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aman-shifted eye-safe aerosol lidar

hane D. Mayor and Scott M. Spuler

The design features of, and first observations from, a new elastic backscatter lidar system at a wavelength
of 1543 nm are presented. The transmitter utilizes stimulated Raman scattering in high-pressure
methane to convert fundamental Nd:YAG radiation by means of the 1st Stokes shift. The wavelength-
converting gas cell features multipass operation and internal fans. Unlike previous lidar developments
that used Raman scattering in methane, the pump beam is not focused in the present configuration.
This feature prevents optical breakdown of the gas inside the cell. Additionally, the gas cell is injection
seeded by a diode to improve conversion efficiency and beam quality. The receiver uses a 40.6-cm-
diameter telescope and a 200-�m InGaAs avalanche photodiode. The system is capable of operating in
a dual-wavelength mode �1064 and 1543 nm simultaneously� for comparison or in a completely eye-safe
mode. The system is capable of transmitting an energy of more than 200 mJ�pulse at 10 Hz. Aerosol
backscatter data from vertical and horizontal pointing periods are shown. © 2004 Optical Society of
America

OCIS codes: 010.3640, 280.3640, 140.3550, 280.1100, 280.1120.
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. Introduction

lastic backscatter lidars are useful tools for atmo-
pheric researchers because they are capable of show-
ng the aerosol distribution in the atmosphere in both
pace and time. Although the backscatter return
rom these systems is typically uncalibrated, the im-
ges that they provide are extremely valuable for
dentification of boundary layer depth, elevated aero-
ol layers, wave activity, and sources of pollution.
s an example of their usefulness, the National Cen-

er for Atmospheric Research �NCAR� Scanning
erosol Backscatter Lidar �SABL� is one of the in-
truments most requested by atmospheric investiga-
ors despite the fact that it provides only uncalibrated
ackscatter intensity. Unfortunately the SABL,
ike many aerosol backscatter lidars, is not eye safe
ithin a certain range of the instrument. This ocu-

ar hazard greatly restricts the number of applica-
ions and environments in which it can be used. For
xample, data cannot be collected near airports or in
rban areas. Therefore, development of a com-
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letely eye-safe aerosol backscatter lidar is a high
riority at the NCAR.
There are currently several general approaches to

eveloping an eye-safe lidar. The three broad prac-
ical possibilities are �1� operating at wavelengths
ess than 0.4 �m, �2� using the micropulse technique1

n the visible part of the spectrum, and �3� operating
t wavelengths greater than 1.4 �m. The human
ye is particularly vulnerable to wavelengths from
.4 to 1.4 �m because those wavelengths easily pass
hrough the cornea and the lens and are focused on
he retina. Light at wavelengths less than 0.4 �m
nd greater than 1.4 �m is safely absorbed in the lens
nd the cornea at energy densities sufficient for lidar
pplications. Figure 1 shows the maximum eye-safe
nergy2 �MEE� for a pulsed laser as a function of
avelength. The MEE is equivalent to the maxi-
um permissible exposure2 (MPE) multiplied by the

eam area. The figure shows that the region from
.5 to 1.8 �m has the highest permissible energy.
ith modest beam expansion it is possible to safely

ransmit more than over 1 J of energy per pulse in
his region.

The maximum eye-safe energy remains modestly
igh for wavelengths longer than 1.8; however, pho-
odetector performance decreases with increasing
avelength. Although Doppler lidars at 2 and 10
m successfully use a heterodyne detection method,
irect-detection lidar in the infrared is best per-
ormed at 1.5 �m because of the availability of inex-
ensive, high-quantum-efficiency detectors that do
ot require cooling. In addition to these factors,
1 July 2004 � Vol. 43, No. 19 � APPLIED OPTICS 3915
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ork at infrared wavelengths has the advantage
ompared with the ultraviolet that it features low
olecular scattering. Backscattering from mole-

ules is undesirable for aerosol lidars because it re-
uces the contrast between aerosol backscattering
nd the noise background. The 1.5-�m wavelength
egion also features lower sky radiance than a broad
ange of ultraviolet and visible wavelengths, thus
mproving the signal-to-noise ratio. Unlike in the
isible region, beams in the infrared are invisible and
herefore eliminate the possibility of flash blinding
ilots or drawing unwanted attention from the pub-
ic. Finally, working in this wavelength allows one
o take advantage of recent advancements in the tele-
ommunications sector �e.g., in detectors, optical
oatings, and lasers�.

There are a few choices for generating pulsed light
n the wavelength region near 1.5 �m. Solid-state

ethods include optical parametric oscillators3

OPOs�, solid-state resonators that employ Er:glass
r Cr4�:YAG,4,5 and stimulated Raman scattering
SRS�. We chose SRS for several reasons, including
obustness of technique6–9 and cost effectiveness.
e were especially attracted to the method after a

ecent publication10 reported 50% photon conversion
fficiency by a method that is resistant to optical
reakdown.

