
a

M.S. Bhatia

7/26/2017 1

TIFR: ASET colloquium



PLAN OF TALK

1. WHY are isotopes needed?

2. WHY lasers for  separation?

3. WHY is it a 21st CENTURY TECHNOLOGY?

A : The Simplicity  &  B: The Complexity
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PART 1

1. WHY are ISOTOPES needed?
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What are ISOTOPES?

• True to their name, all Isotopes of an element occupy the
same place (in Greek) in Periodic table. Frederick Soddy in
1913 coined this word when he observed 40 different decay
chains between Pb and U with only 11 slots in periodic table.

• This makes them identical chemically and physically too.

• So why any interest in them singly? Why separate?

• As they have distinct ‘A’ they differ in ‘nuclear properties’

Early Uses of isotopes
• Use of naturally occurring Radium for radiotherapy: 1930s.

• Demonstration of nuclear pile by Enrico Fermi and Leo Szilard: 1942.

• Manhattan Project WW II: 1942-46.

• Nuclear electricity: 1955.

• Cobalt 60 therapy replaced X-ray radiotherapy: 1961.
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A more appropriate word “nuclide”

• Our interest lies in A, so the word “nuclide” is more
appropriate.

• With 339 naturally occurring nuclides on Earth (286
primordial) and If we include artificial radioactive nuclides, we
have 3,339. Out of these 905 nuclides are either stable or
have half-lives longer that 60 minutes.

Nuclear physicists & engineers have a rich Menu

Some are needed in TONs (enriched or depleted): U, Pu, D…

Gd, Zr, B…
Others in smaller quantities: C, N, O…

So where is Sn ?
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Early Isotope Separation Methods…
• The “Kinetic Isotope Effect” or KIE is the change in

reaction rate of a chemical reaction when one atom
in reactants is replaced by one of its isotopes.

KIE= kL/kH

L and H refer to lighter and heavier species

• Heavier isotopic species have lower mobility and
higher dissociation energy resulting in lesser yields
compared to lighter species.

Taking the reaction of methyl bromide with cyanide

CN- + CH3-Br CH3- CN + Br-

KIE= k12/k13 = 1.082

7/26/2017 6



Why is the chemical route attractive? 

• Low energy consumption: typically few eV/atom.
Easy scale-up by concentration/ volume. Easy
instrumentation and control. No extremes.

• H2O/D2O. [Nuclear industry]  ∆m/m  = 100%

• Li6/Li7. [Nuclear Industry]                     =  17%

• B10/B11 .[Nuclear Industry]                   =  10%

• C12/C13. [Medical]                                  =    8.3%

• N14/N15. [Medical]                                 =    7.1%
• O16/O18. [Climate studies]                    =  12.5%

All above are low Z elements where ∆m/m is high.
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Low Z and High Z…
• For low Z elements mass effect dominates but for high Z

elements it is the nuclear volume and nuclear structure effect
that dominates.

• Take 1H1 and 1D2. The mass difference is 100%! Thus, we are
likely to see comparatively large chemical/physical effects
here.
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High Z isotopes…

• Take 92U235 and 92U238 . Percentage mass difference is
3/238*100 = 1.26 %. So KIE factor about 100 times less (or
about 100 – 10,000 times difficult to enrich by chemical
methods).

• Low abundance isotopes will behave like impurities !
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For High Z we adopt physical methods

• Instead of kinetic factor in chemical dynamics, in
physical methods we use differential motional
effects such as diffusion and centrifugation rates.

• To enable this the atomic or molecular species have
to be either in gas phase or vapor phase.

UF6 is the wonder molecule [God’s gift] which is a
gas at near room temperatures.
Without this both Diffusion and Centrifugation
would need 3000K
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2. WHY LASERS FOR SEPARATION?
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Large Scale physical methods… 

• Electromagnetic Separator (Calutron).

• Gaseous Diffusion.

• Centrifugation.

• Laser Isotope Separation.

