introduction

In the first two sections of this chapter, a complete description on how the
different entrance channel affects the decay probability is reported. Case studies for
two particular reaction combinations are made. In particular, the alpha decay
probability is observed for the two reactions in each case. In Section 4.2, the case
study for a reaction combination of the **Mn(n,0)*?V reaction and the **Cr(p,0)*2V
reaction is reported. The case study for the other reaction combination consisting of

the *°Fe(n,0))°*Cr reaction and the >>Mn(p,o)**Cr reaction is reported in Section 4.3.

The remaining part of this chapter contains the characterization of an RF
oscillator on account of its application in the low energy charged particle accelerator
and the power measurement techniques for the RF output power. In Section 4.4, the
operating conditions of RF oscillator are discussed in detail. Section 4.5 contains a
detail description on the techniques adopted for measuring the RF output power. The
dependence of the operating frequency of the RF oscillator and hence the RF output

power on the RF coil design is reported in Section 4.6.
4.2.  The *Mn(n,a)**V reaction

In this case, the reaction of interest is the *°Cr(p,a)*?V reaction. As already
discussed in Chapter 1, since the target >°Cr is unstable, an alternative **Mn(n,0)*2V
reaction will be used to extract the *>Cr(p,a)>?V reaction cross section. Converting
the proton energy to its equivalent neutron energy, the proton energy scale has been

shifted by ~1.82 MeV with respect to the neutron energy scale. The important

45



physical information necessary for theoretical calculations between the reactions

under considered are given in Table 4.1.

Figure 4.1 shows the neutron and proton transmission coefficients on *>Mn
and *Cr targets respectively calculated using local optical potential by Koning and
Delaroche for several partial waves ranging from | = 0 to 9. The solid curves
represent the neutron transmission coefficients on the *°Mn target, and the dash lines
are for the proton transmission coefficients on the *°Cr target. The list of possible
states of the J™ population of the compound nucleus **Mn formed via n+>*Mn and

p+>°Cr are given in Table 4.2 and 4.3 respectively.

Table 4.1: General information of >>Mn(n,a)*2V and >>Cr(p,o)>?V reactions

IS:J. Physical quantity >Mn(n,a)>2V >Cr(p,a)>2V

1 Projectile spin (s) 0.5 0.5

2 Projectile parity +1 +1

3 Projectile mass 1.00782503223 a.m.u. 1.008665 a.m.u.
4 Target spin () 2.5 1.5

5 Target parity -1 -1

6 Target mass 54.93804391 a.m.u. 54.9408397 a.m.u.
7 Q-value -0.62223MeV 1.19812 MeV
g | Separation Energy 7.27045 MeV 9.09080 MeV

of projectile
9 Reaction Threshold 0.633 MeV 0
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Figure 4.1: Transmission coefficients of neutron on >>Mn and proton on >°Cr.

Table 4.2: Possible J" states of the compound nucleus **Mn formed via n + **Mn

Spin ant_j Pa_rlty Spin of target Possible Spin and Parity
| | Desianation of Projectile (M) of the Compound
g (neutron) I Nucleus (**Mn)
S Jr
0 S 0.5" 2.5 2,3
1 p 1%, 2%, 3" 47
2 d 0,1,2,3,4,5
3 f 0%,1%,2°,3,4",5", 6"
4 g 1,2,3,4,5,6,7
5 h 2,3, 4,576, 7,8
6 i 3,4,5,6,7,8,9
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Table 4.3: Possible J" states of the compound nucleus **Mn formed via p + *°Cr

Spin an(?l Pa_rlty Spin of target Possible Spin and Parity
| | Desianation of Projectile cr) of the Compound
g (proton) | Nucleus (**Mn)
S Jr
0 S 0.5" 1.5 1,2
1 P 0%,1%, 2%, 3"
2 d 0,1,2,3,4
3 f 1%,2°,3%, 4", 5"
4 g 2,3,4,5,6
5 h 3,45, 6,7
6 [ 4,5,6,7,8

Fig. 4.2 shows comparison of J™ distributions of the **Mn compound nuclei
formed by the **Mn(n,a)®®V and **Cr(p,0)*®V reactions at equivalent neutron
energies of 5, 10, 15 and 20 MeV. Although calculations are carried out from
threshold to 20 MeV in the steps of 1 MeV, only few selected results are plotted as
the trends are similar. In Fig. 4.2, the figures on the left panel are the angular
momentum distributions for the positive parity and the figures on the right panel are
for the negative parity. The figure labels also indicate the average angular

CN p* T daj . B
momentum < J7 >= 22 _EJT VY50 oty the neutron and proton  induced
%y aN (B Jm)d]

reactions. It can be seen from Fig. 4.2 that the angular momentum distributions of the
*®Mn compound nuclei formed by the neutron and proton induced reactions are very
similar and the average angular momentum difference is also less than 2h for all the

positive and negative parities, throughout the energy range considered. This similar
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angular momentum distribution is a result of the features in Fig. 4.1. In Fig. 4.2, at 5
MeV equivalent energy, the main contributions are from s, p, d, f, g and h-waves as
shown in Fig. 4.1, in the case of neutron absorption. The J* population of **Mn after
neutron absorption on >°>Mn(5/2-) is therefore dominated by 07, 17,2, 3, 4,5, 6, 7°
and 0, 1*, 2*, 3", 4* 5% 6%, 7*, 8". Similarly, for the proton absorption in *>Cr(3/2-),
the main contributions are from s, p and d-waves as seen in Fig. 4.1. The J*
population of **Mn is dominated by 1, 2°, 3", 4 and 1%, 2%, 3*. As the incident energy
increases, higher angular momenta contribute resulting in the increase of the <J>
value as shown in Fig. 4.2. The decrease of the difference in the <J> between the two

incident channels as the energy increases can also be understood from Fig. 4.1.
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Figure 4.2: Comparison of the J™ distributions of the **Mn compound nuclei
formed by the neutron and proton induced reactions (a) for positive

parity and (b) for negative parity.

Fig. 4.3 (@) & (b) shows the reaction cross sections for all the opening
channels in both the neutron and proton induced reactions on the target nuclei >>Mn
and >°Cr respectively in the energy range considered. The figure on the left panel is
for the n+>>Mn channel and the right panel is for the p+°Cr channel. It can be seen
from the figure that the only opening channels are neutron, proton, gamma and alpha
below ~7 MeV in both the channels. As the incident energy increases, the number of
opening channels increased in both the case. It can also be seen that the alpha
emission channel is maximum at ~15 MeV. However, since there are many other
opening channels above ~15 MeV, the cross sections for **Mn(n,0)*?V and

>>Cr(p,a)°V reactions is expected to decrease beyond this energy.
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Figure 4.3: A plot of all the opening channels induced by neutron energy from 4
MeV to 20 MeV for the entrance channels: (a) n+>*Mn and (b) p+>°Cr

(at equivalent neutron energy).
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To optimize the models and parameters used in Talys-1.9, we performed
calculations using six different level density models and eight different gamma ray
strength functions available in Talys-1.9 which are compared with available
experimental data (Paul et al., 1953; Kumabe, 1958; Weigold, 1960; Nix et al., 1961,
Kaul, 1962; Gabbard and Kern, 1962; Peil, 1965; Khurana and Govil, 1965;
Bormann et al., 1965; Frevert, 1965; Minetti and Pasquarelli, 1967; Zupranska,
1980; Ngoc, 1980; Vanska and Rieppo, 1980; Florek, 1984; Bostan and Qaim, 1994;
Fessler et al., 2000; Zhang et al., 2012; Filatenkov, 2016) taken from EXFOR
database (Otuka et al., 2014) and evaluated data taken from evaluated nuclear data
libraries TENDL-2017(Koning et al., 2017) and ENDF/B-VII.0 (Chadwick et al.,
2006) which is shown in Fig. 4.4. It can be seen that the reference cross section
obtained using LDM4 best match the available experimental data and the evaluated
nuclear data files of TENDL-2017 and ENDF/B-VII.0 whereas the gamma ray
strength functions do not have significant effects for a given level density model.
Therefore, the Talys-1.9 calculation with level density model 4 (LDM4) and the
default gamma ray strength function (strength 1) are chosen as the ‘Reference
Model’ or “benchmark” and this is compared with the extracted cross section. The
same model and model parameters are adopted for all the reactions considered in this

work.
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Figure 4.4: Comparison between the reference **Mn(n,0)*?V reaction cross section
calculated using all the available level density models and gamma ray
strength functions in TALYS-1.9, the available experimental data taken
from EXFOR database and the evaluation data of TENDL-2017 and

ENDF/B-VII.0.

Fig. 4.5 shows comparison between the alpha decay branching ratios of the
*®Mn compound nuclei formed by the neutron and proton induced reactions using the
reference model. It can be seen that the alpha decay branching ratios obtained from
the *®Mn compound nuclei formed by these two reactions match perfectly throughout
the energy ranged considered. These results show that although **Mn compound

nuclei were formed by the neutron and proton induced reactions with the averaged
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angular momentum mismatch less than 2h throughout the energy range considered,

this mismatch do not show significant influence on the alpha decay probabilities.
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Fig. 4.5: Comparison between the alpha decay branching ratio of the *°Mn
compound nuclei from the **Mn(n,0)*?V and **Cr(p,)*?V reactions.

Fig. 4.6 shows comparison between the reference (n,a) reaction cross section
including both compound nucleus and preequilibrium contributions and the extracted
(n,0) reaction cross sections from the proton induced alpha decay branching ratio
using Eqg. (2.53). As is already obvious from Fig. 4.5, we observed good agreement
between the reference >*Mn(n,0)*?V reaction cross sections with the extracted
neutron induced reaction cross sections from the >*Cr(p,a)>?V reaction which also
agrees well with the experimental cross sections. This result shows that reliable and
accurate >>Mn(n,o)*?V reaction cross section can be measured or extracted with the
>>Cr(p,a)°V reaction and vice versa. *°Cr is unstable (Ty, = 3.497 mins), and can be
produced in reactor environments using >*Cr(n,y), >Cr(n,y)**Cr(n,y),

*2Cr(n,y)>Cr(n,y)**Cr(n,y) etc. channels. Since Chromium is structural elements in
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fission and fusion reactors, accurate knowledge of neutron or proton induced reaction
cross sections for its stable as well as unstable isotopes is very important. It is also
worth noting that due to the availability of sufficient experimental cross sections for
*Mn(n,0)*V reaction, this information can be utilized to validate or use as
evaluation tool for the **Cr(p,0)°?V reaction cross section for the evaluated nuclear

data libraries as shown in the present work.
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Figure 4.6: Comparison between the reference *>Mn(n,a)*?V reaction cross section
including both compound nucleus and preequilibrium contributions
calculated using LDMA4, and the extracted neutron induced reaction cross
sections from the proton induced reactions using Eq. (2.53) labelled as
“Extracted”, the available experimental data taken from EXFOR and the

evaluation data of TENDL-2017 and ENDF/B-VII.0.
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4.3.  The *Fe(n,0)’*Cr reaction

In this case, the reaction of interest is the *>Fe(n,o))**Cr reaction. Similar to
the previous case, since the target *Fe is unstable, an alternative >*Mn(p,a)°’Cr
reaction will be used to extract the *Fe(n,0)’’Cr reaction cross section. On
conversion of the proton energy to its equivalent neutron energy, the proton energy
scale has been shifted by ~1.032 MeV with respect to the neutron energy scale. The

important physical information necessary for theoretical calculations between the

reactions under considered are given in Table 4.4.

Table 4.4: General information of >*Mn(p,a)**Cr and *°Fe(n,a)*°Cr reactions

,3:) Physical quantity >*Mn(p,a)>*Cr >Fe(n,a)>°Cr

1 Projectile spin (s) 0.5 0.5

2 Projectile parity +1 +1

3 Projectile mass 1.00782503223 a.m.u. 1.008665 a.m.u.

4 Target spin (1) 2.5 1.5

5 Target parity -1 -1

6 Target mass 54.93804391 a.m.u. 54.938291994 a.m.u.
7 Q-value 2.57042 MeV 3.58386 MeV

8 gfg?g?g;?lf”ergy 10.18367 MeV/ 11.1971 MeV

9 Reaction Threshold 0 0
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Similar to Fig. 4.1, Figure 4.7 shows the neutron and proton transmission
coefficients on *°Fe and *°Mn targets respectively calculated using global optical
potential by Koning and Delaroche for several partial waves ranging from |1 =0to 9.
The solid curves represent the neutron transmission coefficients on the >°Fe target,
and the dash lines are for the proton transmission coefficients on the *>Mn target. The
list of possible states of the J* population of the compound nucleus **Mn formed via

n+>°Mn and p+>°Cr are given in Table 4.5 and 4.6 respectively.

