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slit aperture with a large-aperture pattern 
of significant complexity. This converts 
the instrument into a computational 
sensor—the direct measurements must 
be computationally processed to derive 
a spectral estimate. The specific pattern 
we use was chosen to have mathematical 
properties that optimized the perfor-
mance of this processing step. In essence, 
the pattern is designed so that each 
column of the pattern acts as a “virtual 
slit”—measuring the spectrum at high 
resolution and combining its results with 
all the other columns to dramatically 
increase the number of collected photons.

In June, we reported on the applica-
tion of an instrument of this type to 
the problem of quantitative chemical 
detection in a highly scattering medium.3 
Using measurements made on liquid 
tissue phantoms spiked with varying con-
centrations of ethanol, we constructed a 
data model using a standard partial least-
squares algorithm. On a subsequent day, 
we used that model to accurately estimate 

(a) Predicted ethanol concentration vs. actual concentration. The samples being tested 
were prepared and measured on a subsequent day from when the data model was cre-
ated. Perfect estimation would fall along the solid, diagonal line. The vertical, dashed 
line indicates a blood alcohol concentration of 0.08 percent by volume—the legal limit in 
many U.S. states. (b) Relative error of the estimation vs. actual concentration. The vertical, 
dashed line indicates a blood alcohol concentration of 0.08 percent by volume—the legal 
limit in many U.S. states. Setting an error threshold of 20 percent relative error indicates a 
detection limit of approximately 0.05 percent.

C linical application of Raman 
spectroscopy has been a long-

sought goal by virtue of its high chemi-
cal specificity and potential for quick, 
non-invasive measurement. Researchers 
envision a day when doctors can use Ra-
man spectroscopy for in vivo monitoring 
of blood or tissue constituents—dramati-
cally reducing the pain of blood samples 
and biopsies, as well as the minimizing 
the hazards from biosamples. However, 
despite great promise, significant clinical 
applications of Raman spectroscopy have 
yet to materialize. The cause: Weak sig-
nals caused by light scattering in tissue.

Raman spectroscopy is, fundamen-
tally, a very inefficient process. In clinical 
applications, the low efficiency cannot be 
overcome with increased excitation power 
without the risk of damaging tissue. The 
challenge is compounded further by 
the fact that tissue is a highly-scattering 
environment that produces an extremely 
spatially-incoherent source. The ultimate 
task, then, is to measure the spectrum of 
a weak, incoherent source. 

Traditional dispersive spectrometers, 
with their slit apertures, are a poor match 
to this problem. The constant-radi-
ance theorem tells us that we can not 
concentrate the light from an incoher-
ent source1, so the slit rejects the vast 
majority of the already small number of 
signal photons. Widening the slit is also 
not a solution, as that sacrifices spectral 
resolution and compromises the ability 
to distinguish Raman spectra of different 
molecules. A new approach to large-aper-
ture spectrometry is the obvious solution.

In May of this year, we reported on 
our work in creating an inexpensive, 
mechanically robust, large-aperture 
spectrometer to solve just this problem.2 
In our design, we replaced the traditional 

the ethanol concentration in a new set of 
samples. 

Setting an allowable relative error of 
20 percent, our detection threshold was 
equivalent to a blood-alcohol concentra-
tion of 0.05 percent (see figure). This is 
below the legal limit for intoxication, and 
well within commonly seen physiologi-
cal ranges. Our successful quantitative 
measurements in a scattering medium, 
coupled with the fact that we succeeded 
while using excitation powers that pose 
no risk to patients, represents a significant 
step on the path toward the eventual 
clinical application of Raman spectros-
copy. t

[ The authors are with the Duke University Fitzpatrick 
Institute of Photonics, Durham, N.C. ]
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The overarching goal of much ultrafast 
science is to uncover the dynamics of 

molecular-scale processes. An ideal exper-
iment could monitor the instantaneous 
positions of atoms within a molecule 
or solid as a reaction occurs. A variety 
of X-ray, electron and laser scattering 
techniques are being developed seeking 
to approach this goal. Electron scattering 
is a very promising technique stemming 
from the short de Broglie wavelength of 
even modest energy electrons.1 

