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Outline

• Short History of Collisional Energy Transfer studies

• Description of Ion Imaging with Velocity Mapping for Inelastic 
scattering as backdrop. 

• Quantum-State-Selective Inelastic Scattering

– Differential cross sections for single rotational states

– Scattering of Electronically excited states.

– Scattering of Kr atoms (μKelvin samples of atoms and molecules)

– DEFCOM spectrometer: Dual-Etalon Frequency-Comb 
Spectrometer, A new way to do several sorts of spectroscopies.



Short History of Collisional Energy Transfer

The modern concept of Potential Energy Surfaces came from 
thinking about collisional energy transfer. Roger Boscovich (1711-1787)

One of the great philosophical arguments at the time took place between the adherents of 
Descartes who—following Aristotle—thought that forces can only be the result of immediate 
contact and those who followed Newton and believed in his concept of force acting at a distance.

Imagine 2 equal bodies, one fast one (10m/s) gaining upon a slower one (5m/s).  Upon collision the 
faster one will slow down and the slower one will speed up.  How does this happen?

The change in speed can’t be instantaneous Boscovich argued, as that would not be continuous and 
a body can’t be going both faster and slower at same time.  Therefore the change in speed must 
take some time but if the change only happens at contact then because they are moving at 
different speeds for a period of time, while in contact, then one would travel into the other, 
impossible. Therefor repulsive interaction must take place over a small space and time. 



Fast Forward a Few Hundred Years: A Molecular Dynamics 
Approach to Rotational Energy Transfer Collisions

Fast Forward a Few Hundred Years: A Molecular Dynamics 
Approach to Rotational Energy Transfer Collisions
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State-to-state Differential Cross Sections
For NO+ Ar electronic and rotationally
inelastic collisions (scattering angle)

Rotational Alignment in Collisional Energy Transfer
NO +Ar Products (Frisbee, propeller, cartwheel)
How is J vector pointed relative to recoil velocity?

Rotational Orientation in NO +Ar
Products (clockwise – counterclockwise)
can also be measured, J vector up or down?



Velocity Mapping is Very Important for Studying Bimolecular Reactions in 
Crossed Beam Arrangement With Ion Imaging.
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laser beam

Because molecular beam pulses last 
for tens of microseconds 

scattering products that are moving 
slowly build up their concentration



Differential Cross Sections for Single Quantum States of 
Product Molecules can be Obtained. 

A distorted view of the Differential Cross Section is directly measured.
This is because products with different lab-frame velocities 

are detected with different efficiencies. Note even-odd alternation  
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Rotational Alignment Of NO(X) + Ar Collision Products is Determined 
by Comparing Images Taken with Different Linear Polarizations of the 

Probe laser.
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Horizontal Polarization of Probe
Laser on an R Branch Transition

detects 

(Propeller)

(Frisbee)

(Propeller)

(Frisbee)
(Propeller not 
Detected)

(Cartwheel not 
Detected)

The alignment is described by 
moments…..(Thanks you Dick Zare et 
al….)

A2
0(j’) = J’ along z axis 1 to -1/2

A2
2+ (j’) = J’ along X (3/4)1/2 or Y (-3/4)1/2



Collisions at high collision energy can be thought 
of as hard and sudden.

The classical dynamics associated with hard ellipse scattering can be analytically
described.  The Apse vector is the vector along which angular momentum is transferred

J cannot be transferred along the Apse angle.



By Modeling the Difference Images We Can Extract Alignment 
Moments that Describe the Position of the J vector 

(not the nuclei)

• We take the difference 
between the vertical and 
horizontal images and 
normalize by the sum of the 
images to get and image we 
can fit using three alignment 
moments.  We fit each line of 
data (top to bottom) with the 
moments.  We can then plot 
the moments as a function of 
scattering angle.



Alignment Moments Were Measured for NO(X) + Ar and 
Compared to Quantum Calculations

Alignment moments describe 
The extent that the angular 
momentum vector, J, lies parallel 
the center-of-mass collision vector 
or perpendicular to 
the center-of-mass collision vector



The Alignment Moments (When Turned Into Pictures)(Thank you Joe 
Cline) Provide Physical Insight Into the Scattering Process.

• The Three Alignment 
moments define the 3-D 
distribution and they are 
drawn here for J=12.5

• Obloids represent the J 
distribution as a function of 
the final scattering velocity.

• Scattering products are 
dominantly aligned 
orthogonal to the scattering 
plane- as is predicted by a 
classical hard ellipse model.

• With short axis along Apse 
angle



Alignment of J 12.5 as function of scattering angle.

One sees a dimple in the J distribution
Associated with the Apse Angle.