1.0

= ]

=~ 0.8

2

(&]

=

(8] O 6_

o U

©) n+SFe  p+*Mn

5 =0 = "Tip=0

‘D 0.4 - = Tn=1 = "Tip=1

0 Y —Th=2 = "Tip=2

e = Th=3 = "Tip=3

8 = Th=4 = “Tip=s

< | Th=5 = "Tip=s

S 02' —_—Ty_p = =T

|_ In=6 Ip=6
= Th=7 = "Tip=7
" Tih=8 = "Tjp=g

= Tin=9 = Ty

0 5 10 15 20 25 30
Equivalent neutron energy (MeV)

o
o
L

Figure 4.7: Transmission coefficients of neutron on >*Fe and proton on >*Mn.
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Table 4.5: Possible J* states of the compound nucleus *°Fe formed via n + *°Fe

Spin and Parity . Possible Spin and Parity
. Spin of
| | Desianation of Projectile target (°Fe) of the Compound Nucleus
g (neutron) g | (°°Fe)
s Jr
S 1,2
0.5 1.5
1 p 0%, 1%, 23"
2 d 0,1,2,3,4
3 f 1%,2%,3%, 4", 5"
4 g 2,3,4,5,6
5 h 3,456, 7
6 i 4,5,6,7,8

Table 4.6: Possible J" states of the compound nucleus *°Fe formed via p + **Mn

Spin and Parity Spin of target Possible Spin and Parity
| | Desianation of Projectile b (®Mn) g of the Compound
g (proton) I Nucleus (*°Fe)
S Jr
0 S . 2,3
0.5 2.5
1 p 1%, 2%, 3% 4
2 d 0,1,2,3,4,5
3 f 0%,1%,2%,3",4",5", 6"
4 g 1,2,3,4,5,6,7
5 h 2,3",4",5",6", 7,8
6 [ 3,4,5,6,7,8,9

Again, similar to Fig. 4.2, Fig. 4.9 shows the J= distributions of the *°Fe

compound nuclei formed by the *°Fe(n,a)*’Cr and **Mn(p,0)°’Cr reactions at

equivalent incident neutron energies 5, 10, 15 and 20 MeV. Again, calculations are
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carried out from 1-20 MeV in the steps of 1 MeV. It can be seen from Fig. 4.8 that
the angular momentum distributions of the *°Fe compound nuclei formed by the
neutron and proton induced reactions are very similar and the average angular
momentum difference is less than 0.5h for all the positive and negative parities,
throughout the energy range considered. Again as in the case of *>Mn(n,0)*?V and
*Cr(p,a)°V reactions, this similar angular momentum distribution is a result of the
features of partial waves in Fig. 4.7. In Fig. 4.8, at 5 MeV incident energy, the J~
population of *°Fe after neutron absorption on **Fe(3/2") is dominated by 07, 1, 27, 3,
4,5,6 and 0%, 1%, 2, 3", 4", 57, 6",7". These J~ states of the compound nucleus are
populated predominantly after neutron absorption that can be reached by s, p, d, f, g
and h-waves capture which can be seen from Fig. 4.7. Similarly, at the same
equivalent energy of 5 MeV, the J= population of *°Fe after proton absorption on
*Mn(5/2) is dominated by 0, 1°, 2", 3, 4, 5, 6, 7 and 0%, 1%, 2, 3%, 4* 5% 6" 7"
after s, p, d, f, g and h-waves capture shown in Fig. 4.8. The averaged J~ distribution
of the *°Fe compound nucleus formed is almost similar from the neutron and proton
induced reactions even at low incident energies compared to the previous case where
the difference in <J™> at 5 MeV incident energy is 1.6h. Although the Projectile-
Target spins and parity are very similar in both the cases, the much lower difference
in <J*> for the **Fe(n,a)**Cr and **Mn(p,)**Cr reactions compared to **Mn(n,a)*?V
and SSCr(p,a)SZV reactions may be attributed to the much higher neutron and proton
separation energies, 11.197 MeV and 10.184 MeV in n + **Fe -> *°Fe* and p + **Mn
-> %Fe* systems respectively whereas the neutron and proton separation energies are
7.270 MeV and 9.091 MeV for n + >>Mn -> *®Mn* and p + >°Cr -> **Mn* systems
respectively. Therefore, even at low incident energies, the compound nuclei formed
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are populated at high excitation energies resulting into similar J7 distributions of

compound nucleus.
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Fig. 4.8: Comparison of the Jm distributions of the *°Fe compound nuclei formed by

neutron and proton induced reactions (a) for the positive parity and (b) for

the negative parity.

Similar to Fig. 4.3, Fig. 4.9 (a) & (b) shows the reaction cross sections for all

the opening channels in both the neutron and proton induced reactions on the target

nuclei *°Fe and >°Mn respectively in the energy range considered. The figure on the

left panel is for the n+°°Fe channel and the right panel is for the p+°>Mn channel.

Similar to the previous case, the only opening channels in this case are neutron,

59



proton, gamma and alpha below ~8 MeV in both the channels. As the incident
energy increases, the number of opening channels increased in both the case. It can
also be seen that the alpha emission channel is again maximum at ~15 MeV.
However, since there are many opening channels above ~15 MeV, the cross sections
for **Fe(n,0)°*Cr and **Mn(p,a)>*Cr reactions is expected to decrease beyond this

energy.

Absorptiol i Absorption

0 5 10 15 20 0 5 10 15 20
E,, (MeV) E,, (MeV)

Figure 4.9: A plot of all the opening channels induced by neutron energy from
thresholds up to 20 MeV for the entrance channels: (a) n+>°Fe and (b)

p+>°Mn (at equivalent neutron energy).

Fig. 4.10 shows the alpha decay branching ratios of the *Fe compound nuclei
formed by the **Fe(n,a)**Cr and **Mn(p,0)**Cr reactions. Again the branching ratios
from this two different entrance channels match perfectly throughout the energy
ranged considered. These results again show that the small J* difference in the
compound nuclei formed by the neutron and proton induced reactions do not exhibit

significant influence in the alpha decay probabilities of the *°Fe compound nucleus.
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As is again obvious from Fig. 4.10, we observed a very good match between the
reference cross sections and the extracted cross sections using Eq. (2.53) as shown in
Fig. 4.11. The agreement between the decay branching ratios in the case of
*Fe(n,0)°’Cr and **Mn(p,a)>*Cr reactions is better compared to **Mn(n,0)°?V and
*Cr(p,a)°?V reactions which is a result of a much lower J* mismatch in the former

case.

0.05

0.00

10 | 1|2 | 1|4 | 1|6 | 1|8 | 2|0 | 2|2 | 2|4 | 2|6 | 2|8 | 3|0
CN Excitation Energy, E* (MeV)

Fig. 4.10: Comparison between the alpha decay branching ratios of the *°Fe
compound nuclei formed by the *°Fe(n,a)®’Cr and **Mn(p,a)*’Cr

reactions.
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Fig. 4.11: Comparison between the reference *°Fe(n,a)*°Cr reaction cross section
including both compound nucleus and preequilibrium contributions
calculated using LDM4 and the extracted cross section obtained using

Eq. (2.53) labelled as “Extracted”.

4.4.  Study on the dependence of the alpha branching ratios on the level

structure of residual nuclei

In the present work, the influence of the level structure of the nuclei produced
after alpha emission has been studied. The residual nucleus >°Cr is stable. However
the residual nucleus °2V is unstable. Both the decay data and level structures are well
known and are available in ENSDF. The plots of cumulative energy levels/MeV in
the discrete region also show a good exponential growth without any abrupt break

showing that the discrete energy levels are complete.
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*2\/ has many low lying energy levels, the first excited state is 17.2 keV
whereas **Cr has very low number of low lying energy levels, the first excited state
is 1.434 MeV. Although the /™ mismatch is large within 2h in *>Mn(n,a)**V and
*Cr(p,a)°?V reactions, however, due to large number of low lying states in the
residual nucleus 2V, the alpha decay probability do not depend much on the CN J™.
However, in the case of *°Fe(n,0)’’Cr and >*Mn(p,a)>*Cr reactions, although the
number of low lying energy states are low, the J™ distribution of the CN *°Fe is
almost similar within 0-0.3 h difference even at low incident energies resulting in

almost similar alpha decay branching ratio.

To study the dependence on the level structure of the residual nuclei at low
energy, we performed calculations in which we force the TALY'S code to adopt level
structure of *2Cr (which has very low number of low lying energy levels) for *2V
rather the the existing level structure of *2V/(which has large number of low lying
energy levels) for **Mn(n,a)**V and **Cr(p,a)>?V reactions which are shown in the
Fig. 4.12 given below. We observe that the alpha decay branching ratio very much
depend on the level structure of the residual nucleus. One can also observe that the
discrepancy reduces as the excitation energy increases, and the decay branching ratio

is almost independent on the low lying level structure at high excitation energies.

In Fig. 4.13, we show the comparison between alpha decay branching ratio
for **Mn(n,a)*2V and **Cr(p,)*?V reactions where **Cr(p,)*?V is forced to use level
structure of *Cr. We see large difference in the alpha decay branching ratio between
the two. This indicates that the alpha decay branching ratio depend on the level

structure of the low lying energy levels of the residual nucleus.
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Fig. 4.12: Comparison of alpha decay branching ratio for *Mn(n,a)*’V and

**Cr(p,)*2V reactions with the level structure of *2V and *°Cr respectively.
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Fig. 4.13: Comparison of alpha decay branching ratio for *Mn(n,a)*’V and
>Cr(p,a)*?V reactions where *°Cr(p,)**V is forced to use level structure of
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4.5.  Operating conditions of RF oscillator

Figure 3.1 shows the circuit diagram of RF oscillator using twin beam-power
tetrode 829B. The oscillator is basically a push-pull Hartley oscillator employing
grid-leak biasing method. It has an operating frequency of 102 MHz, which
corresponds to the fundamental frequency as all the even harmonics are cancelled out
in push-pull oscillator. The oscillation frequency of the oscillator is primarily
determined by the resonance frequency of the RF coil forming LC tank circuit and is
given by

f = 1/2nV(LC), (4.1)

At 102 MHz, calculation using current-sheet coil geometrical formula gives L
= 0.36 uH and C = 2.46 pF, where C is the stray capacitance of the coil. Therefore
the self-resonance frequency of the tank coil according to Eq. (4.1) is 169 MHz. But
this is far above the observed frequency of oscillation. To get oscillation at 102 MHz
with L = 0.36 pH, the value of C has to be 6.76 p. The 4.3pF difference in
capacitance is very close to the inter-electrode capacitance of the tube, which is 4.4
pF according to calculation from the tube data sheet. This observation suggests that
contribution from the inter-electrode capacitance should not be neglected while
designing an RF coil to obtain operating frequency of desired value.

The values of Ry and Cgy in the grid leak network determine the control grid
biased voltage and hence the operating point of the tube. The amount of biased
voltage depends on the amplitude, frequency of the signal and grid leak time constant
(Terman, 1955). In high power RF oscillator, the RC time constant has to be kept at
low value relative to the cycle time of the signal (Pridham, 1972). In our case, the
grid leak time constant is 6.8 ns which is about one-half cycle of the operating
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frequency. When the value of grid leak resistor is changed from 6.8 kQ to 22 kQ, the
frequency is observed to decrease by about 47 MHz. The decrease in frequency is
due to occurrence of intermittent oscillation caused by large value of Ry. At high
value of Ry and hence RC time, the biased voltage developed is too large that
oscillation stops, and restarts after the capacitor has discharged through Ry till proper
grid biasing voltage is reached again (Pridham, 1972). Intermittent oscillation has
frequency lower than the operating frequency.

Frequency and power stability are other important characteristics to consider in
the operation of the oscillator. In the present oscillator, the operating frequency is
found to decrease by about 1% as a result of loading, as well as tank coil oxidation.
Tank coil oxidation is the formation of copper oxide layer on the surface of the RF
coil. It increases the effective dielectric constant between the coil windings
constituting the capacitive part of the tank circuit. Since the tank circuit determines
the frequency of oscillation, any variation in the conditions of the external circuit
will be coupled back into the frequency determining portion of the oscillator. These
variations result in the above observed frequency instability. Tank coil oxidation is
also found to reduce the output power by about 10% when compared with freshly
polished tank coil. This is due to the higher electrical resistance of copper oxide layer
leading to lower Q value of the coil. Thus to avoid power reduction due to tank coil
oxidation all power measurements were conducted after cleaning the copper tank coil
external surface with sander paper. The efficiency of the oscillator including power

supply unit is also measured and found to be 37%.
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4.6. RF output power and measurements

The variation of output power with plate voltage of the 829B tube is
investigated using two different techniques - a modified form of photometric method
and RF peak voltage detection method. The modification made in the present
photometric setup is the application of LDR as light sensor to improve the sensitivity
and accuracy level of the relative power measurement. LDR is semiconductor device
whose resistance decreases with the intensity of light incident on it. However, the
dependence of LDR resistance on light intensity is not linear and varies as bL™
(Regtien et al., 2004), where L is the incident power per unit area, a and b are
constants that depend on the material and shape of the resistor. LDR has spectral
response almost similar to human eye and the low temperature coefficient.
According to our measurement, the change in LDR current per degree Celsius is only
about 0.02 mA. But incandescent light bulb wasted most part of the input energy in
the form of heat and only less than 5% is converted into visible light. Therefore, RF
power converted into heat will not be detected by LDR. However, the calibration
method eliminates all the needs to consider the undetected part of the RF power
dissipated in the filament except light.

