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Laser based techniques for nuclear forensics

Laser based techniques for 
quantitative assessment of gas 

phase atoms and molecules 
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Nuclear Forensics is the next generation of nuclear deterrence

“Kim must be convinced that American nuclear 
forensics will be able to identify  the molecular 
fingerprint of nuclear material from his Yongbyon 
Reactor.  He must feel in his gut the threat that [if a 
detonated nuclear weapon is linked back to North 
Korea]. … the United States will retaliate…”

-Graham Allison, Washington Post, Oct 27 2006 

IAEA defines nuclear forensics as the analysis of intercepted 
illicit  nuclear or radioactive material and any associated 
material to provide evidence for nuclear attribution. 

IAEA defines nuclear forensics as the analysis of intercepted 
illicit  nuclear or radioactive material and any associated 
material to provide evidence for nuclear attribution. 

The goal is to quantitatively assess the amount of a 
target analyte in order to determine either the nature of 
an event or trace  (fingerprint) illicit nuclear or radioactive 
material.  
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The effectiveness of radio-chemical forensics depends on 
isotope lifetime. 

In typical radio-chemical analysis, one wants and isotope that lives long 
compared to the sample preparation time but short enough that the 
measurement time is reasonable.

For dilute measurements: sample size 104 atoms 

Half-life of 30 seconds 5 103 counts in 30 seconds and ~10 minutes to 
collect the other 5 103 counts. 

With a half-life of 10.7 years (Kr-85) in 1 month of counting ~50 counts. 
That requires a background rate of < .069 counts per hour.  

N(t) = N0 exp(-t/tau) 

where tau= thalf/ln(2)
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What is the motivation for monitoring radionuclides in the atmosphere? 

The comprehensive test band treaty (CTBT) bands all nuclear testing.   
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Taken from the SANUA project

CTBTA is creating an international monitoring system for 
detecting testing activities.

In particular they are interested in atmospheric Xe concentrations, 
but all Noble gasses are of potential interest.  
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Primary interest is in looking for Noble gasses.

Why Noble gasses?

Simply put: Noble gasses are inert and hard to contain. They 
leak out through the soil.  Other gas phase particles escape too, 
like Iodine, but the main interest is in Noble gases. 
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How is radioactive Xe quantitatively measured

Gas is collected, filtered and processed and 
counted. The energy analysis is done by gamma 
ray counting. 

Remote detection is ideal. Several counting 
based detectors are currently being tested by 
the CTBTA, Information is available from the 
CTBTA website:  

Swedish SAUNA  
detector
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Importance of isotopic ratio-ing in source determination: the 
Xe example. 

“Nuclear reactor emission is never unambiguous, it can always be an aged 
explosion.”  

“Taking ratios of isotopes can greatly increase the confidence of the 
nature of the event. 133mXe/131mXe and even better would include 
135Xe.”

“Xenon isotopes are the most likely observable radioactive 
signature of underground nuclear explosions…”

“However, radioactive Xenon is released during normal operation of [civilian] 
nuclear facilities.”

http://esarda2.jrc.it/internal_activities/WC-MC/Web-Courses/01-Background/09-
Environmental-Kalinowski.pdf
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Importance of isotopic ratio-ing in source determination: the 
Xe example. 

“Nuclear reactor emission is never unambiguous, it can always be an aged 
explosion.”  

“However, radioactive Xenon is released during normal operation of [civilian] 
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http://esarda2.jrc.it/internal_activities/WC-MC/Web-Courses/01-Background/09-
Environmental-Kalinowski.pdf
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Why laser based detection?

Not all Noble gasses of interest have short lifetimes like Xe

Again: long-live isotopes are difficult to measure using decay based 
counting. 

The detection of Kr-85 is widely viewed to be the best indicator of 
clandestine plutonium enrichment. –Karlsruhe report 

Kr is naturally abundant at 1ppm level and Kr-85 has a relative 
concentration is 10-11. 

The half-live is 10.7 years. For rapid detection, massive amounts of gas 
must be sampled. 

Spectroscopy give us a way to directly measure and quantify very dilute 
gas samples.  Spectroscopy does not rely on measuring the decay 
products , but the directly measure the atom and the isotope.  
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Light interacting with matter

|e>

|g>
|g> |e>

Concept is that laser radiation moves electrons from the ground 
state to an electronically excited state.  

|g> |e>

|e>

|g>

The excited state decays emitting a photon. Like a gamma particle 
emitted is a decay process the photon is emitted randomly.  
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Two basic types of spectroscopy

|e>

|g>

Fluorescence spectroscopy

An atom or molecule is excited by an 
incident light field, then spontaneously 
decays emitting a photon. 