The context is U235/U238 separation to reach
concentration 4.5% [from 0.725%] for use as nuclear
fuel in BWRs and GCRs in large quantities – 100s tons

The nuclear industry offers business to the tune of few
billion $/year to generate electricity [24,000-30,000
MWd/ton].
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• This was used during WWII for an atomic bomb.

• CaIutrons were ‘slow, inefficient but effective’.

They were nothing but ‘Giant mass spectrometers’.

Electromagnetic separator
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POST-War calutrons were phased out. 
Small versions still exist! Why?

• They could be used on many elements. As a method

applicable to many species it is attractive.

• Spinoff: Ion sources.

• Large separation factor α in single pass:

α =  Cout/Cin

Like, C is the ratio of U235/U238 by weight.
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Economics decides the method…
• Engineering is called the ‘handmaiden of economics’. If

this be so, Technology Decisions are even more so.

Let us see why?

This enrichment is done to fuel a NPP to generate
electricity. We cannot spend more energy on enrichment
of U235/atom than its electricity worth.

n + U235 → fission products + 2.5n + 200MeV

We get only 70MeV of electricity from 200MeV of kinetic
energy (at 35% efficiency).
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The limits on energy cost/atom

• Upper limit: 70MeV.

• Lower limit: ??

• Lower bound of lower limit is set by thermodynamics
(entropy of mixing) and is 0.001eV if we employ a
reversible process.

• This is possible (very attractive!) if we employ Mr.
Maxwell Demon to sit inside our separator and
atomically move U235 atoms (or molecules) from feed
stream to product stream. Only Demons can carry
out this reversible process at this scale.
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Real Processes (no Demons!)….

• These are steady state processes and governed by RATE
(moles/sec of product). The higher the rate, the more
the departure from equilibrium and thus from the ideal
of an infinitely slow reversible process.

• High rates attract dissipative channels that get activated
with our process of separation, and increase the energy
expenditure.

We have to avoid extremes: high temperatures,
pressures, speeds as these will bring in dissipative
channels. Do We?
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DEMON vs HUMANS

U235

U238MAXWELL DEMON

0.001eV α = ∞

CENTRIFUGE
200KeV  α = 1.4

U235

U238

60,000rpm

DIFFUSION
2.5MeV α = 1.004298

HIGH
PRESS

TIME ???

PHYSICS TODAY Sept 1964, Thermodynamics in Finite Time
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Technology and Proliferation

Diffusion

• Proliferation resistant.

• High capital cost.

• Barrier technology (high 
tech. and secret).

• High pressure.

• 500 stages to reach 
reactor grade.

Centrifuge

• Less proliferation resistant.

• Capital 1/10 of Diffusion.       

• Rotor design  & material.

• High speed.

• Stages: 300

7/26/2017 19



One is not enough, much more and in 
cascade…

P.A.M. DIRAC

Separation  
Capacity, 

SWU
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Money makes the world go round 
Circa early 1970s…

• From 1970 to 1984 there was doubling of world capacity in
Nuclear Generation every 3 years! It rose from 25 to 300
GW. Except reactors in Canada/India, all others need 3% -
4.5% enriched Uranium as fuel.

• Golden chance to market reactor fuel and earn Billions

• Until 1984, Diffusion & Centrifuge plants in Europe, USA
catered to 300GW installed capacity.

• Is there a process requiring less capital cost (high α), low
running cost (low eV/atom) and high throughput, that can
outperform Centrifuge to earn even more?

So which process?
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Some light on the key question…
• Atoms and Molecules have an intimate relation to

light via their emission and absorption spectra.

• Do isotopes absorb different colors?

• In early 1960s it was seen by many spectroscopists
that indeed it is so. This was seen for uranium
isotopes too.
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Everything points to laser…

• Laser has unique properties due to its coherence via
“stimulated emission” (Einstein 1913).