Figure 4.14 shows the dependence of RF output power levels on plate
voltages according to the two measurement methods for 829B and its equivalent,
GI30. It can be seen that as the plate voltage increases the RF output power also
increases accordingly and so saturation is seen within the range of measurement.
However, the variation of output power with plate voltage is non-linear and can be
described by quadratic function. The nature of the power curve is attributed to LDR

and diode detector responses towards the intensity of light and RF signal
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respectively. The RF power directly indicated by the present measurement technique
is 79 £ 2% watts at 900V. This is higher than the value reported by Moak et al.,
1951, which is 60 watts for the same circuit configuration and plate voltage. even
though the power measurement technique or instrument used by Moak is not known.

However, when compared with peak voltage method, the photometric result
is lower by about 11 watts on the average. The discrepancy between the two power
readings cannot be due to the tube characteristics of 829B as similar result is
observed with its equivalent GI30. As stated before, the power measured by
photometric method corresponds to RF power that actually dissipated in the form of
heat and light by the filament of the incandescent lamp. However, due to the
imperfection (not pure inductive reactance) of the filament, there is always some
amount of RF power that is neither converted into heat nor light even under the
condition of perfect impedance matching. On the other hand, the dummy load used in
the peak voltage method is purely resistive and there is no complication from
inductance. Therefore, the discrepancy between power readings of the two methods
is attributed to arise from the inductive reactance of the filament of light bulb load in
photometric technique. To further confirm this, the inductive reactance of the
filament is calculated directly from its physical dimension and the amount of RF
power attenuated by it is estimated from the variation of 50 Hz AC power consumed

by 100 watt light bulb in the presence of different series inductors.
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Fig. 4.14: Variation of RF output power with plate voltages (350-900 V) for 829B
and G130 according to photometric and peak voltage measurements.
Figure 4.15 shows the plot of ac power vs inductive reactance in a 50 Hz AC
circuit for different inductances, with linear fittings to the data points. Each curve
corresponds to a given value of applied AC voltage to the light bulb load. The
different curves appear to be parallel suggesting that the inductor attenuation
coefficient represented by the slope of the curve is independent of the applied
voltages. Therefore, the relationship between AC power and inductive reactance can

be described by the following linear equation
P =Pq4-0.13X, (4.2)

where P is the ac power in watt and X, is the series inductive reactance in the circuit.

The slope in Eq. (4.2) is the average of the four straight line fits to the experimental
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data. Py is the intercept on power axis which corresponds to ac power consumed by
the load without series inductor. Assuming the inductor attenuation coefficient to be
the same in RF region, the amount of power correction required to apply in
photometric method will be 0.13X,, where X_ is the inductive reactance of the

filament at 102 MHz.
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Figure 4.15: Variation of AC power dissipated by 100 watt incandescent

lamp at different values of inductive reactance and applied voltages.
The inductance of the filament calculated according to straight solenoid
approximations are 141 nH and 284 nH respectively for the bigger and smaller coil
of the filament. As the two inductances are in series in the filament structure, the

equivalent inductance of 425 nH for the series combination can also be the effective
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inductance of the filament as a whole. Toroidal approximation is also applied but
gives the same inductance as that of the inner coil. Thus, we have three different
possible values of inductance for the filament, which can result in power attenuation
of 12, 24 and 35 watts.

In Figure 4.16, comparison is made again between power calculated from RF
peak value and photometric result after applying the above possible power
corrections. It can be seen that among the different possible photometric power
curves, the one having 12 watts power correction is closest to the power curve
obtained from peak voltage measurement methods. Therefore, we can conclude that
the power difference of about 11 watts observed between the two measurement
methods in Figure 4.14 is due to the fact that the filament is not a perfect inductor.
Thus the power level directly indicated by photometric method using 100 watt
filament light bulb as RF signal detector in the measurement has to be further
corrected for about 12 watts to bring its accuracy level to that of peak voltage
measurement. Accordingly the total output power of the oscillator at 900 V plate
voltages would be 90 watts instead of 79 watts. Power correction of 12 watts comes
from the inductive reactance X, of the bigger coil alone having inductance 141 nH,
further suggesting that the effective inductance of the filament in incandescent lamp
is largely determined by the inductance of the bigger coil. It is also interesting to see
that the corrected total output power is in very good agreement with the reported
maximum power rating of 90 watts for Class C push pull oscillator using 829B tube

under natural cooling according to the tube data sheet.
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Figure 4.16: Comparison of RF power measured by peak voltage and photometric
methods after correction for the effect of filament inductive reactance.

4.7. Performance of RF oscillator for different RF Coils

In the present work, four different RF coils are constructed using copper tube
by winding it to 3 turns. The copper tube diameter is 6 mm and the length of pitch is
10 mm. A schematic diagram of the RF coil is shown in Figure 3.4. As the oscillation
frequency is primarily determined by the coil diameter, four different coils with
different diameters are constructed with the same pitch length and same number of
turns to study the variation of operating frequency against the RF output power. The
diameters of the four different RF coils along with their corresponding observed

operating frequency is listed in table 4.7. Since the RF output power is decreased by
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about 10% as a result of tank coil oxidation, the tank coils are freshly polished for
each measurement. It has been found that the frequency of RF signal is quite stable

and the fluctuation is found to be within +0.1%.

Table 4.7: Description of RF coils and the observed operating frequency

Sl Diameter of the coil ‘D’ Observed Frequency
No. (mm) (MHz)

1 70 89.90

2 85 81.20

3 90 76.30

4 153 51.43

Figure 4.17 shows the variation of RF output power on the operating
frequency of the RF oscillator at different DC plate voltages. Each set of
measurement includes the RF power measurement at DC plate voltages 500V, 600V
and 700V. At each plate voltages, the RF power is found to decrease with increase in
the operating frequency of the RF oscillator accordingly as already discussed. The
variation of RF power with operating frequency can be fitted using a common linear
function with a slope of -0.38 for each different plate voltages. The fluctuation in the
plate voltages may be observed at the time when one RF coil is removed for the next
set of measurements. However, these fluctuations are negligible and found to be

within £1%.
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Figure 4.17: Variation of RF output power with operating frequency at different DC

plate voltages.

Figure 4.18 shows the dependence of RF power levels on the DC plate
voltage at different operating frequencies. It can be seen that as the plate voltage
increases, the RF output power also increases accordingly. In the present study,
power correction is not applied since the study is mainly focused on the variation of
RF power with different operating frequencies. The RF output power reported in this
work is directly the exact result of the modified form of the photometric method

without applying any correction factor.
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CHAPTER 5

SUMMARY AND CONCLUSIONS



5. SUMMARY AND CONCLUSIONS

In the present work, we expluic uic possibility of using a simple (p,o)
reactions to extract reliable (n,a) reactions using statistical nuclear reaction model
simulation in the incident energy range from above 1 MeV up to 20 MeV. We
investigate how the same compound nucleus at the same excitation energy produced
by different entrance channels with different j™ distributions influence the alpha
decay channel. In particular, we studied two combinations, (i) **Fe(n,a)’’Cr and
>Mn(p,a)**Cr, (i) *Mn(n,0)*?V and **Cr(p,a)**V reactions. It can be seen that both
the **Fe(n,0)°*Cr and **Mn(p,a)>°Cr reactions form the same compound nucleus >°Fe.
The projectiles neutron and proton are spin % particles, and the target spins are 3/2
and 5/2 for *°Fe and >°Mn respectively and they both have negative parity. Similarly,
*Mn(n,a)*?V and *Cr(p,a)*?V reactions also produced the same compound nucleus,
which is ®®*Mn. The target spins are 5/2 and 3/2 for *>Mn and >*Cr respectively and
they both have negative parity. There are no measured cross sections for
*Fe(n,0)*?Cr and *Mn(p,0)*°Cr reactions to validate our theoretical results.
However, there are sufficient number of experimental cross sections for
**Mn(n,a)*?V reactions in the EXFOR Database (Otuka et al., 2014), to validate our
extracted theoretical results for *°Mn(n,0)*V reaction using the >*Cr(p,0)**V

reaction.

It is observed that the averaged angular momentum difference are within 2h
between the compound nuclei **Mn formed by neutron induced reaction on **Mn and

proton induced reaction on *>Cr throughout the energy range considered. Similarly, a
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very similar J* distributions with the averaged angular momentum difference within
0-0.3h is observed between the compound nuclei *°Fe formed by neutron induced
reaction on >>Fe and proton induced reaction on **Mn throughout the energy range
considered. It is also found that a small difference in the J* distributions of the
compound nuclei do not influence significantly the alpha decay probabilities in the
energy range and reactions considered. We therefore concluded that (p,a) reactions
can be used to extract (n,a) reaction cross sections and vice versa for the target

isotopes studied in the present work.

In the systems under study, Projectile-Target spin-parity systems are very
similar, resulting in very similar /& distributions of compound nucleus. Moreover, the
projectile separation energies in these systems are high, 11.197 MeV and 10.184
MeV in n + ®Fe — *Fe* and p + **Mn — *°Fe* systems respectively whereas the
neutron and proton separation energies are 7.270 MeV and 9.091 MeV for n + >>Mn
— ®Mn* and p + >°Cr — *Mn* systems respectively resulting in population of
compound nucleus at high excitation energies even at low incident energies.
Moreover, as already explained, **V has many low lying energy levels, the first
excited state is 17.2 keV whereas **Cr has very low number of low lying energy
levels, and the first excited state is 1.434 MeV. Although the /© mismatch is large
within 2h in **Mn(n,0)**V and **Cr(p,0)**V reactions, however, due to large number
of low lying states in the residual nucleus 2V, the alpha decay probability do not
depend much on the compound nucleus /z. However, in the case of *>Fe(n,0))**Cr and
>*Mn(p,0))°*Cr reactions, although the number of low lying energy states are low, the

Jr distribution of the compound nucleus *°Fe is almost similar within 0-0.3 h
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difference even at low incident energies resulting in almost similar alpha decay
branching ratio. All these contributed to the validity of W-E approximation in the

systems we studied.

A comparison of the gamma branching ratio has also been made, between the
neutron and proton induced reactions on the target isotopes under studied, as shown
below in Fig. 5.1. As also observed by Boutoux et al. (2012) and Scielzo et al.
(2010), it is also observed in the present study that even a small compound nucleus /~
mismatch results in large difference in the gamma branching ratios between the
neutron induced and proton induced reactions on the targets >>Mn and >°Cr, and on
the targets *>Fe and >°Mn respectively. As mentioned before, the averaged jr
difference is very small in the case of *®Fe* CN, however, large difference is still
observed. However, it can be seen that the gamma decay branching difference is
much lower in the case of **Fe* CN compared to *®Mn* CN. In the case of
>>Fe(n,0)°2Cr and **Mn(p,0)>2Cr reactions, the /* mismatch at 5 MeV and 20 MeV is
almost similar as shown in Fig. 4.9, however, the discrepancy in the branching ratio
is large in the low incident energy region and it reduces as the incident energy
increases, this is also a clear indication of the dependence on the low lying energy

states at low excitation energy.

78



0.0012

. LDM-4
] 0.030 A 55
0.0010 | — Fe(ny)
55
1 0.025 = = “Mn(py)
0.0008 I
~ ] _ 00204
it} b |
= 0.0006 w 1|
o) ] 0015 |
0.0004 oot0d 1
1 ]
0.0002 00054 |
I
0.0000 . . . . 0.000 AT TS T
12 14 16 18 20 22 24 26 12 14 16 18 20 22 24 26 28 30
CN Excitation Energy, E* (MeV) CN Excitation Energy, E* (MeV)
@ (b)

Fig.5.1:  Comparison of gamma decay branching ratio (a) >Mn(n,y)**Mn and

>>Cr(p,y)*°Mn reactions, (b) >*Fe(n,y)**Fe and *>Mn(p,y)>°Fe reactions

At this juncture, with limited systems and results presented in the present
work, it is not possible to generalize the conclusion we made above, and it is not
possible to give a range of target masses and J™mismatch unless we perform such
studies. This will be part of our future scope. However, at this point, due to the
motivations that we mentioned in our Introduction, from the point of view of reactor
applications in which >>Cr and *°Fe are produced which are both unstable, we restrict
our studies and manuscript only for these four reactions. And the results are
practically applicable since **Mn is stable and there are many experimental results.
What we can mention is based on the results we obtained, and within 2 h of J™
mismatch, for the systems we studied, we observe similar alpha decay branching
ratio. However, we also observe that the alpha decay branching ratio is also sensitive
to the level structure of the low lying energy states of the residual nucleus; this

therefore suggested that each reaction should be considered on a case by case basis.
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In the present work, a self-excited push pull RF oscillator is constructed using
829B vacuum tube. The oscillator has operating frequency of 102 MHz which is
quite stable with respect to loading and tank coil oxidation. However, copper oxide
layer formation on RF coil surface could result in a decrease of RF output power as
much as 10%. The variation of RF output power with plate voltage is studied using
two power measurement techniques- photometric and RF peak voltage methods. As
the plate voltage increases, the output power increases in a non- linear fashion which
can be best described by quadratic function. However, inductive component present
in the load/detector of photometric method is found to cause decrease in power
readings. The effective inductance of the filament appears to be largely determined
by the bigger coil structure and the resulting power attenuation is estimated to be
about 12 watts when compared with power value obtained from peak voltage
measurement. Therefore, the total output power of the oscillator comes out to be ~ 91
watts at 900 V plate voltage which is about 31 watts higher than the power value
reported by Moak et al., 1951.

