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The award of the 2014 Nobel Prize 
in Physics to Isamu Akasaki, Hiroshi 
Amano and Shuji Nakamura for 
“efficient blue light-emitting diodes 
leading to bright and energy-
saving white light sources”1  is 
the culmination of decades of 
painstaking research into the 
world of nitride semiconductors. 
Nitrogen-containing compound 
semiconductors (GaN, AlN, InN 
and their alloys) are key materials 
for compact, high-efficiency LED 
light sources for this century. The 
spectacular progress in LED-
based solid-state lighting is due to 
advances in basic materials physics 
and crystal growth, combined with 

an understanding of advanced 
device design and optimized light 
extraction techniques.  In particular, 
sophisticated thin film growth 
techniques have dramatically 
improved material quality over the 
past two decades. In this article, we 
outline a short history of the blue LED, 
highlighting the contributions of the 
Nobel laureates of 2014 and provide 
an overview of the challenges and 
the exciting possibilities thrown up 
by the III-N semiconductors. While 
the award was given for work on 
LEDs, it must be also be noted that 
the same research also laid the 
foundation for a whole host of GaN-
based technologies ranging from 

blue lasers enabling high density 
information storage to high-power 
and high-speed electronic devices.  

Some forgotten history!

While white LEDs are all in the 
news thanks to their promise of 
revolutionizing lighting, light 
emission from semiconductors is not 
new, having been studied for over a 
century2. Around the turn of the 20th 

century, most researchers working 
in the area of radio communication 
used point-contact rectifiers, the 
predecessor to the p-n junction 
diode. In 1907 Henry Round, a 
technician working with Marconi, 
reported yellowish light emission 
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from carborundum (SiC) based 
whisker detectors in a letter to the 
Electrical World magazine. He noted 
a probable link between the voltage 
across the carborundum junction and 
the emission of light, but didn’t really 
investigate it in detail. The person who 
really studied electroluminescence 
from semiconductors in exquisite 
detail was Oleg Vladimirovich Losev 
(1903-1942), an extremely talented 
technician in the Nizhny Novgorod 
Radio Laboratory. His short but 
brilliant career is unfortunately 
forgotten in the pages of history. 
Losev had no formal education; he, 
however, published 43 papers and 
was granted 16 patents, including that 
for the first solid-state semiconductor 
amplifier. He was noticed by Abram 
Ioffe and invited to move to the Ioffe 
Institute in 1929, where his body of 
work was just so productive that 
he was awarded a Ph.D. degree in 
1938 even without a formal thesis! 
From 1924 to 1941, Losev published 
detailed studies on solid-state light 
sources, electroluminescence in 
SiC, ZnO, worked out possible 
mechanisms of light emission, came 
up with applications of LEDs in 
optical relays among other things. 
His career was tragically cut short 

during World War II when he died of 
hunger during the siege of Leningrad. 
Losev’s diaries record his unfinished 
work on a “3 terminal semiconductor 
amplifier”. We will never know if he 
had figured out the concept of the 
transistor, which would have been 
well before Bardeen and Brattain’s 
celebrated discovery. Bardeen’s  
first Ph.D. student, Nick Holonyak, 
landed up doing some seminal work 
on luminescence in GaAsP, and 
(defect) luminescence in GaP leading 
to the first commercial red, and then 
green LEDs while working at the 
GE Labs, in Syracuse NY.3 Holonyak, 
however, is better known for being 
part of the team that gave the world 
the first visible semiconductor diode 
laser and then the quantum well laser 
which is at the heart of every diode 
laser today. While there were many 
who contributed to progress in LEDs, 
the research reported by Akasaki, 
Amano and Nakamura between 
1986 and 1997 could be considered 
to be the key body of research that 
can be associated with the high 
brightness devices that changed 
LEDs from being mere indicators to 
being illuminators.4,5  The potential 
for these LEDs to provide energy-
efficient lighting very aptly fits the 

criteria as per Nobel’s will, for“…
prizes to those…who have conferred 
the greatest benefit to mankind” for the 
award of the 2014 prize.

What’s so difficult?

There are two key issues that made 
the realization of p-n junction LEDs 
in the nitride material system an 
almost insurmountable challenge for 
many decades. The first being the 
lack of an appropriate substrate for 
GaN growth, and the second being 
the difficulty of p-doping, required 
to fabricate a p-n junction for the 
diode. 

The most common semiconductor 
technologies of Si and GaAs rely on 
materials being grown on Si and 
GaAs single crystal wafers, which 
are easy to obtain from bulk crystals 
grown from a melt. However, 
obtaining bulk GaN (or AlN and InN) 
is extremely difficult. It requires an 
enormous overpressure of nitrogen 
to prevent the decomposition of 
the nitride into metal and N2 when 
heated up. Thus, thermodynamic 
considerations for the synthesis of 
GaN from the constituent elements 
require extreme conditions6  – e.g. 
reactors with pressures in excess of 
15000 atmospheres and temperature 

Isamu Akasaki (b. 1929) is a Professor at Meijo University, Nagoya and a Distinguished Professor at Nagoya 
University, Japan (photo credit : LEDs magazine). Hiroshi Amano (b. 1960) is a Professor at Nagoya University 
Japan (photo credit: A. Mahmoud). Shuji Nakamura (b. 1954) is a Professor at University of California, Santa 
Barbara, CA., USA (photo credit: Alison Mcelwee).

Isamu Akasaki Hiroshi Amano Shuji Nakamura



6

PHYSICS NEWS

of over 1200oC, and produce only tiny 
crystals of GaN, nowhere close to the 
large scale wafer supply needed to 
support a commercial technology. 
Thus, III- nitride films have had to 
be grown on substrates of other 
materials, by a method commonly 
referred to as heteroepitaxy, and 
usually using far-from-equilibrium 
growth techniques such as Halide/
Hydride Vapour Phase Epitaxy 
(HVPE) or Metal-Organic Vapour 
Phase Epitaxy (MOVPE)† . 

An important step in the journey 
toward improved GaN epitaxial 
layers was the report in 1969 by 
Maruska and Tietjen7,8  from RCA 
labs of the synthesis of thin films 
of GaN on sapphire substrates by 
HVPE. They demonstrated the first 
single-crystal films of GaN, though 
highly n-doped, and with a very 

large defect density. Their efforts at 
achieving p-type GaN were however 
not that successful, initially using Zn 
and later Mg as a dopant. However 
the RCA material was used to make 
the first blue LEDs; not p-n junction 
devices which but metal-insulator-
semiconductor devices which 
emitted blue light, but after this 
where however, not very bright. 

The choice of sapphire as a substrate, 
motivated by high temperature 
stability and a wurtzite crystal 
structure similar to that of GaN, was 
quite important and sapphire is still 
the most commonly used substrate 
for growing epilayers for LEDs 
today. However, in spite of being 
the most widely used substrate, 
sapphire is far from being an ideal 
choice. The interatomic distances 
in sapphire are very different from 
that of the III-nitrides, resulting in a 
lattice parameter mismatch between 
sapphire and GaN of 15 %. On the 
face of it, this, according to most 
crystal growth textbooks and crystal 
growers even today would deem the 
growth of epitaxial GaN on sapphire 
to be impossible! To illustrate this 
point – a 1% mismatch translates to 
a stress of 4 GPa. Mild steel, the heart 
of RCC (reinforced cement concrete) 
structures that holds our buildings 
together, bends at 0.25 GPa! Thus, if 
one tried to grow GaN directly on 
sapphire, the layer would “break up”, 
giving crystalline chunks of GaN 
instead of smooth films. 

This is where Akasaki and Amano, 
working at Nagoya University, 
provided the key breakthrough. 

While many researchers had 
abandoned working on GaN and 
moved to materials like ZnSe, 
Akasaki had been persevering 
with GaN growth since 1973 at the 
Matsushita Research Institute Tokyo. 
He initially worked on HVPE grown 
layers, and had observed a few tiny 
high-quality crystallites of GaN, and 
was convinced of the potential of the 
material, but did not know how to get 
uniform coverage. Akasaki eventually 
switched to MOVPE growth in 1979, 
and built a new reactor when he 
moved to Nagoya. Amano joined his 
group as a undergradate student in 
1982. Rather than grow directly on 
sapphire, Amano and Akasaki used a 
two-step growth technique allowing 
the smooth, crack-free GaN layers to 
be obtained. Their novel idea was to 
start with an AlN buffer layer grown 
at a relatively low temperature,  
< 600°C, and grow the GaN layer at 
a high temperature on top of this. 
Annealing of the low temperature 
AlN layer helps provide stress free 
and oriented crystalline seeds for 
growth of the high temperature GaN 
epilayer9. The dramatic difference in 
surface morphology on the use of the 
low temperature buffer is shown in 
Fig. 1. The development of the LT 
buffer layer is a beautiful example 
of what can be achieved by sheer 
persistence and dedication. 

Shuji Nakamura, working at Nichia 
Chemicals, took the two-step 
growth idea further using a custom-
designed growth system. (Of course, 
he was extremely fortunate – Nichia 
was then a very small family-owned 

Oleg Vladimirovich 
Losev

"Oleg Vladimirovich Losev 
(1903-1942) has a number 
of important discoveries 
and  inventions to his credit, 
which makes him a pioneer 
in semiconductor electronics. 
Losev died in 1942, of starvation, 
during Leningrad blockade."

† Today bulk GaN substrates of 2” diameter are indeed commercially available in small quantities from a few sources. 
These are naturally extremely expensive and produced through crystal growth techniques like the ammonothermal 
growth method or via growth of very thick (few mm) films on a substrate by HVPE followed by removal of the 
substrate. Large sapphire and silicon wafers are readily available (up to 8” and 12” diameter, respectively), and are 
still the workhorse for industry.
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company whose CEO had given 
Nakamura, despite his inexperience, 
an amazing amount of freedom and 
funding to pursue work on GaN. 
This may have never happened in 
a regular university or corporate 
research lab.) The design of a GaN 
reactor is a challenging process as 
the metalorganic precursors for 
the metals – trimethylgallium and 
especially trimethylaluminium 
tend to react in the gas phase 
itself with ammonia, the nitrogen 
precursor.  Nakamura’s “two flow” 
reactor allowed better control on 
the injection of the reactants into 
the growth chamber, and it appears 
from his papers, that it was critical to 
helping him grow high quality GaN 
layers allowing him to demonstrated 
high-brightness LEDs and eventually 
laser diodes. The other important 
change introduced by Nakamura 
was the use of a low temperature 
(LT) grown layer of GaN itself as the 
buffer layer10. This “LT-GaN buffer” 
is today a standard step in the growth 
of GaN layers. 

It should be pointed out that while 
the layers obtained were smooth 
and crack-free, these are not perfect 
single crystals. They are textured 
thin films with a large concentration 
of defects – with a dislocation density 

of >109/cm2! At such defect densities 
GaAs-based red LEDs would 
never be expected to perform. The 
remarkable insensitivity of nitride 
LEDs to defects was most surprising, 
and naturally a topic of intense 
research and debate. In most blue 
LEDs, the light emitting active layer 
is actually InGaN containing about 
10% InN, and it was later found 
that carrier recombination in these 
alloys happens at localized centres 
with very high efficiency as we will 
discuss later. 

The solution to the other big challenge 
– that of p-doping – makes for a rather 
interesting story as well. P-doping 
wide bandgap materials is a problem 
as the dopant acceptor levels are 
usually far above the valence band 
edge (e.g. 240 meV for Mg, or 360 
meV for Zn in GaN). Thus ionization 
of acceptors at room temperature is a 
problem. Amano and Akasaki made 
a rather serendipitous observation 
that Mg-doped samples which had 
been subjected to SEM imaging 
seemed p-type. They came up with 
a process of low energy electron 
beam irradiation (LEEBI)11  with  
< 5 kV electrons, allowing them to 
achieve hole concentrations of just 
about 1017/cm3, sufficient for them 
to demonstrate the first blue p-n 

junction nitride LED11. However, 
LEEBI was not a process ideal for 
large areas and in any case limited 
to the penetration depth of the beam 
(~250nm).  Nakamura and coworkers 
provided an understanding of the 
activation of Mg-doping12 and the 
next major breakthrough – simply 
annealing the Mg-doped GaN above 
600°C in a N2 ambient13 was sufficient 
to yield low resisitivity p-type layers 
with hole concentrations in excess 
of 3 x 1017/cm3. It was observed that 
when the layers were annealed at 
lower temperatures the resistivities 
were six orders of magnitude 
higher. Further, it was also seen 
that when layers were annealed in 
NH3, the higher temperatures did 
not help. These experiments led to 
the conclusion that the formation 
of Mg-hydrogen complexes which 
prevented activation of the dopant 
was the culprit. On annealing in 
N2 above 600°C, sufficient thermal 
energy is provided to break these 
complexes and release H2. However, 
NH3 itself decomposes above 600°C 
to release atomic H which prevents 
dissociation of the complex. The 
thermal annealing route allowed 
p-type layers to be easily achieved on 
a wafer scale, and was an important 
step in route to commercial LEDs. 

There is yet another technical 
challenge though in realizing LEDs 
in the blue and green region of 
the spectrum.  The bandgap of 
GaN is ~3.4 eV corresponding to a 
wavelength of ~360 nm, which is just 
in the UV region. In “blue” LEDs, the 
light emitting active layer is actually 
an InGaN alloy containing about 
10% InN. In fact, most LEDs utilize 
a “double –heterostructure” design, 
with a sandwich of two materials. 
For example, in GaN/InGaN/GaN 
structures two GaN/InGaN hetero-

Fig. 1: The classic results of Amano and Akasaki showing GaN films grown with 
and without the low temperature AlN buffer. (Figure from H. Amano’s Nobel lecture, 
adapted from Ref. 9 and used with permission)
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interfaces are involved. In such 
double heterostructures, a small band 
gap material (here InGaN), typically 
intrinsic, is sandwiched between 
two larger band-gap materials (here 
GaN) called cladding layers. One of 
them is p-doped and the other one 
is n-doped. When such a structure is 
forward biased, p and n type carriers 
are injected into the central smaller 
band gap layer and confined there by 
the larger bandgap cladding layers. 
(In most practical LEDs this central 
layer is just a few nm thick, forming 
a quantum well. This isn’t exactly 
a “textbook square well”, but that’s 
another story!) The carriers combine 
in this central active layer and yield 
photons whose energy being lower 
results in their passing through the 
larger bandgap cladding layers as 
they cannot be absorbed there.

Growing InN or InGaN, however, is 
itself a challenge. And growing GaN/
InGaN on the same substrate is even 
more difficult. This is so because the 
best AlN and GaN growth happens in 

a hydrogen ambient, at low pressure, 
and at temperatures >1000°C.  InN on 
the other hand requires a  nitrogen 
ambient, relatively higher pressure, 

and decomposes above ~600°C. Not 
only does the incorporation of indium 
requires tweaking growth conditions 
very carefully, but at higher indium 
content the alloy tends to phase 
separate and show inhomogeneities.† 
Here again, conventional wisdom 

suggested that AlGaN/GaN/AlGaN 
would be easier to grow, and a lot of 
people chose this path. Nakamura 
and a few other groups pursued the 
more difficult route and the Nichia 
team was eventually successful in 
demonstrating the growth of high 
quality InGaN alloys, and GaN/
InGaN/GaN quantum wells, allowing 
for LED emission to be tuned 
across the blue-green wavelength 
region. The development of the first 

“candela-class” LEDs (see Fig. 2) at 
Nichia established the commercial 
production of high-brightness LEDs, 
and led to their near domination of 
the world market for blue LEDs in 
the late 1990s. 

A summary of the key contributions 
of the Nobel Laureates to the 
developments resulting in the pn 
junction blue LED are shown in  
Fig. 3. Today, this process is standard, 
and almost every university 
laboratory with a nitride epitaxial 

Fig. 2:  Schematic cross section (left) and electroluminescence (right) from 
Nakamura’s first candela class LEDs. (With permission from S. Nakamura, et al., 
Appl. Phys. Lett., 64, 1687, 1994.)

Fig. 3: A schematic structure of a nitride based pn-junction LED showing the key 
contributions made by the Nobel Laureates of 2014. Source: www.nobelprize.org

† Of course it was later shown that these inhomogeneities were actually beneficial for the LEDs, and perhaps key 
to their robustness against the high dislocation densities. The localized indium-rich regions formed due to In-N 
inhomogenities in InGaN help in trapping carriers, and prevents their loss to the dislocations which are non-radiative 
recombination centers. Radiative recombination at these localized centers results in very high internal quantum 
efficiencies and in turn very efficient blue emission.
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growth system can easily grow an 
InGaN/GaN quantum well LED.  As 
an example, electroluminescence 
from LED chips fabricated from 
materials grown in the TIFR 
semiconductor laboratory are shown 
in Fig. 4.

Getting to white

The Nobel Prize citation also 
specifically points out the work of the 
laureates towards the development of 

“energy-saving white light sources”. 
This is undoubtedly recognition of 
the fact that the white LED has the 
potential to revolutionize lighting. 
While the energy efficiency is perhaps 
important in replacing incandescent 
or fluorescent lamps, a more 
important aspect is the prospect of 
providing illumination for large areas 
of the world where grid-electricity is 
still a dream — hence satisfying the 

“greatest benefit to mankind” clause 
of Nobel’s will. In combination with 
solar cells, the LED offers a low-
power d.c. lighting solution without 
requiring an inverter that is grid 
independent and easily deployable 
in rural communities where the 
availability of light can make a huge 
difference to the quality of life. 

