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Long range, high resolution laser radar 
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A high energy, chirped pulse laser was used to demonstrate long range, high resolution laser radar. A broadband nanosecond 
chirped pulse propagated to a target, and upon compression sub-millimeter surface resolution was obtained. This technique avoided 
the nonlinear effects in air that were seen when a picosecond pulse propagated to the target. 

Initial laser radar experiments used CO* gas lasers 
at 10 pm [ I]. These lasers enabled either stable cw 
operation or high-gain pulsed output and have been 
used for wind measurements in the atmosphere. De- 
spite the success of COz lasers, there has recently been 
an increased interest in the use of solid state, 1 urn 
laser technologies to be used for laser radar studies. 
The advantages of such a system include high pulse- 
to-pulse reliability, the availability of room temper- 
ature detectors, and the possibility of a compact diode 
pumped solid state system in the future. Several 
groups developing lasers radar used pulses from 
Nd:YAG systems with pulsewidths ranging from 1 
l.ts to 8 ns with pulse energies from 12 mJ to 1 mJ, 
respectively [ 2-5 1. These transform limited pulses 
were used to measure velocities from the Doppler 
shift or to perform range-resolved experiments. The 
spatial resolution achieved in these experiments was 
directly related to the rise time of the pulses gener- 
ated from the laser. The minimum rise times used 
were a few nanoseconds, which corresponded to re- 
solvable distances within one meter [ 41. To obtain 
range resolved measurements to within one milli- 
meter, a modelocked laser producing pulses with a 
picosecond rise time would be needed. Picosecond 
pulses could also be used to measure the surface pro- 
file of the target with millimeter accuracy. Using the 
technique of chirped pulse amplification (CPA), pi- 
cosecond pulses can be temporally stretched 
(chirped), safely amplified to the joule level, and 
compressed to their Fourier transform limit [ 6 1. We 
have demonstrated that high energy broad band- 

width nanosecond chirped laser pulses can propa- 
gate to a target, and the return echo pulses can be 
compressed to their Fourier transform limit to ob- 
tain sub-millimeter surface resolution of the target. 
Propagation of the long chirped pulse instead of the 
compressed picosecond pulse avoided the small scale 
self-focusing and self-phase modulation effects in air 
and offers the possibility of a long range, high res- 
olution laser radar system. 

For this experiment, pulses were obtained from a 
CPA system [ 71 which had an uncompressed chirped 
time duration of 1.2 ns with 400 mJ of energy and 
a rise time of one nanosecond, and a compressed 
pulsewidth of 400 fs with 250 mJ of energy and a rise 
time of 300 fs. The pulse’s spectral width was 4.6 nm 
and was centered at 1.053 pm. To obtain the highest 
spatial resolution possible, it was desired to propa- 
gate the 400 fs pulse to the target. However, the power 
of this pulse was large enough to cause beam fila- 
mentation. The critical power for self-focusing can 
be calculated from the equation [ 8 ] : 

P,,=n(0.61)*1*/8non2, (1) 

where n2 is the nonlinear index of refraction. Using 
n2=0.56x IO-‘* cm*/W, the nonlinear index of air, 
PC, is 3 GW. Since the peak power of the compressed 
pulse was 0.6 TW, beam filamentation would occur 
as the pulse propagated in air. These filaments would 
undergo an exponential growth with a gain coeffi- 
cient given by [ 91 

(2) 
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where K is the spatial wave number of the modu- 
lation on the beam and I= 120 GW/cm2. For the case 
of propagation in air, with the measured K of 1 /mm, 
the filaments would grow with a gain coefficient of 
g=0.245/m. It can be shown that these filaments 
would reach a focus after a propagation length given 

by [91 

zf= (g)-’ ln(3/& , (3) 

where 6 is the modulation depth on the beam. For 
our case 6 was measured to be 30%, and Zf was cal- 
culated to be 9.4 m. It was also expected that self- 
phase modulation would become important if the 
spectrum broadened by an amount equal the spectral 
width of the pulse. This would occur after a propa- 
gation length of [ lo] 

L ,,=WW~) (cTolnJ), (4) 

where To is the pulsewidth and M. is 4.6 nm. From 
this equation, a propagation distance of 15.6 m was 
calculated. 

Self-focusing would not develop if the uncom- 
pressed pulse propagated in air because its power was 
10 times below the critical power (0.33 GW). Fur- 
thermore, as dZ/dt was 6 x 1 O6 times less for the un- 
compressed pulse as compared to the compressed 
pulse, the uncompressed pulse could propagate 
94 x 1 O6 m in air before self-phase modulation would 
become important. Propagating the nanosecond pulse 
to the target would avoid the nonlinear effects in air, 
and compressing the return pulses would ideally give 
120 urn spatial resolution of the target. 