The operating frequency of the Oscillator is primarily determined by the
resonance frequency of RF coil forming LC tank circuit. Four different RF coils are
constructed for studying the RF power variation. The operating frequency for each
different RF coils are found to be quite stable.

The RF power variations on the operating frequency of the RF oscillator are
studied. The RF power is measured using a modified form of the photometric
method. It has been found that the RF output power has a linear dependence on the
operating frequency of the RF Oscillator as shown in Fig. 4.17. The RF power

decreases with increases in the operating frequency of coil forming LC tank circuit.
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With increase in the diameter of the RF coil, the operating frequency of the RF coil is
found to decrease and hence increases the RF output power. Furthermore, the
variation of RF power with the DC plate voltage at different operating frequency
confirms that the RF power decreases with increase in the operating frequency as
shown in Fig. 4.18. As the RF power vs. Frequency plot of Fig. 4.17 can be fitted
with a common linear function, it can also be concluded that the RF power
dependence on the operating frequency of the RF oscillator is not affected by the

change in the plate voltage.
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Self-excited push-pull vacuum tube oscillator is one of the most commonly used oscillators in radio
frequency (RF)-ion plasma sources for generation of ions using radio frequency. However, in spite of
its fundamental role in the process of plasma formation, the working and operational characteristics
are the most frequently skip part in the descriptions of RF ion sources in literatures. A more detailed
treatment is given in the present work on the RF oscillator alone using twin beam power tetrodes 829B
and GI30. The circuit operates at 102 MHz, and the oscillation conditions, stability in frequency, and
RF output power are studied and analyzed. A modified form of photometric method and RF peak
voltage detection method are employed to study the variation of the oscillator output power with plate
voltage. The power curves obtained from these measurements are quadratic in nature and increase
with increase in plate voltage. However, the RF output power as measured by photometric methods is
always less than the value calculated from peak voltage measurements. This difference is due to the
fact that the filament coil of the ordinary light bulb used as load/detector in photometric method is not
a perfect inductor. The effect of inductive reactance on power transfer to load was further investigated
and a technique is developed to estimate the amount of power correction needed in the photometric
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measurement result. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4944943]

. INTRODUCTION

The use of radio frequency (RF) voltage to create plasma
in ion sources dates back to the late 1940s.!> Ton sources
have widespread applications in industrial plasmas, neutral-
beam injection (NBI) systems for fusion devices,* bio-medical
sciences,’ particle accelerators,’ and mass-spectrometry.” In
an RF driven ion source, the high frequency electric field
accelerates free electrons to energies that are high enough to
ionize atoms or molecules with which they collide. The density
of the plasma thus created depends on the RF signal frequency
and power, and plays crucial role in the performance of the
ion source.®” Numerous works have been seen in the literature
on the design and construction of RF ion sources.®® However,
these studies are mainly devoted to the extraction and different
characteristics of plasma, and little attention has been paid
towards RF oscillator itself.

Among the various design available, vacuum tube self-
excited push-pull oscillator is one of the most commonly used
RF signal generator in RF driven plasma source. Even though
there are now more efficient semi-conductor based RF power
sources, vacuum tube oscillator, especially self-excited push-
pull RF generator, continues to occupy important place in the
design and construction of RF ion sources due to its circuit
simplicity, robustness, compactness, and ease of maintenance.
However, electron tubes are high voltage devices and have
operating conditions different from that of semiconductor de-
vices. Therefore, proper understanding of the performance of
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such device is important for their application in ion sources.
The present work aimed at providing a more detailed descrip-
tion of the oscillator system and operational characteristics
of a self-excited push-pull oscillator using twin beam-power
tetrode, constructed for operation at around 100 MHz.

In the operation of vacuum tube RF oscillator, the only
parameter used to adjust the total output power level is the DC
plate voltage. Thus, understanding the relationship between
the two parameters is important for proper operation of the
oscillator. To measure the output power of the oscillator, two
simple and inexpensive techniques, namely, a modified form
of photometric method and RF peak voltage detection method,
were used. Photometric method is one of the oldest methods
of RF power measurement in history. It is based on the ability
of incandescent lamp to convert RF power into light which is
then measured with a photometer.'®!' However, this method
is rather classified as power indicator than absolute power
measurement due to the inductive reactance of the load at high
frequency. On the other hand, the latter method is one of the
standard and well-known methods where RF power is made to
be absorbed by a purely resistive load and the electrical energy
consumed is calculated from the RF signal peak voltage.

Il. MATERIALS AND METHODS
A. Circuit description

Schematic circuit diagram of an RF oscillator used in this
study is shown in Figure 1. The oscillator is based on the
design reported by Moak et al.'> The amplifying stage of the
oscillator is an 829B twin beam-power tetrode connected in

©2016 AIP Publishing LLC
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RF Coil

+

FIG. 1. Circuit diagram of RF oscillator. Q = 829B twin beam-power tetrode;
RF coil: tube diameter=0.6 cm, pitch=1 cm, coil diameter=7 cm; Rg
=20k, 20 W; Ry =R =6.8kQ, 1 W; Cg; =Cg =1 pF, 1 kV; C=50 uF;
L; =586 uH;L,=589.5 uH.

push-pull arrangement with capacitive coupling to the control
grid. The grid leak resistors R, and Ry together with coupling
capacitors Cy; and C, provide the necessary biasing to the
grid. The LC frequency selector, also called RF coil or tank
circuit, is made of copper tubing winded into two turns of coil.
The parasitic or stray capacitance between the windings serves
as the capacitive part of the LC tank circuit. The inductance
and other parameter of the tank coil are calculated using a web-
based calculator employing current-sheet coil geometrical for-
mula!®!# corrected for field non-uniformity and round wire.

In Figure 1, Ly, L,, and C are the RF chokes and capacitor
to prevent the dc source from RF signal interference. Resistor
Rs provides the necessary biasing voltage to the screen grid,
and it has to be of high wattage resistor not less than 20 W.
Low wattage below 15 W results in excessive heating of the
screen grid resistor and thus changing the resistance value and
operating point of the tube.

DC power supply for the tube is obtained from a full-wave
rectifier with centre-tapped 230 V-1 kV step-up transformer
and RC filtering circuit as shown in Figure 2. Separate ac
supply of proper voltage is employed to heat the filament. The
applied plate voltage of the tube can be varied using a Variac
(0-270 V) connected at the input of the step-up transformer.

The oscillator is naturally air cooled during operation,
and the frequency of the RF signal is directly measured with
frequency counter FC 2400. Conventional digital multimeters
are used to measure voltage and current.

D D D
g I
C
C RS, Vnc
c
\
D D D

FIG. 2. Circuit diagram of 1 kV DC power supply. T=100 VA step-up
transformer; D =IN 4007, 700 V (PIV); C=330 uF, 450 V; R =1.18 MQ.
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lll. POWER MEASUREMENT
A. Photometric method

The experimental setup for RF power measurement is
shown in Figure 3. The method is based on the ability of
incandescent light bulb to convert RF power directly into heat
and light. The setup consists of an ordinary 100 Watt, 230 V
light bulb “B” directly coupled to the RF tank coil using two
parallel open wires of length 50 cm. Light emitted by the
incandescent lamp is detected with a cadmium sulphide LDR
(light-dependent resistor) photometer. For all measurements,
LDR is kept at distance of 5 cm from the center of the bulb
and VipR is fixed at 7 V. To achieve impedance matching
between the source and the load, the positions of the two output
tapping points in the RF coil are adjusted till maximum LDR
current reading is indicated by the ammeter. With 100 W light
bulb load, impedance matching is observed at 1/3rd of the coil
center tapped point.

The LDR current reading at different light intensity is next
calibrated into power with standard 50 Hz AC source using the
following relation:

P=VL ()

In the calibration process, the transmitter is replaced
by a variable standard ac source and the brightness of the
bulb is adjusted to give LDR current reading equal to that
recorded with RF power. With this modified form of photo-
metric method, the relative RF output power can be obtained
at a more precise level.

However, the filament of incandescent lamp is coiled coil
in structure, and as a result, the power value indicated by this
measurement method will not be same if the load is purely
resistive. To estimate the amount of power attenuated by the
filament, inductors of different inductances are connected in
series with a 100 W light bulb in a 50 Hz AC circuit, and the
variation of AC power with inductive reactance is first studied
at different applied voltage. The inductance of the external
inductors used in this study varies from 14 mH to 415 mH
according to direct measurement with Fluke PM6303A RCL
meter at 1 kHz. From the relationship between inductive reac-
tance and power delivered to the load, the amount of RF
power attenuated by the filament reactance can be calculated
as explained in Section III B.

The inductance of the filament is calculated from its
physical dimension using Lundin’s formula'> as the 1 kHz
RCL meter cannot be used for direct measurement. Following
are the dimension of the filament obtained with a travelling

()
ey

B
()
LDR *
RF Coil

I
Lo
|

x

e
7K

Scm 50 cm

FIG. 3. Experimental setup for photometric method of RF power
measurement.
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microscope (VC = 0.001): length =35 mm; bigger coil
diameter = 0.8 mm (outer), pitch = 0.27 mm; smaller coil
diameter = 0.12 mm; filament wire thickness = 0.05 mm;
number of turns (bigger coil) = 96; number of smaller coil
turns in the bigger coil = 22.

All power measurements using photometric method are
conducted in a dark room to avoid interference from back-
ground light. Each measurement was repeated at least three
times to check the consistency in our results, and the maximum
uncertainty in power measurement is calculated to be about
2%.

B. Peak voltage detection method

In this method, the RF power is transferred to a purely
resistive load of 50 Q through a coaxial cable, and the voltage
developed across the load is detected with a high speed diode
as shown in Fig. 4. The diode rectifies the RF signal and
converts it to a DC voltage, which can be read by a multimeter
with good accuracy; the 1 nF capacitor is there to smooth the
rectified DC signal presented to the meter. The voltage thus
measured corresponds to the peak RF voltage and related to
the RF power by the equation

P = V,?/2R, (W) )

where V, = measured peak voltage + diode forward voltage
drop which is 0.7 V for silicon, and R is 50 Q. The high
speed diode used to detect and rectify RF signal is 1N4148
having reverse recovery time of 4 ns. The 50 2 dummy load is
constructed out of 20 number of 1000 (1 W) carbon resistors
connected in parallel between two circular copper coated PCB.
The whole unit is then immersed in paraffin oil to further
increase the power handling capacity. No appreciable change
in temperature of the paraffin oil was observed during opera-
tion. Peak voltage measurement cannot be performed beyond
800 V due to the interference of the digital voltage measuring
device by the high field RF signal.

IV. RESULTS AND DISCUSSION
A. Operating conditions

Figure 1 shows the circuit diagram of RF oscillator using
twin beam-power tetrode 829B. The oscillator is basically

D

® R =c (V)

FIG. 4. Circuit diagram for peak voltage measurement with diode detector
and dummy load (R=50 Q; D=1N4148, 100 V PIV; C=1 uF).
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a push-pull Hartley oscillator employing grid-leak biasing
method. It has the operating frequency of 102 MHz, which
corresponds to the fundamental frequency as all the even
harmonics are cancelled out in push-pull oscillator. The
oscillation frequency of the oscillator is primarily determined
by the resonance frequency of the RF coil forming LC tank
circuit and is given by

f = 1/2ny(LO). A3)

At 102 MHz, calculation using current-sheet coil geomet-
rical formula'? gives L = 0.36 uH and C = 2.46 pF, where C is
the stray capacitance of the coil. Therefore the self-resonance
frequency of the tank coil according to Eq. (1) is 169 MHz.
But this is far above the observed frequency of oscillation. To
get oscillation at 102 MHz with L = 0.36 uH, the value of C
has to be 6.76 pF. The 4.3 pF difference in capacitance is very
close to the inter-electrode capacitance of the tube, which is
4.4 pF according to calculation from the tube data sheet. This
observation suggests that contribution from the inter-electrode
capacitance should not be neglected while designing an RF
coil to obtain operating frequency of desired value.

The values of Rg and C, in the grid leak network deter-
mine the control grid biased voltage and hence the operating
point of the tube. The amount of biased voltage depends on
the amplitude, frequency of the signal, and grid leak time
constant.'® In high power RF oscillator, the RC time constant
has to be kept at low value relative to the cycle time of the
signal.'” In our case, the grid leak time constant is 6.8 ns which
is about one-half cycle of the operating frequency. When the
value of grid leak resistor is changed from 6.8 kQ to 22 kQ,
the frequency is observed to decrease by about 47 MHz. The
decrease in frequency is due to occurrence of intermittent
oscillation caused by large value of R,. At high value of R, and
hence RC time, the biased voltage developed is too large that
oscillation stops and restarts after the capacitor has discharged
through R, till proper grid biasing voltage is reached again.'’
Intermittent oscillation has frequency lower than the operating
frequency.