However, because electron beam tech-
niques use an externally generated source 
of electrons, this probe has a limited time 
resolution due to space-charge effects. In 
our work, we present the first direct ob-
servation of the motion of atoms within a 
molecule using electrons generated from 

generation is modulated by any motion 
of the molecule. This contrasts with con-
ventional visible Raman, where only the 
strong symmetric mode is observed due 
to selection rules and its larger cross- 
section. It extends Raman spectroscopies 
in new directions, adding new capabilities 
that are not addressed by other approach-
es because of the potential sensitivity to 
all motion in a molecule, the ultrafast 
duration of the probe and the fact that all 
vibrational modes are observed simulta-
neously and coherently. 

We have already extended this work 
to observe dynamics in other molecules 
such as freon. In the future, this approach 
can be applied to complex phenomena 
such as dissociation dynamics, vibra-
tional mode coupling, fast configuration 
changes, nuclear and electron dynamics 
during structural changes in molecules. 
Moreover, by monitoring the change in 
the X-ray modulation signal as a func-
tion of harmonic order (i.e., recolliding 
electron wavelength), researchers may be 
able to extend this technique to assessing 
dynamic molecular structure. 

As a result, this strategy could become 
a broadly applicable probe of chemical 
dynamics, combining the ultrahigh time-
resolution with the potential for obtain-
ing structural information that comple-
ments techniques such as femtosecond 
electron diffraction. t

Funding is acknowledged from DOE and NSF.

[ The authors are with the department of physics  
and JILA, and the NSF Engineering Research Center 
in Extreme-Ultraviolet Science and Technology, 
University of Colorado, Boulder, Colo. ]

References

1.  H. Ihee et al. “Direct imaging of transient molecular struc-
tures with ultrafast diffraction,” Science 291, 458 (2001).

2. N. Wagner et al. “Monitoring Molecular Dynamics using 
Coherent Electrons from High-Harmonic Generation,” Proc. 
Natl. Acad. Sci. 103, 13279 (2006).

3. R. Velotta et al. “High-order harmonic generation in aligned 
molecules,” Phys. Rev. Lett. 87, 183901 (2001).

4. J. Itatani et al. “Tomographic imaging of molecular orbitals,” 
Nature 432, 867 (2004).

the molecule itself. We achieve this using 
the “rescattering” of electrons that occurs 
during high-harmonic generation.2 

Previous work used this approach to 
probe static molecular structure.3,4 Our 
experiment not only probes internal 
dynamics in a molecule, but also corre-
sponds to a new manifestation of a widely 
used spectroscopic technique—coher-
ent Raman spectroscopy. In addition, it 
gives a much richer data set than can be 
obtained using visible lasers. 

In our work, we first vibrationally 
excite SF6 molecules using impulsive 
Raman scattering with an ultrashort laser 
pulse. A wavepacket is launched, and 
the molecule starts to vibrate coherently. 
Later, a more intense laser pulse is used 
to pluck an electron from the molecule. 

After this electron is 
released, it oscillates in 
the laser field, and can 
return to the molecule 
and recombine, coher-
ently generating  
an X-ray. 

Because the de 
Broglie wavelength of 
this electron, at ≈1.5 
Angstroms, is matched 
to the interatomic sepa-
rations in the molecule, 
the strength of the X-ray 
emission is exquisitely 
sensitive (to mÅ) to the 
instantaneous position 
of the atoms within the 
molecule. A Fourier 
transform of the signal 
shows which vibrational 
modes are excited and 
how they interact. 

This new spectro-
scopic technique is more 
sensitive than ultrafast 
Raman spectroscopy 
because the X-ray  

t < t0

Schematic of experiment that uses coherent electrons and 
X-rays to probe internal dynamics in a molecule. At time 
zero (t0), a femtosecond laser excites vibrations in SF6. The 
molecule then continues to vibrate until time t=t1, when a 
probe femtosecond laser pulse rips an electron from the 
vibrationally excited molecule. The magnitude of the X-ray 
signal generated by the electron as it loses energy upon re-
combining with the molecule is very sensitive to the minute, 
milliangstrom position of the atoms within the molecule.
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