. History

everal lidar systems that rely on Raman scattering
n CH4 to produce 1.5-�m radiation were created be-
ore ours. These designs all focused the pump light
n the cell to raise the energy density sufficiently high
o cause SRS. A common result of focusing is optical
reakdown of the gas, which leads to gradual sooting
f the cell windows. The first published results are
ontained in a paper by Patterson et al.;9 however,
he biggest problem reported was that the receiver’s
eld-of-view �FOV� angle was smaller than the diver-
ence of the transmit beam. In the second version of
heir system, Patterson et al. were able to estimate

ig. 1. Maximum eye-safe energy versus wavelength for a 10-mm
eam at 10 Hz with a 6-ns pulse duration. PRF, pulse repetition
requency.
916 APPLIED OPTICS � Vol. 43, No. 19 � 1 July 2004
oundary layer height in 15-min intervals by averag-
ng backscatter data over 1000 returns.11 Carnuth
nd Trickl8 presented results of Raman shifting in
euterium and were able to transmit energies of more
han 140 mJ�pulse at 10 Hz at 1.560 �m. Spinhirne
t al.6 reported on a hard-target-calibrated three-
avelength airborne lidar system at 0.532, 1.064,
nd 1.540 �m. They used a Raman cell of CH4 also
o produce 1.54-�m light and were able to transmit 35
J�pulse at 3 Hz. Roy and Mathieu7 were able to

enerate 1.5-�m light at 50 Hz by both Raman shift-
ng in methane and use of a solid-state OPO.

In the early 1990s the development of OPOs led to
he development of all-solid-state transmitters in sev-
ral 1.5-�m lidar systems. The all-solid-state ap-
roach has the advantage of avoiding the handling of
ethane and offers more-compact designs. The
ain disadvantage of OPOs is their large beam di-

ergence at the high power that is necessary for
irect-detection lidar.12 Schwartz Electro-Optics,
nc., developed OPO-type transmitters for use in
.5-�m lidar systems for NASA and the U.S. Army.
he lidar built for NASA is summarized in Phase II
BIR Final Report NAS1-20476,13 and the report
oncludes that the system was unable to detect at-
ospheric aerosol backscatter. The testing of parts

f this system was performed at the University of
outh Florida and was summarized by Harrell14 and
y Harrell et al.15 The work by Schwartz Electro-
ptics for the U.S. Army resulted in a helicopter-
orne long range biological standoff detection system.
his system demonstrated the ability to detect
lumes released from crop dusters and surface gen-
rators, but its ability to detect naturally occurring
erosols was not documented.16 Most recently,
ichter et al.17 described a solid-state KTiOAsO4–

ype OPO 1.5-�m lidar system; they transmitted en-
rgy of 125-mJ�pulse at 20 Hz at 1.554 �m. Richter
t al.17 documented the importance of using custom
ptics to focus the return on an avalanche photodiode
ith a 200-�m diameter active area.
The research presented in this paper builds on

he research cited above by combining the success-
ul aspects of both, employing a transmitter design
hat does not focus pump laser light in the Raman
ell, and by use of a diode injection seed into the
aman cell to improve the quality of the Stokes
eam. The high pulse energy of our pump laser,
hen it is combined with a reduction in beam di-
meter, eliminates the need to focus the pump beam
n the cell. In this paper we also document the use
f custom receiver optics to focus the return onto a
00-�m-diameter photodetector. Such detectors
roduce 8-dB higher sensitivity than slightly larger
300–500-�m� InGaAs P–I–N detectors.18 We
resent time-versus-range images of aerosol back-
catter with a temporal resolution of 1 s and a range
esolution of approximately 50 m �limited by the
andwidth of our receiver’s amplifier�. These
igh-resolution data are of particular value to many
eteorologists who wish to image the microscale

tructure of the atmosphere.
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. Design Goals

n addition to achieving an eye-safe, high-pulse-
nergy transmitter, we had several other design
oals. First, we wished for the transmit beam to be
ompletely within the receiver’s FOV beyond a 500-m
ange. Also, we also wished to use commercially
vailable, high-quantum-efficiency InGaAs ava-
anche photodiodes �currently the largest available
iameter is 200 �m�. Mamidipudi and Killinger19

iscussed their difficulty in obtaining a full overlap
ith biaxial arrangements when they used these

mall photodetectors. By ray tracing we found that
coaxial transmit–receiver configuration was neces-

ary to achieve full overlap at 500 m with small de-
ectors.

Another important design goal was the ability to
ransmit and receive at both 1064 and 1543 nm si-
ultaneously for initial testing. There are many li-

ar systems that operate at 1064 nm because high-
ower commercial laser sources are easily available
t this wavelength and because silicon �Si� avalanche
hotodiodes �APDs� with relatively large active areas
re sensitive and robust for this wavelength. There-
ore, although it is not eye safe, we chose to transmit
nd receive at this wavelength to have a check on the
erformance of our 1543-nm channel. A diagram of
he experimental setup is shown in Fig. 2. We sum-
arize the general specifications for our experimen-

al lidar system in Table 1.