Frequency and power stability are other important char-
acteristics to consider in the operation of the oscillator. In the
present oscillator, the operating frequency is found to decrease
by about 1% as a result of loading, as well as tank coil oxida-
tion. Tank coil oxidation is the formation of copper oxide layer
on the surface of the RF coil. It increases the effective dielectric
constant between the coil windings constituting the capacitive
part of the tank circuit. Since the tank circuit determines the
frequency of oscillation, any variation in the conditions of
the external circuit will be coupled back into the frequency
determining portion of the oscillator. These variations result in
the above observed frequency instability. Tank coil oxidation
is also found to reduce the output power by about 10% when
compared with freshly polished tank coil. This is due to the
higher electrical resistance of copper oxide layer leading to
lower Q value of the coil. Thus to avoid power reduction due to
tank coil oxidation, all power measurements were conducted
after cleaning the copper tank coil external surface with sander
paper. The efficiency of the oscillator including power supply
unit is also measured and found to be 37%.
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B. RF output power and measurements

The variation of output power with plate voltage of the
829B tube is investigated using two different techniques—a
modified form of photometric method and RF peak voltage
detection method. The modification made in the present photo-
metric setup is the application of LDR as light sensor to
improve the sensitivity and accuracy level of the relative power
measurement. LDR is semiconductor device whose resistance
decreases with the intensity of light incident on it. However,
the dependence of LDR resistance on light intensity is not
linear and varies as bL™,'8 where L is the incident power per
unit area; a and b are constants that depend on the material and
shape of the resistor. LDR has spectral response almost similar
to human eye and the low temperature coefficient. According
to our measurement, the change in LDR current per degree
Celsius is only about 0.02 mA. But incandescent light bulb
wasted most part of the input energy in the form of heat and
only less than 5% is converted into visible light. Therefore,
RF power converted into heat will not be detected by LDR.
Howeyver, the calibration method eliminates all the needs to
consider the undetected part of the RF power dissipated in the
filament except light.

Figure 5 shows the dependence of RF output power levels
on plate voltages according to the two measurement methods
for 829B and its equivalent, GI30. It can be seen that as the
plate voltage increases, the RF output power also increases
accordingly and so saturation is seen within the range of mea-
surement. However, the variation of output power with plate
voltage is non-linear and can be described by quadratic func-
tion. The nature of the power curve is attributed to LDR and
diode detector responses towards the intensity of light and RF
signal, respectively. The RF power directly indicated by the
present measurement technique is 79% + 2% watts at 900 V.
This is higher than the value reported by Moak et al.,'? which
is 60 W for the same circuit configuration and plate voltage,
even though the power measurement technique or instrument
used by Moak is not known.

However, when compared with peak voltage method, the
photometric result is lower by about 11 W on the average. The
discrepancy between the two power readings cannot be due to

100

# Power obtained from peak voltage (with 829B)
30 & Power given by photometric method (with 829B)
¥ Power given by photometric method (with GI30)

3

RF Output Power (W)
) 8

0 200 400 600 800 1000
DC Plate Voltage (V)

FIG. 5. Variation of RF output power with plate voltages (350-900 V) for
829B and GI30 according to photometric and peak voltage measurements.
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the tube characteristics of 829B as similar result is observed
with its equivalent GI30. As stated before, the power measured
by photometric method corresponds to RF power that actually
dissipated in the form of heat and light by the filament of
the incandescent lamp. However, due to the imperfection (not
pure inductive reactance) of the filament, there is always some
amount of RF power that is neither converted into heat nor
light even under the condition of perfect impedance matching.
On the other hand, the dummy load used in the peak voltage
method is purely resistive and there is no complication from
inductance. Therefore, the discrepancy between power read-
ings of the two methods is attributed to arise from the inductive
reactance of the filament of light bulb load in photometric
technique. To further confirm this, the inductive reactance of
the filament is calculated directly from its physical dimension,
and the amount of RF power attenuated by it is estimated from
the variation of 50 Hz AC power consumed by 100 W light bulb
in the presence of different series inductors.

Figure 6 shows the plot of ac power vs inductive reactance
in a 50 Hz AC circuit for different inductances, with linear
fittings to the data points. Each curve corresponds to a given
value of applied AC voltage to the light bulb load. The
different curves appear to be parallel suggesting that the
inductor attenuation coeflicient represented by the slope of
the curve is independent of the applied voltages. Therefore,
the relationship between AC power and inductive reactance
can be described by the following linear equation:

P="P;-0.13X,, )

where P is the ac power in watt and X is the series inductive
reactance in the circuit. The slope in Eq. (3) is the average
of the four straight line fits to the experimental data. Py is
the intercept on power axis which corresponds to ac power
consumed by the load without series inductor. Assuming the
inductor attenuation coefficient to be the same in RF region, the
amount of power correction required to apply in photometric
method will be 0.13X; , where Xj_ is the inductive reactance of
the filament at 102 MHz.

The inductance of the filament calculated according to
straight solenoid approximations is 141 nH and 284 nH,
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FIG. 6. Variation of AC power dissipated by 100 W incandescent lamp at
different values of inductive reactance and applied voltages.
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FIG. 7. Comparison of RF power measured by peak voltage and photometric
methods after correction for the effect of filament inductive reactance.

respectively, for the bigger and smaller coil of the filament.
As the two inductances are in series in the filament structure,
the equivalent inductance of 425 nH for the series combination
can also be the effective inductance of the filament as a whole.
Toroidal approximation is also applied but gives the same
inductance as that of the inner coil. Thus, we have three
different possible values of inductance for the filament, which
can result in power attenuation of 12, 24, and 35 W.

In Figure 7, comparison is made again between power
calculated from RF peak value and photometric result after
applying the above possible power corrections. It can be seen
that among the different possible photometric power curves,
the one having 12 W power correction is closest to the po-
wer curve obtained from peak voltage measurement methods.
Therefore, we can conclude that the power difference of about
11 W observed between the two measurement methods in
Fig. 5 is due to the fact that the filament is not a perfect
inductor. Thus, the power level directly indicated by photo-
metric method using 100 W filament light bulb as RF signal
detector in the measurement has to be further corrected for
about 12 W to bring its accuracy level to that of peak voltage
measurement. Accordingly, the total output power of the oscil-
lator at 900 V plate voltages would be 90 W instead of 79 W.
Power correction of 12 W comes from the inductive reactance
X of the bigger coil alone having inductance 141 nH, further
suggesting that the effective inductance of the filament in
incandescent lamp is largely determined by the inductance of
the bigger coil. It is also interesting to see that the corrected
total output power is in very good agreement with the reported
maximum power rating of 90 W for class C push pull oscillator
using 829B tube under natural cooling according to the tube
data sheet.

Rev. Sci. Instrum. 87, 045101 (2016)

V. CONCLUSION

In the present work, a self-excited push pull RF oscillator
is constructed using 829B vacuum tube. The oscillator has
operating frequency of 102 MHz, which is quite stable with
respect to loading and tank coil oxidation. However, copper
oxide layer formation on RF coil surface could result in a
decrease of RF output power as much as 10%. The variation of
RF output power with plate voltage is studied using two power
measurement techniques—photometric and RF peak voltage
methods. As the plate voltage increases, the output power
increases in a non-linear fashion, which can be best described
by quadratic function. However, inductive component present
in the load/detector of photometric method is found to cause
decrease in power readings. The effective inductance of the
filament appears to be largely determined by the bigger coil
structure, and the resulting power attenuation is estimated to be
about 12 W when compared with power value obtained from
peak voltage measurement. Therefore, the total output power
of the oscillator comes out to be ~91 W at 900 V plate voltage,
which is about 31 W higher than the power value reported by
Moak.
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ABSTRACT—In the present work, we report the construction and analysis of a very simple radio-frequency (RF) generator
suitable for use in ion sources. It is a self-excited push-pull RF oscillator constructed using 829B or GI30 twin beam-power
tetrode valve. As RF oscillator is one of the most frequently skip part in the descriptions of RF ion sources in literatures, we
conducted systematic study on the working of the oscillator to understand its operational characteristics. The oscillation
conditions, stability in frequency and variation of RF output power with plate voltage are investigated to understand its
operational characteristics. A modified form of photometric is employed to measure the RF output power of the oscillator.
At 102 MHz and 900V plate voltage, the power delivered to the load is measured to be79 watts which is 19 watts higher than
the value reported earlier in literature for similar circuit configuration.

Keywords: RF Oscillator, Self-excited Push Pull Oscillator, Twin Beam Power Tetrode, Operating Conditions, Power

Measurement, Photometric Method

INTRODUCTION

The use of RF voltage to create plasma in ion sources dates
back to the late 1940s [1,2]. Ion sources have widespread
applicationsinindustrial plasmas [3], neutral-beaminjection
(NBI) systems for fusion devices [4], bio-medical sciences
[5], particle accelerators [6], and mass-spectrometry [7].
In an RF driven ion source, the high frequency electric field
accelerates free electrons to energies that are high enough
to ionize atoms or molecules with which they collide. The
density of the plasma thus created depends on the RF
signal frequency and power, and plays crucial role in the
performance of the ion source [8,9]. Numerous works have
been reported in literature on the design and construction
of RF ion sources [6,9]. However, these studies are mainly
devoted to the extraction and different characteristics
of plasma, and little attention has been paid towards RF
oscillator.

Among the various design available, vacuum tube self-
excited push-pull oscillator is one of the most commonly
used RF signal generator in radio frequency (RF) driven

plasma source. Even though there are now more efficient
semi-conductor based RF power sources, vacuum tube
oscillator, especially self-excited push-pull RF generator
continues to occupy important place in the design and
construction of RF ion sources due to its circuit simplicity,
robustness, compactness and ease of maintenance. As
electron tubes are high voltage devices and have operating
conditions different from that of semiconductor devices,
proper understanding of the performance of such device is
important for their application in ion sources. Therefore, in
the present work, we have constructed self-excited push-
pull oscillator using twin beam-power tetrode for operation
at around 100 MHz and study the different operational
characteristics of the oscillator.

MATERIAL AND METHODS

CIRCUIT DESCRIPTION

Schematic circuit diagram of an RF oscillator used in this
study is shown in Fig. 1. The oscillator is based on the
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design reported by Moak et al. [10]. The amplifying stage
of the oscillator is a twin beam-power tetrode connected
in push-pull arrangement with capacitive coupling to the
control grid. The grid leak resistors R, and Rgztogether
with coupling capacitors C, and C,, provide the necessary
biasing to the grid. The LC frequency selector, also called RF
coil or tank circuit, is made of copper tubing winded into
two turns of coil. The parasitic or stray capacitance between
the windings serves as the capacitive part of the LC tank
circuit. The inductance and other parameter of the tank coil
are calculated using a web-based calculator [11] employing
current-sheet coil geometrical formula that is corrected for
field non-uniformity and round wire [12,13].

In Fig. 1, L,, L,, C are the RF chokes and capacitor to
prevent the dc source from RF signal interference. Resistor
R provides the necessary biasing voltage to the screen grid
and it has to be of high wattage resistor not less than 20W.
Low wattage below 15W results in excessive heating of the
screen grid resistor, and thus changing the resistance value
and operating point of the tube.

RF Coil ‘ ‘

Ve

Vac
-

Fig. 1: Circuit Diagram of RF Oscillator. Q = 829B/GI30
Twin Beam-Power Tetrode; RF Coil: Tube Diameter =
0.6 cm, pitch = 1 cm, coil diameter = 7 cm; Ry = 20 kQ, 20
w; R1=R2=6.8kﬂ,1w;cg1=cgz=1pF,1kV;C=50
WF, L = 586 pH; L,= 589.5 pH.
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Fig. 2: Circuit Diagram of 1 kV DC Power Supply. T = 100
VA Step-Up Transformer; D = IN 4007, 700 V (PIV); C =
330 pF, 450 V; R = 1.18 MQ.
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DC power supply for the tube is obtained from a full-
wave rectifier with centre-tapped 230V to 1kV step-up
transformer and RC filtering circuit as shown in Fig. 2.
Separate ac supply of proper voltage is employed to heat the
filament. The applied plate voltage of the tube can be varied
using a Variac (0-270 V) connected at the input of the step-
up transformer.

The oscillator is naturally air cooled during operation
and the frequency of the RF signal is directly measured with
frequency counter FC 2400. Standard digital multimeters
were used measured voltage and current.

