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Abstract 

A broad program to investigate the nonlinear optical properties of a new 
type of dense atomic medium has been undertaken. This medium consists of a 
dense, diverging supersonic atomic beam for which the Doppler broadening is 
nearly eliminated by means of a magnetic field gradient. Research has focused 
on characterizing the coherent radiation of the medium when it is prepared by 
continuous spatially separated optical fields. Spatial, directional, and coher- 
ence properties of the coherent field, including its quantum noise, have been 
investigated. 
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1    Summary 

The primary goal of this research, which originated in the parent program (F19628-91- 
K-0018), has been the broad investigation of the optical physics of a new type of dense 
atomic medium, which was first demonstrated in the original program. To obtain large 
nonlinear optical signals in an atomic medium with a narrow spectral width, a dense 
sample of atoms is prepared in a novel way: An intense diverging supersonic atomic 
beam is used and the Doppler width is substantially reduced by using a magnetic 
field gradient along the laser propagation direction. For a supersonic beam there is 
approximately a one-to-one correspondence between the position at which an atom 
intersects a laser beam, and the Doppler shift. The magnetic field gradient essentially 
cancels the Doppler shifts by tuning the local atomic resonance frequency to match 
the Doppler shifted laser frequency. In this way, a dense atomic medium with a long 
1-4 cm interaction path and a narrow 5-15 MHz linewidth is obtained. This is ideal 
for nonlinear optics applications. We call this system a magnetically compensated 
supersonic beam [1]. 

Based on magnetically compensated atomic beams, a method for generating con- 
tinuous photon echoes [2] was developed in the parent program. These optical echoes 
are the continuous coherent radiation of an optically prepared, freely radiating sam- 
ple of atoms in a magnetically compensated beam. These techniques have potential 
applications in nonlinear optical processing and in back action evading measurement 
of optical fields. The research undertaken in the present program has been focused 
on characterizing the spatial, directional, and coherence properties of the echo field, 
including its quantum noise. Results of these studies are described briefly in the 
following sections. 

In addition to studying the optical characteristics of magnetically compensated 
beams, a number of interesting new directions for research emerged during the period 
of this program. These new directions are outgrowths of concepts in the original re- 
search plan, and also were pursued as part of the present program. These include the 
development of precision methods for position measurement of moving atoms, based 
on resonance imaging in magnetic and optical field gradients. Such methods will have 
important applications in the development of new techniques for neutral atom nano- 
lithography and in fundamental experiments with ultracold atoms. Further, studies 
of the quantum noise properties of coherently radiating atoms in beams has lead to 
the development of sensitive new optical phase space imaging methods. These meth- 
ods will have important applications in the tomography of random media, including 
biological imaging. Some results of these studies are described briefly below. 

1.1    Continuous Spatial Photon Echoes 

As described in our previous reports, the continuous photon echo method was devel- 
oped in the parent program to explore new methods for nonlinear optical processing 



which can be implemented using echo techniques [2]. For example, spatial convolu- 
tion and correlation integrals of optical field distributions can be done in real time by 
exciting the atomic beam with spatially separated optical fields and measuring the 
spatial distribution of the echo signal. The continuous echo method is based on a 
dense supersonic beam of samarium atoms, which forms a two-level atomic system. 

Using this method, we have generated continuous spatial photon echoes by having 
the atoms in the beam traverse two continuous, spatially separated cw laser fields. 
This leads to a rephasing optical polarization downstream from the laser beams, which 
produces a spatial photon echo, analogous to that normally encountered in the time 
domain [2]. Research on continuous photon echoes formed the central topic of the 
Ph.D. disseration for Carl Schnurr. 

We have used this system to study the spatial coherence of the echo and free in- 
duction decay signals. In the initial study, the echo field and the free induction decay 
field of the first excitation region were interfered to obtain interference fringes using 
Fourier optics methods. These fields were found to be mutually coherent and the in- 
terference pattern was shown to be interpretable as a new type of atom interferometer, 
based on collective radiaton from the atoms [3]. 

Particularly interesting were experiments on the the Fourier optics of continuous 
photon echoes. We showed that is is possible to measure the momentum distribu- 
tion of the echo field with milli-photon momentum resolution by measuring the echo 
intensity in an appropriate Fourier plane. Further, we showed that the momentum 
distribution is determined by the slowly varying center of mass wavefunction of the 
coherently prepared atoms. This was demonstrated by modifying the atomic wave- 
function using an optically generated potential and measuring the modified momen- 
tum distribution. This method has interesting potential applications in information 
storage and transmission via ground state atomic wavefunctions in atomic beams [4]. 
Recently, we have been exploring potential applications of this method that may pro- 
vide new methods for quantum nondemolition measurement of optical field intensity 
via atomic interference. 

1.2    Optical Noise of Coherently Radiating Atoms 

The optical fields radiated by long lived atoms in a coherent superposition of atomic 
states have unique noise properties, which have not been extensively explored in pre- 
vious work. The magnetically compensated beam method provides a unique means of 
exploring the noise properties of the radiation field of a dense atomic sample. Studies 
of phase-dependent noise in driven atomic samples will impact many areas of current 
research, for example electromagnetically induced transparency, where interference 
of multiple paths is used to cancel absorption, or laser cooling where atomic dipole 
fluctuations limit the ultimate temperature. 

