
Figure 3. By using a joystick, the user can control the tilt of the mir
ror segment with a D/A card coupled to the picomotors and multi-
axis driver. 

the joystick input and control voltages, the Picomotors 
had to pivot the optical element about a single point. 
Wi th the mount ing scheme in our instrument, this is 
the centroid of the triangle formed by the three Pico
motors (see Fig. 1). If the mirror tilts to the left, for ex
ample, motors located on the left side of the centroid 
would move backward whi le those on the right side 
would move forward. In addition, i f a motor is farther 
from the centroid, it needs to translate faster than the 
motors closer to the centroid. For the joystick to control 
this pivoting action, the horizontal and vertical compo
nents of each Picomotor axis have to be measured with 
respect to the pivoting point (see Fig. 2). 

Before the components can be measured, however, 
the coordinate system must be defined. It is this orien
tation with the detector that is important in l ining up 
the joystick controls with the movement of the image 
on the detector plane. Figure 2 shows the orientation of 
three of the motors behind a segment and their posi
tions with respect to the coordinate system. For exam
ple, Motor2 has the coordinate (Motor2_X, Motor2_Y) 
with respect to the centroid. In this case, Motor2_X is a 
positive number and Motor2_Y is a negative number. 
After the distances f rom the pivot ing point are mea
sured relative to the chosen coordinate system, the fol
lowing equations are used to determine the contro l 
voltages for each of the motors. 
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Motor1_Speed is the "voltage" that is sent to the New Fo
cus multi-axis driver. In reality, it is an integer sent to the 
D/A card that will produce an output voltage in the range 
of -2.4 V to +2.4 V. The sign of the voltage determines the 
direction in which the Picomotor wil l run. Joystick_X and 
Joystick_Y are the input variables from the joystick. Mo
tor1_X and Motor 1_Yare the components described above. 
Finally, the scaling factor is used to calibrate the joystick in
put variables with the max imum motor speed desired. 
With our wavefront sensor, this scaling factor was small be
cause we wanted to avoid tilting the mirrors too quickly 
and moving the image off of the detector. 

The program uses these equations for the six different 
mirror segments in the wavefront sensor. The operator 
simply chooses the mirror that needs to be adjusted from 
a menu and sets the selector switch on the multi-axis dr i
ver. The program cycles through a loop, during which 
the joystick is read, the motor speeds are calculated, and 
the D / A card is updated (see Fig. 3). Also during this 
loop, the two buttons on the joystick are monitored. If 
one of the buttons is pushed, all three Picomotors behind 
a segment run in the same direction and at the same 
speed. This piston movement is used as a focus adjust
ment. The other button focuses in the opposite direction. 

The new alignment system for the wavefront sensor 
was tested last year, and it resulted in great success. O n 
previous telescope runs, the alignment process would 
usually take a few hours, costing thousands of dollars 
worth of telescope time. W i th the new system, al ign
ment was completed in a few minutes. The application 
of this alignment system is not just l imited to segment
ed mirrors. It can be used in any system where there is a 
triangle of adjusting screws and a need to pivot the ele
ment about one point. 

Nonlinear Optics Using Atomic 
Coherence Effects 
Maneesh Jain, Hui Xia, Guang-Yu Yin, Andrew Merriam, 
and S. E. Harris, E. L, Ginzton Laboratories, Stanford, Calif. 

Nonlinear optical mix ing of existing laser fre
quencies to access port ions of the spectrum 
where lasing action is not easily obtainable is 
common practice today. Various techniques, 

including important new ones like quasi-phasematch¬
ing in tailored nonlinear-media are aimed at efficient 
generation in the region of the spectrum from just un
der 200 n m in the ultraviolet to about a few microns in 
the infrared. 1 Generation of widely tunable laser radia
t ion in the m id to far-infrared region and the V U V re
gion typically requires four-frequency mixing in atomic 
vapors, as solid-state media for accessing these regions 
of the spectrum are either rare, or simply unavailable. 
For example, i f one needed a tunable infrared laser 
source f rom 3 µm to 300 µm, one would need a free 
electron laser facility. For most users, this is prohibitive, 
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both in terms of cost and real estate. In this work we 
will show a method, together with first experimental re
sults, that looks very promising for widely tunable, effi
cient frequency conversion to the infrared using table-
top diode-laser and Ti:sapphire laser systems. 

