
Quantum to Cosmos 

- Celebrating LASERS. 

1. Introduction: 

Since the invention of laser, laser technology has burgeoned into vast field, suited to all kinds of 

applications from hand held pointers to lasers capable of creating stars. From terabytes to tablets, we 

see it everywhere. Now laser is a very common word even for a common man. It is surely an 

invention of remarkably broad impact & pervasiveness. Those large domains include Medical, Fiber 

optic Communications, Electronics, Entertainment, Military and finally, Research. Commercial 

domain itself enjoys using lasers for multitudinous objectives like CD’s, barcodes, printers, pointers, 

holograms, laser shows...Of course we can’t possibly treat all these topics in detail. 

2. Invention: 

When lasers were invented in 1960, they were tagged as “a solution looking for a problem". 

As the adage goes, Rome was not built in a day, it is not just a line to say that Maiman has invented 

laser, but there was a lot of serious effort that has been beneath, now revealed: 

Bell labs effort to make what we now call as laser began with 1958 Schawlow-Townes paper titled 

"Infrared and optical maser", giving guidance on how to make a laser, amount of population 

inversion needed, rod shaped excited medium and so on.... and excited people in the other labs as 

well. In a 1959 conference at University of Michigan, Gould presented a paper under the name 

"LASER: Light Amplification by Stimulated Emission of Radiation‖. Interestingly, at the end 

Schawlow commented ―Such device would be more important as oscillator, rather than just an 

amplifier, hence LOSER‖. But time has certainly proven what a miracle it is. Also, Goulds got a 

lucrative patent on ―Optically pumped laser amplification". 

In another conference organized by Townes, Schawlow spoke extensively discarding possibility of 

Pink ruby as such a medium and suggested dark ruby instead of it. But on 8th July, 1960, NY Times 

bore a head line "Light Amplification Claimed: Maiman" (from Hughes Research Laboratories, 

using Pink Ruby crystal).And thus he became the one who made the first laser. 

Now, the techniques for controlling, ―Amplifying‖ laser are hugely advanced, for example, mode 

locking enabling oscillator pulses as short as 3 FS can be produced..., & frequency stabilization 

methods enabling laser line widths of < 1 Hz, Also with chirped pulse amplification, now it is 

possible to produce albeit in only few femto seconds, laser pulses with a peak of 10 PW. 

This is not the place to review the whole history of the laser, but to look beyond , and question 

ourselves to ask what can we do better .., what more can we achieve .. It is that spirit which keeps the 

scientific community ever on its toes. But in a physicist view, among countless applications, we 

could mention the advanced measurement of distance, frequency, time, at unprecedented precision, 

now leaping to Atto Domains. 



Though for an eager beaver, after having swept in the awe of lasers, everything seems interesting, 

due to heavy space-time constraints, here I restrict my views to few potential earth-shaking 

breakthroughs that would happen in 21
st
 centaury in brief. 

3. Quantum Domain: 

-From Laser Cooling to Atom Lasers. 

I. Introduction: 

In a much general sense, let’s say there are fermions, which obey Pauli Exclusion Principle saying no 

two fermions can be in same quantum state. And there are Bosons. According to Einstein, Not only 

two bosons can share a quantum number, they can actually prefer being in the same state. So if this 

happens for a good number of particles, then all of them loose their individual identity and become a 

gigantic wave.., where we can study the wave nature of macroscopic particles (But unfortunately, 

visible effects are only at low temperatures, close to absolute zero). 

Though at that time, Einstein prediction was considered to me a mistake, it turned out that laser 

cooling combined with RF evaporation of alkali atoms could make what we now call BEC possible. 

Let’s see how lasers made our life simpler. 

 

II. Laser Cooling: 

 

In laser cooling, in its most wide spread form, ―Doppler cooling‖, a sample of atoms is irradiated 

with laser light from all slides whose frequency is tuned just below an atomic resonance. Each atom 

preferentially absorbs photons that are blue shifted into resonance, that is the ones that are opposing 

atoms motion...the atom then re-radiates the light in random directions and returns to ground state, 

repeating this cycle millions of times, we can cool atomic sample below milli Kelvin. Here, laser 

cooling of an atom makes use of the pressure, or force, exerted by repeated photon impacts. An atom 

moving against a laser beam encounters a higher frequency than an atom moving with the same 

beam. In cooling, the frequency of the beam is adjusted so that an atom moving into the beam 

scatters many more photons than an atom moving away from the beam. The net effect is to reduce 

the speed and thus cool the atom. 