PHOTOMETRIC METHOD OF RF POWER
MEASUREMENT

To measure the RF output power, a modified form of
photometric method is employed. The method is based on
the ability of incandescent lamp to convert RF power into
light that is then measured with a photometer [14,15].The
modification made in the present setup is the application of
LDR as light sensor to improve the sensitivity and precision
level of the measurement method. LDR is semiconductor
device whose resistance decreases with the intensity of light
incident on it. However, the dependence of LDR resistance
on light intensity is not linear and varies as bL* [16], where
Lis the incident power per unit area, a and b being constants
that depend on the material and shape of the resistor

The experimental setup for RF power measurement is
shown in Fig. 3. The setup consists of an ordinary 100 Watt,
230 V light bulb ‘B’ directly coupled to the RF tank coil
using two parallel open wires of length 50 cm. Light emitted
by the incandescent lamp is detected with a cadmium
sulphide LDR (light-dependent resistor) photometer. For
all measurements, LDR is kept at distance of 5 cm from
the center of the bulb and V| is fixed at 7 V. To achieve
impedance matching between the source and the load, the
positions of the two output tapping points in the RF coil
are adjusted till maximum LDR current reading is indicated
by the ammeter. With 100 watt light bulb load, impedance
matching is observed at 1/3™of the coil center tapped point.
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Fig. 3: Experimental Setup for RF Power Measurement
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The LDR current reading at different light intensity is
then calibrated using standard ac source of 50 Hz. In the
calibration method, the transmitter is replaced by a variable
standard ac source and the brightness of the bulb is adjusted
to give LDR current reading equal to that recorded with RF
power. After brightness adjustment is done, the value of
ac power calculated from P=VI is then just equal to the RF
power absorbed by the filament.

All power measurements were conducted in a dark
room to avoid interference from background light. Each
measurement was repeated at least three times to check the
consistency in our results and the maximum uncertainty in
power measurement is calculated to be about 2%. Moreover,
all measurements were conducted after the copper tank coil
was first polished with sander paper to avoid the effect of
tank coil oxidation.

RESULTS AND DISCUSSION
OPERATING CONDITIONS

Fig. 1 shows the circuit diagram of RF oscillator using twin
beam-power tetrode 829B. The oscillator is basically a
push-pull Hartley oscillator employing grid-leak biasing
method. It has the operating frequency of 102 MHz, which
corresponds to the fundamental frequency as all the even
harmonics are cancelled out in push-pull configuration.
The oscillation frequency of the oscillator is primarily
determined by the resonance frequency of the RF coil
forming LC tank circuit andis given by

f=12mV(LC), 1)

At 102 MHz calculation using current-sheet coil
geometrical formula [11] gives L = 0.36 pH and C = 2.46 pF,
where C is the stray capacitance of the coil. Therefore the
self-resonance frequency of the tank coil according to Eq.
(1) is 169 MHz. But this is far above the observed frequency
of oscillation. To get oscillation at 102 MHz with L = 0.36
uH, the value of C has to be 6.76 p. The 4.3pF difference in
capacitance is very close to the inter-electrode capacitance
of the tube, which is 4.4 pF according to calculation from
the tube data sheet [17]. This observation suggests that
contribution from the inter-electrode capacitance should
not be neglected while designing an RF coil to obtain
operating frequency of desired value.

Thevalues of R and C, in the grid leak network determine
the control grid bias voltage and hence the operating point
of the tube. The amount of bias voltage depends on the
amplitude, frequency ofthe signal and grid leak time constant

62

[18]. In high power RF oscillator, the RC time constant has to
be kept at low value relative to the cycle time of the signal
[19]. In our case, the grid leak time constant is 6.8 ns which
is about one-half cycle of the operating frequency. When the
value of grid leak resistor is changed from 6.8 k() to 22 kQ,
the observed frequency decreased by about 47 MHz. The
decrease in frequency is due to occurrence of intermittent
oscillation caused by large value of R, At high value of R,
and hence RC time, the bias voltage developed is too large
that oscillation stops, and restarts after the capacitor has
discharged through R, till proper grid biasing voltage is
reached again [17]. Intermittent oscillation has frequency
lower than the operating frequency.

Frequency and power stability are other important
characteristics to consider in the operation of the oscillator.
In the present oscillator, the operating frequency is found
to decrease by about 1% as a result of loading, as well as
tank coil oxidation. Tank coil oxidation is the formation of
copper oxide layer on the surface of the RF coil. It increases
the effective dielectric constant between the coil windings
constituting the capacitive part of the tank circuit. Since
the tank circuit determines the frequency of oscillation,
any variation in the conditions of the external circuit will
be coupled back into the frequency determining portion of
the oscillator. These variations result in the above observed
frequency instability. Tank coil oxidation is also found to
reduce the output power by about 10%. This is due to the
higher electrical resistance of copper oxide layer leading
to lower Q value of the coil. The efficiency of the oscillator
including power supply unit is also measured and found to
be 37%.

RF OUTPUT POWER

LDR has spectral response almost similar to human eye
and the low temperature coefficient. According to our
measurement, the change in LDR current per degree Celsius
is only about 0.02 mA. But incandescent light bulb wasted
most part of the input energy in the form of heat and only
less than 5% is converted into visible light. Therefore, RF
power converted into heat will not be detected by LDR.
However, the calibration method eliminates all the needs to
consider the undetected part of the RF power dissipated in
the filament except light.

Fig. 4 shows the plot of RF output power at different
plate voltages using 829B and its equivalent, GI30. It can
be seen that both tubes have almost the same performance
within their respective operating conditions. As the plate



voltage increases the RF output power also increases

accordingly and no saturation is seen within the range of
measurement. However, the variation of output power
with plate voltage is not linear and can be best described
by a quadratic function. The nature of the power can be
attributed to the characteristic of LDR response towards
the intensity of light. The RF power directly indicated by
the present measurement technique is 79 * 2% watts at
900V. This is much higher than the value reported by Moak
etal. [10], whichis 60 watts for the same circuit configuration
and plate voltage. However, the method or device used by
Moak for power measurement was not shown in the report.
Even then, we can say from our result that the modified
technique is more sensitive than their, which could only be
attributed to the introduction on LDR detector.
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Fig. 4: Variation of RF Output Power with Plate Voltages
(350-900 V) for 829B and GI30

At this power level, the oscillator is able to excite
low pressurehydrogen and neon discharge tube through
inductive coupling as shown below in Fig. 5.

Fig. 5: Pictures Illustrating Excitation of Low Pressure
(a) Hydrogen and (b) Neon Discharge Tubes by RF Field
Produced by the Oscillator
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Study of the Characteristics of Self-excited Push-Pull Oscillator

CONCLUSION

In the present work, a self-excited push pull RF oscillator
is constructed using 829B vacuum tube. The oscillator
has operating frequency of 102 MHz and is quite stable
with respect to loading, tank coil oxidation and changes of
vacuum tubes of equivalent types. However, copper oxide
layer formation on RF coil surface could result in a decrease
of RF output power as much as 10%. The variation of RF
output power with plate voltage is non-linear characteristic
of LDRresponse. The RF power measured using our modified
technique is about 79 watts that is 19 watts higher than
the value reported earlier in literature for similar circuit
configuration. The difference is attributed to the increase
in sensitivity due to the introduction of LDR detector in the
modified techniques
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Abstract

In the present work, we investigate the entrance channel effects on the alpha decay probabilities for the
neutron and proton induced reactions for target mass A=55 from few MeV up to 20 MeV. In particular, we
studied two combinations, > Fe(n,a)SZCr and 5 Mn(p,ot)52Cr; 55 Mn(n,oz)szV and 5 Cr(p,oz)SZV reactions.
Each combination is producing the same compound nucleus at the same excitation energy, but with different
J7 distributions. We investigate how the difference in the J7 distributions of the compound nuclei at the
same excitation energy formed by the neutron and proton induced reactions influence the alpha decay
channel. The theoretical simulation is done using the nuclear reaction code TALYS-1.9. The results are
compared with experimental results whenever available, and are discussed in detail.
© 2020 Elsevier B.V. All rights reserved.

Keywords: Entrance channel effects; J™ mismatch; Alpha decay probability; Weisskopf-Ewing limit

1. Introduction

A complete nuclear data for all isotopes are desirable for nuclear astrophysics, safe reactor de-
sign, transmutation, understanding nuclear structure and reaction dynamics, improving existing
nuclear model parameters for better predictivity, industrial and medical applications. However,
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due to the fact that some isotopes are unstable and short-lived, or the reaction cross section itself
is very small, it is sometimes impossible or difficult to measure their cross sections directly with
the present technology.

Ghoshal in 1950 [1] performed an experiment to study the excitation functions of ®*Zn formed
between proton and alpha particle induced reactions on ®3Cu and %°Ni respectively. He estab-
lished the validity of Bohr’s independent hypothesis that the decay of compound nucleus does
not depend on its mode of formation.

Since the 1970’s, surrogate method had been utilized successfully for neutron induced fission
cross section measurements [2—-22]. Recently, the surrogate ratio method was also used to mea-
sure the >>Fe(n,p) reaction cross section in the incident energy range 7.9-20.1 MeV [23]. A lot
of efforts have also been given to extend the surrogate method for other reaction channels such
as for neutron capture cross sections and theoretical investigations have been performed [24].
Experimental investigations have also been performed for well known neutron capture reactions
[25-29]. Recently, Boutoux et al. [30] performed experiment for 172Yb(n,y) and '3 Lu(n,y) with
174Yb(3He,ay)'3Yb and '"*Yb(3He,py)!7°Lu reactions as their surrogates respectively. They
observed large discrepancies in the gamma decay branching ratio between the surrogate and the
desired neutron induced reactions. This large discrepancy is attributed to the fact that gamma de-
cay probabilities are very sensitive to the mismatch in the J™ distributions between the compound
nucleus formed by the surrogate and desired reaction. They reported that the average compound
nucleus spin is 3—47% higher in the surrogate reaction than the neutron induced reaction. Scielzo
et al. [31] also performed experiments to investigate the reliability of 193155-157Gd(n,y) reac-
tions using the surrogate reactions *16:138Gd(p,p’). They also observed large deviation in the
gamma emission probabilities from the direct and surrogate reactions. They concluded that in
order to extract reliable (n,y) cross sections, a more sophisticated analysis should be developed
that takes into account angular momentum differences between the neutron induced and surro-
gate reactions.

In nuclear reactor developments, the generation of hydrogen and helium through neutrons
have always been a very serious problem. In addition to the production of hydrogen and helium,
the other processes such as atomic displacements and transmutations, etc. can produce micro-
structural defects in the material. The structural material, generally stainless steel, comprises of
Fe, Ni, Cr, Mn, Co and Nb. The high production rate of >Fe (T}, = 2.744 yr [32]) from the
neutron exposure of natural iron via the threshold reaction °Fe(n,2n)>>Fe is of main concern
as an activation product during the lifetime of an operating reactor [33]. The neutron induced
reactions on Y2 Fe and other long-lived radionuclides, however, are difficult to measure using the
standard activation techniques due to their low activities. For this purpose and other applications,
the values of total cross-sections for the production of charged particles in the reactor materials
through nuclear reactions induced by different projectiles in the energy range from few keV to
20 MeV are required [34].

In the present work, we explore the possibility of using a simple (p,«) reactions to extract
reliable (n,«) reactions using statistical nuclear reaction model simulation in the incident en-
ergy range from above 1 MeV up to 20 MeV. We investigate how the same compound nucleus
at the same excitation energy produced by different entrance channels with different J7 dis-
tributions influence the alpha decay channel. In particular, we are studying two combinations,
i) ¥Fe(n,a)*>Cr and 3Mn(p,a)*Cr, ii) >>Mn(n,a)*>V and >Cr(p,a)’>V reactions. It can be
seen that both the > Fe(n,a)52Cr and Mn(p,a)52Cr reactions form the same compound nucleus
5Fe. The projectiles neutron and proton are spin 1/2 particles, and the target spins are 3/2 and
5/2 for >>Fe and >>Mn respectively and they both have negative parity. Similarly, >>Mn(n,)>2V
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and >>Cr(p,a)>*V reactions also produced the same compound nucleus, which is *Mn. The tar-
get spins are 5/2 and 3/2 for > Mn and Cr respectively and they both have negative parity.
There are no measured cross sections for >>Fe(n,a)*2Cr and 3> Mn(p,a)SZCr reactions to validate
our theoretical results. However, there are sufficient number of experimental cross sections for
SMn(n,a)’2V reactions [35-53] in the EXFOR Database [54], to validate our extracted theoret-
ical results for Mn(n,«) 2V reaction using the 55Cr(p,ot)SZV reaction.

2. Methodology

According to the compound nucleus theory, the decay of the compound nucleus is indepen-
dent of how it is formed. However, it is known that due to the different J™ distributions of the
compound nuclei formed by different entrance channels, a particle decay probabilities can be
very different. In this work, we investigate how the J” distributions of the compound nuclei
formed by the neutron induced and proton induced reactions influence the alpha decay channel
for the reactions mentioned above.

In the Weisskopf-Ewing (WE) limit of the Hauser-Feshbach compound nucleus theory, it is
assumed that the decay branching ratios are independent of the compound nucleus angular mo-
mentum and parity [55]. We can therefore write the expression for the neutron induced reaction
referred here as ‘reference’ by

Ona(En) = UnCN (E*) Go (E*) (D

where anCN (E¥)y= ) = anCN (E*, J™) is the compound nucleus formation cross section at
the excitation energy E™* in the neutron induced reaction which can be calculated easily with
a suitable optical potential, and G, (E*) is the alpha branching ratio of the compound nucleus
produced by neutron induced reaction.

Similarly, the proton induced reaction which produced the same compound nucleus at the
same excitation energy, and decay into the same outgoing channel as the neutron induced reaction
can also be expressed as

opa(Ep) =05V (E*) G, (E¥) 2

where O,pc N(E* = Do apc N (E*, J™) is the compound nucleus formation cross section in the
proton induced reaction which can also be calculated easily with a suitable optical potential,
and G/, (E*) is the alpha branching ratio of the compound nucleus produced by proton induced
reaction.