One can convert the Alignment 
moments  of the Angular Momentum into 
plots of the angular momentum vector, J.

We were not able to measure the very forward scattered molecules.  New 
predictions about alignment moments for the most forward scattering are

“interesting”



Circularly Polarized Light is Needed to Determine Orientation



Difference Images With Perimeter Plots and Calculated A1
-1

Moments. 

• Calculations are done 
using full close-
coupled quantum 
calculations using two 
recent ab initio NO-Ar 
potentials of 
Alexander and the 
Hybridon scattering 
package.



Apparatus and Detection Mode for measuring DCS and 
Alignment of Electronically Excited State Molecules.



Collisions are Subject to Conservation of Energy and 
Momentum!

Think of it as a Newton’s cradle 

Particles with equal mass. One has initial momentum, The other 
does not. The collision transfers “all” the energy from the moving 
particle leaving it stationary.  

Only one way to conserve both momentum and energy 
simultaneously 



Expected Collision Dynamics From NO/Ar Beam 
Scattering From NO/He beam

Three dimensional scattering of unequal mass particles capable of inelastic processes are 
Also constrained by conservation of energy and momentum, The Newton Sphere 



Background Subtracted Scattering Data and the 
Differential Cross Sections Obtained from Data.

NO scattering from He NO scattering from Ar
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Expanded view of Differential Cross Sections

Experiment under
Estimates the forward 
scattering due 
background 
subtraction procedure

Theory to predict the
position of the Rainbow
Scattering at too 
large and angle.



Is the scattering is polarization dependent? Can we alignment of 
electronically excited state scattering?

For NO traveling toward
or away from laser beam
perpendicular polarization
is sensitive to cartwheel
and propeller rotation.

For NO traveling toward or
away from laser beam 
horizontal polarization is
sensitive to Frisbee or 
propeller motion.



Classical ‘Apse’ model: Apse vectors 

N=4

N=9

k vector of probe laser

Jz strongly disfavored

Jx mostly disfavored

Jy not disfavored

Jx mildly disfavored

Jy somewhat disfavored

Jz somewhat disfavored

x–axis = z

x

y
z-axis defined as COM vinitial

x-axis is laser vector

y-axis is m/z detection



Collisions at High Collision Energy Can be Roughly Thought of 
as Hard and Sudden.

Some Models….

The classical dynamics associated with hard ellipse scattering can be analytically
described.  The Apse vector is the vector along which angular momentum is transferred

J cannot be transferred along the Apse angle.



Images of NO (N’ = 9) for Vertical and Horizontal 
polarization of Ionization beams

Exact model: V Exact Model: H

Experiment: HExperiment: V



Images of NO (N’ = 5) for Vertical and Horizontal polarization of 
Ionization beams

Exact model: V Exact Model: H

Experiment: HExperiment: V

More forward scattering in experiment



NO(A)-Ne Relative Differential Cross-Sections for N’ = 4 
and 9

Exact modelExperimental images Annular profile comparison



Elastic and Inelastic Scattering in Crossed Molecular Beams at 90o is One
Techniques for Making milliKelvin Samples of Molecules.

Pool balls “always” scatter at 90o.

Run the classical trajectory backwards



Scattering of Kr Atoms From Kr Atoms Should Make Distribution 
of Cold Atoms Centered at Zero Lab Velocity.

Not so easy as REMPI on Kr creates charge explosion of Atomic Beams  



For molecular beams at 90o and of equal mass then the 
scattered molecules that have 0 lab frame velocity
(elastically scattered) have no spread in velocity. 
Unfortunately J=0 is forward scattered not side!?



For Molecular (Atomic) Beams at 90o and of Equal Mass then the Scattered Molecules 
That Have 0 Lab Frame Velocity (Elastically Scattered) Have “No” Spread in Velocity, Kr / 

Kr scattering.



Elastic Atom - Atom scattering allows us to optimize 
the Apparatus and Conditions for Trapping. 

Kr / Kr



4s24p6 1S0

0.00 cm-1

4s24p5(2P3/2) 5p[3/2]2

93123.34 cm-1

4s24p5(2P3/2) 5s[3/2]2
o

79971.74 cm-1

Metastable
(For Seconds)

760.4 nm
sp. fluor.

How do we Eliminate Charge explosion of the Atomic Beams  and Monitor 
cold Kr? Create Metastable Kr and Use Delayed Ionization and Ion Imaging of 

Cold Kr After Beams are Gone.

2 x 214.7 nm

∆τ 4s24p5(2P3/2) 5s[3/2]2
o

79971.74 cm-1

metastable

Kr+ 4s24p5(2P3/2)
112914.4 cm-1

Ionization Potential

266 nm

This technique allows the molecular beams to move
away from scattering center and eliminates 

charge repulsion of the generated ions.