While it would be most efficient to 
combine a red, green, and blue LED 
to create white light, this is, however, 

is not the most practical or economic 
solution. The blue and green LEDs 
are both made from the III-nitrides 
but the red LEDs are still based on 
AlGaInP. Further due the difficulties 
with indium incorporation, the 
efficiency of green LEDs is still way 
below those in the blue. Thus, such 
a 3-LED solution would require 
different drive circuits, with an added 
complexity of managing the different 
degradation rates of the 3 sources, 
which if uncompensated would 
lead to a change in colour. Hence, 

most white LEDs are essentially a 
blue LED embedded in a yellow 
phosphor that converts some of the 
blue to yellow. The combination of 

Fig. 4: An optical image of a set of blue 
LEDs fabricated at TIFR being tested. 
The LEDs are InGaN/GaN quantum 
well structures that emit at ~ 450nm 
wavelength.

1http://www.nobelprize.org/nobel_prizes/physics/laureates/2014/
2N. Zheludev, Nature Photon. 1, 189 (2007)
3M. G. Craford, Proc. IEEE, 101, 2170 (2013)
4I. Akasaki, Proc. IEEE, 101, 2200 (2013)
5S. Nakamura, M. R. Krames, Proc. IEEE, 101, 2211 (2013)
5J. Karpiński, J. Jun, S. Porowski, J. Crystal Growth, 66, 1 (1984)
7H.P. Maruska, J.J. Tietjen, Appl. Phys. Lett. 15, 327 (1969)
8http://www.sslighting.net/news/features/maruska_blue_led_history.pdf
9H. Amano, N. Sawaki, I. Akasaki, Y. Toyoda, Appl. Phys. Lett. 48, 353 (1986)
10S. Nakamura, Jpn. J. Appl. Phys. 30, L1705 (1991)
11H. Amano, M. Kito, K. Hiramatsu, I. Akasaki, Jpn. J. Appl. Phys. 28, L2112 (1989)
12S. Nakamura, N. Iwasa, M. Senoh, T.  Mukai, Jpn. J. Appl. Phys. 31, 1258 (1992)
13S. Nakamura, T.  Mukai, M. Senoh, N. Iwasa, Jpn. J. Appl. Phys. 31, L139 (1992)
14S. Nakamura, T.  Mukai, , Jpn. J. Appl. Phys. 31, L1457 (1992)

blue and yellow of course leads to 
white. The exact colour temperature 
of the white (warm white vs. cool 
white) can be tuned by adding other 
e.g. red phosphors if needed. There 
is of course a slight loss due to the 
difference in the absorption and 
emission bands of the phosphor, but 
the overall efficiency still surpasses 
that of other white light sources. 
Commercially LEDs with over 200 
lumens/Watt are supposed to hit the 
market mid-2015, and the laboratory 
record is already a whopping 303 
lumens/Watt, announced by Cree 
Inc. in March 2014. In comparison, 
Edison’s venerable incandescent 
lamp generates 15 lumens/Watt and 
the tube light about 100 lumens/Watt. 
Truly, the LED made possible by the 
innovative advances and painstaking 
efforts of Amano, Akasaki and 
Nakamura seems set to enter every 
home and make for a brighter world! 
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Journey on the quest for structure of matter led to the discovery of molecules, atoms, electrons, nucleus, protons, 
neutrons, quarks, etc., which at different times were thought to be elementary particles or building blocks of matter. 
How were they found?  How small are these objects? Is there a limit to our looking at smaller objects? This enterprise has 
been a heroic one and has extended our horizons to undreamt of levels. Although it has been a curiosity driven pursuit, 
this has led to many technological spin-offs of practical benefit to the society. This presentation talks first about the 
quest, then of some of the benefits accruing to the society and finally briefly describes the status of accelerators in India.

The Quest

Ever since humans started thinking, 
they wanted to know the nature 
of things around. One way to 
understand objects is to see whether 
the object can be made out of smaller 
parts. These small parts can then be 
combined in different ways to form 
all the objects around us. The early 
Greek and Indian philosophers 
(physics was part of natural 
philosophy) had proposed an atomic 
theory of matter and extended it to 
other phenomena as well, but the 
dominant theories of matter held that 
it was formed of a few basic elements.  
Greeks had postulated four basic 
elements, viz., earth, air, water and 
fire and Indians added a fifth element, 
space. The Greek approach to physics 
was largely geometrical and reached 
its peak with Archimedes (287-212 

B.C.).  His work on levers led him to 
proclaim, `Give me a place to stand 
and I can lift the world'. The atomic 
theory was again proposed in early 
19th century by chemist John Dalton 
and became one of the hypotheses 
of the kinetic molecular theory of 
gases developed by Clausius and 
Maxwell. Avogadro’s analysis of 
chemical reactions and combination 
of gases led him to postulate that the 
volume of a gas (at a given pressure 
and temperature) is proportional to 
the number of atoms or molecules 
regardless of the nature of the gas. 
The constant of proportionality was 
named as the Avogadro constant 
by J. B. Perin. Using the Avogadro 
constant and the density of a material 
one can easily deduce that the size 
of the constituent atoms would be 
extremely small. For example, in 
the case of graphite with a density 

of ~2300 kg/m3, 1 cm3 would contain 
~ 1.15x 1022 atoms. This tells us 
that the average distance between 
two C atoms in graphite would be  

~ 4.4x10-8 cm. How do we check 
whether our deduction about atomic 
size is correct? The best way would be 
to directly measure the size of atoms. 
But they are so tiny that they are not 
visible under a normal microscope.

The spatial resolution that can be 
achieved depends on the wavelength 
of the radiation used for the 
microscope. For example, in the case 
of visible light, the limit of resolution 
is about 1 µm. For higher resolutions, 
x-rays with shorter wavelengths 
are used. We can access still shorter 
wavelengths by utilizing the de 
Broglie wavelength (λ) associated 
with the particle, which is inversely 
proportional to the momentum (p) of 
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the particle as given by the equation,  
λ = h/p, where h is the Planck's 
constant. The wavelength associated 
with an electron and a proton is 
given in table 1 as a function of the 
particle energy.

We are now able to picture atoms 
individually using scanning 
tunneling microscopes. Such an 
example of image of a graphite 
surface showing individual atoms of 
carbon is shown in figure 1.

Why do we need high energies? High 
energies act in two ways. One is their 
ability to impart energy to the system 
under study and excite various 
degrees of freedom, and second is 
that they provide a snapshot of the 
inside of the system with resolution 
depending on their energy in 
analogy to studying objects with a 
microscope. Particles accelerated to 
high energies are required to explore 
the dynamics of systems with high 
binding energies. Energies associated 
with chemical reactions are usually a 
few meV, with atoms in the range of 
few eV to few keV, with nuclei in the 
range of MeV and with ‘elementary 
particles’ in the range of GeV.  The 
high energies can be used to find 

Table 1

Energy Wavelength of an electron Wavelength of a proton

1 eV 12 x 10-9 m 2.9 x 10-11 m

1 MeV 8.7 x 10-13 m 2.8 x 10-14 m

1 GeV 1.2 x 10-15 m 7.3 x 10-16 m

1 TeV 1.2 x 10-18 m 1.2 x 10-18 m

new particles of higher mass, which 
will be created in particle-antiparticle 
pairs if the energy available exceeds 
twice the rest mass energy. The high 
energies also take us back in time 
close to the ‘Big Bang’ by creating in 
the laboratory the energy densities 

available only at that early epoch 
albeit in a miniaturized scale. 

First discovery of sub-structure atoms 
came from the investigations of J.J. 
Thomson at Cambridge University, 
England, who discovered the electron 
and measured its charge to mass 
ratio in 1897 (Ref 1). This led to his 
formulation of the Jellium model of 
the atom with a uniform distribution 
of the electrons and matching 
positive charge.  E. Rutherford took 
up the investigations,  probing the 
atom further by bombarding a thin 
foil of gold with alpha particles from 
the radioactive source 214Po that M. 
Curie had given him. Rutherford 
with his coworkers, H. Geiger and 
N. Marsden set up the famous 
Rutherford experiment that lead to the 
discovery of the atomic nucleus (Ref 
2). This is one of the most important 
experiments of the 20th century and 
merits more than a cursory mention. 
We shall elaborate this experiment a 
little. It is the forerunner of all high 
energy nuclear and particle physics 
experiments in that it has all the 
ingredients, viz., a beam of particles 
(7.7 MeV α) incident on a target (Au) 
followed by detection by a detector 
(ZnS scintillator). 'The experimental 
arrangement is shown in figure 2. 
The experimenters had to sit in the 
dark room for long periods without 
a break (so that their pupils would 
remain in the expanded state) peering 
at the scintillator screen through the 
microscope and counting the number 

of scintillations. They observed 
that about one in 10000 cases the 
alpha particles would be scattered 
through a very large angle, whereas 
rest of the alphas would go through 
in the forward direction. From this 
observation Rutherford reasoned 
that most of the positive charge and 
mass of the atom is concentrated in 
a tiny volume that he termed the 
nucleus. From the ratio of backward 
to forward scattered particles, he 
could deduce that the nucleus would 
have to be nearly 1/10000 smaller in 
size than an atom.

Once the nucleus was discovered, 
Rutherford was keen to pursue 
the study of its properties and in 
an address to the Royal Society 
in 1927, he made a strong plea 
for accelerators to be built, saying, 

“What we require is an apparatus to 
give us a potential of the order of 10 
million volts..........… I see no reason 
why such a requirement cannot be 
made practical.” Shortly thereafter 
in 1931, his colleagues J.D. Cockcroft 

Figure 1. Scanning Tunneling 
microscope image of a graphite surface 
showing images of individual C atoms.

Figure 2. Apparatus used by Geiger 
and Marsden in the famous Rutherford 
alpha scattering experiment. (Credit: H. 
Geiger and E. Marsden, “The Laws of 
Deflexion of α Particles through Large 
Angles, ” Philosophical Magazine, 1913, 
25:604–623.)

Figure 3. The cascade generator built by 
Cockcroft and Walton (Ref 3).
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and E. Walton (Ref 3) at Cavendish 
laboratory used the cascade voltage 
multiplier circuit of Greinacher (Ref 
4) to build the cascade generator 
shown in fig. 3, reaching 500 keV 
potential and applied it to accelerate 
protons. With protons of energy 
400 keV, they succeeded in splitting 
7Li nucleus into two alpha particles. 
Almost about the same time, at 
Berkeley, U.S.A., E.O. Lawrence 
with his student M.S. Livingston 
succeeded in accelerating protons 
to 80 keV in a cyclotron in 1932 (Ref 
5).  Lawrence got the idea of using 
radiofrequency fields from the work 
of Rolf Wideroe in Aachen, Germany, 
who succeeded in 1927 to accelerate 
K+ ions to energy of 50 keV(Ref 6) 
using the principles of resonance 

linear acceleration, schematically 
shown in fig. 4, given earlier by 
Gustav Ising (Ref 7). Lawrence’s first 
cyclotron had a diameter of 4.5”, as 

shown in fig.5, but soon he started 
building bigger cyclotrons and 
achieved higher energies using larger 
and larger magnets in succession 
and reaching protons of energy in 
the hundreds of MeV. It is interesting 
to note that as early as 1940, M.N. 
Saha (fig. 6) at Kolkata had planned 
to build a cyclotron and got in touch 
with Lawrence and ordered some of 
the components from USA.  He had 
to wait till the end of the World War II 
to get all the components as the ship 
carrying the vacuum components 
during the war was torpedoed in the 
bay of Singapore and sank.

All accelerators use electric fields 
in which charged particles are 
accelerated. The electric fields are 
used over most of the available 

frequency range from static fields to 
ac fields oscillating at 50 - 60 Hz and 
extending to radiofrequencies in the 
MHz to GHz range.

Every accelerator has a particle source 
or injector followed by the main 
accelerator, which could be of several 
types, electrostatic or electromagnetic. 
The sources for positive ions are 
usually one of the following: glow 
discharge, ECR plasma, and sputter 
source. The goal for heavy ions is 
to maximise the charge state before 
injection into the main accelerator. 
Electrons are commonly generated 
from a heated filament or an 
indirectly heated cathode. Very short 
pulses of electrons can be generated 
using a powerful laser directed at a 

photocathode. Anti-particle beams 
are generated through the interaction 
of high-energy particles with energy 
>> 2mc2, where m is the rest mass of 
the particle.

The flux, i.e., the number of particles 
incident per unit area, of particles 
depends on the yield of the ion source 
and the emittance of the beam. Since 
the flux decides the type of physics 
problems that can be addressed, 
considerable effort has been given 
for increasing this quantity by beam 
cooling techniques.

Progress towards higher energies 
required high power rf amplifiers 
and these high power rf amplifiers 
were developed during the second 
world war for use in RADAR. The 
most notable among these was the 
klystron discovered by the two 
brothers Russell and Sigurd Varian 
at Stanford in 1939 (Ref 8). The 
advent of these amplifiers fuelled the 
growth of linear accelerators starting 
with the first electron linac, Mark I 
(shown in fig.7), delivering 6 MeV 
electrons at Stanford in 1947 (Ref 9). 
A large number of accelerators were 
built during the period 1950- 1970, 
both of the linear and circular variety. 
We may group these accelerators 
in two categories according to the 

Figure 4. The schematic arrangement used by Wideroe for his linear accelerator  
(Ref 6).

Figure 5.  The photograph of the 
first cyclotron built by Lawrence and 
Livingston (http://lbl.webdamdb.com).

Figure 6.  Prof. M.N. Saha (1893-1956) 
in front of the Cyclotron, University 
College of Science & Technology, 
Kolkata, 1947. (M.N. Saha archives, 
SINP).
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particle energies, being low energy 
and high energy. In the low energy 
category, we have the electrostatic 
van de Graaff accelerator (Ref 10), 
the cyclotron and low energy linacs, 
which are used to accelerate a wide 
variety of ions for probing nuclear 
structure and reaction dynamics, 
modification and characterisation 
of materials, atomic and molecular 
physics and surface science. These 
types of accelerators continue to be 
widely used in many laboratories 
around the world. 

In the high energy category fall 
the synchrocyclotron, synchrotron 
and high energy linacs, which are 
used to study particle properties 
and their sub-structure. Two large 
synchrotrons for accelerating 
protons in the GeV energy range 
were built at Brookhaven National 
Laboratory (BNL) and Berkeley, USA. 
The Cosmotron at BNL (Ref 11) as 
shown in fig. 8, accelerated protons 
to energy of 3.3 GeV and the Bevatron 
at Berkeley (Ref 12) as shown in fig. 9, 
accelerated protons to energy of 6.2 
GeV. These machines had employed 

weak magnetic focusing for 
confining particles in the transverse 
planes and hence the magnets had 
to be very large. Experiments at both 
the machines led to fundamental 

discoveries. At BNL, the anomaly of 
K-meson decay into either two or 
three pions led C.N. Yang and T.D. 
Lee in 1957 to postulate the violation 
of parity in weak decays, which was 
subsequently discovered in beta-
decay by C.S. Wu and collaborators in 
the same year (Ref 13). The antiproton 
was discovered by E.G. Segre and O. 
Chamberlain at Berkeley in 1954 (Ref 
14) and was the second antiparticle 
discovered after the positron. The 
development of linear accelerators 
continued at Stanford, where the 
next machine was the Mark III linac  
(shown in fig. 10) in 1953 accelerating 

electrons to energy of 225 MeV. At 
Stanford, using the high energy 
electrons, R. Hofstadter (Ref 15) 

investigated structure of nuclei 
and determined the radius of a 
large number of nuclei using an 
experimental set-up similar to 
that of Rutherford except that the 
alpha particles were replaced by 
much higher energy electrons. In 
this experiment he showed that the 
charge distribution inside a nucleus 
was nearly uniform over the central 
region with a skin region where 
the density fell off exponentially 
over a distance which was almost 
independent of the nuclear mass. This 
indicated the constancy of central 
density of nuclei and the property of 

Figure 7.  Stanley Kaisel, Clarence 
Carlson, William Kennedy, William 
W. Hansen carrying the first unit of 
Stanford Mark I, 6 MeV electron linac on 
their shoulders, 1947.

(http://www.slac.stanford.edu/history/
markphotos.shtml)

Figure 8. Cosmotron, BNL   that accelerated protons to 3.3 GeV . Anomaly in K 
meson decay was discovered at the Cosmotron. (http://www.bnl.gov/about/history/
accelerators.php) 

Figure 9.  Bevatron, Berkeley accelerating 
protons to 6.2 GeV. Discovery of 
Antiproton was made using the Bevatron 
(http://lbl.webdamdb.com).

Figure 10.  Mark III linear accelerator 
delivered electron of energy 220 MeV 
used for determination of Nuclear Radii 
and Structure of Nucleons was found by 
Hofstadter. (http://www.slac.stanford.
edu/history/markphotos.shtml).
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saturation of nuclear interaction. His 
experiments also showed evidence of 
the proton to have finite size, about 
0.8 fm and not to be a point charge.

The next linac to be built was the 2 
mile long Stanford linear Accelerator 
(shown in fig. 11) under the 
leadership of W. Panofsky and R.B. 
Neal, boosting electrons to energy 
of 20 GeV in 1966 (Ref 16). Electrons 

from this machine were used by J. 
Friedman, H.W. Kendall, R. Taylor 
(Ref 17) and others in yet another 
version of the Rutherford experiment, 
in which they discovered the sub-
structure of protons consistent with 
the parton model of R.P. Feynman (Ref 
18) having point-like constituents. 
The magnetic spectrometer built by 
them for the experiment is shown in 
figure 12. The constituents of the sub-
structure were ultimately identified 
with quarks (Ref 19) as postulated by 
M. Gell-Mann and G. Zweig.