Laser OLS
1. Monochromaticity (Line width)     10 MHz       600GHz (SOX)
2. Directionality: Divergence                mRad 100s Rads
3. Brightness: Power Density         100s kW/cm2 mWs/cm2

Each of these is amply used in LIS processes. With tunable 

low line-width  Dye Lasers the stage was ready in 1970s.
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MLIS and AVLIS circa 1970s
USA, UK, France, Japan, India…

MLIS, Los Alamos

1. UF6 (↑) Room Temp

2. Nozzle beam expansion(↓)

3. Multiphoton Dissociation 
MPD (↓) 

4. 16µ laser (↓)

5. Selectivity (↓) α ≥ 1.05

AVLIS, Lawrence Livermore

1.  U metal (↓) 3000K

2. Vacuum evaporation (↓)

3. Selective Photo-Ionization (↑)

4. Copper Vapor Lasers (↑)

5. Selectivity (↑↑↑…) α ≥ 10-50
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Who wins the technology race?
MLIS or AVLIS? 1984

• Why spend $millions and ten years to discover?

• Many a learned men think knowing the principles is

enough. Not so. The Devil is in the details but so is

the salvation.

• You have to learn from the mistakes of others. You

won’t live long enough to make them all yourself.

- Admiral Hyman G. Rickover
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Multidisciplinary research …
• Not just physicists, chemists and metallurgists but also

electrical/electronics/mechanical/chemical engineers.

Who will guide these young angels/devils?

Physics is love, Engineering is marriage.
-- Norman Mailer
“A fire on the moon”

Principles Trade-offs
(generalities) (compromises}

Scientists: Ok, spectrum to be seen, selectivity to be found…
Engineers: Design specifications, blueprints (auto-cad

drawings). What should I optimize?..7/26/2017 26



1984: AVLIS wins the first round.
Winner takes all.

So what is AVLIS?

1. Electron beam for vapor

2. Lasers for selectively

converting U235 to ions.

3. Small field between Al
plates to deflect ions:
(product collector).
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3 A. WHAT IS SIMPLE IN AVLIS 
SEPARATION?
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Some estimates …

• Only two main technologies: E-beam and Laser.

• Cost of vapor generation: 0.5[1/η]eV/atom.

If η= 2%, [ ] is 50. Hence, 25eV/atom is a safe bet. Since
evaporation is non selective, we take 140.25=
3.5keV/atom.

• Cost of laser photo-ionization: 3[2]eV[1/η]/atom.

Here laser [ ] is 0.01% for dye laser photons. So the final
figure is 60keV/atom if photon utilization is 100%.
Remember, cross-section of absorption is in the range 10-

13 to -15. So realistic figure will be = 150keV/atom.

So why AVLIS when Centrifuge cost is comparable?
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Low capital cost, small size (hence small 
inventory)and above all wide applicability.

• Laser should exist

at the desired ν.
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3 B. WHAT IS COMPLEX IN AVLIS 
SEPARATION?

WHERE ARE THE DEVILS?
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BEWARE, DEVILS EVERYWHERE…

D

D

D
D
D

D

D
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First attempt. Did it succeed?
Was it a failure?

Our aim. To collect enough to mass-spectrometric 
analysis (200picomoles) 100 ngm.
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Vacuum surprises…

Devil is helping in vacuum.!!! At what price?
Reducing operation time to 1/10 and making signals 40 times 
difficult to detect. Please notice the large current on tails (30-

40 times).7/26/2017 34



Something not planned. Devilish?

We investigated the species by installing a TOF mass 
spectrometer with 2 step laser photoionization.

• (a) 5 min of heating  2130K

• (b) 15 min at 2190K

• (c) 1 hr at 2250K.

• Oxide peak is still more than

U peak (not a good sign!).
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Compromises with vacuum….

Started working two shifts with pumps running  all 
the time to minimise Oxide menace!

(1) 5 hrs heating
(2) Brief exposure to air.

(1) Overnight closure
(2) After 12 days
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We hit a wall. No increase beyond 2500K. 
Only a (BANG). 

• Impedance of the load falls and very fast. Can we make it
slower and stabilize to study what is happening?

• The bank of bulbs slowed down

and stabilized the operation if

we lower the voltage manually.

• Then we discovered that filament

can be turned off completely!