We have detected Cold Kr Atoms (500 We have detected Cold Kr Atoms (500 
nsec delay)nsec delay)

m
in

m
ax

180°
(0°)

We observe not only cold 
atoms but the entire elastic 

scattering 
differential cross section by 

letting the fast molecular 
beam mainly travel from 
our observation region.

Is the scattering ground 
state atoms or excited state 

atoms?



Scattering Ring and cold atoms!

1 microsecond between 
214 nm laser pulse and 
266-nm laser pulses.

We can use this to study 
energy transfer in 
excited electronic states!

At 1 Microsecond Time Delay we Observe Scattering of the Tagged

Metastable Kr atoms.



Only atoms that are moving
Enough to be inside the ~100
Micron laser beam width are 
Observed.  Therefore the Kr atoms
Must be moving less than 10 M/s

We observe cold atoms at 
25 microseconds so about 4 m/sec ( 
tens of milliKelvin)

The 10 microsecond data shows that there are many cold molecules 
Moving slow enough to be observed for greater than 10 microseconds



Cold atom density vs. delay.
Cold atom density is calculated by integrating over
a 5 pixel x 5 pixel box.

(10 M/s)

(4 M/s)



NH3 (m = 17, B=9.444 cm-1) against Ne (m = 20)NH3 (m = 17, B=9.444 cm-1) against Ne (m = 20)

Ammonia Scattering from Ne should 
produce very cold samples

Ammonia Scattering from Ne should 
produce very cold samples

NH3 seeded in Kr/Ar mix; J = 2 is stationary  in the labNH3 seeded in Kr/Ar mix; J = 2 is stationary  in the lab



Peak of Molecular Beam Overlap
With Atomic Beam

150 Sec after peak of Molecular Beam
Overlap with Atomic Beam

Ultra-Cold Molecules are Left in the Wake 
of the Molecular Beam (NO) and Atomic Beam (Ar).

Cold Molecules

Determining the velocity distribution of these molecules is difficult.

Inelastic Collisions are required for cooling if the atom and molecule do not have same mass. 



Cold Molecules Scattered Out of Scattering Plane, 
Up in the Laboratory Frame are Easily Observed.

Cold atoms with finite final velocities are 
scattered out of the interaction plane, and 
detected.

Separates cold atoms or molecules 
from remaining beam; molecular 
fountain for high resolution 
spectroscopy



If one can measure the velocity distribution of molecules moving 
above the point of scattering one has determined the velocity 

distribution in the scattering plane.

x

y
z

NO (j=0.5)

Ar

NO (j=6.5, 7.5, 8.5)



One Thing to do with Cold Molecules 
is Spectroscopy

A atom or Molecule that can be observed for 100 microseconds 
Can be subjected to about 2 kHz spectroscopy.

How to makes high resolution light?  
Dual Etalon Frequency Comb Spectroscopy.











Memory Lane: Simple Cavity Ring Down Apparatus

If Ring Down Cell was in Confocal Etalon Arrangement Interference
Between Equally Spaced Modes are Seen in Decay



What to do About Those 
Interferences?

Get Rid of Them!

• Mess up the cavity

• Average for a while

• Low Pass Filter



Dual Etalon Frequency Comb (DEFCOM) 
Spectroscopy Characteristics

• Uses traditional laser sources (3 GHz Dye Lasers (1/10 cm-1) for 
example)

• On single laser shot gives ~300 MHz resolution (1/100 cm-1) over 
bandwidth of laser source

• With averaging one can get ~30 KHz resolution (1/1,000,000 cm-1).

• Works in absorption and in fluorescence.

• Cavity Ring Down Spectroscopy is natural with the technique.

• It is inexpensive and easy to build, single photodiode detector.



DEFCOM Spectrometer



DEFCOM apparatus.

Use two ~100 MHz etalons and a 2 GHz Dye laser (or OPO, or ASE, or Femtosecond pulse)

diode

100.200 MHz

100.000 MHz

Etalons create frequency combs that when combined the cross beats
Between 0 and 50 MHz contain the spectrum with 100 MHz (.03 cm-1)
Spectral resolution. (this requires about a 10 microsecond ring down time).

Reference: S. Schiller Opt. Lett. 27, 766 (2002), 
Hansch (2006), Keilmann (2005), Jun Ye (2007), Nathalie Picque 2010

A single laser pulse

~ 20 teeth in frequency comb

Gas Cell





Comparison of Alignment data NO(A) N=5 V-H with various models 

Exact model Fraunhofer model

Apse modelExperimental image