In this setup, we use laser light not only to cool the atoms but also to "trap" them, keeping them away 

from the room-temperature walls of the cell. In fact, the two laser applications are similar. With 

trapping, we use the radiation pressure to oppose the tendency of the atoms to drift away from the 

centre of the cell. A weak magnetic field tunes the resonance of the atom to absorb preferentially 

from the laser beam that is pointing toward the centre of the cell. The net effect is that all the atoms 

are pushed toward one spot and are held there just by the force of the laser light to avoid atoms to hit 

walls, in laser cooling, we use other lasers as laser trap to confine them. Cooling Molecules could 

expand potential for studies of Quantum Computer that uses molecules as Qubits. 

The Nobel Prize in Physics 1997 was awarded jointly to Steven Chu, Claude Cohen-Tannoudji and 

William D. Phillips "for development of methods to cool and trap atoms with laser light". 

 



III. Bose – Einstein Condensate: 

A Bose-Einstein condensate (BEC) is a mysterious quantum-mechanical state in which matter is 

coherent and has "Laser-like" properties. The first "pure" Bose–Einstein condensate was created by 

Eric Cornell, Carl Wieman, and co-workers at JILA. They did this by cooling a dilute vapor 

consisting of approximately two thousand Rb-87 atoms to below 170 nK using a combination of 

laser cooling and magnetic evaporative cooling. About four months later, an independent effort led 

by Wolfgang Ketterle at MIT created a condensate made of sodium-23. Ketterle's condensate had 

about a hundred times more atoms, allowing him to obtain several important results such as the 

observation of quantum mechanical interference between two different condensates. 

To achieve BEC, they cooled the gas in two stages. In the first stage, laser cooling, the atoms were 

bombarded with optical-laser light. The frequencies and polarizations of the laser beams were chosen 

in such a way that photons emitted by the gas atoms were slightly more energetic than photons 

absorbed by the atoms. The energy difference is responsible for the cooling effect. After absorbing 

and emitting about 100,000 photons, the atoms reached a temperature of about 100micro Kelvin. 

These atoms were then cooled to BEC using a second technique, evaporative cooling. In this 

technique, the hottest atoms are removed from the atomic sample, thus reducing the average energy 

(and therefore the temperature) of the remaining atoms, now reaching nano Kelvin’s.  

They caused the atoms to lose for a full 10 seconds their individual identities and behave as though 

they were a single ―Super atom‖. The atoms’ physical properties, such as their motions, became 

identical to one another. 

This BEC, the first observed in a gas, can be thought of as the matter counterpart of the laser—

except that in the condensate it is atoms, rather than photons, that dance in perfect unison. Almost all 

of the atoms in a BEC are in a single quantum state, providing a rare opportunity to view quantum 

mechanics at work on a macroscopic scale. In the laser, the light particles all have the same energy 

and oscillate together. In BEC, atoms march in lockstep, demonstrating the wave nature of particles. 

To cause matter to behave in this controlled way has long been a challenge for researchers, and it has 

become realistic after the laser technique is invented. 

The Nobel Prize in Physics 2001 was awarded jointly to Eric A. Cornell, Wolfgang Ketterle and Carl 

E. Wieman "for the achievement of Bose-Einstein condensation in dilute gases of alkali atoms, and 

for early fundamental studies of the properties of the condensates". 

IV. Atomic Laser: 

Ketterle and his research team managed to merge a bunch of atoms into what he calls a single matter-

wave, and then use fluctuating magnetic fields to shape the matter-wave into a beam much like a 

laser. 

The link from BEC to Atom laser was a controlled way of extracting a beam of atoms from the 

condensate and a method for determining whether the atoms were indeed as coherent as the photons 

in a laser beam. 



First step was conceived through extracting a beam of Bose-condensed atoms from a sample of a 

trapped condensate by applying an oscillating magnetic field., and for second step, applying a 

standard technique, two samples were overlapped, and it resulted in interference pattern as expected , 

showing coherence, created first Atom Laser. 

V. Applications: 

Through all these techniques ranging from Laser Cooling to Atomic Lasers, 

 Dramatic advances can be achieved in high precision measurement*. 

 Improved measurement of fundamental constants can be done. 