The atom scatters photons at a rate Rsc given by:

Where  is the detuning and  is the lifetime of the excited state.

The spontaneous photon emission rate is given by . This lifetime (1/)  is on the 
order of 30-50ns. Unlike in beta/gamma decay, an atom can undergo multiple 
(thousands or more) absorption/emission cycles.  

A single atom can give thousands to millions of counts per second
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Two basic types of spectroscopy

Absorption spectroscopy

Instead of observing the spontaneously 
scattered photons  one can look a the photon 
loss from the laser beam from absorption.

Beer’s Law

Transmission = I/I0 = exp(- l)

Where  is the absorption constant .

Absorption is less sensitive than fluorescence as it is not  background 
free (looking for loss of light). Absorption is however more quantitative 
since all the beam can be collected.   
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Atoms

Differences between atoms and molecules come down to quantum 
mechanical selection rules. 

For optical electronic transitions atoms have simple F=+/-1, 0 selection rule. Molecules 
have vibrational levels and their transition are governed by Franck-Condon principle that 
the excited state decays to the ground vibrational level that has the most overlap with the 
electronic wave function.  

Molecules

Molecules are much harder to detect as one 
gets fewer scatters per atom.
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The isotope shift gives each atomic  and molecular isotope a unique  set of 
optical frequencies. 

The origin of the isotope shift is from both the shift in the center of gravity and 
distortions of the electronic orbital from the addition or subtraction of neutrons in the 
nucleus.    
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The impact of the isotope shift is the ability to discriminate 
between isotopes based on one or more optical transitions 

The photon scattering rate Rsc

With a detuning of 1.45 GHz and a natural line 
width () of 5MHz, the detuning scales as 

(4(/)2)-1 .   

That is a factor of 3 X 105 discrimination between the 
two Rubidium isotopes.

We can optically discriminate between isotopes and the 
measurement is not effected by the lifetime of the 
isotope, but (to first order) the laser parameter .
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Advanced laser techniques for particle detection Absorption techniques

Picarro.com

Sensitivity of absorption is proportional 
to the absorption cross-section and the 
path length.

Cavity-ring-down
Multi-pass cells

The cross-section is set by the analyte. But the path length, dx, can 
be adjusted to maximize weak absorptions.  
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Advanced laser techniques for particle detection Absorption techniques

The trick with absorption spectroscopy is to have as long of a path length 
(dx) as possible.  These techniques have been in development for over 
30 years.

For atmospheric spectroscopy several companies like Picarro and Los 
Gatos (both in the south bay) sell devices for remote monitoring of CO2

NOX NH3 …   

For high sensitivity the measurements can take hours but are 
typically on the order of 60 seconds for high concentration 
gasses and 30 minutes for low concentration gasses.   

Typical experimental setup is based on 
cavity ring-down spectroscopy  where light 
is coupled to an optical cavity and allowed 
to ring-down. The laser is typically a narrow 
band diode or Quantum-Cascade laser 
QCL.  

Picarro.com
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Advanced laser techniques for particle detection Absorption techniques

The ring-down of the light in the cavity is 
modified by the sample.

I(t) =I0 exp( -t (1/ +  c)

The intensity I(t) is given by:

The ( c t) term is just Beer’s law where 
(c t) is the path length the light travels in 
the cavity. 

With good optics this length can be Km in a 50cm sample size. 

The one draw back is that the high finesse cavity only looks 
at a narrow frequency range ~ 10 kHz.
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Advanced laser techniques for particle detection Absorption techniques

To address this techniques have been developed to use fs-lasers with 
broad bandwidths, coupled to optical cavities. Know as fs-frequency-comb 
spectroscopy. 

While exceeding sensitive it 
requires 2 stabilized frequency 
comb lasers and only works at a 
few frequencies.  Not general 
enough (yet) for security 
applications. 
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Confocal Resonator

Laser

Laser 
Bandwidth

High finesse confocal cavity 

Broad band lasers and cavity ring-down

Mode structure from 
etalon boundary 
conditions

Mode beating on the detector adds 
noise to the ring-down signal  
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Advanced laser techniques for particle detection Absorption techniques
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Confocal Resonator

Laser

Laser 
Bandwidth

High finesse confocal cavity 

Mode structure from 
etalon boundary 
conditions

The mode beating problem

Solution?
Get rid of the mode 
structure.

Advanced laser techniques for particle detection Absorption techniques



24

High finesse confocal cavity 

Add a second cavity, with a slightly different free-spectral range and 
overlap the output of both cavities onto a single photo-detector.

