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Program Scope 
This research is carried out as part of the Gas-Phase Molecular Dynamics program in the Chemistry 
Department at Brookhaven National Laboratory. High-resolution spectroscopy, augmented by theoretical 
and computational methods, is used to investigate the structure and collision dynamics of chemical 
intermediates in the elementary gas-phase reactions involved in combustion chemistry. Applications and 
methods development are equally important experimental components of this work.  

I. Recent Progress 

A.  Sub-Doppler spectroscopy of radicals 

We have completed a series of experiments to measure spectral lines of the CN radical at sub-Doppler 
resolution. These measurements provide insights into the radical’s hyperfine structure and provide 
preliminary experience for us on the path to future ultra-precise measurements using frequency-comb-
stabilized lasers. Several alternate experimental configurations have been explored, leading to a sensitive 
and very high-resolution measurement using a strong, amplitude-modulated bleach beam and a  weak, 
counterpropagating, frequency-modulated probe beam derived from a single Ti:sapphire ring laser. Fully 
resolved hyperfine lines are 
observed with MHz precision in the 
red A-X band of CN, as illustrated 
in the figure to the right. Accurate 
hyperfine splittings have been 
observed in a sufficient set of 
rotational lines to determine all the 
hyperfine parameters of the A state 
and the nuclear quadrupole 
parameters at the 14N nucleus. 
Many ground state hyperfine 
measurements have been 
previously performed by 
microwave spectroscopy, but it is 
rare to be able to characterize an 
excited state this fully. Sufficient 
sensitivity has even been attained to 
record the hyperfine splittings due 
to the 13C  nuclear spin interaction 
with the unpaired electron, using 
natural abundance 13C14N 
photoproducts from the 193 nm 
photodissociation of unlabeled 
C2N2 in a room-temperature bulb 
experiment. 
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Figure 1.  Sub-Doppler spectrum of CN showing hyperfine resolution of a single 
rotational line R1(1/2)  in the A-X (1-0) band  near 919 nm.  Vertical arrows in the 
energy level diagram inset are aligned with the corresponding transition 
frequencies; crossover resonances are observed at the frequencies marked by X 
symbols, midway between transitions sharing a common level. 
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B. Stark and Zeeman effects in radical transients 

 
Molecular dipole moments and g-factors give direct information on electronic wavefunctions that is 
difficult to obtain otherwise.  Experimental measurements of these quantities have traditionally been 
restricted to ground electronic states because spectroscopic experiments of resolution sufficient to 
measure Stark and Zeeman level shifts are mostly limited to the microwave region.  We have observed 
that the Doppler-free, hyperfine-resolved transitions in CN A-X show measurable changes with transverse 
electric fields as low as a few hundred V/cm.  The Stark effect most easily observed at relatively low field 
is the mixing of nearly degenerate parity levels, which causes an increasing intensity for transitions 
forbidden by parity selection rules in zero field, even before substantial broadening or shifting is 
observed.  We expect to be able to extract an excited state dipole moment from the field-dependent 
spectra.  We have also observed changes in the sub-Doppler spectra as a function of longitudinal 
magnetic fields up to 50 Gauss, although the precision of our present Zeeman measurements is 
insufficient to provide any new information about the CN A state.    

 
C.  Double resonance studies of collision dynamics in CH2   

Rotational energy transfer within the a~ state of CH2 is studied by saturation recovery and saturation 
transfer double resonance kinetic spectroscopy.  The return to a thermal rotational distribution following 
pulsed laser depletion of selected rotational states is monitored by transient FM spectroscopy.  The hole in 
a Boltzmann rotational distribution induced by pulsed excitation broadens and spreads to other rotational 
states with a time-dependence that depends on details of the state-to-state matrix of energy transfer rates.  
Levels strongly coupled to the depleted level show larger and faster growth of depletion than weakly and 
indirectly coupled levels, although all will eventually be depleted by the same fraction once the hole is 
thermalized.  Polarization effects 
provide still further information on 
the energy transfer process:  a 
polarized saturation laser creates an 
aligned hole, which depolarizes at a 
rate distinguishable from the 
population recovery.  More 
challenging experimentally, but 
containing richer information about 
reorientation during state-to-state 
rotationally inelastic collisions, is the 
transfer of alignment in the saturation 
transfer experiments.  These extended 
studies of rotational energy transfer 
and depolarization have been 
undertaken because of the deep 
connection between rotational energy 
transfer and collision-induced 
intersystem crossing mechanisms in 
systems like CH2, where a few special 
singlet-triplet mixed states are 
suspected of mediating the 
intersystem crossing.  The cross 
sections for elastic depolarization (M-
changing, JK-conserving collisions) 