Our method uses nonlinear four-frequency mixing 
in atomic vapors; it is based on exploiting novel atomic 
coherence effects. We use electromagnetically induced 
transparency (EIT) to create a near-maximal atomic co
herence, and obtain a photon-to-photon conversion ef
ficiency from blue to ultraviolet light of about 30%. Be
fore going into details of the method, and experimental 
results, we review some aspects of frequency conversion 
in atomic media. 

Frequency mixing in atomic vapors has been per
formed for over 30 years now, and is relatively well un
derstood.2 The conversion efficiency in any nonlinear 
optical process is determined by the interplay of the 
nonlinear and the linear susceptibilities. The holy grail 
of frequency conversion consists of two things: A large 
nonlinear susceptibility, and flexibility in the linear sus
ceptibility, so that the interaction may be phase-
matched. Of course, the medium also needs to be trans
parent to the lasers involved. 

Historically, frequency conversion in atomic vapors 
has suffered from poor conversion efficiencies due to 
the small magnitude of the third-order nonlinear sus
ceptibility and the difficulty in phasematching. In the 
past, typical conversion efficiencies on the order of a 
few percent have required pump intensities in the tens 
of gigawatt per square centimeter regime.3 Our method 
overcomes both these shortcomings, allowing efficient 
frequency conversion in atomic vapors with pump in
tensities near 107 W/cm 2 . Our goal is to achieve conver
sion efficiencies on the order of those obtained in non
linear solid-state media, and to do this in regions of the 
spectrum where such media are unavailable. 

A coherent atomic oscillator 
Our method is based on preparing a strong coherent 
atomic oscillator. To do this, we use two high-quality 
lasers. These lasers take atoms which are usually in their 
ground state l1>, and adiabatically force some fraction of 
them into another metastable state I2>. In doing so, the 
lasers impose a fixed phase relationship between the 
atoms in the ground state and those in the metastable 
state (see Fig. la). This new, phased-state of the atoms ef
fectively behaves like a Il>-I2> coherent atomic oscillator. 
Any additional (third) laser frequency input to the atomic 
vapor cell simply beats against this oscillator and gener
ates sum and difference frequencies (see Fig. lb). The 
third-order nonlinear frequency mixing process is now 
reduced in order, leading to large conversion efficiencies. 
The essence of this method is in the careful preparation of 
the coherent atomic oscillator. This requires precise laser 
technology which has only recently become available. 

We work in atomic 2 0 8 P b vapor, and the laser wave

lengths required to create the coherent atomic oscillator 
are 406 nm and 283 nm (see Fig. la). These wavelengths 
are obtained by frequency doubling and tripling of 
Ti:sapphire lasers at 812 nm and 850 nm, respectively. 
The laser systems must also satisfy the following charac
teristics: High power density (~107 W/cm 2 ) , near-
Gaussian spatial mode, temporally smooth pulse en
velopes with no phase noise, absolute frequency stability 
to within a few megahertz and continuous tunability of 
several gigahertz.4 These requirements are nicely met by 
pulse-pumped Ti:sapphire ring lasers, injection seeded 
by a continuous-wave master oscillator (see Fig. 2). 

We used an external-cavity stabilized diode laser as a 
(Littman configuration) master oscillator with a short-
term linewidth of less than 1 MHz. To obtain absolute 
frequency stability within a few megahertz, the master 
oscillators are offset-locked to temperature-stabilized 
quartz etalons, and the absolute frequency is set using 
Doppler-free saturation spectroscopy. The fiber coupling 
(see Fig. 2) uses ultrastable fiber aligners, and produces a 
spatially Gaussian beam by "beam scrubbing" the output 
of the diode laser. It also allows us to decouple the align
ment of the slave laser from the alignment of the master 
oscillator. The slave laser alignment is extremely stable. 