In the WE limit, the branching ratios in Eq. (1) and Eq. (2) are similar, which is experimentally
measurable alpha decay probability from the proton induced reaction. Hence, we can write the
decay probability as

PIect(E*) = Gy (E*) = G, (E¥) 3)

By utilizing Eq. (3), the neutron induced reaction cross section can be extracted by using the
proton induced reaction referred as ‘extracted’ by

Opo(En) =0 N (E¥) G, (E¥) 4)

where symbols have their usual meanings.
If the neutron induced cross section given by Eq. (1) is taken as reference, and under the
Hauser-Feshbach formalism of compound nucleus reaction calculation with the valid assumption
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of the WE limit, this reference cross section should be the same as the extracted (n,«) cross
section from the proton induced reaction using Eq. (4).

For the reactions considered in the present work, since the preequilibrium contributions are
significant especially above 7 MeV incident energy, their contributions have to be taken into ac-
count. Escher et al. [2] suggested that the best way to account for the missing preequilibrium
contribution is to perform model calculations of the reference reaction with (6SN+FF) and with-
out (O‘,%N ) preequilibrium, and to multiply the ratio of the two model calculations with the cross
sections extracted using Eq. (4) of the present manuscript. This can be implemented by extending
Eq. (4) as follows

Opo (En) =0 N (E¥) Gl (E*) R (5)

n o

CN+PE
where R = J"gc ~+— and other symbols have their usual meanings as in Eq. (4).

In the presg(flt work, the compound nucleus formation cross sections in both the neutron
and proton induced reactions are calculated using the nuclear reaction code TALYS-1.9 [56].
In TALYS-1.9, the compound nuclear reaction calculations are done in the statistical Hauser-
Feshbach formalism [55] with the optical potentials which are the local and global parame-
terisations of Koning and Delaroche [57]. Theoretical calculations for the neutron and proton
induced reactions are performed for the same set of nuclear models and model parameters
in TALYS-1.9 from few MeV to 20 MeV incident energy in the steps of 1 MeV. There are
six different level density models available in TALYS-1.9. They are (1) LDM-1: the constant
temperature and Fermi-gas model where the constant temperature model is used in the low
excitation region and the Fermi gas model is used in the high excitation energy region. The
transition energy is around the neutron separation energy, (2) LDM-2: the back-shifted Fermi
gas model, (3) LDM-3: the generalized superfluid model, (4) LDM-4: the microscopic level
densities (Skyrme force) from Goriely’s tables [58], (5) LDM-5: the microscopic level densities
(Skyrme force) from Hilaire’s combinatorial tables [58], (6) LDM-6: the microscopic level densi-
ties (temperature dependent Hartree-Fock-Bolyubov, Gogny force) from Hilaire’s combinatorial
tables [59]. In Talys-1.9, there are eight different choices of gamma ray strength functions. They
are: (1) Gamma ray strength function 1 (strength 1): Kopecky-Uhl generalized Lorentzian [60],
(2) Gamma ray strength function 2 (strength 2): Brink [61] and Axel Lorentzian [62], (3) Gamma
ray strength function 3 (strength 3): Hartree-Fock BCS tables [58], (4) Gamma ray strength
function 4 (strength 4): Hartree-Fock-Bogolyubov tables [58], (5) Gamma ray strength function
5 (strength 5): Goriely’s hybrid model [63], (6) Gamma ray strength function 6 (strength 6):
Goriely temperature-dependent Hartree-Fock-Bogolyubov. (7) Gamma ray strength function 7
(strength 7): Temperature dependent relativistic mean field. (viii) Gamma ray strength function
8 (strength 8): Gogny D1M Hartree-Fock-Bogolyubov+QRPA.

Theoretical calculations are also carried out with and without width fluctuation corrections.
However, we do not observe difference in the results with and without width fluctuation correc-
tions in the energy ranged considered.

3. Results and discussion
3.1. The 55Mn(n,oz)52V reaction

Fig. 1 shows the neutron and proton transmission coefficients on >>Mn and >>Cr targets re-
spectively calculated using local optical potential by Koning and Delaroche for several partial
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1.0

Transmission Coefficient

Equivalent neutron energy (MeV)

Fig. 1. Transmission coefficients of neutron on 55Mn and proton on 355Cr. (For interpretation of the colors in the figure(s),
the reader is referred to the web version of this article.)

waves. Fig. 2 shows comparison of J7 distributions of the *Mn compound nuclei formed by
the 53 Mn(n,a)szV and > Cr(p,a)szV reactions at equivalent neutron energies of 5, 10, 15 and 20
MeV. Although calculations are carried out from threshold to 20 MeV in the steps of 1 MeV,
only few selected results are plotted as the trends are similar. In Fig. 2, the figures on the left
panel are the angular momentum distributions for the positive parity and the figures on the right

panel are for the negative parity. The figure labels also indicate the average angular momentum

CN(E*, J™)JdJ . . .
% in both the neutron and proton induced reactions. It can be seen
J )

from Fig. 2 that the angular momentum distributions of the 3®Mn compound nuclei formed by
the neutron and proton induced reactions are very similar and the average angular momentum dif-
ference is also less than 27 for all the positive and negative parities, throughout the energy range
considered. This similar angular momentum distribution is a result of the features in Fig. 1. In
Fig. 2, at 5 MeV equivalent energy, the main contributions are from s, p, d, f, g and h-waves as
shown in Fig. 1, in the case of neutron absorption. The J™ population of >*Mn after neutron ab-
sorption on Mn(5/27) is therefore dominated by 0=, 17,27,37,47,57,6~,7 and 0T, 11,
2+, 3%, 4%, 57 6%, 71, 8*. Similarly, for the proton absorption in >>Cr(3/27), the main con-
tributions are from s, p and d-waves as seen in Fig. 1. The J”™ population of **Mn is dominated
by 17,27,37, 4~ and 17, 27, 3T, As the incident energy increases, higher angular momenta
contribute resulting in the increase of the < J > value as shown in Fig. 2. The decrease of the
difference in the < J > between the two incident channels as the energy increases can also be
understood from Fig. 1.

To optimize the models and parameters used in Talys-1.9, we performed calculations using
six different level density models and eight different gamma ray strength functions available
in Talys-1.9 which are compared with available experimental data [35-53] taken from EXFOR
database [54] and evaluated data taken from evaluated nuclear data libraries TENDL-2017 [64]
and ENDF/B-VIL.0 [65] which is shown in Fig. 3. It can be seen that the reference cross section
obtained using LDM4 best match the available experimental data and the evaluated nuclear data
files of TENDL-2017 and ENDF/B-VII.O whereas the gamma ray strength functions do not have
significant effects for a given level density model. Therefore, the Talys-1.9 calculation with level
density model 4 (LDM4) and the default gamma ray strength function (strength 1) are chosen

< J" >=
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Fig. 2. Comparison of the J™ distributions of the S6Mn compound nuclei formed by the neutron and proton induced
reactions. The left panel is for positive parity and the right panel is for negative parity.

as the ‘Reference Model’ or “benchmark” and this is compared with the extracted cross section.
The same model and model parameters are adopted for all the reactions considered in this work.
Fig. 4 shows comparison between the alpha decay branching ratios of the 3®Mn compound
nuclei formed by the neutron and proton induced reactions using the reference model. It can
be seen that the alpha decay branching ratios obtained from the 3*Mn compound nuclei formed
by these two reactions match perfectly throughout the energy ranged considered. These results
show that although 3®*Mn compound nuclei were formed by the neutron and proton induced reac-
tions with the averaged angular momentum mismatch less than 27 throughout the energy range
considered, this mismatch do not show significant influence on the alpha decay probabilities.
Fig. 5 shows comparison between the reference (n,«) reaction cross section including both
compound nucleus and preequilibrium contributions and the extracted (n,«) reaction cross
sections from the proton induced alpha decay branching ratio using Eq. (5). As is already
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Fig. 3. Comparison between the reference S5 Mn(n,)72V reaction cross section calculated using all the available level
density models and gamma ray strength functions in TALYS-1.9, the available experimental data taken from EXFOR
database and the evaluation data of TENDL-2017 and ENDF/B-VIL.0.

obvious from Fig. 4, we observed good agreement between the reference >>Mn(n,o) 2V re-
action cross sections with the extracted neutron induced reaction cross sections from the
SCr(p,a)>?V reaction which also agrees well with the experimental cross sections. This re-
sult shows that reliable and accurate >Mn(n,«)>2V reaction cross section can be measured
or extracted with the 55Cr(p,a)SZV reaction and vice versa. 2Cr is unstable (T 2 = 3.497
mins [9]), and can be produced in reactor environments using >*Cr(n,y), >>Cr(n,y)**Cr(n,y),
32Cr(n,y)?3Cr(n,y)**Cr(n,y) etc channels. Since Chromium is structural elements in fission and
fusion reactors, accurate knowledge of neutron or proton induced reaction cross sections for its
stable as well as unstable isotopes is very important. It is also worth noting that due to the avail-
ability of sufficient experimental cross sections for 55Mn(n,oz)SzV reaction, this information can
be utilized to validate or use as evaluation tool for the 55Cr(p,(x)52V reaction cross section for
the evaluated nuclear data libraries as shown in the present work.
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Fig. 5. Comparison between the reference S5Mn(n,) 2V reaction cross section including both compound nucleus and
preequilibrium contributions calculated using LDM4, and the extracted neutron induced reaction cross sections from the
proton induced reactions using Eq. (5) labelled as “Extracted”, the available experimental data taken from EXFOR and
the evaluation data of TENDL-2017 and ENDF/B-VILO0.

3.2. The > Fe(n,a)>2Cr reaction

Similar to Fig. |1 and 2, the neutron and proton transmission coefficients on >>Fe and >>Mn
along with the J7 distributions of the *°Fe compound nuclei formed by the >3Fe(n,«)>*Cr and
33Mn(p,a)>*Cr reactions are shown in Fig. 6 and 7 at equivalent incident neutron energies 5, 10,
15 and 20 MeV. Again, calculations are carried out from 1-20 MeV in the steps of 1 MeV. It
can be seen from Fig. 7 that the angular momentum distributions of the Y°Fe compound nuclei
formed by the neutron and proton induced reactions are very similar and the average angular
momentum difference is less than 0.5/ for all the positive and negative parities, throughout the
energy range considered. Again as in the case of Mn(n,a)’*V and 3 Cr(p,a)’>V reactions,
this similar angular momentum distribution is a result of the features of partial waves in Fig. 6.
In Fig. 7, at 5 MeV incident energy, the J™ population of °Fe after neutron absorption on
3Fe(3/27) is dominated by 0=, 17, 27,37, 47,57, 6 and O, 11, 2%, 3+ 4+ 5t 6+ 7t
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Fig. 6. Transmission coefficients of neutron on 55Fe and proton on 53Mn.

These J7 states of the compound nucleus are populated predominantly after neutron absorption
that can be reached by s,p,d,f,g and h-waves capture which can be seen from Fig. 6. Similarly,
at the same equivalent energy of 5 MeV, the J™ population of °Fe after proton absorption on
3Mn(5/27) is dominated by 0~, 17,27,37,47,57,67,7  and 0, 17,2+, 3% 4% 5+ ¢+ 7+
after s,p,d,f,g and h-waves capture shown in Fig. 6. The averaged J” distribution of the °Fe
compound nucleus formed is almost similar from the neutron and proton induced reactions even
at low incident energies compared to the previous case where the difference in < J* > at 5
MeV incident energy is 1.6%. Although the Projectile-Target spins and parity are very similar in
both the cases, the much lower difference in < J* > for the 3Fe(n,a)*>Cr and >>Mn(p,«)**Cr
reactions compared to SSMn(n, )2V and 55Cr(p,oz)szV reactions may be attributed to the much
higher neutron and proton separation energies, 11.197 MeV and 10.184 MeV in n + »Fe —
Fe* and p + Mn — °Fe* systems respectively whereas the neutron and proton separation
energies are 7.270 MeV and 9.091 MeV for n + >Mn — ®Mn* and p 4 >>Cr — ®Mn* systems
respectively. Therefore, even at low incident energies, the compound nuclei formed are populated
at high excitation energies resulting into similar J” distributions of compound nucleus.

Fig. 8 shows the alpha decay branching ratios of the °Fe compound nuclei formed by the
3SFe(n,a) 2Cr and ¥ Mn(p,ot)SZCr reactions. Again the branching ratios from this two different
entrance channels match perfectly throughout the energy ranged considered. These results again
show that the small J™ difference in the compound nuclei formed by the neutron and proton
induced reactions do not exhibit significant influence in the alpha decay probabilities of the *°Fe
compound nucleus. As is again obvious from Fig. 8, we observed a very good match between
the reference cross sections and the extracted cross sections using Eq. (5) as shown in Fig. 9. The
agreement between the decay branching ratios in the case of >>Fe(n,a)’>Cr and >>Mn(p,«)**Cr
reactions is better compared to SMn(n,« )2V and 55Cr(p,oz)52V reactions which is a result of a
much lower J” mismatch in the former case.