The discovery of strong focusing 
using alternate gradient magnetic 
fields by N. Christofilos  (Ref 20) 
and developed independently by 
E. Courant, M. Livingston and H. 
Snyder in 1952 (Ref 21) made it 
possible to reduce the size of magnets 
and hence achieve much higher 
energies with smaller magnets. The 
next high energy accelerator to be 
built was the Alternate Gradient 
Synchrotron (shown in fig. 13) at 
BNL for protons to energy of 33 
GeV in 1960. The experiment at this 

accelerator leading to the discovery 
of CP violation in K meson decay was 
done by J.W. Cronin and V. Fitch in 
1964 (Ref 22). The doublet structure 
of leptons was demonstrated through 

the discovery of the muon-neutrino 
by L.M. Lederman, M. Schwartz, J. 
Steinberger and others also at BNL 
in 1962 (Ref 23). At CERN, a proton 
synchrotron (PS) was built around 
the same time using strong focusing 
to reach energy of 25 GeV.

All the early machines accelerated 

projectiles which were used to 
bombard a target at rest.  As the 
energy of the particles kept going 
up, it was soon realized that the 
useful energy available in the centre-

of-mass frame would go up rather 
slowly following the equation,   
E* =  (2mtc2Ep)1/2, where mt is the 
mass of the target and Ep is the 
projectile energy. The situation 
could be remedied if both target 
and projectile were in the form 
of two accelerated beams coming 
from opposite directions and were 

Figure 11.  Aerial view of Stanford 2 
mile long linear accelerator SLAC. Now 
converted to a photon source. (http://
www.slac.stanford.edu).

Figure 12.  Magnetic spectrometers used by Friedman, Kendall and Taylor for 
determining quark structure of protons (Ref 17).

Figure 13.  Alternate Gradient Synchrotron accelerated protons to energy of 33 GeV 
for the discovery of CP violation and Muon neutrino. (http://www.bnl.gov/about/
history/accelerators.php)
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made to collide. In that case, the 
centre-of-mass energy would be 
given by E* = 2(EpEt)1/2. For example, 
if two protons, each of energy 20 
GeV collide head-on, it would be 
equivalent to a proton of energy 800 
GeV incident on a stationary proton.  
Use of colliding beams brings in new 
problems that need special attention. 
In order to measure events of low 
probability, i.e. of low cross-sections, 
the luminosity of the beams should 
be high. This requires the emittance 
of the beams to be low and special 
techniques were invented to reduce 
the emittance of beams. G. Budker 
at Novosibirsk, Russia invented the 
method of electron beam cooling 
of protons (Ref 24) and S. Van der 
Meer at CERN, Geneva invented the 
method of stochastic cooling (Ref 25), 
which allowed a sufficient number 
of antiprotons to be accelerated and 
stored in a storage ring for colliding 
beam experiments. 

The first collider was proposed by a 
group at Midwestern Universities 
Research Association, USA using a 
fixed frequency alternate gradient 
(FFAG) machine, but it was not 
continued (Ref 26). The first electron-
positron collider was designed and 
built by B. Touschek at Frascati 
laboratory, Italy and was named AdA 
(Annelli di Accumulazione) (Ref 27). 
This machine stored electrons and 
positrons of energy 250 MeV and the 
first electron-positron interactions 
were observed at the beginning of 
1964. The idea of a accumulating 
particles counter-rotating in a ring 
accelerator to increase the intensity 
was given by G. O’Neill in 1957 (Ref 
28). In the early 1960s, Gersh Budker 
in the Soviet Institute of Nuclear 
Physics independently developed 
and built the VEP-1 electron-electron 
collider. The next collider to be built 
was the Intersecting Storage Rings at 
CERN for p-p collisions under the 
leadership of K. Johnsen that reached 
energy of 26 GeV in 1983. Several 
major discoveries were made using 
collider machines. Among these are 
the discoveries of the Charm quark 
via the J/Ψ resonance in the electron-

positron collider at SLAC by B. 
Richter and collaborators. The same 
particles were also discovered nearly 
at the same time at BNL using protons 
on a fixed target by S. Ting and his 
collaborators. This was followed by 
the discovery of tau lepton at SLAC 
by M. Perl and his group in 1977 (Ref 
29).

The race to higher energies continued 
at Fermilab, USA and at CERN, 
Geneva. At Fermilab, a proton 
synchrotron was built under the 
leadership of R. Wilson as the Main 
Ring reaching 400 GeV for protons in 
and was upgraded to energy of 500 
GeV in 1977. In the same period, the 
Super Proton Synchrotron (SPS) was 
built at CERN to boost the energies of 
protons from the PS to 400 GeV under 
the leadership of J. Adams in 1976.  
The SPS was converted to a proton-
antiproton collider, which was 
completed at CERN in 1981. Sufficient 
number of antiprotons could be 
collected and accelerated only by the 
use of stochastic cooling invented 
by van der Meer. Experiments at the 
collider were used for the discovery 
of W, Z bosons, the carrier of weak 
interaction, by C. Rubbia and his 
colleagues in 1983 (Ref 30) in the first 
year of operation. The accelerator 
complex at CERN was expanded 
greatly with the construction of the 
largest circular electron-positron 
collider (LEP) with a circumference 
of 26.7 km having an initial goal of 50 
GeV for each beam (Ref 31). A sketch 
of the accelerator complex at CERN is 
shown in figure 14. Four experiments 
were set-up at 4 positions out of the 
possible 8 beam crossing positions. 
Indian physicists participated in 
one of the experiments named L3. 
The machine started operating in 
1989 and the experiments showed 
conclusively that only 3 weakly 
interacting neutrinos exist and 
thereby establishing 3-generations 
of quarks and neutrinos. During this 
period another electron-positron 
collider PETRA, as shown in fig 15, 
was built at DESY Hamburg that 
accelerated particles to energy of 19 
GeV and resulted in the discovery 

of existence of gluons, the carrier of 
strong interaction, in 1979.

The march towards higher particle 
energies got another boost with 
the introduction of another new 
technology, i.e., superconductivity. 
Superconductivity allowed the 
magnets to achieve higher fields 
making the accelerator rings 
to be of smaller diameter and 
superconducting cavity resonators 
produced much higher accelerating 
fields for much less rf power. Both 
these factors brought much higher 
beam energies within the reach of 
the physicists. The first accelerator 
to incorporate superconducting 
magnets was the Fermilab Main Ring. 
The LEP at CERN was upgraded 
to energy of 100 GeV with the 
introduction of superconducting 
cavities in 1996 and after running 
successfully, was shut down in 2001.

The next high energy hadron 
collider was the Fermilab Tevatron, 
schematically shown in figure 16, for 
proton-antiproton collisions at 900 
GeV each. Indian researchers were 
involved in the experiments done 
at Fermilab which resulted in the 
discovery of the top quark (Ref 32).

The latest high energy machine is 
the Large Hadron Collider which 
was installed in the same tunnel 

Figure 14.  Schematics of the accelerator 
complex at CERN. LEP has been 
transformed into Large Hadron Collider 
(LHC), operating since 2008. (http://
www.cern.ch).
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at CERN after removing the LEP 
machine and is designed to collide 
to counter-rotating proton beams 
of energy 7 TeV each (Ref 33). The 

beams would cross at four positions 
where four experiments are set up. 
Indian physicists and engineers have 
been involved from the beginning in 
the accelerator, detector as well as 
experiments at LHC. The machine 
started operating from 2008 and 
the energy was increased in several 
steps. In July 2012, the discovery of 
Higgs boson was announced from 
the results obtained from the two 
experiments with protons of 3.5 and 
4 TeV each at LHC. The machine was 
shut down in 2013 for maintenance 
and upgradation and is scheduled 

to begin experiments again in 2015 
with higher energy protons reaching 
eventual energy of 7 TeV. 

The discovery of the Higgs boson 
is the culmination of efforts for its 
search over many years to complete 
the picture of the Standard Model 
(SM) of particles. However, new 
questions immediately crop up as to 
the detailed nature of the particle just 
discovered and if there are anything 
beyond the standard model (BSM) as 
several theories predict.  The options 
for the near future are upgrades 
of LHC luminosity, building a 
dedicated “Higgs factory” in the 
form of an electron-positron collider 
and building a higher energy (80-100 
TeV) p-p collider.

Further upgrades to increase both 
the luminosity of the protons as well 
as energy have been planned for 
the LHC. An international Linear 
Collider (ILC) collaboration has been 
formed that has produced a technical 
design report of an e+-e- collider to 
work in the 0.5-1 TeV centre-of-mass 
energy range (Ref 34). Research 
is continuing worldwide for the 
ILC, in which Indian scientists are 
participating both in the physics 
aspects as well as the required 
technologies.

The quest for structure of matter now 

would focus on the possibilities of 
finding sub-structures of the current 
building blocks, viz., quarks and 
leptons. With the highest energies 
available to us from accelerators, 
we are able to probe sizes down to  
10-20 m and no hint of sub-structure of 
these particles have yet emerged.

The ever-increasing size of 
accelerators is now reaching both 
the physical and financial limits of 
nations. Thus, totally revolutionary 
concepts in generating high electric 
fields are required. Would it be 
possible to use the high crystal fields 
(1017 eV/cm or 106 GeV/m) present in 
solids although they exist over very 
small distances? Hopes for the future 
have come from the investigations 
being carried out in laser-plasma 
interactions. Extremely high fields 
(100 GeV/m ) have been generated 
in relativistic plasma waves driven 
by short, high-intensity laser pulses 
as well as high intensity electron 
bunches. Some preliminary success 
has been achieved in accelerating 
particles using these high fields.

Societal benefits

Societal support to a branch of science 
largely depends on the technological 
fallouts of the study of that science 
and the quest for structure of matter 
is no exception to that. The push 
for understanding matter in terms 
of its fundamental constituents has 
resulted in development of hitherto 
undreamt of technologies and these 
have been available to other fields of 
study. Some of the technologies are 
high field superconducting magnets, 
ultra high vacuum, electronics and 
the “world wide web”.

Accelerators are themselves very 
powerful tools for studies in 
many other areas like material 
science, biology, chemistry, geology, 
archaeology, forensic science, etc. Out 
of a total of > 35000 accelerators in 
the world, only about 3% are used in 
basic research, while the rest are for 
applications. We shall describe a few 
random samples of such applications.

In condensed matter and materials 

Figure 15. Aerial view of the electron-positron collider PETRA at DESY. (www.desy.
de)

Figure 16.  Aerial view of Accelerator 
complex at Fermilab.

(http://www.fnal.gov/pub/presspass/
vismedia/)
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science, structure of materials can be 
determined using neutron diffraction 
from spallation neutron sources. The 
composition of materials can be 
obtained through a host of techniques 
like Proton Induced X ray Emission 
(PIXE), Elastic Recoil Detection 
Analysis (ERDA), Rutherford 
Backscattering (RBS), Secondary Ion 
Mass Spectrometry (SIMS), etc which 
all employ accelerators. Recently 
swift heavy ions are being used for 
material modifications and creating 
novel materials. The technique 
of Accelerator Mass Spectrometry 
(AMS) is used in a number of areas 
of study, e.g., geology, oceanography, 
archeology and climate studies. In 
AMS, atoms from a minute sample 
are ionized and accelerated to a 
sufficient high energy that one can 
detect and identify individual atoms, 
using nuclear detection techniques. 
It has a very large sensitivity and 
requires very small quantities of the 
tracer material.

When electrons of the right energy 
are sprayed over an object, they can 
break molecular bonds, or cause 
new ones to form. The process is 
used to sterilize certain goods and to 
improve the quality of others. Food 
can be preserved over longer periods 
and materials are being sterilised 
through irradiation employing 
electron linacs. Better absorbing 
diapers for babies are being made 
using electron bombardment.

When electrons are forced to travel 
in curved paths in synchrotrons, they 
emit very high intensity photons 
and many such machines are being 
used extensively for determining 
structures of molecules of interest 
to chemistry and biology. The 
X-rays can be used to make intricate 
patterns on an electronic chip by 
shining through a mask accurately 
positioned in front of the chip. 
Major computer manufacturers are 
working with physicists to design 
accelerators to make the chips of 
tomorrow. Chocolate manufacturers 
are using synchrotron radiation to 
improve their chocolate recipes by 
understanding of the crystallography 

of different cocoa butter mixes.  Study 
of the structure of zeolite crystals 
with synchrotron radiation has 
helped improve washing powders.

Aircraft engines and artificial hips 
are just two products to benefit 
from a technique called ion beam 
implantation. Accelerator beams are 
used to implant ions of one material 
into the surface of another. In aircraft 
engines, this technique is used to coat 
high speed bearings with a thin layer 
of chrome to protect them against 
corrosion. In artificial hips, a layer of 
biologically compatible material is 
used to coat the joint, making it more 
acceptable to the body and also more 
resistant to wear. 

Radiopharmaceuticals are made 
using high-intensity proton beams 
from a particle accelerator. They 
have a short life span, so they must 
be produced close to where they 
are used. Millions of people each 
year undergo diagnosis using radio-
pharmaceuticals. A well known 
form of it is the Positron Emission 
Tomography, or PET scan. The most 
common forms of radiotherapy 
use X-rays, electrons, neutrons and 

- in the most recent developments - 
hadrons. The advantage of protons 
or C ions is that they deposit most 
of their energy in a small volume 
near the end of their range, making 
them ideal for treating tumours 
near to delicate organs. Already, at 
many physics laboratories, patients 
are being successfully treated with 
hadrontherapy using accelerators 
whose main role is pure research. 
Dedicated accelerator facilities for 
hadrontherapy are coming up at many 
places in the world. The technique 
of Magnetic Resonance Imaging has 
emerged as an accurate diagnostic 
tool directly benefiting from the 
development of superconducting 
magnets for accelerators.

Nuclear power plays an important 
role in the energy availability for 
humans. A major problem of nuclear 
energy is the highly radioactive 
waste produced, some of which 
remain active for very long periods 

of time. Recent developments in the 
field of accelerators give some hope 
in solving the vexing problem of 
radioactive waste management. It 
may indeed be possible to practically 
eliminate all radioactive wastes and 
not only that, but also generate some 
additional power in the bargain. 
The reduction in radio-toxicity 
using such an idea is shown in 
figure 17. The idea has been named 

Accelerator Driven Sub-critical 
systems (ADS). The ADS concept is 
that of a sub-critical reactor, where 
the neutron multiplication takes 
place through fission with a steady 
supply of accelerator produced 
neutrons. There is no possibility 
of a self-sustained chain reaction 
with infinite neutron multiplication. 
Flux of neutrons as high as 1016 /
cm2/s can be achieved in the blanket 
volume with multiplication factor of 
10, i.e., a criticality of 0.9. When the 
accelerator drive stops, the reactions 
die off exponentially in a few seconds, 
making it immune from uncontrolled 
runaway reactions. Another 
advantage of the sub-critical system 
is that it can work with different fuel 
mix like 228Th or 233U.  Further 
research & development is required 
towards achieving the required 
beam power without beam losses. 

Figure 17.  Reduction of radio-toxicity in 
energy amplifier scheme of ADS (Ref 35).
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In a stand-alone mode, known as 
Accelerator Transmutation of Waste 
(ATW) such a high intensity proton 
accelerator can be made to transmute 
the long lived radioactive waste from 
a fission reactor rendering them 
harmless (Ref 35).

Accelerators in India

History of Accelerators in India 
goes back to the development of a 
37 inch cyclotron at the Calcutta 
based Institute of Nuclear Physics 
(now called Saha Institute of Nuclear 
Physics) in 1940 by Prof. Meghnad 
Saha. A 1 MeV Cascade Generator 
was commissioned at Tata Institute of 
Fundamental Research, Mumbai, in 
1950. Several small pelletrons and van 
de graaff generators are operating at 
different institutes and universities 
in the country. The accelerator 
technology in India took a great 
leap in 1977 when an indigenously 
designed and built 224 cm diameter 
Variable Energy Cyclotron (Ref 36) 
was made operational at Calcutta. 
Following this development, a 14 
MeV Pelletron at T.I.F.R. (Ref 37), 
Mumbai and a 15 MV Pelletron at 
I.U.A.C. (Ref 38), New Delhi were 
installed for very heavy ions. 

A 700 MeV electron synchrotron at 
RRCAT (Ref 39), Indore, feeding into 
a 450 MeV storage ring INDUS-I 
and a higher energy storage ring for 
electrons, INDUS-II, which boosts 
electrons to 2.5 GeV have been in 
operation at RRCAT, Indore. They 
provide synchrotron radiation in 
the x-ray region for condensed 
matter, atomic physics and biological 
studies and are being used by many 
researchers. 

The two heavy ion facilities have 
been upgraded with the installation 
of Superconducting Linac boosters at 
Mumbai and Delhi which effectively 
double the energies of the heavy ions. 
The linac at IUAC, Delhi is based on 
a Niobium quarter wave resonant 
cavity and the linac at TIFR, Mumbai 
is based on lead plated Copper 
cavity. These two facilities are being 
used very heavily for experiments 

in nuclear physics, materials science, 
atomic physics and radiation biology.  
A K=500 Superconducting Cyclotron 
has been constructed at VECC, 
Kolkata and internal beams have 
been circulated. Currently, trials are 
going on for extraction of the beam 
from the machine.  This machine will 
also be essentially for accelerating 
heavy ions for nuclear physics 
experiments in the low and medium 
energy regimes.