FSR1

FSR1+

Laser

Laser 
Bandwidth

dual etalon cavity ring-down spectroscopy

Make use of the cavity mode structure

The different frequency modes will interfere. The heterodyne 
signal of each nearest-neighbor frequency pair will have a 

unique radio-frequency. This allows us to extract  high resolution 
spectra from under the bandwidth of a single broadband laser 

pulse.  

Advanced laser techniques for particle detection Absorption techniques
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Standard cavity ring-down signal but with mode beating
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Advanced laser techniques for particle detection Absorption techniques
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The  Fourier transform of the cavity ring-down signal  
reveals the frequencies

Advanced laser techniques for particle detection Absorption techniques
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However, a non-transform limited laser has 
phase/frequency structure
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Each laser shot has different mode structure 
under the bandwidth of the laser.

This makes direct extraction of the spectrum impossible.

Advanced laser techniques for particle detection Absorption techniques
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The FT can be done as a function of time giving the CRD signal for 
each frequency mode.

Advanced laser techniques for particle detection Absorption techniques



29

Extracted Broad band spectra.

We obtain, single shot spectrum. Each point has a width of 250kHz 
spaced by 300MHz over the laser bandwidth 

Advanced laser techniques for particle detection Absorption techniques
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Advanced laser techniques for particle detection Atom counting

Fluorescence measurements are inherently more sensitive, they do 
not require high path length, so why does anyone do absorption?    

Fluorescence has two draw backs:
1) Scattered light must be collected, there is a built in 

detection in-efficiency that must be calibrated since we are 
no longer looking at an I/I0 difference. 

2) The atoms are moving. I said before a single atom can 
give millions of photons per second, but under normal 
thermal conditions the atoms are moving at 300+ m/s . So 
a typical experimental setup only interrogates the atoms 
for ~ 100 s. Less than 100 photons per atom are realized, 
making a single atom measurement hard to impossible.   

This is where laser cooling and atom trapping become 
effective. Atoms can be slowed to mm/s and observed to 
10-s of seconds. Making single atom detection possible. 
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t = 27 ns
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• Absorption gives ‘kick’ against ‘v’
• Emission is random ‘kick’

Net result of many absorptions is slowing

Doppler shift can put laser into resonance

Atom Trapping and Laser cooling

Advanced laser techniques for particle detection Atom counting
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Atom Trapping and Laser cooling:

Laser light can remove 
momentum from atoms by 
absorption and spontaneous 
emission.

This is the maximum average force assuming a saturated transition. 

Advanced laser techniques for particle detection Atom counting
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Doppler shift:

(W. Phillips):  Zeeman Shift Change energy structure of atom during cooling

Zeeman Shift E ~ m x B

e

g

Tapered Solenoid
(B increases)

e

g

Dv

V ~ 500 m/sV ~ 10 m/s 

V

For 100 m/s Rb the shift is 128MHz

For 1m/s Rb the shift is 1.3 MHz

Rb Linewidth ~ 6MHz

Advanced laser techniques for particle detection Atom counting
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Atom Trapping and Laser cooling:

MOT:  Spatial restoring force comes from the Zeeman shift. A magnetic field 
in anti-Helmholtz configuration provides the required field. 
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Atom velocities in a MOT are ~ few cm/s : no real Doppler Shift to 
provide directional or spatial confinement:  “Optical Molasses” 

Advanced laser techniques for particle detection Atom counting
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All Noble gasses can be treated like other atoms once they are exited to a 
meta-stable state.

Ground 
state

metastable

T
ra
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g

Noble gas isotopes are resonantly 
pumped to metastable states 
where they can be laser cooled 
and trapped.  The trapping light 
then cools and concentrates the 
isotope if interest, while the 
emitted photons are collected to 
count the number of atoms. 

Advanced laser techniques for particle detection Atom counting

The Noble gasses have low 
energy excited states that only 
couple via two photons to the 
ground state. These long lived 
states are considered metastable.

The metastable state can be 
reached either by electron 
impact or optically (as shown)  

The trapping and detection 
transition are built off the 
metastable state, such that the 
transition are in a region where 
laser light is easily generated.  

V
U

V
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Advanced laser techniques for particle detection Atom counting

Once the atoms are confined single atoms can be measured 

Long lived isotopes are also good for 
dating, but the longer the life time the 
harder they are to radiologically count.
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Advanced laser techniques for particle detection Atom counting

Argonne National lab has been able 
to ratio Krypton isotopes in order to 
accurately date water supplies.

Rapid detection of isotopes is 
possible regardless of their half 
life. Kr-85 (10.7yrs) Kr-
81(2*1010 yrs)  Kr-83 is stable
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Advanced laser techniques for particle detection Atom counting

All the atoms that have been laser cooled, trapped, and measured
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• Standard radiation detectors have been identified as having shortfalls.