Experimental results 
We have demonstrated, in several experiments, our abil
ity to use EIT to carefully prepare a large atomic coher
ence under realistic conditions. The results are impres
sive and in excellent agreement with theory. They 
include achieving a transmission of 90% through a res
onant medium which is otherwise completely opaque, 
slow group-velocities5 of nearly c/200, and distortion-
free propagation of intense laser beams through other
wise highly self-focusing media.6 

Recently, we performed our first nonlinear optics ex-

Figure 1. In (a) the two lasers at 406 nm and 283 nm prepare the 
coherent atomic oscillator. I1> and I2> denote the ground and 
metastable state respectively. In (b), these lasers are still present, 
but are not shown for brevity. Here, an input field at λ a(λ b) beats 
against the coherent oscillator to generate a sum (difference) fre
quency at λb(λa). The detuning is 1,100 wavenumbers when 

λa = 425 nm and λb = 293 nm. The detuning is 23,000 
wavenumbers when λb = 812 nm and we generate λa = 6µm . 
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periments using a large atomic coherence and demon
strated our abil i ty to achieve big conversion 
efficiencies.7 The third laser wavelength (425 nm, see 
Fig. lb) is not special, and was chosen for convenience 
(doubled 850 nm Ti:sapphire). It should be emphasized 
that this laser frequency can be tuned freely and can in
deed be broadband. Physically, the spectrum of the 
third laser simply beats against the monochromatic 
atomic oscillator and generates a corresponding spec
trum of sum and difference frequencies. 

We work in atomic Pb vapor contained in a 
L = 10-in. long, sealed quartz cell at a density of about 
N = 5 X 10 1 5 atoms/cm3. The coherent oscillator is cre
ated by the 283 nm and the 406 nm lasers, tuned to 
two-photon resonance. The 425-nm laser is at a detun
ing of 1100 cm- 1 from the upper level, and it beats 
against the coherent atomic oscillator to generate radia
tion at 293 nm. The photon-to-photon conversion effi
ciency from 425 nm to 293 nm for this process (ignor
ing pump-depletion effects) is given by 

where s2= (∆k/2)2 + β2lp12l2 and p 1 2 is the coherence 
of the I1>-|2> transition. In a cell of length L, ∆kL is 
the phase mismatch and β is the geometric mean of β1 

and β2, where β1L((β2L) are the phase shifts of the inde
pendent 293-nm (425-nm) laser beams due to the 
atomic media. When the atomic coherence is maximum 
( |p 1 2 l = 0.5) and the interaction is phasematched 
(∆k = 0) the conversion efficiency is unity for the con
dition (ΒL=Π. The conditions of our experiment are 
very similar to these. 

Using very small changes (~ 0.5 GHz) in the 283-nm 
laser frequency we are able to phasematch the process 
and obtain photon-to-photon conversion efficiency of 
about 30%. This value is smaller than the theoretical 
prediction due to the effect of dephasing in our experi
ment. No external phasematching agent is needed. 

One may perform an experiment which generates 
infrared radiation by replacing the additional laser field 
at 425 nm, with one at 812-nm (also presently avail-

Figure 2. Block diagram of T i :sapphire lasers . 

able). The 812 nm laser will beat against the coherent 
atomic oscillator, generating a difference frequency in
frared signal at 6 µm (see Fig. lb). The much larger de
tuning of 23,000 cm- 1 necessitates the use of a higher 
atom density-length product to achieve large conver
sion efficiencies; with this change, photon-to-photon 
conversion efficiencies very much like those obtained 
above should easily be achieved. 

If the additional Ti:sapphire laser (see Fig. lb) is 
now tuned from 720-936 nm, we may frequency-con
vert to the infrared from 3-300 µm, with η~30%. For 
this entire tuning range, the interaction is easily phase-
matched, as the detuning from the upper level varies by 
only several percent. This wide phasematching band
width could also be used to support ultrashort pulse 
generation in the mid-infrared. 

Discussion 
We have demonstrated how one may exploit atomic co
herence effects to obtain efficient frequency conversion 
in atomic vapors. Any effects which tend to destroy the 
atomic coherence will have a deleterious effect on the 
frequency conversion process. Our results show that we 
are able to operate under experimental conditions 
where such effects are sufficiently overcome. 

The higher atomic densities, and the window trans
mission characteristics required for the tunable infrared 
experiments will require us to use either sapphire cells, 
or heat-pipes with appropriate windows. Both of these 
are commercially available technologies. The major cost 
associated with these systems is the two high-quality 
lasers required to prepare the atomic coherence. Com
pact, pulsed-diode-pumped solid-state lasers developed 
recently can be used to pump the Ti:sapphire lasers. 
With these, we can realize a compact, relatively inex
pensive, widely-tunable tabletop infrared generation 
system which would be very appealing for markets in 
remote sensing/detection and atmospheric science. 
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