A complete Nb cavity fabrication 
facility was established at IUAC for the 
completion of the superconducting 
linac and the success of this venture 
made it possible for IUAC to enter 
into collaboration with Fermilab, 
USA for fabrication of Nb spoke 
cavities high intensity proton 
acceleration programme at Fermilab. 
Subsequently, a collaboration of 
Indian Institutes (IUAC, VECC, 
BARC, RRCAT and Delhi Univ) and 
Fermilab has been set-up for R & D 
towards design and fabrication of 
high intensity proton accelerators. 
A full-fledged Nb cavity fabrication 
facility is being set-up at RRCAT.  
RRCAT and IUAC have jointly 
fabricated several high beta Nb 
cavities that were tested at Fermilab 
and achieved high accelerating 
gradients. Some of these cavities are 
of the same design as those developed 
under collaboration for International 
Linear Collider.

There are several challenging 
accelerator development projects 
under way in India (Ref 40) at present. 
These are, (i) Indian Spallation 
Neutron Source (ISNS) at RRCAT 
based on 1 GeV proton accelerator, 
eventually delivering ~ 1MW of 
average beam power; (ii) Advanced 
National facility for Unstable & Rare 
Isotope Beams (ANURIB) at VECC 
that will consist of a 50 MeV electron 
linac for production of RIBs which 
will be further accelerated through a 
linac and eventually a ring-cyclotron; 
(iii) High Intensity (1 GeV, >10 mA) 
proton machine for Accelerator 
Driven System; (iv) Free Electron 
Laser (FEL) sources for terahertz, 
infrared and x-ray radiation at IUAC 

and RRCAT. 

In summary, we see that the quest 
towards understanding of structure 
of matter has been made possible 
by the parallel development of 
accelerators providing higher and 
higher energy particles as demanded 
by the quest. This quest has also 
resulted in a host of applications 
of great benefit to society. All these, 
may have prompted Leon Lederman 
to write in his book, ‘The God 
Particle’ (Ref 41) that “Thousands 
of years hence, archaeologists and 
anthropologists may judge our 
culture by our accelerators.”
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In this article,  the basic principles of neutron diffraction and neutron depolarization are presented along with 

the results of some important magnetic materials. In particular,  the recent results of the rare earth based high 

magnetocaloric effect materials, semi-Heusler spintronics alloys, molecular magnets, layered spin system, 

and core-shell type magnetic nanoparticles have been described. The usefulness of the neutron diffraction 

and neutron depolarization techniques to understand structural and magnetic properties is brought out.

1. INTRODUCTION

Magnetism constitutes several 
contemporary topics of research 
in science, such as spintronics, 
magnetocaloric effect, giant 
magnetoresistance (GMR) effect, 
colossal magnetoresistance (CMR) 
effect, magnetic exchange bias effect, 
magnetic proximity effect, low 
dimensional magnetism, magnetism 
in nanoparticles, magnetism 
in high TC superconductors, 
molecular magnetism, quantum 
magnetism, topological insulators, 
and spin seebeck effect. Due to 
wide technological applications 
of magnetic materials, there have 
always been quests for new magnetic 

materials. Magnetic materials are in 
high demand in power generation 
and transmission, non-polluting 
electric vehicles, medical science, 
telecommunication, etc. Magnetic 
materials are the key components of 
many electronics devices for storage 
and retrieval of information, such 
as computer hard drives and video 
tapes. Presently, an intense level of 
research is dedicated to fabricate new 
magnetic material based electronic 
devices. An understanding of various 
aspects of magnetism and the related 
phenomena is very much, therefore,  
essential for the development of 
new magnetic materials. Neutron 
scattering technique using thermal 
neutrons has played an extremely 

important role in revealing the 
nature and mechanism of magnetic 
ordering at microscopic as well as 
mesoscopic length scales. In this 
article, we present some specific 
results from our neutron scattering 
study on technologically important 
magnetic materials. First, we 
describe the principle of thermal 
neutron scattering in the context of 
investigations of magnetic materials 
using diffraction, and depolarization 
techniques. We then describe the 
results from our investigations of a 
few selective magnetic systems, and 
bring out the usefulness of these 
novel methods to reveal the magnetic 
properties of such important 
magnetic materials.
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2. PRINCIPLE OF 
NEUTRON SCATTERING

Neutron has zero charge, spin ½, 
and a magnetic moment of -1.913 µn 
where µn is nuclear magneton. The de 
Broglie wavelengths of the thermal 
neutrons with energies between 
10 and 100 meV are 2.86 – 0.905 Å. 
These wavelengths are comparable 
to inter atomic spacing in condensed 
matter. This makes thermal neutrons 
useful in studying atomic positional 
correlations in condensed matter 
[1-3]. Magnetic moment of neutron 
along with its zero electric charge 
makes thermal neutron scattering a 
useful tool to detect atomic magnetic 
moments without any interference 
from coulomb interaction [4-7]. 
Neutrons, being uncharged particles, 
can penetrate deep into matter and 
therefore, suitable to study bulk 
materials. 

The neutron-matter interactions 
have two major parts, namely 
nuclear scattering [1] and magnetic 
scattering [1, 2, 4]. In addition, there 
are other interactions in the neutron 
scattering, which are weak and do 
not contribute significantly to the 
scattered intensities. 

The nuclear scattering arises due to 
the interaction of neutrons with the 
nuclei of the sample via a short range 
(~10-12 cm) nuclear force, which can 
be represented by the Fermi pseudo-
potential of the form 

                  (1)

where Rn and r are the position vectors 
of nucleus and neutron, respectively, 
with respect to some arbitrary origin. 
Here bn is the neutron-nuclear 
scattering length, and  mn is the mass 
of neutron. The short-range nature 
of neutron-nuclear scattering is 
described by δ{r - Rn}. Unlike x-ray 
scattering (where the scattering 
amplitude is proportional to number 
of  electrons (Z) in atom/ion), neutron 
nuclear scattering cross-section does 
not vary monotonically across the 
elements of the periodic table due to 

the presence of a resonance scattering 
term. Nuclear scattering is, therefore, 
suitable to locate two elements with 
consecutive Z values, and lighter 
atoms in presence of heavier atoms 
in a material. Even different isotopes 
of an atom, present in a material, 
can be detected by neutron nuclear 
scattering.

2.1 Neutron Diffraction

The nuclear structure factor (Fτ) for 
neutron scattering is defined as

      (2)                                                                 

where ρl is the coordinate of the lth 
atom in the unit cell, and  is the 
Debye-Waller temperature factor. 
The nuclear structure factor  for the 
hkl Bragg reflection, associated with 
a particular reciprocal vector,  is then 
given by

   (3)                                          

where xm ym zm are the fractional 
coordinates of the mth atom/ion in the 
unit cell. For a crystalline material, 
the coherent nuclear scattering cross 
section is given by

     (4)

where Vo is the volume of the unit 
cell. It is evident from the equation 
(4) that a coherent elastic scattering 
arises only when the wave vector 
transfer Q [Q = (4π/λ) sinθ] suffered 
by the neutrons corresponds to 
one of the reciprocal lattice vectors; 
fulfilling the condition for the Bragg 
scattering of neutrons. 

For a nuclear Bragg peak (hkl), the 
diffracted neutron intensity is given 
by 

 Ihkl = S j L|Fhkl|2   (5)

where S is a constant scale factor 
which depends on the neutron 
beam flux, amount of sample in the 
beam, detector efficiency, etc., j is 
the multiplicity of the (hkl) reflection 
plane. When a single crystal sample 
is used for diffraction, j=1 as the 
intensities of different Bragg peaks 

are independently measured. L is the 
Lorentz factor, a geometrical factor, 
which takes into account the shape of 
a sample.

On the other hand, the magnetic 
scattering occurs due to the 
electromagnetic interaction between 
the magnetic moments of neutrons 
and magnetic atoms/ions. The 
neutron magnetic scattering has an 
angular dependence as the radial 
extent of the unpaired electrons, 
responsible for the atomic/ionic 
moment, is comparable with 
the thermal neutron wavelength  
(~1 Å). This angular dependence is 
represented by the magnetic form 
factor f(Q) for an atom or ion. The 
magnetic scattering amplitude  
p (in cm) is given by 0.269 x 10-12 µ f(Q). 
Here, µ is atomic magnetic moment 
in Bohr magneton [= -µB(L + 2 S)] 
due to unpaired electrons with 
orbital angular momentum L and 
spin angular momentum S. Q is the 
wave-vector transfer = (k0 - kf), kf and 
k0 are the wave vectors of scattered 
and incident neutrons, respectively. 
The magnetic scattering is effectively 
governed by the term qp. The 
magnetic interaction vector q is 
defined as k(k.K)-K where k=Q/|Q| 
is the unit scattering vector, and K is 
the unit vector in the direction of the 
atomic magnetic moment. Thus, the 
magnetic interaction vector provides 
information about the orientations 
of the atomic magnetic moments 
with respect to crystal axes. From 
the definition of q, it can be readily 
seen that the component of µ normal 
to scattering vector Q is effective 
in determining the magnitude of 
magnetic scattering.  The f(Q) is 
normalized to unity at Q = 0, and 
decreases with increasing scattering 
angle or Q. Thus unlike nuclear 
scattering amplitude (a scalar 
quantity) the magnetic scattering 
amplitude (a vector quantity) is not 
isotropic. Unlike x-ray magnetic 
scattering, the neutron magnetic 
scattering length is comparable 
to nuclear scattering length  
(~ 10-12 cm) and it makes neutron 
magnetic scattering a very powerful 



22

PHYSICS NEWS

tool for magnetic studies. In a 
magnetically ordered crystal 
with regular alignment of atomic 
spins in the crystal lattice, we can 
define magnetic elastic differential 
scattering cross section as

 (6)

where

   (7)

and V0 is the volume of the magnetic 
unit cell. Equation (6) is valid for 
any magnetically ordered crystal 
(ferromagnet, ferrimagnet or an 
antiferromagnet) provided that 
proper sign of magnetic scattering 
amplitude is taken into account. If 
(h,k,l) are the Miller indices of a 
particular magnetic reciprocal lattice 
vector τm then

 (8)

where xj yj zj are the fractional 
coordinates of the jth magnetic atom 
in the magnetic unit cell. Thus the 
total coherent elastic scattering cross-
section that determines the Bragg 
intensities due to the nuclear and 
magnetic scattering of the incident 
unpolarized beam is

 (9)

The magnitude and direction of 
the moments of magnetic atoms/
ions with respect to the crystalline 
axes, a, b and c define the magnetic 
structure in a magnetically ordered 
material with underlying crystalline 
lattice. The magnetic unit cell is 
the building block of the magnetic 
crystal. In the case of ferromagnetic 
and ferrimagnetic materials, the 
magnetic unit cell is isomorphous 
with the chemical unit cell. This 
amounts to an occurrence of 
magnetic Bragg intensity at the 
same Q as that of the nuclear Bragg 
peak causing an enhancement of 
Bragg peak intensities below the 
ordering temperature. While in 
antiferromagnetic materials, the 

magnetic unit cell can be larger than 
that of the chemical unit cell. For 
antiferromagnetic materials, Bragg 
peaks other than chemical peaks do 
occur depending upon the symmetry 
of the magnetic periodicity. Other 
types of magnetic ordering, such 
as modulated magnetic structures 
are also possible where the number 
of satellite peaks observed in the 
diffraction pattern depends upon the 
magnetic symmetry. 

We have carried out neutron 
diffraction study on a large varieties 
of magnetic materials using the 
neutron powder diffractometer  
(Fig. 1) at Dhruva reactor, Trombay  
In this article, we present results of a 
few typical cases.

2.2 Neutron 
Depolarization

Neutron depolarization study is 
carried out by using a polarized 
neutron beam in the transmission 
geometry. The technique is used 
to study a spatial magnetic 
inhomogeneity on a mesoscopic 
length scale, say from 10 nm to 
several microns [8, 9]. Depolarization 
of neutron beam occurs due to the 
Larmor precession of the neutron 
spins in the internal magnetic 

field of domains in an unsaturated 
ferrimagnet or ferromagnet. Neutron 
depolarization technique probes 
the magnetic inhomogeneity on a 
mesoscopic length scale. A magnetic 
inhomogeneity on an atomic scale-
as in a true spin glass state-has no 
effect on the neutron polarization. 
In a true spin-glass phase (in zero 
field cooled condition), the atomic 
spins are randomly frozen in space 
on a microscopic length scale, and no 
depolarization occurs as the internal 
magnetic induction averages out to 
zero on a mesoscopic length scale. 
Similarly no depolarization occurs 
in a paramagnetic state because the 
temporal spin fluctuation is too fast 
(10-12 s or faster) for the neutron 

polarization to follow the variation 
in the magnetic field B acting on the 
moving thermal neutrons. However, 
depolarization is expected for the 
case of clusters of spins (at least of 
mesoscopic length scale) with net 
moments. During the passage of 
polarized neutrons through such a 
spin cluster if the Larmor precession 
time of neutron spins is shorter than 
the relaxation time τ for the clusters, 
the neutron spins effectively see a 
nonzero precession field, and causes 
depolarization of the polarized 

Fig. 1: Neutron Powder Diffractometer II at Dhruva Reactor, Trombay. 
www.barc.ernet.in/publications/tb/nfnbr-book-R.pdf
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neutron beam. Assuming that the 
Larmor precession angle of the 
neutron spin is a small fraction of 
2π over a cluster/domain length, the 
depolarization can be represented 
by the following expression  
[8-21]                                                         

  (10)

where Pf and Pi are the final and initial 
neutron beam polarization, d is the 
effective thickness of the sample, α is 
a dimensionless parameter ≈1/3, δ is 
the average cluster size, and Φδ = (4.63 
x 10-10 G-1 Å-2) λBδ is the precession 
angle. B = 4πMSρ (in Gauss) , denotes 
the internal mean induction within 
a spin cluster, λ the de Broglie 
wave length of neutron,  MS  the 
spontaneous magnetization in emu 
g-1 and ρ the density of the material 
in g cm-3. A detailed procedure for 
deriving Pf values from the measured 
flipping ratios for the transmitted 

polarized beam is described 
elsewhere [8]. We have extensively 
utilized this technique using the 
polarized neutron spectrometer (Fig. 
2) at Dhruva reactor, BARC to study 
spin clusters (ferromagnetic like) 
in several  materials. In this article, 
we present the results of the semi-

Heusler alloys Cu1-xNixMnSb.

3. EXAMPLES

3.1 Magneto-structural phase 
transition in rare earth based high 
magnetocaloric effect material 
TbCo2-xFex

The magnetocaloric effect (MCE) 
is defined as a large change of 
temperature of a material upon a 
moderate change of an external 
magnetic field under adiabatic 
condition. Magnetic materials 
showing a large MCE have attracted 
a lot of attention in recent years due to 
their possible practical applications 
in magnetic refrigeration [22-31]. The 
magnetic refrigeration technology 
is considered as an alternative to 
the conventional gas compression 
technology as it is environment 
friendly cooling technology that 
does not use any ozone depleting/
greenhouse gases or hazardous 
chemicals. Besides, one can 

eliminate the high capital cost of the 
conventional gas compressor and a 
high consumption of electricity. The 
magnitude of this effect strongly 
dependent on the magnetic ordering 
process, and particularly, significant  
close to the magnetic phase transition 
temperature. 

We present here neutron diffraction 
results of the cubic Laves phase type 
TbCo2-xFex alloys [23] illucidating 
a strong magneto-structural 
coupling across its paramagnetic 
to ferrimagnetic phase transition, 
responsible for a large MCE effect, 

Fig. 2: Polarized Neutron Spectrometer at Dhruva Reactor, Trombay.
www.barc.ernet.in/publications/tb/nfnbr-book-R.pdf [8]

Fig. 3: Temperature dependent neutron 
diffraction patterns of TbCo2 at 22, 100, 
175, 200, 210, 220, 230, 240, 250, 260, 275, 
and 300 K (top to bottom).

Fig. 4: Temperature dependence of 
lattice constants of the rhombohedral  
and cubic phases for the x = 0 and 0.1 
samples [23].

Fig. 5: Rhombohedral and cubic phases 
across the magnetostructural phase 
transition. The dashed line above 300 K 
is the extrapolation of the data obtained 
below 300 K [23].
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which is measured in terms of 
magnetic entropy change (ΔSM). From 
the analysis of the diffraction patterns 
measured at various temperatures 
(Fig. 3) we find that near the magnetic 
transition temperature TC, there is 
also a structural phase transition. 
The low temperature phase is 
rhombohedral with a space group 
R3�m, and the high temperature 
phase is cubic with a space group  
Fd3�m. There is an increase in the a-axis 
lattice parameter and, a decrease 
in the c-axis lattice parameter with 
increasing temperature [Fig. 4]. 
A relatively larger change in the 
lattice parameters is found near the 
magnetic transition temperature, 
indicating that the structural phase 
transition is coupled with the 
magnetic transition. A quantitative 
phase analysis of the rhombohedral 
and cubic phases has been made 
as a function of temperature 
across the structural/magnetic 
(magnetostructural) phase transition 
for both x = 0 and 0.1 samples, and 
the derived phase fractions are 
plotted in Fig. 5. The refinement 
of the neutron diffraction patterns 
shows that magnetic ordering takes 
place only for the rhombohedral 
phase (ferrimagnetic ordering of the 
Tb and Co moments along the c-axis 
of the rhombohedral structure) (Fig. 
6). The ferrimagnetic structure of 
the rhombohedral phase is shown in 
Fig. 7. Fig. 8 depicts the temperature 
dependence of ΔSM for the  

TbCo2-xFex alloys [23]. The  substitution 
of Fe increases the operating 
temperature range of magnetic 
refrigeration, however, without any 
significant reduction in the ΔSM. 
It is evident that an appropriate 
(Fe) chemical substitution tunes 
the magnetostructural phase 
transition temperature to around 
room temperature, and hence the 
temperature dependent ΔSM; making 
these rare earth and transition metal 
based alloys attractive materials 
for their possible use in magnetic 
refrigeration.