A schematic of the experimental setup to propa- 
gate the compressed pulse is shown in fig. 1. The tar- 
get was placed 33 m from the laser. The target con- 
sisted of a 50% beam splitter slightly off normal to 
the beam (coated side away from the beam) and a 
high reflector behind and parallel to the beam split- 
ter. The high reflector was placed on a linear trans- 
lation stage to allow a variable time delay between 
the second return pulse with respect to the first re- 
flected pulse. In addition to a small delay between 
the two return pulses, this arrangement enabled both 
pulses to traverse the same amount of glass. The two 
return pulses were aligned into a single-shot auto- 
correlator where their measured temporal separation 
was directly related to the spatial separation of the 
reflectors. This optical detection technique was used 
because electronic detectors cannot respond fast 
enough to accurately resolve the picosecond time de- 
lay between the return pulses. To obtain a reference 
autocorrelation trace for the case of propagating a 
compressed pulse, the pulse energy was reduced to 
4 mJ. As is seen in fig. 2a, a clearly resolvable au- 
tocorrelation trace was measured which corre- 
sponded to a reflector separation of 400 pm. This 
distinct autocorrelation trace became washed out 
when the pulse energy was increased to 250 mJ. Fig- 
ure 2b shows an autocorrelation trace corresponding 
to the same reflector separation with a peak power 
of 0.6 TW. As can be seen, the high resolution has 
been lost due to nonlinear effects experienced in the 
air and glass. Filamentation of the beam was ob- 
served after about ten meters of propagation in air. 
Also, the spectrum broadened by a factor of 3.5 due 

1.2ns, 0.3GW 
I 

50% 100% 

To Autocorrelator 

Fig. 1. Schematic of experimental setup to propagate the compressed pulse to the target. The two return pulses were aligned through a 
single shot autocorrelator to determine the separation between the two reflectors. 
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Fig. 2. (a) After propagating a compressed pulse with 4 mJ of 
energy to the target, a reflector separation of 400 pm was ob- 
tained. (b) Autocorrelation trace oftwo return pulses after prop- 
agating a compressed pulse with 250 mJ of energy. The reflector 
separation was still 400 urn, but the resolution was lost due to 
nonlinear effects experienced in air. (c) After propagating a na- 
nosecond chirped pulse with 400 mJ of energy to the target, the 
return pulses were compressed and sent into an autocorrelator to 
show a reflector separation of 360 urn. 

to self-phase modulation after about 40 m of prop- 
agation. These experimental observations 
spond fairly well to the theoretical values 
above. 

corre- 
stated 

The same experiment was then performed by by- 

passing the compressor and propagating the nano- 
second, chirped pulse to the target with the two 
chirped return pulses directed into the compressor. 
To measure the reflector’s separation, the two com- 
pressed pulses were aligned into the single-shot au- 
tocorrelator as before. A schematic of the experi- 
mental setup is shown in fig. 3. The return pulses were 
compressed to their Fourier transform limit in order 
to be able to clearly resolve the peaks in the auto- 
correlation trace. If the uncompressed return pulses 
were sent into the single shot autocorrelator, the pi- 
cosecond delay between the pulses would be indis- 
tinguishable in the nanosecond background. The 
propagation distance from the laser to the target was 
extended from 33 m to 68 m. The pulse traveling to 
the target contained 400 mJ of energy and had a peak 
power of 0.3 GW. Figure 2c shows the autocorrela- 
tion trace of the two return pulses out of the com- 
pressor. This trace was clearly resolvable and cor- 
responded to a reflector separation of 360 l.trn. By 
propagating a lower peak power pulse, high resolu- 
tion was achieved even with the maximum energy 
per pulse. This demonstrated that the nanosecond, 
chirped pulse experienced negligible distortion when 
propagating through air and glass, and that upon 
compression excellent resolution could be obtained. 

Through the technique of chirped pulse amplifi- 
cation, pulses can be generated which contain the 
necessary energy to propagate long distances used for 
laser radar studies. Furthermore, which the broad 
bandwidth chirped pulse comes the ability to com- 
press the return echoes to obtain extremely high spa- 
tial resolution of the target. For less reflective tar- 
gets, a more sensitive picosecond streak camera could 
be used instead of the single-shot autocorrelator to 
measure the delay between the return pulses. This 
process could also be used to obtain millimeter range 
resolution by comparing the time delay between a 
local reference pulse and a pulse that has been re- 
flected back from the target. This technique could be 
used for a variety of applications including atmos- 
pheric boundary layer measurements, high accuracy 
moon or satellite ranging measurements, or ocean 
layer and oil slick thickness measurements. Even 
though the tilamentation of the compressed pulse was 
not useful for this experiment, the intense filaments 
could be used to cause breakdown in air to produce 
laser guided lightning [ 111. 
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Fig. 3. Schematic of experimental setup to propagate a nanosecond chirped pulse to the target. The two chirped return pulses were 
directed through a compressor before being aligned into an autocorrelator. 
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