• Who on earth is giving this

HIGH CURRENT?

Devil for Sure!

We were asked to bury this find 
and move on to the solution…..
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THE ANSWER AFTER 20 YEARS!

ANALYSIS PHYSICAL EVIDENCE

Two paths: filament and innermost shield.
M.S. Bhatia et al, RSI, 2000.
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Contain liquid Uranium…

• Who can save us from the fury of liquid uranium?

I am reminded of a dialog 

“Gabbar ke taap se sirf ek hi aadmi bacha sakta hai, 
khud Gabbar”!

• The answer: Only cold Uranium

Although its vapour is relatively innocuous, liquid
uranium is that cynosure of the Alchemists, the
alkahest, the universal solvent of Paracelsus.

P.T. Greenland, Contemp. Phys, 1990
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Switch to Self Accelerated e-Guns- High Voltage
3000K. Oxide problem solved for free!

Power density 100kW/cm2 Some more devils…

M.S. Bhatia et al, JAP 1989.
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Enrichment but very low. Reason?
Very poor duty cycle of laser.

• Good ideas are not adopted automatically. They
must be driven into practice with courageous
patience.

• If you’re going to sin, sin against God not the
bureaucracy; God will forgive you but the
bureaucracy won’t.

- Admiral Hyman G. Rickover

• So I sinned….
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MY sin was the greatest boon!

Relative freq. of Non 
selective vs Selective

Increase the laser freq. must.

• We had to wait for CVLs.

PRODUCT

Low selectivity. Low intensity.
High background.
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With a great result, What next? Gear 
up for scaling…

• Big plans. Big budget and more people & space.

• All given.

• We were still a younger lot. Success creates
opportunities. So big people with big plans took over.

• In hindsight, it can be said that old/usual methods of
managing in a 21st century technology fail no matter
how long and hard you try.

• Managing human aspect is not easy, especially when
you are up against talented people.
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My Research, Publications…
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1990, AVLIS succeeds in US/France/Japan 
at pilot plant level. Plant?

Supply exceeds demand for U For other elements
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Science goes on. Occasional surprises!
I found it!

• Isotopic Expansion of Boron, L. Chkhartishvili, O. Tsagareishvili & D. 

Gabunia; J.  Metallurgical Engg (ME) Vol. 3, Issue 3, July 2014. 

•

SCIENCE  2014
Small scale
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MLIS scientists. What are they up to?
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We are more economic. So it is us!

7/26/2017 48



The latest…SILEX

• One can make guesses, informed or hazardous ! This
approach is molecular and it involves infra-red lasers.
Like Isotope Kinetic Effects discussed earlier, it
exploits ∆m/m effects in some way. If true, this is
likely to be more economical than AVLIS.

• The R&D and technology investigations continue and
the matter is not settled one way or the other till
demand picks up.

• The big question is Will it?
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Nuclear energy losing lustre…

Growth stunted in comparison 
to Solar and Wind. Wind overtakes Solar
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Energy scene is now multiplayer… 

INVESTMENTS R & D
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Sn124 Separation…

• Z = 50. KIE, MLIS or AVLIS?

• Tin compounds vs Tin metal.

• Required α = 96/6 = 16.

This is easily within reach of AVLIS in a step.

• Spectroscopy and then Laser system. 

• Isotope shift: 200Mhz.

• Volatility and toxicity: Benign.
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Narrow line-width frequency doubled…

Spectroscopy Laser system
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A race that we can run…

• First attempt: mg/hr (+95% Sn124).

• Chamber/accessories: 20 lacs.

• Lasers: 2-3 cr. (Oscillator amplifier).

• Optimization and multiplication to produce 
10-20Kg/year.
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THANK YOU

Meanwhile LIS Science and Technology

Plays to the tune of FORCES

Some physical and some fiscal…
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Enrichment thru KIE
Let F1 be the isotopic specie who’s fraction is to increased
thru KIE from R0 to R1. Let the KIE vary from say 0.5 to100000. 

The result is shown below
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Wide applicability of Calutron…
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