3.2 Semi-Heusler Spintronics 
Alloys Cu1-xNixMnSb: 
Magnetic Phase Coexistence

The half metallic ferromagnets are 
important due to their metallic 
behaviour of one spin-state (spin 
up state), and insulating behavior 
for the other spin state (spin down 
state), causing a spin polarization 
at the Fermi level. Due to their 
potential technological applications 
in spin based electronic (spintronics) 
devices, it is necessary to design 
suitable half metallic ferromagnetic 
materials, and tailor their magnetic 
and electronic properties to achieve 
100% spin polarization. 

Heusler alloys and half Heusler 
alloys [18, 31-37] are important 
spintronics materials as they can 
show half metallic ferromagnetism 
[33,34,37]. We present here the 
results of neutron diffraction and 
neutron depolarization studies of the 
semi Heusler alloys Cu1-xNixMnSb (x 
< 0.3), and bring out their magnetic 
properties [18,32]. For x < 0.05, an 
antiferromagnetic ordering (Fig. 9) 
with a moment of 3.1(3) μB per Mn 
(for x = 0.03), aligned perpendicular 
to the (111) planes, is observed. It 
is found that Ni does not carry any 
ordered moment. For higher (x > 0.2) 
Ni substitution, no antiferromagnetic 
ordering is found; the system fully 
transforms to a ferromagnetic phase 
(Fig. 9). For  0.05 ≤ x ≤ 0.2, our neutron 
diffraction and depolarization results 
reveal an electronic phase separation 

Fig. 6: Temperature dependence of 
magnetic moments (per ion) of (a) Tb 
and Co in TbCo2 and (b) Tb, Co and Fe 
in TbCo1.9Fe0.1 along the c-axis. The net 
ordered moment values per formula unit 
of TbCo2 and TbCo1.9Fe0.1 are also plotted 
[23].

Fig. 7: Ferrimagnetic ordering of Tb 
(up) and Fe/Co (down) moments for the 
rhombohedral phase in TbCo2-xFex.

Fig. 8: Magnetic entropy change -ΔSM vs 
T for Δµ0H = 5 T for the x = 0, 0.06 and 
0.1 samples. The inset shows the -ΔSM vs 
T curve under Δµ0H= 5 Tesla for x = 0.06 
sample. The shaded area corresponds to 
the relative cooling power (RCP) [23].
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where both antiferromagnetic and 
ferromagnetic phases coexist below 

~50 K (Figs. 9-11). The neutron 
depolarization study (Fig. 11) reveals 
the evolution of the ferromagnetic 
phase, and gives an estimate of 
ferromagnetic clusters/domains. The 
x = 0.03 sample does not show any 
depolarization down to the lowest 
measured temperature as the sample 
is purely antiferromagnetic. On the 
other hand, the x = 0.05, 0.07 and 
0.15 samples show depolarization 
due the presence of ferromagnetic 
clusters or domains. Table 1 gives 
the values of phase fractions of the 
ferromagnetic and antiferromagnetic 
phases along with the ferromagnetic 
domain/cluster size. Fig. 12 depicts 
the proposed magnetic phase 
diagram for the semi Heusler alloys 
Cu1-xNixMnSb  with x < 0.3 [18]. It is 
interesting to mention that the alloy 
Cu0.85Ni0.15MnSb, with a co-existence 
of long-ranged ferromagnetic and 
antiferromagnetic phases, shows a 
large magnetoresistance (MR), the 
percentage change of resistivity ρ 
due to applied magnetic field, and 
defined as [ρ(H) - ρ(0)]/ ρ(0) × 100 
(Fig. 13). 

3.3 Investigation of 
Magnetic Field Driven Phase 
Transitions in Molecular 
Magnets:

We have investigated various 
molecular magnetic compounds 
[38-55] including Prussian blue 
analogues (PBAs). Such molecular 
magnetic materials show interesting 
multifunctional properties that may 
be suitable for possible technological 
applications in memory storage, 
ion sensing, hydrogen storage, 
biomedical, and photo switching 
based electronic devices, etc. 
The compounds of PBAs are 
represented by a common formula,  
XjAk[B(CN)6]l·mH2O in which A and 
B are 3d transition metal ions which 

are periodically arranged in a face 
centered cubic structure, and X is an 
alkali metal ion, such as K+ or Rb+, as 
shown in Fig. 14. We present here 
the results of neutron diffraction 
study, performed on the PBA,  
Rb0.19Ba0.3Mn1.1[Fe(CN)6]·0.48H2O at 
temperatures down to 1.5 K under 
externally applied magnetic field 
[51]. We have observed a field 
driven magnetic transition from an 

antiferromagnetic (AFM) ground 
state to a ferrimagnetic (FIM) 
state. With increasing magnetic 
field, a decrease in the AFM 
ordering temperature along with an 
appearance of a FIM phase is evident 
(Fig. 15). For H > 4 T, the AFM phase 

Fig. 9: Rietveld refined neutron 
diffraction patterns for Cu1-xNixMnSb 
samples with x = 0.03 and 0.2 at 
temperatures above and below the 
magnetic ordering temperatures. For 
the x = 0.03 sample, the arrows show the 
antiferromagnetic Bragg peaks. For the 
x = 0.2 sample, the magnetic scattering 
at 5 K is fitted using the ferromagnetic 
ordering [18].

Fig. 10: Difference neutron diffraction patterns for x = 0.15 sample at 1.5 K (a),  and 
50 K (b), obtained by subtraction of the neutron diffraction pattern at 250 K showing 
ferromagnetic (F) phase at 50 K, and coexistence of antiferromagnetic (AF) and F 
phases at 1.5 K [18]

Fig. 11: Temperature dependence of the 
neutron depolarization coefficient (D) at 
an applied field of 50 Oe for  
Cu1-xNixMnSb samples with x = 0.03 [18]

Fig. 12: Magnetic phase diagram of 
the Cu1-xNixMnSb Heusler alloys. AF, 
F, and P denote antiferromagnetic, 
ferromagnetic and paramagnetic regions, 
respectively [18].
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disappears completely, and the 
FIM phase grows completely. An 
H-T phase diagram for the system 
is shown in Fig. 16. The results 
are significant in tuning magnetic 
properties under external weak 
perturbation. 

3.4 Revealing Two 
Dimensional Magnetic 
Correlations in the Kagomé 
Layered Compound 
YBaCo4O7 

Low dimensional magnetic materials 
are quite important for their novel 
structural, magnetic, and electronic 

properties which are of importance 
in modern nanotechnology. We have 
investigated magnetic correlation in 
a large variety of low dimensional 
spin systems [56-72]. Geometrically 
frustrated naturally occuring layered 
magnets,  such as RBaCo4O7+δ, 
(R = rare-earth ion) [56,57] have 
attracted a lot of attention due to 

their unusual physical properties. A 
hexagonal crystal structure (space 
group P63mc) with alternating 
tetrahedral layers of Kagomé and 
triangular types, arranged along the 
crystallographic c axis, as derived 
from our neutron diffraction study, 
is depicted in Fig.17. A short-range 
antiferromagnetic ordering (below 
the Neel temperature, TN ~ 110 K) is 
evident from the observed additional 
broad peak at a scattering angle 2θ ~ 
15 deg. (Q ~ 1.4 Å-1). There are special 
characteristics of this magnetic  
reflection.  It shows a saw tooth 
type asymmetric peak profile, with 
a sharp rise in the intensity at the 
onset of Bragg scattering angle and 
then a slow fall at higher scattering 
angles. This kind of asymmetric peak 
shape is expected when the effective 
magnetic exchange is confined only 
in a two dimensional plane without 
having any corelation in the third 
direction.  The observed magnetic 
Bragg intensity (at 2θ ~ 15 deg.) could 
be indexed with only two Miller 
indices (hk), using the following 
Warren function

Ni conc. (x) Volume phase fraction (%) Ferromagnetic
 Antiferromagnetic Ferromagnetic cluster/domain 
    size (nm) 
0.03 100  0 -
0.05 89.2  10.8 50
0.07 84.02  15.98 700
0.15 40.72  59.28 1300
0.20 11.75  88.25 ~15000

Table 1: Magnetic phase fractions and ferromagnetic cluster size for Cu1-xNixMnSb

Fig. 13: Field dependent magneto-
resistance (MR) behaviour at various 
temperatures for Cu0.85Ni0.15MnSb [32].

Fig. 14: Crystal structure of PBAs with 
general formula of XjAk[B(CN)6]l•mH2O. 
The alkali metal ions (X) reside at 
interstitial positions [43].

Fig. 15: Rietveld refined 
neutron-diffraction patterns for 
Rb0.19Ba0.3Mn1.1[Fe(CN)6] 0.48H2O at 
1.5 K. Solid line at the bottom shows 
the difference between observed 
and calculated patterns.  Asterisks 
mark the antiferromagnetic Bragg 
peaks. (a) Vertical bars indicate the 
Bragg peaks position for nuclear (top 
row) and antiferromagnetic (bottom 
row) phase. (b) and (c), Bars indicate 
the allowed Bragg peaks position for 
nuclear and ferrimagnetic (top row), and 
antiferromagnetic (bottom row) phases.  
[51]

Fig. 16: Magnetic phase diagram for the 
Rb0.19Ba0.3Mn1.1[Fe(CN)6]•0.48H2O PBA 
system in the temperature-magnetic 
field plane [51].
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where, C is a scale factor, λ is 
the wavelength of the incident 
neutrons,  jhk is the multiplicity 
of the 2D reflection (hk) with 2D 
magnetic structure factor Fhk, 2θ 
is the scattering angle, and  ξ2D is 
the 2D spin-spin correlation length 
within the 2D (ab) layer. The Warren 
function fitted diffraction profile 
along with the derived value of the 
2D magnetic correlation length (ξ2D)  
is depicted in Fig. 18. It is found 
that the Kagomé layers alone show 
magnetic ordering. These Kagomé 
layers, which are uncoupled by a 
triangular layer along the c axis, have 
a staggered chiral ( ) type spin 
structure.

3.5 Investigation of Magnetic 
Nanoparticles with Core and 
Shell Structures

We have investigated a large variety 
of magnetic nanoparticle systems 
which are of technological importance 
[73-102]. In particular, core-shell type 
magnetic nanoparticles have drawn 
special attention due to their interface 
driven novel magnetic phenomena. 
In this article, we present the recent 
results on the multiferroic and 
ferrimagnetic based BiFeO3 core/
NiFe2O4 shell nanoparticle-system 
[76]. Such type of multiferroic-based 
core-shell nanoparticles have gained 

a considerable interest because of 
their much higher magnetoelectric 
coupling, which make them suitable 
for designing spin-valve based 
magneto-electric random access 
memory (MERAM) [73, 76]. Here 

we show the usefulness of neutron 
diffraction in investigating structural 
and magnetic properties of the BiFeO3 
core/NiFe2O4 shell nanoparticle-
system. 

The core-shell structure with a 
core-diameter of 60-70 nm, and a 
shell thickness of 5-10 nm of the 

Fig. 17: Crystal structure of the geometrically frustrated layered compound 
YBaCo4O7 [56]. 

Fig. 18: The observed magnetic peak profile (nuclear background subtracted) at 22 K 
along with the calculated profile using the Warren function (Eqn. 11) [57].

Fig. 19. The TEM image of the BiFeO3/
NiFe2O4 nanoparticles, showing the 
formation of a core-shell structure [76]

Fig. 20. The Rietveld-refined neutron 
diffraction patterns, of the BiFeO3 core/
NiFe2O4 shell nanoparticles, vs. Q [= 
(4π/λ) sinθ], where λ is the wavelength 
of the neutrons, and 2θ is the scattering 
angle. The solid line at the bottom shows 
the difference between observed and 
calculated patterns. The first (top most) 
and second arrays of the vertical lines 
show the positions of the BiFeO3 nuclear 
and magnetic peaks, respectively. The 
third and fourth arrays of the vertical 
lines show the positions of the NiFe2O4 
nuclear and magnetic peaks, respectively. 
[76]
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present nanoparticle system BiFeO3 
core/NiFe2O4 was confirmed by  
transmission electron microscopy 
(TEM) measurements [ Fig. 19].

Our low temperature neutron 
diffraction study reveals the 
microscopic nature of magnetic 
ordering in the present core-shell 
nanoparticle system. It is important 
to mention that neutron diffraction 
is a suitable technique to probe 
both shell and core as the neutral 
neutrons can penetrate deep into the 
matter. Fig. 20 shows the Rietveld-
refined neutron diffraction patterns 
of the core/shell nanoparticles at two 
representative temperatures (300 
and 6 K). The main magnetic Bragg 
peaks of BiFeO3 [(003) and (101)] 
and NiFe2O4 [(111)] show observable 
intensities even at room temperature, 
signifying that both these phases are 
magnetic at room temperature. The 
Rietveld refinement of the diffraction 
patterns show that the BiFeO3 core 
part orders antiferromagnetically in 
a G-type collinear structure, with Fe3+ 
magnetic moments oriented along 
the crystallographic c-axis. On the 
other hand, a ferrimagnetic ordering 
of the NiFe2O4 shell is evident, where 
the ordered magnetic moments of Fe3+ 
and Ni2+ are found to orient along the 
crystallographic ±a-axis. At 6 K, the 
derived values of the Fe3+ magnetic 
moments are 3.8(2) µB for BiFeO3, 
4.8(3) (tetrahedral A-site) and 4.6(4) 
µB (octahedral B-site) for NiFe2O4. At 
300 K, these values decrease to 3.0(3) 
µB for BiFeO3, 4.1(2) (A-site) and 
3.8(2) µB (B-site) for NiFe2O4 due to 
an increase in the thermal vibrations 
of the ionic moments. The derived 
results are important in tuning the 
structural and magnetic properties 
of the core-shell nano-structured 
system for their possible application 
in MERAM.
4. SUMMARY AND 
CONCLUSION 
An overview of neutron diffraction 
and neutron depolarization 
investigations on several classes of 
functional/technologically-important 
magnetic materials is given. In 
particular, results from our recent 
studies on rare earth based high 

magnetocaloric effect materials, 
semi-Heusler spintronics alloys, 
molecular magnets, layered spin 
system, and core-shell type magnetic 
nanoparticles have been presented. 
The magnetostructual phase 
transition in the TbCo2-xFex alloys, 
and its importance for the observed 
high magnetocaloric effect have been 
discussed. A Warren function type 
2-dimensional short range magnetic 
ordering  in the Kagomé layered 
compound YBaCo4O7 is presented. 
Magnetic ordering of the BiFeO3 
core/NiFe2O4 shell nanoparticle-
system, a useful system for MERAM,  
even at room temperature has been 
revealed. Possible tuning of magnetic 
properties by applying weak external 
field in the Prussian blue type 
molecular magnets is demonstrated. 
A phase coexistence of ferromagnetic 
and antiferromagnetic phases in the 
semi-Heusler alloys Cu1-xNixMnSb 
with 0.05 ≤ x ≤ 0.2 is revealed. The 
usefulness of the neutron diffraction 
and neutron depolarization 
techniques to understand structural 
and magnetic properties of such 
important magnetic materials is 
brought out.

ACKNOWLEDGMENT

The valuable contributions of the 
collaborators, as evident from the 
cited references, are acknowledged 
by the author.

REFERENCES

[1] S. W. Lovesey, Theory of 
Neutron Scattering from 
Condensed Matter, Oxford 
University Press, Oxford 1984.

[2]  Albert Furrer, Magnetic 
Neutron Scattering, Edited by 
World Scientific, Singapore, 
1995.

[3]  O. Halpern and M.H. Johnson, 
Phys. Rev. 55, 898 (1939).

[4]  W.G. Williams, Polarized 
Neutrons, Oxford University 
Press, Oxford, 1988.

[5]  Editors: S.M. Yusuf and A.V. 
R. Reddy, Bulletin of Indian 
Association of Nuclear 

Chemists and Allied Scientists, 
Vol. I, No. 3, July 2002.

[6] S. K. Paranjpe and S. M. Yusuf, 
Neutron News 13, 39 (2002).

[7]  S. M. Yusuf, K. R. Chakraborty 
and S.K. Paranjpe, Magnetism 
with Neutrons, Bulletin of 
Indian Association of Nuclear 
Chemists and Allied Scientists, 
Vol. I, No. 3, July 2002.

[8]  S. M. Yusuf and L. Madhav 
Rao, Pramana-J. Phys.  47, 171 
(1996).

[9]  S. M. Yusuf and L. Madhav 
Rao, Neutron News 8, 12  
(1997).

[10]  S. M. Yusuf, M. Sahana, 
M.S.Hegde, K.Dörr and K.-H. 
Müller, Phys. Rev. B 62, 1118 
(2000). 

[11]  S. M. Yusuf, M. Sahana, K. 
Dorr, U.K. Röβler and K. H. 
Müller, Phys. Rev. B 66, 064414 
(2002).

[12]  S.M. Yusuf, M. Sahana, K. 
Dorr and K. H. Mueller, Appl. 
Phys. A 74, S622 (2002).