 Precise atomic clocks are realizable. 

 High-resolution atom deposition on surfaces for the fabrication of novel materials and 

nanostructures is tangible. 

 Advance in our understanding of Superconductivity and Super fluidity in more complex 

systems is possible. 

 Theoretical studies in Quantum Information Processing and Quantum Computing 

structures, will be realizable. 

* The Nobel Prize in Physics 2005 was "for contributions to the development of laser-based 

precision spectroscopy, including the optical frequency comb technique". 

VI. Conclusion: 

This crisp analogy between BEC (atom laser) and laser opens a new window for us to visualize what 

could it potentially break through, after having understood what laser did to us. As we do, the 

strange, fascinating Quantum Mechanics world will come a little bit closer to our own. But for BEC's 

to come out of lab, we might have to wait for few more years. 

4. Complete Cosmos: 

How lasers can contribute to reveal the mysteries of Universe…”LIGO” provides the promising 

answers… 

I. Introduction: 

When 400 yrs ago, Galileo turned his telescope to night sky, it opened up entirely new view of 

universe, 20
th

 century innovation was to make use of entire EM spectrum (not just Optical).Now, 21
st
 

century focus is solely on Gravitational Waves (GW’s), which if realized, could open yet another 

window to view the bliss of universe, revealing the fundamental space time structure. 

Just like as EM waves are caused by accelerating charges, these GW’s are caused by accelerating 

masses. GW’s are fluctuations in the fabric of space time. As they pass, distort the distances between 

objects. For example, a GW passing through this paper would alter it such that it became longer, 

wider, longer (than expected) and so on millions of times. Also, GW’s can be specified by giving 

their frequency, amplitude, polarization. 



Now one of the aims of the 21
st
 century scientific community is to explore Complete Cosmos 

through GW’s, via detecting GW’s. Indirect evidences are strong, pulsars orbiting companion stars 

lose energy at exactly the rate predicted by General theory of relativity.  

The Nobel Prize in Physics 1993 was awarded “for the discovery of a new type of pulsar, a 

discovery that has opened up new possibilities for the study of gravitation” 

But to perceive them practically is THE task now and again here comes our laser to rescue us… 

II. LIGO and LISA: 

-In pursuit of Exploring “Gravity the force which binds the universe”. 

In that direction, Rainer Weiss was the first one to come up with practical solution with an analysis 

of realistic limitations to ―Laser Interferometry‖ in ―Electromagnetically Coupled Broadband 

Gravitational Antenna‖ (1972). 

At Laser Interferometric facilities such as LIGO and LISA, single coherent laser source is split and 

then traverses two paths recombining this light creates interference pattern that shifts according to 

the difference of two path lengths. Passing GW would have changed lengths of two paths. They 

detect those distortions in the shape of space caused by waves of gravity. 

The ―Laser Interferometer Gravitational Wave Observatory‖ (LIGO) is ground based, and has two 

setup’s running in unison at Livingston and Hanford Nuclear Observatory. The other is Space based 

(Laser Interferometer Space Antenna) and yet to be made. Though GW’s have drastic effects at 

stellar level, they could only produce minuscule changes at our level. So, we have to have highly 

sophisticated systems to detect their foot prints. 

III. Expectations: 

 LISA might be able to hear the signals from massive black holes, and other cosmological 

sources Such as early BIG BANG phenomenon. 

 LIGO spin-offs are being realized in areas such as measurement science, seismic 

isolation, vacuum technology, coatings and optics. 

 Even with the laser frequencies stabilized as much as possible, they still exhibit 

fluctuations that are a billion times bigger than the signal. So, lot of challenges ahead for 

us using these highly sophisticated Laser systems 

 The grand challenges of future are detection of GW’s and precision measurements of 

properties of anti matter as it tests the CPT symmetry. 

After confirming and proving their existence, we are now looking ahead for the information they can 

provide, merging black holes, galaxy formations, and early times of BIG BANG… a period in which 

universe was opaque and from which no EM information survived. 

 

 

 



5. SCEINCE AT EXTREMES: 

- FUSION ++ 

Some of humankind's greatest intellectual challenges have to do with understanding how the 

universe began, how it works, and how it will end. Now, I narrate yet another extreme LASER story 

in which, Physicists are planning lasers powerful enough to rip apart the fabric of space and time. 