In order to explore the classical and quantum noise properties of the fields radiated 
by the atoms in a magnetically compensated beam, we have developed sensitive, new 



noise measurement methods which we believe will have wide applications beyond the 
current work. Two innovations have made these measurements possible, in addition 
to magnetically compensated supersonic beams. One is the method of subtracting 
signals from identically prepared atomic regions to measure quantum noise. This 
technique subtracts classical noise which is common to the two regions. However, 
since different atoms are excited in each region, the quantum noise is uncorrelated 
and adds. A second important feature of our experiments is the exploitation and 
optimization of well-known methods for measuring noise power spectra on a linear 
scale. This method is described in more detail in § 1.3. 

These new noise measurement methods have allowed us to measure the complete 
phase-dependent noise spectrum of coherently prepared radiating atoms in our beam 
system. By offset locking the driving laser frequency, we have investigated atom 
noise spectra for both on- and off-resonant excitation. We use long-lived two level 
Yb atoms with a radiative lifetime of 1 fis, similar to our echo work. The noise 
spectra obtained in the experiments have been analyzed using a fluctuating Bloch 
vector picture, which provides a unified and physically appealing interpretation of 
the atomic sources of optical noise [5]. 

We have obtained recently exciting new noise spectra for off-resonant excitation. 
A remarkable result is that phase-dependent noise spectra for plus and minus 45° 
quadratures are found to be markedly different. A theoretical analysis shows that 
this is a pure quantum effect, traceable to vacuum fluctuations and time-ordering of 
the atomic operators. So far as we are aware this is the first time that the effects of 
time ordering have been shown to be directly manifested in an optical noise spectrum. 
We currently are writing a paper describing this research for submission to Physical 
Review Letters, and well as a longer review of this work for Physical Review A. 

1.3    Optical Phase Space Imaging 

In our noise measurement experiments, we developed a simple and effective method 
of measuring noise power spectra on a linear scale, with high dynamic range. We have 
recently demonstrated that this method can be extended to directly measure Wigner 
phase space (position-momentum) distributions for arbitrary optical fields. The im- 
portance of the new methods is that rigorous transport equations can be derived for 
Wigner distributions which include coherent and incoherent scattering contributions 
in a unified way. We expect that these methods will have wide applicability to stud- 
ies of optical field propagation and to tomographic imaging by measuring the phase 
space distributions of reflected or transmitted optical fields. Further, they will be 
applicable to studies of light propagation in turbid media, for example atmospheric 
propagation or biological imaging, and also will provide important new methods of 
phase space imaging for general tomographic applications. These developments are 
described briefly below. 

The basic method for measuring noise power spectra is based on an improvement 



of a method which is well known in light beating spectroscopy: We square the output 
of an analog spectrum analyzer using a low noise multiplier. The squared output of 
the multiplier is then sent to a lock-in amplifier, which subtracts the squared output 
with the light on and off. In this way, electronic noise is subtracted in real time 
and the lock-in output is proportional to the optical noise power spectrum. We have 
demonstrated this method by measuring the shot noise in a laser beam from several 
milliwatts down to two microwatts. The lock-in output scales linearly with laser 
power over four orders of magnitude. Further, the measured slope agrees with that 
calculated on the basis of shot noise and the system gain factors to within 10% [6]. 

This method works so well that we began exploring biological and atmospheric 
applications involving light propagation in diffusive media. We found that by hetero- 
dyning a signal field with a local oscillator, the Wigner phase space distribution for 
the signal field can be measured directly, and in real time. Briefly, this method works 
as follows. 

We measure the heterodyne beat amplitude with a spectrum analyzer, and square 
the spectrum analyzer output as described above. The signal beam is chopped and 
the squarer output is synchronously detected with a lock-in amplifier. This subtracts 
electronic noise and the shot noise level of the local oscillator in real time. The lock-in 
output is proportional to the mean square beat signal. 

A remarkable result which seems not to have been exploited previously is that 
the mean square beat signal is proportional to the overlap integral of the Wigner 
phase space distribution of the local oscillator with that of the signal field. The 
up shot is that the Wigner distribution of the signal field is measured with phase 
space resolution limited by the spatial extent and diffraction angle of the local oscil- 
lator (LO) beam. With a simple lens system, it is possible to scan the LO position 
and momentum, and obtain a contour plot of the mean square beat signal, which is 
just the smoothed Wigner distribution of the signal beam in transverse position and 
momentum. We have demonstrated the experimental measurement of Wigner dis- 
tributions using this method [7]. We have also demonstrated a dynamic range of 13 
orders of magnitude in a turbid medium for this method which may have important 
applications in biomedical imaging using optical lasers [8]. 

1.4    Precision Position Measurement of Moving Atoms 

The use of magnetic field gradients in the compensated beam methods lead us to sug- 
gest that resonance imaging methods, based on magnetic as well as optically generated 
level shift gradients, may have important applications in the field of atom optics. We 
have shown both theoretically and experimentally that extremely high spatial reso- 
lution is attainable by such methods, and that uncertainty-principle-limited spatial 
resolution of better than 10 nm is achievable for moving atoms in beams and traps. 
Such methods have potential practical applications in neutral atom lithography and 
many fundamental applications in the precision measurement of ultra-cold atom posi- 



tion distributions and spatial correlation functions. These techniques are thoroughly 
discussed in our recent review paper [9]. 
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