[13]  S. M.Yusuf, K. Chakraborthy, 
S.K. Paranjpe, R. Ganguly, 
P.K. Mishra, J.V. Yakhmi and  
V.C. Sahni, Phys. Rev B  68, 
104421(2003). 

[14]  S. M. Yusuf, L. Madhav Rao 
and P. Raj, Phys. Rev. B 53, 28 
(1996).

[15]  S. M. Yusuf and L. Madhav 
Rao, J. Phys.: Condens. Matter 
7, 5891 (1995).

[16]  S. M. Yusuf, L. Madhav Rao,  
R. Mukhopadhyay, S. Giri, K. 
Ghoshray and A. Ghoshray, 
Solid State Commun. 101, 145 
(1997).

[17]  S. M. Yusuf, L. Madhav Rao, 
P.L. Paulose and V. Nagarajan, 
J. Magn. Magn. Mater.  166, 
349 (1997).

[18] M. Halder, S. M. Yusuf, A.  
Kumar, A. K. Nigam, and L. 
Keller, Phys. Rev. B 84, 094435 
(2011).



29

PHYSICS NEWS

[19] K.  Manna, D. Samal, A. K. 
Bera, S. Elizabeth, S M Yusuf 
and P. S. Anil Kumar , J. Phys.: 
Condens. Matter 26, 016002 
(2014).

[20] M. Halder, A.K. Bera, A. 
Kumar, L. Keller, and 
S.M. Yusuf, J. Alloys and 
Compounds 592, 86–91 (2014).

[21] M Patra, Sk Sabyasachi, S 
Majumdar, S Giri, A Kumar, 
S.M. Yusuf, V Siruguri, 
Materials Research Express 1 
(3), 036109, (2014).

[22] K.A. Gschneidner, Jr. and V. 
K. Pecharsky, Int. J. Refrig. 31, 
945 (2008).

[23] M. Halder, S. M. Yusuf, M. D. 
Mukadam, and K. Shashikala, 
Phys. Rev. B 81, 174402 (2010).

[24] M. D. Mukadam and S. M. 
Yusuf, BARC  NEWSLETTER  
312, 28- 31 (2010).

[25] S. M. Yusuf, M. Halder, A. K. 
Rajarajan, A. K. Nigam, S. 
Banerjee, J App. Phys.  111, 
093914 (2012).

[26] M. D. Mukadam and S. M. 
Yusuf, J. Appl. Phys. 105, 
063910 (2009).

[27] S. M. Yusuf, A. Kumar, and J. 
V. Yakhmi, Appl. Phys. Lett. 95, 
182506 (2009).

[28] M. D. Mukadam and S. M. 
Yusuf, Physica B 405, 686 
(2010).

[29] M. Halder, S. M. Yusuf, and A. 
K. Nigam, J. Appl. Phys. 110, 
113915 (2011).

[30] M. D. Mukadam, P. Bhatt, 
and S. M. Yusuf, AIP Conf. 
Proc. 1512, 1116 (2013); doi: 
10.1063/1.4791438

[31] M. D. Mukadam, S. M. Yusuf, 
P. Bhatt, J App. Phys.  113, 
173911 (2013).

[32] M. Halder, K.G. Suresh, M.D. 
Mukadam, S. M. Yusuf, J. 
Magn. Magn. Mater., 374, 75–
79 (2015).

[33] M. Halder, M.D. Mukadam, 
K.G. Suresh, S.M. Yusuf, J. 
Magn. Magn. Mater., 377, 220-
225 (2015).

[34] B. L. Ahuja, Alpa Dashora, H. 
S. Mund, K. R. Priolkar, S. M. 
Yusuf, M. Itou and Y. Sakurai 
Euro. Phy. Letts., 107, 27005 
(2014).

[35] B. L. Ahuja, A. Dashora, S. 
Tiwari, H. S. Mund, M. Halder, 
S. M. Yusuf, M. Itou, and Y. 
Sakurai J. App. Phys.  111, 
033914 (2012).

[36] D. Serrate, J.M. De Teresa, 
R. Cordoba, and S.M. Yusuf, 
Solid State Communications 
142,  363 (2007).

[37] R. A. de Groot, F. M. Mueller, 
P. G. van Engen, and K. H. J. 
Buschow, Phys. Rev. Lett. 50, 
2024 (1983).

[38] P. Bhatt and S.M. Yusuf, Surf. 
Sci. 605, 1861 (2011).

[39] P. Bhatt, N. Thakur, S. S. 
Meena, M. D. Mukadam, and 
S. M. Yusuf, J. Mat. Chem. C 1, 
6637 (2013).

[40] P. Bhatt, N. Thakur, M. D. 
Mukadam, S. S. Meena, and S. 
M. Yusuf, J. Phys. Chem. C 118, 
1864 (2014).

[41] A. Kumar, S. M. Yusuf and L. 
Keller, Phys. Rev. B 71, 054414 
(2005).

[42] A. Kumar,  S. M. Yusuf, L. 
Keller, J. V. Yakhmi, J. K. 
Srivastava, P. L. Paulose, Phys. 
Rev. B 75, 224419 (2007).

[43] P. Bhatt, A. Kumar and S.M. 
Yusuf, BARC Newsletter,  
Issue No.  338, 1-8, May - June 
2014.

[44] A. Kumar, S. M. Yusuf, L. 
Keller, and J. V. Yakhmi, Phys. 
Rev. Lett. 101, 207206 (2008).

[45] S. M. Yusuf, A. Kumar, and J. 
V. Yakhmi, Appl. Phys. Lett. 95, 
182506 (2009).

[46]  S. M. Yusuf, N. Thakur, A. 
Kumar, and J. V. Yakhmi, J. 
Appl. Phys. 107, 053902 (2010).

[47]  A. Kumar, S. M. Yusuf, and J. 
V. Yakhmi, Appl. Phys. A 99, 
79 (2010).

[48]  P. Bhatt, S. M. Yusuf, M. D. 
Mukadam, and J. V. Yakhmi, J. 
Appl. Phys. 108, 023916 (2010).

[49]  N. Thakur, S. M. Yusuf and J. 
V. Yakhmi, Phys. Chem. Chem. 
Phys., 12, 12208 (2010).

[50]  V. K. Sharma, S. Mitra, A. 
Kumar, S. M. Yusuf, F. Juranyi, 
and R. Mukhopadhyay, J. 
Phys.: Condens. Matter 23, 
446002 (2011).

[51]  S. M. Yusuf, N. Thakur, M. 
Medarde, and L. Keller, J. 
Appl. Phys. 112, 093903 (2012).

[52]  N. Thakur, S. M. Yusuf, P. L. 
Paulose, and L. Keller, J. Appl. 
Phys. 111, 063908 (2012).

[53]  P. Bhatt, S. M. Yusuf, R. Bhatt 
and G. Schuetz, Appl. Phys. A 
109, 459, (2012).

[54]  P. Bhatt, N. Thakur, M. D 
Mukadam, S. S. Meena, and S. 
M. Yusuf, J. Phys. Chem. C 117, 
2676 (2013)

[55]  P. Bhatt, S. M. Yusuf, R. Bhatt, 
and G. Schuetz J. Solid State 
Electrochem. 17, 1285 (2013).

[56]  A.K. Bera, S.M. Yusuf, S. S. 
Meena, C. Sow, P. S. Anil 
Kumar and S. Banerjee, Mater. 
Res. Express 2, 026102 (2015).

[57]  A. K. Bera , S. M. Yusuf , and S. 
Banerjee, Solid State Sciences 
16, 57 (2013).

[58]  A. Jain, S. M. Yusuf, S. S. 
Meena, and C. Ritter, Phys. 
Rev. B 87, 094411 (2013). 

[59]  S. M. Yusuf, A. Jain, and L. 
Keller, J. Phys.: Conden. Matt. 
25, 146001 (2013).

[60]  C. Ritter, S. M. Yusuf, A. K. 
Bera, Y. Goto, C. Tassel, H. 
Kageyama, A. M. Ar´evalo-
L´opez and J. P. Attfield, Phys. 
Rev. B 88, 104401 (2013).

[61]  A. Jain, P. Y. Portnichenko, 
Hoyoung Jang, G. Jackeli, G. 



30

PHYSICS NEWS

Friemel, A. Ivanov, A. Piovano, 
S. M. Yusuf, B. Keimer, and 
D. S. Inosov, Phys. Rev. B 88, 
224403 (2013).

[62]  S M Yusuf and A K Bera, J. 
Korean Physical Society 62, 
1393, (2013).

[63]  A. K. Bera and S. M. Yusuf, 
Phys. Rev.  B 86, 024408 (2012).

[64]  Anil Jain and S.M. Yusuf, Phys. 
Rev. B 83, 184425 (2011).

[65]  S. M. Yusuf, A. K. Bera, C. 
Ritter, Y. Tsujimoto, Y. Ajiro, H. 
Kageyama, J. P. Attfield, , Phys. 
Rev. B. 84, 064407 (2011).

[66]  A. K.Bera, S. M. Yusuf, and 
I.Mirebeau, J. Phys.: Condens. 
Matter 23, 426005 (2011).

[67]  S. M. Yusuf, A. K. Bera, N. S. 
Kini, I Mirebeau, and S. Petit, 
Phys. Rev. B. 82, 094412 (2010).

[68]  A. K. Bera and S. M. Yusuf, J. 
Appl. Phys. 107, 013911 (2010).

[69]  A. Jain, S. M. Yusuf, J. Campo 
and L. Keller, Phys. Rev. B 79, 
184428 (2009).

[70]  I. Nowik, A. Jain,  S. M. Yusuf 
and J. V. Yakhmi, Phys. Rev. B 
77, 054403 (2008).

[71]  A. Jain, S. Singh, and S.M. 
Yusuf, Phys. Rev. B. 74, 
174419(2006).

[72]  M. K. Mukhopadhyay, M. K. 
Sanyal, M. D. Mukadam, S. M. 
Yusuf and J.K. Basu, Phys. Rev. 
B 68, 174427 (2003).

[73]  P.K. Manna, and S.M. Yusuf, 
Physics Reports 535, 61–99 
(2014).

[74]  S.K. Giri, S. M. Yusuf, M.D. 
Mukadam, T.K. Nath, J. 
Alloys and Compounds 591, 
181–187(2014).

[75]  S. K. Giri, S. M. Yusuf, M. D. 
Mukadam, and T. K. Nath, J. 
Appl. Phys. 115, 093906 (2014).

[76]  S. M. Yusuf, P. K. Manna, M. M. 
Shirolkar and S. K. Kulkarni, 
R. Tewari and G. K. Dey, J App. 
Phys.  113, 173906 (2013).

[77]  S. M. Hossain, A. Mukherjee, 
S. Chakraborty, S. M. Yusuf, S. 
Basu, and M. Pal, Mater. Focus 
2, 92 (2013).

[78]  S. Kundu, M. D. Mukadam, S. 
M. Yusuf  and M. Jayachandran, 
Cryst Eng Comm, 15, 482, 
(2013).

[79]  P. K. Manna, S. M. Yusuf, M. D. 
Mukadam and J. Kohlbrecher, 
Appl Phys A 109, 385 (2012).

[80]  P. K. Manna, S. M. Yusuf, R. 
Shukla and A. K. Tyagi, Phys. 
Rev. B 83, 184412 (2011).

[81]  P. K. Manna, S. M. Yusuf, 
Mrinmoyee Basu and 
Tarasankar Pal, J. Phys.: 
Condens. Matter 23, 506004 
(2011).

[82]  P. K. Manna, S. M. Yusuf, R. 
Shukla, and A. K. Tyagi , Appl. 
Phys. Lett. 96, 242508 (2010).

[83]  T. Sarkar, A. K. Raychaudhuri, 
A.  K. Bera, and S. M. Yusuf, 
New J. Phys. 12 123026 (2010).

[84]  M. Basu,  A.K. Sinha, S. 
Sarkar, M. Pradhan, S. M. 
Yusuf, Y. Negishi, and T. Pal, 
Langumuir 26, 5836 (2010).

[85]  S. Sarkar, S. Pande, S. Jana, A. 
K. Sinha, M. Pradhan, M. Basu, 
S. Saha, S. M. Yusuf, T. Pal, 
J. Phys. Chem. C  113, 6022 
(2009).

[86]  R. Shukla, Vinila. Bedekar, S.M. 
Yusuf, P. Srinivasu, A.Vinu and 
A.K. Tyagi, J. Nanoscience and 
Nanotechnology 9, 501 (2009).

[87]  M. D. Mukadam, Amit Kumar, 
S. M. Yusuf, J. V. Yakhmi, R. 
Tewari and G. K. Dey, J. App. 
Phys 103, 123902, (2008).

[88]  D. P. Dutta, Garima Sharma, P. 
K. Manna , A. K. Tyagi and S. 
M. Yusuf, Nanotechnology 19, 
245609 (2008).

[89]  P. Dey, T. K. Nath, P. K. Manna 
and S. M. Yusuf, J. Appl. Phys. 
104, 103907 (2008).

[90]  M. D. Mukadam and S. M. 
Yusuf, Physica B 403, 2602 
(2008).

[91]  Dimple P. Dutta, Garima 
Sharma, A.K. Rajarajan, S.M. 
Yusuf, G.K. Dey, Chem. Mater. 
19, 1221 (2007).

[92]  S. M. Yusuf, J. M. De 
Teresa, M. D. Mukadam, J. 
Kohlbrecher, M. R. Ibarra, J. 
Arbiol, P.   Sharma, and S. K. 
Kulshreshtha, Phys. Rev. B. 74, 
224428 (2006).

[93]  M. D. Mukadam, S. M. 
Yusuf, R. Sasikala, and S. K. 
Kulshreshtha, J. Appl. Phys. 
99, 034310 (2006). 

[94]  S. Karmakar, M. D. Mukadam, 
S. M. Yusuf, S. M. Sharma and 
A. K. Sood, J. Appl. Phys. Vol. 
97, 054306 (2005).

[95]  M. Mandal, S. Kundu, S. K. 
Ghosh, S. Panigrahi, T. K. 
Sau, S. M. Yusuf and T. Pal, J. 
Colloid and Interface Science, 
Vol. 286, 187 ( 2005).

[96]  N. K. Prasad, D. Panda, S. 
Singh, M. D. Mukadam, S.M. 
Yusuf and D. Bahadur, J. Appl. 
Phys. Vol.97, 10Q903 (2005).

[97]  M.D. Mukadam, S.M.Yusuf, 
P. Sharma, S.K. Kulshreshtha 
and G.K. Dey, Phys. Rev. B 72, 
174408 (2005).

[98]  A. Bharde, D. Rautaray, V. 
Bansal, A. Ahmad, I. Sarkar, 
S. M. Yusuf, M. K. Sanyal, M. 
Sastry, Small 2, 135 (2005).

[99] M. D. Mukadam, S. M. 
Yusuf, P. Sharma, and S. K. 
Kulshreshtha, J. Magn. Magn. 
Mater. Vol. 272, 1401 (2004).

[100] R. Vijayalakshmi, S.M. Yusuf 
and S.K. Kulshreshtha, J. Phys. 
& Chem. Solids Vol. 65, 975 
(2004). 

[101] M. Mandal, S. Kundu, S. K. 
Ghosh, T. K. Sau, S. M. Yusuf 
and T. Pal, J. Colloid Interface 
Science, 265, 23 (2003). 

[102]  M. Mandal, S. Kundu, T. K. 
Sau, S.M. Yusuf and T. Pal, 
Chem. Mater. 15, 3710 (2003).



31

PHYSICS NEWS

Electron Impact Atomic And Molecular Processes 
- Theoretical And Application Highlights

K. N. Joshipura
(retd.) Department of Physics Sardar Patel University

Vallabh Vidyanagar - 388120 (Gujarat)

Professor Kamalnayan N. Joshipura is a retired  professor and a former Head, 
Department of Physics, Sardar Patel University at Vallabh Vidyanagar in Gujarat. He 
has been actively involved in teaching, research and outreach for over four decades 
now. He has published over a hundred papers in the area of  scattering theory in atomic 
- molecular Physics.   He and his group-members have been working successfully on 
a semi-empirical method for determining electron impact ionization cross section 
as a fraction of total - complete cross section of various atomic/molecular targets. 
He is actively contributing as an honorary Fellow of Gujarat Science Academy since 
1993, and also as an editorial Board member of the SPU research journal Prajna. 
He was an honorary Director of district level Community Science Centre under SPU 
at Vallabh Vidyanagar, where he is presently an honorary Advisor, contributing 
to Physics/Science education by carrying out varieties of outreach programmes.

Electron impact atomic/molecular 
scattering is an established but ever 
growing field of multidisciplinary 
theoretical and experimental 
research. This is so because the 
impact processes are found to take 
place in a wide variety of natural and 
man-made systems. There has long 
since been a fundamental as well as 
applied interest in this area of atomic 
and molecular Physics. The key 
quantities employed in interpreting 
the impact phenomena are cross 

sections, differential as well as 
total,which exhibit the characteristics 
of the target and the collision energy.

In this article, we touch upon some 
aspects of electron - atom and electron 

- molecule collisions, that result into 
elastic and various inelastic processes.
Theoretical highlights along with a 
few results are presented here as a 
preliminary account.

1. Introduction: electrons on 
the move

Electrons are almost ubiquitous in 
Nature, down here and up there in 
outer space.

When projectile particles like 
electrons interact with targets like 
atoms or molecules, the result in 
general is scattering, i. e. deflection 
or change in the initial direction of 
the incident particles. Quite often 
one of the two collision partners is 
heavy and unmoved, and it is the 
projectile particle that is scattered. 
With collision partners of comparable 
masses we speak of mutual scattering.