• Signal size (i.e. number of photons or electrons detected) is directly proportional to 

the energy and type of the incoming particle

Can we produce a detector whose signal size is independent of the energy deposited 

in the detector? 

Advanced laser techniques for particle detection New counting techniques

New detector techniques: can we use lasers to detect radiological decay?
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Advanced laser techniques for particle detection New counting techniques

• Commercially available 

crystals include KDP, ADP, 

LiNbO3, LiTaO3

• Pockels effect- production of 

birefringence in a 

noncentrosymmetric crystal 

that is proportional to the 

applied electric field

• Applied electric field creates 

a change in index of 

refraction, n

VEO

Electro-Optic
Crystal

input
polarization

output
polarization

Laser amplified particle detector.
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Advanced laser techniques for particle detection New counting techniques

• Theoretical models indicate an external electric field is needed for 

significant changes in index of refraction

• External field model assumes

• Holes are immobile

• Electric field will separate the electrons from the holes

• Electrons form a thin cylindrical shell as they drift

electrons
holes

The electric field is easy to calculate:

    inside the electron cylinder
( ) 2

0     outside the electron cylinder

E r r








 


Hole pair migration
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For KDP this gives

Advanced laser techniques for particle detection New counting techniques

The electro-optic effect as a function of distance from the hole line would be:

2

4
eon rn

n r








• So the external electric field essentially serves the purpose of giving the 

intrinsic electric field of the isolated hole distribution, up to the separation 

distance between electrons and holes. 
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LiTaO3

Electro-Optic 
Crystal

PMT

Diode 
Laser

input
polarizer

output
polarizer

• Electro-optic crystals: 

• 15 x 15 x 25 mm KDP (commercial Q switch)

• 5×5×20 mm LiTaO3 with gold electrodes

• Applied voltages: (±)0.7 – 3 kV

• Lasers: 

• cw, 780 nm, 10 mW

• cw 532 nm, 5 W

• Detector: PMT w/AC amplifier

• Temporally-resolved, spatially-

integrated signal recorded on an

oscilloscope

• Uses polarization spectroscopy

Advanced laser techniques for particle detection New counting techniques

Experimental setup
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Advanced laser techniques for particle detection New counting techniques

The proof of principle
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• Muon interaction with LiTaO3:

– 4 MeV/cm deposited within the LiTaO3

crystal with 4-eV band gap

– 150,000 electron-hole pairs created due to 

radiation interaction

– Linear electron-hole pair density: 30/m

• Collection of signal corresponding to 

interaction of muon with the crystal requires 

knowledge of muon occurrance

• Trigger signal collection with response from 

pair of plastic scintillators

– Trigger requires high light levels on both 

upper and lower scintillator

– Observed trigger rate: ~3 mHz, or 1 every 6 

min
46

Muon Path

LiTaO3 Crystal

laser

Advanced laser techniques for particle detection New counting techniques
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• Average of 130 triggers

• 0.5 % of the light on the tracks is rotated to pass through the cross polarizer

• 0.75 ns / 100 V change in the track duration

• Significant reduction in noise due to polarization impurity

– Replaced mirrors with metal coatings

– True 45o light reflections

– Limited by electronic noise
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Pros Cons

• Allows for larger signal to noise • Limited depth of field

• Allows for spatially 
reconstruction of the particle 
dE/dx

• Short electron-hole life-time

• Allows for the direct imaging of 
electron-hole recombination

• Temporal imaging requires 
accurate timing information of 
particle arrival and track 
duration

EO crystal 150mW CW 830nm
diode laser

Polarization analyzer Gated ICCD

Advanced laser techniques for particle detection New counting techniques

Imaging
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• Fast Neutron Imaging
• High flux ~ 107 neutrons/10µs

• D-T neutrons ~ 14 MeV

• Triggerable

• Integrated with gated intensified CCD 
array

• Neutral Particle interactions are 
probabilistic, not deterministic

• Limited depth of field for imaging 
implies 1 image/100 minutes
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• Size: ~9 pixels (~18 m) long

• Width: 8 pixels

• Intensity: multiple pixels 

>50× background 

Advanced laser techniques for particle detection New counting techniques



50

• Signal strength is dependent on a user adjustable external probe laser

• Reduced power consumption of the installed detector components

• Reduction in the support infrastructure including a wireless readout system

• Quick recovery time ~8 ns of the material after particle interaction

• Radiation-hard material that can be placed close to the collision region.

• Ability to operate in large magnetic fields
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Advanced laser techniques for particle detection New counting techniques
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