Figure 2.  Polarized saturation recovery measurements on singlet methylene.  Black 
solid waveform illustrates formation, thermalization and decay of 414 rotational state 
in a bulb sample of 5% ketene in Ar.  Depletion and recovery signals are shown for 
parallel and perpendicular polarizations of a pulsed bleach laser at t=0, tuned to the 
same rotational transition of a different band.  Transient population and alignment 
are independently and directly extracted from the measured waveforms.  
 



are found to have magnitudes generally comparable to those for rotationally inelastic collisions with Ar or 
He. Unusual details of the observations are an even-odd J alternation in the total rotationally inelastic 
cross sections for Ka=1 states of ortho nuclear spin symmetry, and a tendency for those levels with the 
most rapid relaxation to also show the slowest depolarization.  The transfer of depletion to other rotational 
states is readily observed, although the concomitant alignment transfer is inefficient.  Only in the case of 
mixed-state saturation and probing the partner mixed state have we observed large collisional transfer of 
alignment, an observation consistent with a long-range dephasing mechanism of interconverting the 
mixed eigenstates. The measured rotationally inelastic and depolarizing collisions of singlet CH2 with He 
will be compared to quantum scattering calculations on a van der Waals potential computed by our co-
worker, Hua-Gen Yu. 
  
D.  New spectroscopy of singlet CH2   
 
New Doppler-limited FM absorption spectra of the CH2  a~  state have been recorded in the 760-795 nm 
region by summer visitors in our laboratory.  With partial support from a NSF Faculty and Student Team 
award and with participation of a DOE supported SULI student, seven new sub-bands terminating in 
vibronic levels of the a~  and b~ states have been characterized. Thousands of new transition frequencies 
have been measured in this spectral region, and hundreds assigned. Optical-optical double resonance 
(OODR) techniques similar to those described below were used to confirm some initial spectroscopic 
assignments of these mostly irregular transitions, then many more were made by an automated 
combination difference program, all guided by the high level calculations of Jensen and co-workers. 
 
Transitions in the b~ - a~  origin band of CH2 near 1200 nm have been detected for the first time, using 
OODR spectroscopy.  In collaboration with Professor Bor-Chen Chang from National Central University, 
Taiwan, these origin band transitions have been observed and unambiguously assigned using pulsed 
infrared light from a scanning OPO laser system to induce transient depletion signals similar to those 
illustrated in Figure 2 above.   
 
Other OODR techniques combining light from high resolution cw sources (diode and Ti:sapphire lasers) 
with near ultraviolet ns pulsed lasers were used to map out predissociating rotational levels lying within 
several hundred cm-1 of the best estimate for the singlet dissociation energy of methylene. The OODR 
technique permits quantum number labels to be attached to the dissociating levels, which have lifetimes 
of 1-3 ps as judged from the observed spectroscopic linewidths. The data open up routes for future 
dynamics measurements of CH2 dissociation. The newly identified predissociating levels offer a route to a 
measurement of the bond dissociation energy of singlet CH2. In collaborative experiments with Prof. 
Arthur Suits (Wayne State University) we will attempt to measure the velocity of the hydrogen atom 
product using resonant ionization followed by velocity map imaging.  If successful, this should provide a 
good measurement of the maximum energy in the atomic product and hence the dissociation energy when 
combined with the precisely known energy in the dissociating level. 
 