Where do the collisions of electrons 
occur in Nature? Let us mention one 
or two examples.

Freely moving electrons, coming 
from different sources, frequently 
encounter collisions with various 
atoms, molecules or ions etc. The 
collisional interaction happens in 
different situations such as in the 
atmospheres of Earth and planets 
together with their satellites, comets 
and other astrophysical environments 
including interstellar medium. Many 
of us have heard of very spectacular 
displays of colour patterns exhibited 
in polar winter skies, called Aurora 
borealis in the Northern region  
and Aurora australis in the South.  
Box 1 gives an interesting account of 
the phenomenon, while a beautiful 
picture of auroral lights is displayed 
in figure 1.

Ionospheres of Earth, Mars etc are 
formed primarily by solar ultraviolet 
and X-ray photons, but some of the 
photoelectrons produced thereby 
are capable of producing further 
ionization during interactions with 
atmospheric constituents. Apart 
from solar wind electrons and 
photoelectrons, the outer space 
sources of free swift electrons are the 



32

PHYSICS NEWS

cosmic rays, and secondary electrons 
generated from primary collisional 
processes. Electrons produced in 
the natural sources such as all these, 
exhibit distributions in number 
density and kinetic energy.  

Probing beams of electrons, well 
defined in energy as well as incident 
flux, are available in a variety of 
man-made systems and in laboratory 
experiments. The research field of 
electron atom/molecule scattering is 
about a century old now [1-3]. The 
year 2014 marked 100 years of the 
famous Franck and Hertz experiment, 
carried out soon after the Bohr atom 
model was proposed in 1913. The 
Franck-Hertz experiment established 
the existence of the quantization of 
atomic energy levels to be a reality 
and not just a theoretical artifect. 
This was an electron-energy-loss 
experiment i. e. that of inelastic 
scattering of electrons by mercury 
(vapour) atoms, which in turn were 
excited to one of their discrete 
energy levels. While the incident 
electrons suffered a definite loss of 
kinetic energy, the excited Hg atoms 
emitted photons of appropriate 
energy. Research field on electron 
collisions (or scattering) emerged out 
of early developments in Physics in 
the 20th century. Sources of electrons 
like electron gun, along with 
detecting devices provided a boost 
to experimental investigations on 
scattering. Electron-atom/molecule 
interaction attracted attention 
as a basic theoretical problem 
in understanding the passage 
and stopping of charged nuclear 
particles in gases and other media. 
Accelerators were designed, not just 
for nuclear charged particles, but for 
electrons too. Today the traditional 
accelerators like LINAC, have also 
become sources of fast electrons, and 
one even speaks of table-top electron 
accelerators for medical applications.

A strong motivation for investigating 
electron collisions in theory and 
in laboratory was provided by the 
expanding knowledge in astronomy 
and astrophysics including the 
various solar-system bodies. On 

Box 1

Aurora  - the polar lights

Auroral emissions of amazing colour patterns (Figure 1) seen in the 
polar regions of high latitudes above 70°, originate from high altitude 
atomic species in their metastable states, produced mainly by solar wind 
protons and electrons. The interactions of these particles with species 
like atomic N and O along with N+ ions give rise to specific colours.

Figure 1 shows the amazing colourful lights of auroral phenomena produced 
at polar high altitudes, ~ 100 km or more. A beautiful video of the aurora as 
captured from International Space Station, is available on NASA website.

Figure 2 shows low-lying Energy level diagram of atomic oxygen in 
spectroscopic notations. Excited metastable states 1S and 1D are produced by 
collisions of electrons/protons in the polar ionospheric regions. The forbidden 
transitions [4] as depicted in this figure decay with long enough life-times, 
giving emissions in green and red colours, as indicated.

****

There is a story, perhaps about Prof. C. V. Raman, who was once invited 
to deliver an evening talk somewhere. The organizer gently asked him 
about the title of the talk for announcement. 

"Night life in Paris..."- came a swift reply. The organizer  was stunned but 
he did not dare to ask anything further.

...And in the evening talk what followed was a vividly interesting account 
of Aurora Borealis.....!

the theoretical front, quantum 
mechanical interpretations of 
scattering phenomena were taken up 
first by invoking simple models and 
calculations. Today computational 
techniques are playing a major role 
in developing sophisticated theories 
in this regard.

Electron scattering has now become 
a veritable multidisciplinary tool of 
research and investigations on matter 
in its myriad forms viz., atoms/
molecules/radicals/ions, dimers, 
clusters, fullerenes, thin films and 

other condensed matter, as also 
plasma. Energetic electron beams are 
put to use in diverse fields of science 
and technology. 

We shall return to the highlights of 
some of these applications later on, 
but first it is desirable to browse 
through some of the elementary 
ideas on collisions or scattering [1 - 3].

2. Electron scattering - 
experiment and quantities

At a macroscopic level, one can 
consider an electron beam of initial 
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intensity I0 being transmitted through 
a (gaseous) medium of n atoms per 
unit volume. Owing to interactions 
with atoms of the medium, the 
incident electrons are scattered or 
deflected away, and the intensity of 
the beam attenuates exponentially to 
I as the beam traverses a path length 
l, i. e.,

 I = I0 exp( ‒nσl)	 (1)

Where σ is the total scattering cross 
section of the target. 

Collision or scattering of an electron 
(e‒) by a target atom or a molecule 
(A/M) can be represented by a 
process equation,

 e‒+ A/M ge‒+	A	/	M	 (2)

If the total kinetic energy of the 
colliding system along with total 
momentum is conserved, then the 
scattering is elastic, and this occurs 
at any energy. Inelastic scattering 
occurs when an incident electron of 
sufficient kinetic energy loses part of 
its energy to the target which in turn 
is excited, and thus there is a change 
in the internal state of the target. We 
speak of superelastic scattering when 
the incident electron gains energy in 
its interaction with a target already 
in an excited state. 

A typical scattering experiment is 
shown schematically in figure 3. A 
parallel beam of monoenergetic 
electrons is projected on to a target 

and interaction between the two 
takes place in a small region, called 
scattering chamber. The scattered 
electrons are detected (and also 
energy analyzed) by a detector 
placed at a far off distance. 

A stationary beam of incident 
electrons interacting with target 
beam, and resulting into a continuous 
flux of scattered electrons reaching 
a distant detector, makes the entire 
physical picture time-independent.

In the present discussion we assume 
the external electrons to be non-
relativistic. Assuming the initial 
direction to be along the Z - axis (as 
in Figure 3), the polar angle θ	 and 
the azimuthal angle φ represent 
the scattering angles. Scattering 
experiments are quantified and 
analysed in terms of cross sections. 
In order to examine the angular 
distribution of scattered particles 
one needs differential cross section 
(DCS). The DCS integrated over all 
scattering angles gives the total cross 
section (TCS), expressed in cm2 or 
Å2, where Å is the Angstrom unit, 
or a0

2, where a0= 0.529× 10-8cm is the 
usual Bohr radius. TCS is an area-
like quantity that conveys likehood 
of occurrence of scattering. As a 
first hand estimate, let us note that 

an 'area' of hydrogen atom, given 
through the quantity πa0

2 turns out 
to be 0.88×10-16cm2 approximately. It 
must be emphasized however that 

Figure 3: A schematic of a scattering experiment

the scattering cross sections in the 
present context do not represent a 
rigid physical area. In fact, as we 
shall see later, they are dynamical  
i. e. energy (Ei) dependent quantities 
even for a given target. 

One can as well think of a theoretical 
or rather quantum mechanical 
picture for which the starting point 
is 3-dimensional time-independent 
Schroedinger equation, 
Huk(r)	 =	 Eiuk(r), with r as the 
radial coordinate of the external 
electron. The hamiltonian operator  
H = ‒ħ2 2/2m  + V(r),	where the two 
terms are respectively the operators 
for kinetic energy and potential 
energy of the electron, while uk(r) is 
the wave function of the scattering 
system. Scattering problems in 
quantum mechanics differ from the 
bound-state problems, in that the 
eigen values Ei are continuous, and 
stated in advance as an input to 
the problem. Besides, the scattering 
solution has to satisfy a definite 
asymptotic boundary condition. The 
interaction potential decides the 
fate of the incident electrons, and 
it remains a crucial input to this 
problem. The scattering quantities 
DCS and TCS are measured 
experimentally and determined 
theoretically.

Formulating a theory of scattering 
of electrons by atomic or molecular 
targets is in a way simple, as 
the centre of mass of the system 
remains essentially fixed in the 
target, while the outgoing electron 
suffers momentum (and possibly 
energy) transfer. Soon after the 
advent of quantum mechanics by 
Ervin Schroedinger in 1926, two 
approximate scattering theories were 
put forward, and these were, the 
Born approximation and the method 
of partial wave angular momentum 
expansion. Related theoretical details 
may be found in [1- 3].

Having apprised ourselves with 
some of the elementary experimental 
and theoretical aspects, let us ask a 
crucial question; how exactly does 
an electron interact with an atom or a 
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molecule? At first sight it may appear 
to be some kind of electrostatic 
interaction, but there is much more 
to it. The interactions and resulting 
phenomena are interesting and 
complex as well.

3. Phenomena and theory

To get a feel of the phenomenology 
and the underlying  theory of electron 
scattering, one would like to start 
with a simple prototype problem viz., 
that of e‒ - H or e‒ - H2 system. Some 
relevant highlights in this regard are 
given separately in box 2.

With many-electron targets, the 
interactions with external electrons 
invlove several complications. For 
example, the total coulomb potential 
energy (or potential) of the external 
electron in the field of N number of 
bound-electrons and the nucleus of 
an atom, is a function of all the (N+1)
electron position coordinates, and 
hence the problem is to solve a many-
body Schroedinger equation. It has 
been made possible to represent 
the e- atom electrostatic potential 
approximately as a local spherical 
function V = Vst(r), in terms of the 
radial distance of the incident (or 
external) electron. 

But that is not enough. The external 
electron is indistinguishable from 
the electrons of the target charge 
cloud, and the possibility of 
exchange must also be accounted 
for. Moreover the target charge 
cloud responds appropriately to the 
incoming electron, and gets distorted 
momentarily. The effect is to induce a 
temporary electric dipole - in general 
multipole moment in the target, 
and this is termed as target charge-
polarization effect. If the incident 
electrons are fast, the interaction 
time is small enough and the effects 
of exchange and polarization become 
negligible. Thus the exchange and 
polarization effects are Ei dependent 
and it is possible to represent them by 
potential energy terms or functions 
Vex(r,	 Ei)	 and Vpol(r,	 Ei) respectively 
[1,2].

A crucial task now is to incorporate 

Box 2

When electron hits Hydrogen…

Atomic and molecular hydrogen constitute the most abundant species in 
the universe. 

Electron - H atom scattering has been very accurately studied in literature, 
since it is relatively simpler to handle theoretically, as atomic Hydrogen 
offers an exact wave function, together with simple non-relativistic 
energy levels [1,2]. The first excited state at principal quantum number 
n= 2, specifically 2s or 2p, occurs at 10.2 eV. Therefore at incident energies 
below this threshold the scattering is purely elastic. Elastic scattering may 
appear to be a trivial phenomenon as it involves no energy transfer. But 
it occurs at any incident energy, exhibits dominant cross section, and it 
seeks to diffuse or spread the incident particles into the medium. Above 
the threshold energy, inelastic collisions do also take place. Consider 
discrete excitations, e. g.,

e‒+		H(1s)	g e‒	+	H*(2s/2p)

The H(2s) is a metastable state, but the optically forbidden transition 
1sg2s can happen with incident electrons, albeit with lower cross sections. 
The excitation as above results into production of long-lived metastable 
H(2s)	atoms in the ambient medium. In contrast, the excitation to optically 
allowed 1sg2p occurs with very large cross sections. H in 2p quickly de-
excites by emitting the famous Lyman-α line in the electromagnetic uv 
region. In terms of relative importance the 1sg2p excitation competes 
with ionization even at high energies.

Elastic e‒ - H2 molecular scattering has been extensively studied as a 
prototype electron - diatomic molecule problem since the early days 
of quantum scattering theory. At high energy when the de Broglie 
wavelength of electrons is smaller than internuclear separation in the 
molecule, the H2 target can be viewed as a two-centre problem. In 1930s 
an 'independent-atom model' in this regard was developed by Harrie 
Massey [3], and later on it was explored further by Khare group [5] and 
Tripathi group [6] in India. High energy short wavelength electrons can 
resolve the two scattering centres in the target H2 molecule, and this 
reminds us of Young's famous double-slit experiment on light. There is a 
revival of interest now in the molecular double-slit concept and electron 
interference [7].

Equally, or perhaps more, exciting are the excitation processes in e‒ - H2 
scattering. Consider  for example, the following.

e‒ +  H2g e‒ + H2*ge‒	+	H(1s)		+	H(1s)

The star indicates the first excited electronic state of H2.  The final outcome 
of the above process is neutral dissociation, and that has been one of the 
earliest phenomena of interest in terms of both theory and experiment. 
Challanging complications are in store here since the target molecules are 
likely to be in excited rotational-vibrational states, while the H atom(s) 
produced could also be in their excited states. Processes such as the above, 
taking place with atomic as well as molecular hydrogen, play a significant 
role in hydrogen plasmas found in astrophysical and man-made systems.
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the effects of inelastic scattering 
in this description. With energetic 
electrons many many channels (or 
pathways) of excitations and even 
ionizations are open i. e. accessible. 
Can we still employ here the tool 
of the Schrodienger equation? An 
answer to this question lies in the 
concept of complex (optical) potential 

- an idea that was first put forward by 
Eugene Wigner in nuclear physics. 
Accordingly the electron - atom 
interaction can be represented by 
a spherical complex optical (local)
potential 

 Vscop = VR+ iVI  (3)

It has been shown [1,2] that the 
complex potential introduced into 
the Schroedinger equation describes 
elastic scattering in the presence of 
open inelastic channels. In equation 
(3) the real part is constructed as a sum 
of Vst(r),	Vex(r,	Ei) and Vpol(r,	Ei), while 
the imaginary potential term can 
also be constructed approximately, 
as discussed in literature [8- 9]. The 
idea here is to describe the collision 
dynamics in the complex-potential 
partial wave decomposition method.
It becomes necessary now to define 
the various total cross sections 
as required presently. Thus, we 
introduce a symbol QT to denote 
the total (complete) cross section to 
represent elastic plus all possible 
inelastic processes cumulatively. If 
the total elastic cross section is Qel and 
the cumulative total inelastic cross 
section is Qinel, then,

 QT  = Qel+Qinel  (4) 
 

All the three TCS in equation (4) are 
different functions of incident energy. 
What is Qinel actually? It is not a single 
total cross section as such. Rather, it 
is a single theoretical quantity that 
clubs together the contributions 
from all energetically allowed or 
open excitation as well as ionization 
channels, which means that a break-
up of Qinel is possible, as under.  
 

Qinel	=	ΣQexc (igf)	+		ΣQion (A+n)  (5)

In equation (5), the first term on RHS 

is the sum of all total (i. e. integral) 
cross sections of excitations of the 
target atom from an initial state 
i to accessible discrete final state 
f. The second term is the sum of 
total (integral) ionization cross 
sections of the atom, such that the 
summation runs over all the product 
ion charge-states denoted by	n=1,	2.. 
etc, as admissible energetically. If the 
external electrons are not fast enough 
to ionize or even excite the target at 
all, then we have Qinel = 0, and the 
scattering is purely elastic. In the 
present context, the term 'high energy' 
is understood as incident energy 
exceeding 10 times the first ionization 
threshold of the atomic/molecular 
target. Thus at high enough energies, 
typically above 100 eV, when very 
many excitation as well as ionization 
processes are possible, an overall 
description afforded by equation (5) 
becomes meaningful. For simplicity 
the summed ionization TCS i. e. the 
second term of equation (5) will be 
denoted just by Qion.

The first ionization energies of atoms 
(and even molecules) are typically  in 
the range of 10 to 20 eV, while the low-
lying excitation thresholds are below 
this range. Therefore, at energies 
where ionization cross sections 
become appreciable, the excitation 
cross sections are found to be 
decreasing. Moreover, once the Qion 
begins to rise, it dominates over the 
excitation term in equation (5), since 
quantum mechanically speaking 
ionization is transition to continuum 
i. e. to infinitely many scattering 
channels. It has been noted that at the 
incident energy when Qinel achieves 
its maximum, the   magnitude of 
the Qion is generally ~ 70% of Qinel. 
At sufficiently high energies, elastic 
scattering and ionization are the two 
important processes. Based on these 
features an approximate theory has 
been developed to determine the 
ionization TCS Qion as a fraction of 
inelastic TCS Qinel, and that was the 
focus of our work in [8,9].

For e‒ atom investigations, the inert 
gases He, Ne, Ar. Kr and Xe have 
been hot favourites, and legitimately 

so.  Experimental and theoretical data 
on these targets have proved to be 
bench-marks and they are the guide-
lines for work on a large number of 
other atoms, and even molecules.

3.1 Electron-molecule 
collisions 

Molecules form a wonderful world 
on their own. They exhibit a great 
diversity in terms of constituents, 
size, shape and symmetry. A 
molecule as a quantum mechanical 
object is full of complexities arising 
out of its rotational, vibrational 
and electronic motions. Availability 
of stable molecular beams has 
facilitated a very large number of e-- 
molecule experiments over a wide 
energy range, and processes like 
rotational-vibrational excitations, 
dissociative electron attachments, 
neutral dissociations, electronic 
excitations and ionizations etc 
have been extensively examined at 
appropriate energies. We highlight 
here some details on just two of the 
representarive targets, N2 and H2O.