3.3. Study on the dependence of the alpha branching ratios on the level structure of residual
nuclei

In the present work, the influence of the level structure of the nuclei produced after alpha
emission has been studied. The residual nucleus >>Cr is stable. However the residual nucleus 32V
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Fig. 7. Comparison of the J7 distributions of the S6Fe compound nuclei formed by neutron and proton induced reactions
(a) for the positive parity and (b) for the negative parity.

is unstable. Both the decay data and level structures are well known and are available in ENSDF.
The plots of cumulative energy levels/MeV in the discrete region also show a good exponential
growth without any abrupt break showing that the discrete energy levels are complete.

32V has many low lying energy levels, the first excited state is 17.2 keV whereas >Cr has
very low number of low lying energy levels, the first excited state is 1.434 MeV. Although the
J™ mismatch is large within 2/ in >Mn(n,a)*>V and >>Cr(p,a)>>V reactions, however, due to
large number of low lying states in the residual nucleus 2V, the alpha decay probability do not
depend much on the CN J7 . However, in the case of SFe(n,a)*Cr and 3 Mn(p,(x)SZCr reactions,
although the number of low lying energy states are low, the J7 distribution of the CN °Fe is
almost similar within 0-0.3 7 difference even at low incident energies resulting in almost similar
alpha decay branching ratio.
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Fig. 9. Comparison between the reference 35 Fe(n,a)2Cr reaction cross section including both compound nucleus and
preequilibrium contributions calculated using LDM4 and the extracted cross section obtained using Eq. (5) labelled as
“Extracted”.

To study the dependence on the level structure of the residual nuclei at low energy, we per-
formed calculations in which we force the TALYS code to adopt level structure of >Cr (which
has very low number of low lying energy levels) for >2V rather the existing level structure of
32V (which has large number of low lying energy levels) for >>Mn(n,a)*>V and >Cr(p,a)>2V
reactions which are shown in the Fig. 10 given below. We observe that the alpha decay branch-
ing ratio very much depend on the level structure of the residual nucleus. One can also observe
that the discrepancy reduces as the excitation energy increases, and the decay branching ratio is
almost independent on the low lying level structure at high excitation energies.

In Fig. 11, we show the comparison between alpha decay branching ratio for >>Mn(n,a)*>V
and 55Cr(p,oz)SzV reactions where 55Cr(p,oz)szV is forced to use level structure of 32Cr. We see
large difference in the alpha decay branching ratio between the two. This indicates that the alpha
decay branching ratio depend on the level structure of the low lying energy levels of the residual
nucleus.
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Fig. 10. Comparison of alpha decay branching ratio for S5Mn(n,a)32V and 55Cr(p,oz)52V reactions with the level struc-
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Fig. 11. Comparison of alpha decay branching ratio for SSMn(n,a)>2V and 53 Cr(p,a)szV reactions where 55Cr(p,oz)szV
is forced to use level structure of S2Cr.

4. Summary and conclusion

The entrance channel effect on the alpha decay probabilities for neutron and proton induced
reactions has been studied for two reaction combinations (i) ¥>Mn(n,«)*2V and 55Cr(p,oz)SzV,
which produced the same compound nucleus SoMn, (i) PFe(n,o) 2Cr and 55Mn(p,a)52Cr,
which produced the same compound nucleus °Fe. It is observed that the averaged angular mo-
mentum difference are within 2/ between the compound nuclei >**Mn formed by neutron induced
reaction on >Mn and proton induced reaction on >>Cr throughout the energy range considered.
Similarly, it is also observed that a very similar J” distributions with the averaged angular mo-
mentum difference within 0.5% between the compound nuclei *°Fe formed by neutron induced
reaction on Fe and proton induced reaction on >>Mn throughout the energy range considered.
It is also found that a small difference in the J” distributions of the compound nucleus do not
influence significantly the alpha decay probabilities in the energy range and reactions considered.
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We therefore concluded that (p,«) reactions can be used to extract (n,«) reaction cross sections
and vice versa for the target isotopes studied in the present work.

In the systems that we studied, we have very similar Projectile-Target spin-parity systems,
resulting in very similar J7 distributions of compound nucleus. Moreover, the projectile sepa-
ration energies in these systems are high, 11.197 MeV and 10.184 MeV in n + >>Fe — 0Fe*
and p + >Mn — °Fe* systems respectively whereas the neutron and proton separation ener-
gies are 7.270 MeV and 9.091 MeV for n 4+ 3Mn — *Mn* and p 4 3>Cr — Mn* systems
respectively resulting in population of compound nucleus at high excitation energies even at low
incident energies. Moreover, as we already explained, 72V has many low lying energy levels, the
first excited state is 17.2 keV whereas >>Cr has very low number of low lying energy levels, the
first excited state is 1.434 MeV. Although the J” mismatch is large within 2/ in >Mn(n,a)>2V
and 2> Cr(p,«) %V reactions, however, due to large number of low lying states in the residual nu-
cleus 2V, the alpha decay probability do not depend much on the CN J”. However, in the case
of 3Fe(n,a)>2Cr and >>Mn(p,)*2Cr reactions, although the number of low lying energy states
are low, the Jpi distribution of the CN °Fe is almost similar within 0-0.3 7 difference even at low
incident energies resulting in almost similar alpha decay branching ratio. All these contributed
to the validity of W-E approximation in the systems we studied.

At this juncture, with limited systems and results presented in the present work, it is not
possible to generalize the conclusion we made above, and it is not possible to give a range of
target masses and J” mismatch unless we perform such studies. This will be part of our future
scope. However, at this point, due to the motivations that we mentioned in our Introduction, from
the point of view of reactor applications in which Cr and 3>Fe are produced which are both
unstable, we restrict our studies and manuscript only for these four reactions. And the results are
practically applicable since 3>Mn is stable and there are many experimental results. What we can
mention is based on the results we obtained, and within 2 7 of J” mismatch, for the systems we
studied, we observe similar alpha decay branching ratio. However, we also observe that the alpha
decay branching ratio is also sensitive to the level structure of the low lying energy states of the
residual nucleus; this therefore suggested that each reaction should be considered on a case by
case basis.
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ABSTRACT

A complete nuclear data for all isotopes are desirable for nuclear astrophysics,
safe reactor design, transmutation, understanding nuclear structure and reaction
dynamics, improving existing nuclear model parameters for better prediction, industrial
and medical applications. However, for various nuclear applications, experimentally
measured nuclear data are not available to cover all the required energies. Moreover, due
to the fact that some isotopes are unstable and short-lived, or the reaction cross section
itself is very small, it is sometimes impossible or difficult to measure their cross sections
directly with the present technology. Therefore, in such cases, incomplete or inconsistent
experimental data are coupled with the optimum theoretical models to produce evaluated
data (Gunsing et al., 2015; Gilbert and Cameron, 2014). These evaluated data are
produced such that the important data for all the nuclear reactions at all energy regions
are covered. Although the existing nuclear data covers rather complete information for
all the nuclear reactions, there is still a need for further improvement in the evaluation of
nuclear data which may include evaluating the validity of nuclear models and the choice
of parameters within it, and the technique adopted in analyzing a variety of observables

related to the compound nucleus decay (Ajay Kumar, 2014).

In nuclear reactor developments, the generation of hydrogen and helium through
neutrons has always been a very serious problem. In addition to the production of
hydrogen and helium, the other processes such as atomic displacements and

transmutations, etc. can produce micro-structural defects in the material. The structural



material, generally stainless steel, comprises of Fe, Ni, Cr, Mn, Co, Nb, etc. In the
Stainless Steel of type SS316, the content of Fe and Cr are approximately 65% and 17%
respectively. In the fusion reactors, the structural materials are exposed at a high fluence
of 14.1 MeV neutrons. The high production rate of *°Fe, having a half life of 2.744 years
(Huo Junde, 2008), from the neutron exposure of natural iron via the threshold reaction
®Fe(n,2n)>®Fe, **Fe(n,y)*°Fe, *Ni(n,a)>Fe and the production rate of *°Cr via
>3Cr(n,y)**Cr(n,y)*°Cr, **Cr(n,y)*°>Cr and **Cr(n,y)>Cr(n,y)**Cr(n,y)*Cr is of main
concern as an activation product during the lifetime of an operating reactor (Wallner et
al., 2011). Since Chromium is structural elements in fission and fusion reactors, accurate
knowledge of neutron or proton induced reaction cross sections for its stable as well as
unstable isotopes is very important. The neutron induced reactions on >>Fe and other
long-lived radionuclides, however, are difficult to measure using the standard activation
techniques due to the unstable nature of the targets and their low activities. For this
purpose and other applications, the values of total cross-sections for the production of
charged particles in the reactor materials through nuclear reactions induced by different
projectiles in the energy range from few keV to 20 MeV are required (Lalremruata et al.,
2009). Recent studies have shown that there is a possibility in extracting the total cross

sections of such nuclei which are impossible or difficult to measure experimentally.

In the present work, we investigate the entrance channel effects on the alpha
decay probabilities for the neutron and proton induced reactions for target mass A=55
from few MeV up to 20 MeV. In particular, we studied two combinations, *°Fe(n,o)**Cr

and >*Mn(p,0)*°Cr; *Mn(n,)*?V and >*Cr(p,a)®’V reactions. Each combination is

2



producing the same compound nucleus at the same excitation energy, but with different
J* distributions. We investigate how the difference in the J* distributions of the
compound nuclei at the same excitation energy formed by the neutron and proton
induced reactions influence the alpha decay channel. The dependence of the alpha decay
branching ratio on the level structure of the residual nuclei is also studied. The validity
of the Weisskopf-Ewing limit is also discussed in detail. An investigation has also been
made to study the effect of the compound nucleus /* mismatch on the gamma branching
ratios between the neutron and proton induced reactions on the isotopes under study.
The theoretical simulation is done using the nuclear reaction code TALYS-1.9 (Koning
et al., 2008). The results are compared with experimental results whenever available,

and are discussed in detail.

Self-excited push-pull vacuum tube oscillator is one of the most commonly used
oscillators in radio frequency (RF)-ion plasma sources for generation of ions using radio
frequency. Even though there are now more efficient semi-conductor based RF power
sources, vacuum tube oscillator, especially self-excited push pull RF generator,
continues to occupy important place in the design and construction of RF ion sources
due to its circuit simplicity, robustness, compactness, and ease of maintenance.
However, electron tubes are high voltage devices and have operating conditions
different from that of semiconductor devices. Therefore, proper understanding of the
performance of such device is important for their application in ion sources. The present
work aimed at providing a more detailed description of the oscillator system and

operational characteristics of a self-excited push-pull oscillator using twin beam-power
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tetrode, constructed for operation at around 100 MHz. However, in spite of its
fundamental role in the process of plasma formation, the working and operational
characteristics are the most frequently skip part in the descriptions of RF ion sources in

literatures.

In the development of RF ion sources, the main factors to be optimized are the
operating frequency and output power of the RF oscillator, extraction probe voltage and
the ion current. Out of the various factors that affect the ion current extracted from ion
sources, the effect of RF power on the plasma density is the main interest of the present
study. Numerous works have been seen in literature on the design and construction of
RF ion sources (Brown et al., 2004; Tripathi et al., 2011). However, these studies are
mainly devoted to the extraction and different characteristics of plasma, and little

attention has been paid towards RF oscillator itself.

In the operation of vacuum tube RF oscillator, the only parameter used to adjust
the total output power level is the DC plate voltage. Thus understanding the relationship
between the two parameters is important for proper operation of the oscillator. To
measure the output power of the oscillator, two simple and inexpensive techniques,
namely, a modified form of photometric method and an RF peak voltage detection
method were used. Photometric method is one of the oldest methods of RF power
measurement in history. It is based on the ability of incandescent lamp to convert RF
power into light which is then measured with a photometer (Conhaim et al., 1963;

Technical Manual TM11-685/TO31R-1-9, 1961). However, this method is rather



classified as power indicator than absolute power measurement due to the inductive
reactance of the load at high frequency. On the other hand the latter method is one of
the standard and well known methods where RF power is made to be absorbed by a
purely resistive load and the electrical energy consumed is calculated from the RF signal
peak voltage. The detail procedure for RF power measurement using these two different
methods is discussed. The power curves obtained from these measurements are
quadratic in nature and increase with increase in plate voltage. However, the RF output
power as measured by photometric methods is always less than the value calculated
from peak voltage measurements. This difference is due to the fact that the filament coil
of the ordinary light bulb used as load/detector in photometric method is not a perfect
inductor. The effect of inductive reactance on power transfer to load was further
investigated and a technique is developed to estimate the amount of power correction

needed in the photometric measurement result.

As seen in literature, although it is now understood that saturation in the ion
current can be achieved at a particular frequency, it is still important to understand the
operational characteristics of an RF oscillator in terms of its operating frequency.
Therefore, the effect of the operating frequency of an RF oscillator on its output power
is studied in the present work. Since the operating frequency is basically determined by
the design of the tank circuit or RF coil, used as antenna, the dependence of the

operating frequency on the design of the RF coil is also discussed.
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