Other Future Work 
A. Sub-Doppler spectroscopy of radicals 
 

A time-domain version of sub-Doppler saturation spectroscopy allows us to observe the transient 
absorption response following rapid change in the saturation intensity. A combination of 20 ns switching 
times and MHz spectral resolution provides data into the Fourier boundary of spectral resolution and time 
response. The recovery of sub-Doppler bleached absorption signals after the saturating light is abruptly 
extinguished follows pressure-dependent rates, dominated by velocity-changing collisions, a time-domain 



characterization of pressure-broadening mechanisms. Preliminary indications suggest that the alignment 
of the sub-Doppler saturation holes remains constant as the saturation recovery proceeds, a confirmation 
that elastic depolarization is not significant without a change in laboratory velocity (Doppler shift). The 
growth kinetics of the saturation signals following a rapid switching on of the saturating light show both 
intensity and pressure dependence in a regime where the resonant Rabi frequency is comparable to the 
switching rate of the strong field. Measurements such as these probe the details of the collision processes 
that mediate pressure broadening, and can be contrasted with the Doppler-broadened double resonance 
kinetic data measured with ns laser bleaching and cw laser probing of rotational energy and alignment 
transfer with the same collision partners. In addition to fundamental studies in collision dynamics, the 
results have direct application to the interpretation of astronomical spectra of CN and for modeling 
collisional broadening in terrestrial samples. 

 
Work is continuing on implementing frequency comb measurements of the laser frequencies so that sub-
Doppler line positions in our spectra can be measured precisely.  Currently, our measurement precision is 
limited by a combination of laser source instability over the time required to acquire data and the 
limitations of our high resolution wavemeters.  Locking the laser to a component of a stabilized frequency 
comb will eliminate both these issues and spectroscopic line positions in the visible and near-IR region 
will be able to be measured to 3x10-10 fractional accuracy.  This will have an immediate effect on the 
quality of our sub-Doppler measurements.  In the longer term, we plan to make high resolution 
measurements of the A-X origin band of PbF, in collaboration with Prof Neil Shafer-Ray (University of 
Oklahoma).  This DOE EPSCoR funded project is directed toward investigating parity violation effects in 
small molecules containing a heavy atom. 
 
B. Low energy photoelectron spectroscopy of aromatic species 
In collaboration with Prof. Philip Johnson (Stony Brook University) we have recently completed building 
a new photoelectron spectrometer based on an imaging detector. This permits very sensitive detection of 
low energy photoelectrons, unlike conventional time-of-flight or dispersive instruments where the low 
energy electrons are the most difficult to detect. It also gives an image of the spatial distribution of the 
photoelectron energies and therefore angular information on the ejected photoelectrons as well as their 
energies, thereby providing information on the symmetry of the molecular electronic states involved in 
the spectroscopic transitions. This is potentially very useful for identifying the symmetries and structure 
of excited electronic states of larger molecules, an area where modern electronic structure theory still has 
some problems. We have a large amount of new data on phenylacetylene and fluorene where initial 
excitation is via the neutral S1 and (possibly) S2 states, and the technique appears to be generally useful.  
Analysis of the data is presently in progress. 

Publications supported by this project since 2007 
Coherent and incoherent orientation and alignment of ICN photoproducts, M. L. Costen and G. E. Hall, Phys. Chem. 

Chem. Phys.  9, 272-287 (2007). 
State mixing and predissociation in the ac ~~ − band system of singlet methylene studied by optical-optical double 

resonance, Z. Wang, Y. Kim, G. E. Hall and T. J. Sears, J. Phys. Chem. A, 112, 9248-9254 (2008) 
The fate of excited states in jet-cooled aromatic molecules: Bifurcating pathways and very long-lived species from 

the S1 excitation of phenylacetylene and benzonitrile, J. Hofstein, H. Xu, T. J. Sears, and P. M. Johnson, J. 
Phys. Chem. A,  112, 1195-1201 (2008). 

Sub-Doppler laser absorption spectroscopy of the A 2Πi − X 2Σ+ (1,0) band of CN. Measurement of the 14N 
hyperfine parameters in A 2Πi CN. M. L. Hause, G. E. Hall, and T. J. Sears,  J. Mol. Spectr.  253 122-128 
(2008)  

The Zeeman effect on lines in the (1,0) band of the F4Δ – X4 transition of the FeH radical.  J. J. Harrison, J. M. 
Brown, J. Chen. T. Steimle and T. J. Sears. Astrophys. J. 679, 854-861 (2008). 

 