N2

Molecular nitrogen, an important 
atmosphereic gas, would be 
anybody's choice as a target of 
electron scattering. A well-known 
low energy phenomenon with N2 
has been the 2.3 eV vibrational 
resonance, and it appears as a dip 
or loss in the flux of photoelectrons 
in our ionosphere [10]. The different 
total cross sections introduced 
above depend differently on energy 
Ei. For N2 these are evaluated in the 
theoretical method discussed in [9]. 
The  cross sections obtained for e‒ - N2 
system [9] can be seen in figure 4. It 
should be noted that for molecules, 
the quantity Qion is inclusive of parent 
ionization, dissociative ionizations, 
as well as double/multiple ionizations 
etc as allowed by the incident energy.

Several features of the energy 
dependence the TCSs can be seen 
from figure 4. For instance at high 
energies the elastic cross section 
Qel tends to decrease rapidly, and it 
shares almost evenly with Qion. The 
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electronic excitation term ΣQexc (not 
shown in figure 4) is appreciable at 
intermediate energies, but does not 
contribute much at high energies.

H2O

H2O is the third most abundant 
molecule in the universe next only 
to H2 and CO, and it is  significant 
as a biological molecule as well. 
Polar molecules like water possess 
permanent electric dipole moment 
(D), and exhibit a long range (non-
spherical)dipole potential, 

 VD= -  ( as rg∞	)  (6)

The polar molecules respond 
enthusiastically to slow electrons 
with very large rotational excitation 
cross sections (Qrot). For example, in 
the case of H2O molecule, the TCS 
for rotational transition (J	=)	0	g 1 is 
found to be ~600 Å2 at 0.1 eV incident 
energy, and ~100 Å2 at 1 eV. To get an 
idea of how large it is, we can consider 
an approximate geometrical cross 
section i. e. π(RO-H)2 which comes out 
to be ~3 Å2, with the molecular O-H 
bond-length RO-H =  0.96Å.

What are the major impact processes 
that occur in e‒ - H2O interactions at a 
given energy, say 100 eV, at which the 

Figure 4: Cross sections of molecular nitrogen

ionization is at its maximum? And 
what is their relative importance? An 
answer to this question is provided 
at a glance by the bar-chart of figure 
5, prepared from data given in[11].

In this figure we have introduced 
the grand total cross section QTOT = 
QT+ Qrot, and we must note that the 
sum ΣQexc, deduced presently, covers 
electronic excitations only.

Before turning to the next section,  let 
us mention briefly that for low energy 
electron-molecule interactions, a 
process of considerable pure and 

applied interest is dissociative 
electron attachment. This can be 
represented for a molecule AB, as 
follows.

e‒ +  AB gA‒ + B

3.2 Atomic molecular 
ionization by e- impact

That ionization is a principal 
mechanism of energy loss for fast 
charged particles passing through 
a medium was recognized long 
back in the development of nuclear 
particle detectors. Electron impact 
ionization, also referred to as (e,2e)	
process, poses a difficult theoretical 
problem, since it is a three-body 
coulomb problem in the outgoing 
channel. Even the simplest example 
of the collisional  breakup in a system 
of charged particles, viz.,

e‒ + Hg H+ + e‒ + e‒

has resisted exact analytical solution 
and is a fundamental problem in 
atomic physics. That apart, the 
importance of studying e‒  ionization 
is overriding. When an incident 
electron ionizes an atom or a molecule 
in a medium (e. g. gas) it transfers or 
deposits a part of its kinetic energy 
into the medium. The product 
species released thereby can further 
give rise to different chemistries in 
the embedding medium.

Molecularionization involves a  
multitude of happenings. Consider 
for instance,

e‒ + H2OgH2O+ + e‒ + e‒,	parent	ionization

e‒  + H2O g OH+ + H + e‒ + e‒, dissociative	ionization

These are just two examples 
involving the production of a singly 
charged ion. One can think of many 
more pathways.

Now, as stated earlier, ionization 
cross section Qion is a part of total 
cumulative inelastic cross section 
Qinel, vide equation (5). The Qinel can 
be evaluated in the complex model-
potential approach. Let us ask; can we 
dig out something more and deduce 

Figure 5:  Important e‒ - H2O cross 
sections at 100 eV.QTOT = QT + Qrot is  the 
grand total cross section, bar-1, (elastic 
+ rotational) TCS; bar-2 ionization TCS 
(Qion)	and bar-3, the summed electronic 
excitation- TCS (ΣQexc)
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Qion from Qinel? Yes, it can be done, not 
rigorously but approximately. It has 
been done by invoking reasonable 
assumptions, e. g. in [8 - 9], wherein 
the Qion is obtained as fraction of the 
inelastic quantity Qinel, besides which 
one also gets a good estimate of the 
electronic sum ΣQexc. Significance of 
the theoretical method discussed in 
[8 - 9] is that, for a target in question, 

Box 3

Electron - molecule ionization; an interesting correlation

Searching for generalization or correlation is a passion in Physics. In 
the present context, we outline a connection between the maximum 
ionization cross section, denoted by σmax, of different molecules and their 
structure properties. Specifically, for a molecule if the first ionization 
energy is I, and the static average polarizability is α0, then the quantity 
√(α0/I) is dimensionally an area.

It turns out that the peak values σmax correlate with √(α0/I) in a linear 
fashion for a good many number of diatomic and polyatomic molecules. 
This is exhibited graphically in figure 6, in which the bar over a data 
point indicates experimental errors in the measurements of σmax. Red 
marks in this figure correspond to our theoretical values.

This behaviour has been observed in bigger organic molecules also. 

Larger polarizability shows greater transient response of the molecule to 
the external electron passing by, while the smaller ionization threshold 
points to a more ionizable target having a loosely bound outer-most 
electron. Therefore the correlation seems to be physically consistent.

Figure 6: A plot of σmax as a function of the static property  √(α0/I), with the 
equation showing the linear fitting.

it yields an overall the oretical picture 
of all the major electron impact TCS 
at intermediate and high energies.

The electron - molecule ionization is 
looked upon from a different view-
point in box 3, wherein we outline 
a connection between the maximum 
ionization cross section and the 
structure properties, across a larger 
number of molecular targets.

3.3 Atoms, molecules in 
metastable states

Atoms or molecules in excited 
metastable states are endowed 
with exotic properties like long 
radiative life-time, large size as well 
as polarizability and low ionization 
threshold, as compared to their 
ground-state counterparts. Take 
for instance the standard target 
viz., atomic hydrogen, (see also 
box 2) which possesses the famous 
metastable state 2s.	 For	 H*(2s) the 
ionization energy is 1/4th, while the 
average radius is about five times,that 
of the ground state H(1s). 

We have displayed in table 1 the 
properties of a few well known 
metastable atoms and molecules 
[9,12,13 and references therein].

Target Ionization Radiative
Species energy Life Time
 I(eV)

H*(2s)	 3.4	 0.14	s
N* (2D)	 12.15	 9.4×104 s
N* (2P)	 10.95	 12	s
O* (1D)	 11.64	 110	s
O* (1S)	 9.44	 0.8	s
H2*(c3Πu)	 3.66	 1.02	ms
N2*(A3Σu+)	 9.41	 2	s

Table 1: properties of a few well known 
metastable atoms and molecules

Quantum mechanical selection rules 
compel a metastable state to hang 
over for a period much longer than 
the normal life-time (~ 10-8	 s) of an 
ordinary excited state. Metastable 
species act as a storage of energy 
in a medium. The excess energy 
thus stored is released in ionization 
by electron impact, hence the 
impact process is of great interest. 
Metastable species, such as those 
highlighted in table 1, are found to 
exist in planetary and astrophysical 
systems, but it is difficult to prepare 
them as a target beam for electron 
scattering experiments. In fact 
for certain chemical elements, the 
problem is converse, in the sense that 
experimental atomic beams do not 
contain all atoms purely in the ground 
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state...rather, there is a problem of 
metastable contamination!! 

Electron induced ionization out of 
initially metastable states is a subject 
of challanging  theoretical pursuit, 
as can be seen from scarce literature. 
Compared to the respective ground-
state species, the peak Qion values of 
the metastable targets are much larger, 
and the peak occurs at a relatively 
lower energy. In the last decade or 
so, we have calculated in our theory 
the ionization cross sections for 
molecular species like N2* [9] and 
H2* [12], while the significance of the 
ionization of N* and O* in connection 
with auroral emissions has been 
brought out in our recent work [13]. 
In view of larger radiative life times, 
one can expect ionizing collisions 
of electrons to occur with N* and O* 
species present in the high altitude 
ionosphere. If the metastables do get 
collisionally ionized, then they are no 
more available for auroral emission. 
Thereforethe e‒ impact ionization 
constitutes a loss mechanism for the 
metastables, and this aspect must 
be included properly in theoretical 
models developed for interpreting 
auroral emissions, on Earth and also 
on other planets.

4. Application highlights

It will be clear from the forgoing 
sections that fascinating phenomena 
are found to take place in the 
interactions of electrons with 
different atomic and molecular 
targets. While the impact phenomena 
are of fundamental significance, 
they are bound to have very many 
applications too. Indeed it is so, as 
can be inferred from the discussion 
in the above sections. Consider a 
specific example viz., that of mass 
spectrometry, which essentially 
involves a mass analyser for atomic 
or molecular species in a given 
sample. The mass spectrometer 
works on the effect of magnetic field 
on a beam of ions, and the ions of the 
initial neutral species are produced 
(among other things) by the impact 
of electrons.

In the Helium - Neon laser, the first 
step is to bombard ground-state He 
atoms with electrons to raise them 
to their excited metastable states 
He*, which stay put for long rather 
than emitting radiation quickly. The 
metastable He* atoms eventually 
collide with and excite Ne atoms, 
from which the laser radiation is 
emitted.

Electron impact processes hold 
significance in connection with 
technological fields like semi-
conductors, gaseous electronics 
and plasmas for nuclear fusion and 
other purposes. Certain hydrocarbon 
and per-fluorocarbon molecules 
play an important role in plasma 
assisted fabrication processes in 
microelectronics, and there is a need 
for electron scattering and ionization 
data for these molecules [14].

Radiation damage to DNA in living 
cells has frequently been discussed in 
biology and medicine. It so happens 
that energetic primary radiation 
interacting with living tissues, 
produces low energy secondary 
electrons, which produce the damage 
through dissociative electron 
attachment to the DNA components. 
Effect of ionizing electrons and other 
charged particles on living beings 
is also a subject of interdisciplinary 
study.

In this article we have often referred 
to the astronomical or planetary 
relevance of electron collision 
phenomena. We give one more 
example, and that is from planet Mars, 
possessing a very thin atmosphere 
mainly of carbon dioxide. Recall 
that on Earth, photo-ionization 
induced by solar EUV and X-rays is 
the major source for the production 
of dayside ionosphere, whereas the 
photo-electron impact ionization is a 
secondary source. But in the Martian 
ionospheric E region, the electron 
impact ionization is found to be the 
dominant source of ionization.

Collisional interactions of electrons 
with icy molecular solids like H2O-
ice, dry-ice, methane-ice etc are also 

of interest in connection with cooler 
objects of our solar system.

Let us wind up now with a final 
remark. The cross sections that 
we talked about are basically 
microscopic i. e. atomic/molecular 
quantities. They can be employed 
to deduce macro-parameters like 
electron mean free path, collision 
frequency, ion production rate and 
so on, in a micro-to-macro approach. 
The macro-parameters determine 
certain bulk properties of the 
medium in a given environment.

5. Summing up

It will be thus seen that a plethora of 
processes can take place during the 
collisional interactions of electrons 
with atomic/molecular targets. The 
target-systems could be actually 
ranging from isolated atoms or 
molecules to bulk matter, extending 
to planetary/cometary atmospheres, 
and even interstellar medium...! 
Whatever we could cover in this 
article is just the tip of an iceberg. 

In this era of Space explorations, 
both within and outside the solar 
system, studies of this kind will 
be quite significant in interpreting 
observational data that will be 
available. On technological fronts, 
electron driven processes will 
continue to play useful roles. 

For theoretical and computational 
physicists there are challanges in 
store. Noted theoretical physicist A. 
Dalgarno wrote some years back, in 
the forward in [2],'electron - molecule 
scattering	is.......still	an	evolving	theory	
needed to interpret a wide range of 
physical	 phenomena	 that	 occur	 when	
electrons and photons collide with atoms 
and molecules.'

This is true even today.
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OBITUARY

Born in Thane, Maharashtra on 
April 13, 1954, Chitra completed her 
schooling in Nashik and then a B.Sc. 
in Physics (1974), the latter made 
possible by a National Science Talent 
Search Scholarship.  She obtained an 
M.Sc. In Physics (1976) from the Indian 
Institute of Technology, Bombay and 
soon after joined the BARC Training 
School.  As a Scientific Officer (1977-
1982) in the BARC Technical Physics 
Division she held responsibility for 
several projects related to indigenously 
designing and building surface 
analytical instruments, including a fast 
etch gun.  She continued her work on 
surface analysis at the Case Western 
Reserve University, USA, under the 
guidance of Richard Hoffman, while 
on an Indian National Scholarship to 
Study Abroad.  Her research work, 
using surface extended energy loss fine 
structure (SEELFS) to probe structural 
parameters of pure carbon surfaces in 
single and polycrystalline forms, was 
significant at the time in the emerging 
development of diamond-like coatings 
on compact discs.
Chitra returned to India in 1985 
to join the Institute for Plasma 
Research (IPR), Ahmedabad, where 
she worked on the development 
of Aditya, the first indigenously 
designed and built magnetic 
confinement plasma fusion reactor 
Tokamak, which was commissioned 
in 1989.  Here Chitra was in charge of 

designing plasma probe diagnostics 
and also involved in teaching and 
academic co-ordination of the Ph.D. 
program in plasma physics. She 
spent a brief period, 1991-93 at the 
Institute of Chemical Technology, 
Mumbai, then known as Department 
of Chemical Technology, Bombay 
University (UDCT), working on 
plasma polymerisation and surface 
small angle  X-ray scattering.  She 
was very active in popularising and 
promoting plasma technologies for 
Indian industries.
Chitra joined the HomiBhabha 
Centre for Science Education, in 1993, 
coordinating the J. N. Tata Talent 
Search and Nurture (TATSAN) 
program for post-school students 
(operational in Mumbai and Solapur), 
through which she developed 
an entirely original 'Foundation 
Curriculum on Science, Technology 
and Society (STS)'.  In 1993 she was 
part of the core team for HBCSE's 
project, 'Diagnosing Learning in 
Primary Science'.  Her study of the 
rich knowledge about plants among 
students from rural and indigenous 
(tribal) communities, their drawings 
and their ecological understanding, 
provided rare insights which fed into 
the development of the HomiBhabha 
Curriculum for Primary Science and, 
ten years on, influenced the National 
Curriculum Framework (2005).
Through the 1990's Chitra was active 
in the talent nurture and teacher 
orientation programs of HBCSE 
and helped in development of the 
physics laboratory at the +2 level, 
contributions which, towards the 
end of that decade, enabled HBCSE's 
launching of the Olympiad program.  
A notable contribution in this period 
was co-authoring of the book 'Atoms 
and Development' with Arvind 
Kumar, which was published by 
DAE in 10 languages.
In the 2000's Chitra turned her 
energies to developing a research 
program on Design and Technology 
(D&T) education in collaboration with 
her colleague SugraChunawala.  The 
collaboration and communication 
based framework that she had 
developed for TATSAN was now 
applied at the middle school level.  
Chitra's concept of D&T combined 
Rabindranath Tagore's ideas of 

creativity and innovation 'design' with 
Mahatma Gandhi's 'NayeeTaleem' 
for national self reliance i.e. 
'technology'. The D&T project was 
aimed at developing students' 
abilities to design and innovate 
artefacts that best serve social needs.  
Chitra's lifelong commitments to 
collaborative learning, multimodal 
communication and socio-cultural 
and gender appropriateness have 
been prominent in the D&T group's 
work.  Chitra's final research project 
was with a student, SauravShome, on 
project-based learning. 
As the Dean of HBCSE faculty 
from 2011 Chitra contributed to 
both academic and administrative 
work at the Centre, also in taking 
responsibility for the HBCSE self 
review exercise, carried out in 
preparation for an external review.  
Chitra's work contributed richly to 
HBCSE's goal of generating new 
ideas and developing them into 
educational resource materials.  Her 
staunch commitment and dedication 
to her work set an example for many 
who came after her.
Chitra shared many intellectual 
passions and interests with R. 
Rajagopal, her life partner, and both 
of them collaborated on several 
projects together.  
Chitra's passing has left a gap in 
the institution that she served with 
simple dedication and in the many 
lives that she touched with her 
warmth and humility.  Her courage 
and wisdom have inspired us all.  
The best tribute to her would be for 
us to understand her contributions 
to science education and try to 
implement some of her ideas in our 
own teaching and practice. 
Acknowledgement: This obituary 
is adapted from a longer article to 
appear a collection of memoirs edited 
by R. Rajagopal.

Chitra Natarajan
(1954-2015)

Chitra Natarajan, a doctorate in 
Physics, was Professor (H) and 
Dean at the HomiBhabha Centre 
for Science Education (HBCSE), 
Tata Institute of Fundamental 
Research (TIFR).  She passed 
away in Mumbai on April 13, 2015 
following a battle with cancer.
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