
OPTICS IN 1989 

6. A . Yariv, IEEE J . Quantum Electron. QE-9 , 919 (1973). 
7. D. Vickers, G.L. Tangonan, V. Jones, to be published. 

Optical time-shifters for 
microwave phased array antenna 

steering 
W. Ng, G. Tangonan, R. Hayes, and D. Yap, 

Hughes Research Laboratories 

In electronically steered phased array antennae, pointing 
is accomplished by controlling the relative microwave 

phase between successive antenna elements in the array. 
The phase of these radiation elements can be shifted by 
using lumped-element components typically less than a 
wavelength long. This approach suffers, however, from 
the drawback that the constructive interference condition 
is satisfied only over a narrow frequency band, giving rise 
to undesirable phenomena such as "beam-squinting." An 
alternative technique known as true-time-delay steering 
imposes differential delays between successive antenna ele
ments in real time. This approach is inherently broadband, 
but is presently implemented by routing the RF signals 
through bulky coaxial cables or waveguides whose length 
can be as long as LsinΘ m , where L and Θ m are, respective
ly, the aperture size and maximum steering angle of the 
antenna. 

By using fiber-guided lightwave as a carrier for the mi
crowave that drives the antenna element, a delay line that 
is nondispersive over multiple bands of microwave fre
quencies can be realized. The product of the microwave 
frequency and delay time of such a delay line is estimated 
to be in excess of 10 6 ( 1 ) , and is limited only by the disper
sion of the fiber. Using a 1.3 µm DFB laser modulated by 
a LiNbO 3 travelling wave modulator, a 10 G H z signal was 
delayed for as long as 152 µsec in a radar repeator test 
set.2 

We can vary the delay time for a specific antenna ele
ment by switching optical delay line segments into or out 
of its delay path through the activation of the transmitting 
laser or receiving detector of that branch. Delay line 
switching can also be accomplished with the use of optical 
directional couples3 or semiconductor switches of the total 
internal reflection type.4 We have demonstrated a "laser-
switched" type fiber optic delay network that operates 
from L( l -2 .6 GHz) to X(8-12 GHz) band. 

We built four fiber optic time-shifter modules, each con
sisting of eight optical delay lines, to achieve a total of 3 
bits of resolution. The microwave signals are transmitted 
to the antenna subarrays by direct modulation of high 

speed 1.3 µm p-substrated buried crescent lasers.5 The 
typical cw threshold currents of these lasers were ~14 mA 
for 230 µm cavity lengths, and their relative intensity 
noise (RIN) was typically - 1 4 4 dB/Hz away from the res
onance peak. We coupled the optical output of these lasers 
to an array of fibers whose lengths were cut to provide a 
pre-specified set of differential time delays. During steering 
of the phased array antenna, a delay time is implemented 
for each of the four modules by "turning on" the bias of 
the laser pigtailed to the appropriate length of fiber. An 
excellent RF on/off ratio was obtained by biasing the "qui
escent" lasers of the module below threshold. 

The figure shows the differential RF insertion phase 
(ΔФ) of two representative delay lines in a module differ
ing in length by a factor of 2. The difference in time delay, 

Differential phase of delay line 4 and 7 measured with 
respect to the shortest delay line of the same module. 
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Δt d , between either line and the reference line is given by 
the slope of ΔΦ. The insertion phase measured by a micro
wave network analyzer shows that the slope of delay line 
4 is exactly half that of delay line 7. We notice that while 
the signal to noise ratio of the differential phase was slight
ly degraded by the high frequency roll-off in the laser mod
ulation response, excellent phase linearity was maintained 
from 1 to 11 GHz. 
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Control of plasmas parameters 
by ultrashort pulse multiphoton 

ionization 
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Council of Canada 

Multiphoton ionization has been widely studied be
cause of its implications for atomic and molecular 

physics. Probably the most active area of current research 
concerns the energy of the electrons produced as a result 
of MPI. Experiments have found that electrons can absorb 
considerably more energy than the minimum required for 
ionization. The absorption process has become known as 
above-threshold ionization (or ATI). Strangely, it is rarely 
noted that the products are plasmas and that a detailed 
knowledge of both MPI and ATI could be extremely im
portant to plasma physics. 

From a plasma perspective, MPI separates the ioniza
tion process from electron collisions. The plasmas that are 
produced are inherently in ionization disequilibrium, with 
ATI determining the average electron energy (i.e., the tem
perature). It is also important that plasmas can be created 
with dimensions much smaller than an electron mean free 
path. 

A simple model of ATI, which is valid if the oscillatory 
energy of the electron exceeds the ionization potential and 
the photon energy (U> >hv), quantitatively predicts the 
electron energy. In this long wavelength or high intensity 
regime, electron tunnelling through the atomic potential 
barrier can be considered to be a quasi-static process. 

Electron energy distribution for an ionization potential 
of 12.1 eV. Linearly polarized (solid curve, peak intensi
ty of 1014W/cm2) and circularly polarized (dashed curve, 
peak intensity of 2 X 1014W/cm2) 10-μm radiation and 
2.5-psec pulses were assumed. 

Thus, tunnelling formulae predict the probability of ion
ization as a function of the amplitude and phase of the 
electric field. 

To understand ATI in this limit, consider a newly freed 
electron. Such an electron can have little energy as it 
emerges from the barrier, but will gain energy as it subse
quently interacts with the external electromagnetic field. 
By solving the classical equations of motion for linearly 
polarized light, we find that the electron motion has two 
components: (1) the oscillatory (or ponderomotive) com
ponent is given by V = q Esin (wt)/mw and (2) the drift 
component is given by V = q Esin (ΔΘ)/mw, where ΔΘ is 
the phase difference between the phase at which the elec
tron is freed and the peak of the electric field, but the drift 
component (typical value is about 10% of the pondero
motive energy) remains. 

In the quasi-static limit, the probability of ionization as 
a function of phase is independent of the laser frequency. 
Thus, the drift energy of the electrons is proportional to 
w - 2 . The choice of an excimer or a C O 2 laser as the ioniz
ing laser implied a difference in the electron energy of a 
factor of about 2000 providing only that the quasi-static 
limit is respected. 

Even more control of the electron temperature can be 
obtained by simply changing the laser polarization. With 
circularly polarized light, the drift energy can be shown 
(still using simple classical physics) to increase by a factor 
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