In a star, strong gravitational pressure sustains the fusion of hydrogen atoms. Replicating the extreme 

conditions that foster the fusion process has been one of the most demanding scientific challenges of 

the last half-century. Physicists have pursued a variety of approaches to achieve nuclear fusion in the 

laboratory and to harness this potential source of unlimited energy for future power plants. Inertial 

confinement fusion (ICF) is an alternative way to control fusion which is based on scaling down a 

thermonuclear explosion to a small size, applicable for power production. 

LHC is successful in a sense that it created a fever even in the non scientific community and made 

them ponder about what might happen for their studies, towards the end of this decade (2008 - 2010). 

But, this century still awaits for much more to come from NIF and ELI. 

As throughout their history, lasers have excited physicists by opening up new possibilities with light, 

Let’s see something interesting: When laboratory experiments begin at the National Ignition Facility 

 in 2010, researchers will be able for the first time to study the effects on matter of the extreme 

temperatures, pressures and densities that exist naturally only deep inside the stars.NIF will achieve 

temperatures of more than 100 million Kelvin(which is much higher than that is in stars), densities of 

about 1,000 grams per cubic centimeter, pressures more than 100 billion times as large as the Earth's 

atmosphere and neutron densities as high as 1026 per cubic centimeter. Only three places in the 

space and time of our universe have ever produced anything close to these conditions: the Big Bang, 

when the universe was born, Core of stars, and thermonuclear bomb. But none of these extreme 

conditions are available at lab, for probing into cosmological origins and stellar evolutions, hence 

exciting every physics enthusiast. After zapping all its 192 lasers, in a test run, it went close to 6 

Million Kelvin, simulating stellar atmosphere. 

Simply put, NIF aims at controlled Fusion through Ignition at which more energy is generated from 

the reaction than went into creating it. But we have to note that all of this has its roots at very 

quantum level pertaining to single equation E = mc
2
 the energy we can derive from Fusion. Even, 

later on Laser driven Accelerators might take on ILC, which is assumed to provide better results than 

LHC. And the other proposed extreme laser Technology is Extreme Light Infrastructure (ELI), 

planning for exawatt lasers to produce intensities of order 10
23

 watt/cm
2
. 

 

 

 

 

 

 

 



6. Connecting the Dots: 

As Steve Jobs puts it," you can’t connect the dots looking forward. You can only connect them 

looking backwards, so you have to trust that the dots will somehow connect in your future." Now 

looking back, let’s connect all of the above to "Einstein", Arguably the Person of the century. 

From his 1917 paper ―On the quantum theory of radiation, introduction of spontaneous and 

stimulated edition‖, Laying foundations to the working of lasers, predicting GW’s through 1915 

Paper ―The Field Equations of Gravitation‖, predicting bosonic state(BEC) through  1924  paper 

―Quantum theory of monatomic ideal gases‖ and  giving E = mc
2
 through much celebrated ―Does the 

inertia of a body depend upon its energy-content?",enthralling fusion as well as fission , this man 

changed the entire worlds perception through his theoretical predictions , which we now seem to 

realize practically. 

Here, Let us remind ourselves that all those above presented ideas won Nobel prizes for confirming 

his predictions, but he himself won a Nobel for his ―Photo Electric Effect‖.  

Discussed topics include quantum physics at macroscopic level, fusion in lab, and efforts to detect 

the play of black holes at our order of magnitude, and the ways to take temperatures from nano range 

to giga order, all THE impossible, made possible through the glasses of LASER. 

And as man’s higher quest manifests, the technology and advancement in science (which could only 

reflect his intellect) reaches to unimaginable heights and our hard work in developing all such 

complex and sophisticated laser systems would definitely pay back us in various forms, for which we 

have to diligently wait and see..... 

In pursuit of ―Connecting Quarks with the Cosmos: Eleven Science Questions for the New Century‖, 

here I addressed LASER Physics as one of the key element and a few possible breakthroughs 

awaiting soon to be assimilated. Now, just a decade has come to end after the new century started. 

We are clear of what we wanted to do, in a confused and complex way, and have set our goals. Just 

like the other scientific endeavors, the most important results (which are yet to come) that come from 

the study of a new technology may be totally unexpected... The next two decades could see a 

significant transformation of our understanding of the origin and fate of the universe, of the laws that 

govern it, (even at quantum level) and even of our place within it. 

- Vivek Sarma R, 

IIT Madras. 
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