. Transmitter

he full-angle divergence of a laser beam is given by

� � M2 2�

�w0
, (1)

here w0 is the radius of the beam waist, � is the
avelength, and M2 is a beam quality factor. M2 is
efined as the ratio of the beam’s divergence to that of
diffraction-limited beam of the same waist diame-

er.20 Note from Eq. �1� that one can reduce the beam
ivergence by improving the beam quality, increasing
he beam diameter �beam expansion�, or both. We

ig. 2. Schematic of the system with a Newtonian telescope.
he data presented in this paper were collected with a Schmidt–
assegrain telescope, but we plan to use the simpler geometry of

he Newtonian in the future.
apitalize on this Gaussian beam propagation concept
n our transmitter design to reduce the divergence of
he transmit beam to fit within the receiver’s field of
iew. First, the Raman cell is injection seeded to im-
rove beam quality and second, the beam is expanded
efore it is transmitted into the atmosphere.
For this paper we determined M2 by measuring sets

f beam profiles at different z positions in the beam
aist range. The beam diameters, calculated by the

econd-moment method, were combined for the deter-
ination of M2 according to International Organiza-

ion for Standardization standard ISO 11146.

. Pump Laser

he transmitter begins with a flash-lamp-pumped,
-switched Nd:YAG laser �Continuum Surelite III�

hat is capable of generating 800-mJ�pulse energy at
064-nm wavelength. The laser produces a flat-
opped multiple transverse mode beam with pulses of
-ns FWHM duration. The beam exiting the laser is
pproximately 9 mm in diameter, with a divergence of
.6 mrad. Although many pulsed Nd:YAG lasers are
ommercially available, we chose this model because of
ts high pulse energy, short pulse length, and relatively
ow cost.

. Stimulated Raman Scattering

he pump beam is converted to the eye-safe wave-
ength by SRS in a high-pressure cell filled with pure
H4. SRS is a third-order, nonlinear, inelastic scat-

ering process whereby a sufficiently high pump field
xcites molecular vibrations in a medium. The fre-
uency of the scattered light �Stokes output� is
hifted by the frequency of these vibrations. Assum-
ng that the pump is not depleted, the Stokes inten-
ity is given as a function of distance by

I � z� � I �0�exp� g I z�, (2)

Table 1. Characteristics of Our Experimental Lidar System

Characteristic Value

Transmitter
Wavelength �nm� 1543
Energy output �mJ� 220
Pulse repetition frequency

�max; Hz�
10

Divergence �half-angle; mrad� 0.20 � 0.24
M2 of Nd:YAG pump 3 � 3
M2 of Stokes beam 10 � 12
Diameter of transmitted beam

�mm�
50

Pulse duration �ns FWHM� 4
Receiver

Telescope diameter �cm� 40
FOV �half-angle; mrad� 0.27
Filter bandwidth �nm� 5
Detector 200-�m InGaAs APD
Analog-to-digital sample rate

�MHz�
50

Analog-to-digital resolution �bits� 14
S S R p

1 July 2004 � Vol. 43, No. 19 � APPLIED OPTICS 3917
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n which IS�0� is the initial Stokes intensity, gR is the
teady-state Raman gain coefficient, Ip is the pump
ntensity, and z is the interaction length.21 The gain
oefficient is a function of the Raman-active medium
nd of its pressure. The gain values for methane
an be found, along with a thorough overview of SRS,
n the literature.22,23

The nth Stokes, �n
S, and anti-Stokes, �n

AS, wave-
engths are given by

�n
S � � 1

�p
�

n
�R
�	1

, �n
AS � � 1

�p
�

n
�R
�	1

, (3)

espectively, where �p is the pump wavelength and
R is the wavelength of the Raman transition. The
avelength of the Raman-active symmetric stretch of
H4 is 3.428 �m. Pumping with a 1064-nm wave-

ength results in a 1st Stokes wavelength of 1543 nm,
2nd Stokes wavelength of 2.808 �m, and a 1st

nti-Stokes wavelength of 0.812 �m. As will be
oted in the following sections, our Raman cell was
esigned to suppress the buildup of the 2nd Stokes
nd 1st anti-Stokes wavelengths.

. Injection Seeding

s one can see from Eq. �2�, the Stokes intensity is a
unction of pump intensity, pressure of the gas, in-
eraction path length, and the initial Stokes inten-
ity. Typically the Stokes field is initiated by the
pontaneous emission of a photon, and therefore the
nergy and spatial characteristics will fluctuate. To
revent these fluctuations one can seed the cell with
stable tunable Stokes wavelength laser.24 We in-

ection seed our Raman cell with a continuous-wave
0-mW telecom diode laser �Mistsubishi FU-68PDF�
20M45B�. The laser has a center wavelength of
543.73 nm and approximately 3-nm tunability. It
s coupled to a single-mode polarization-maintaining
ber, which emits a nearly perfect Gaussian beam.
he laser diode driver and stable temperature con-
roller �Wavelength Electronics Models WLD3343
nd WTC3243, respectively� are mounted upon a cus-
om circuit board. The laser can be either current or
emperature tuned to match the Stokes emission line.
or ease of alignment, the diode output is amplified
y a 1-W fiber amplifier �IPG Photonics Corporation
odel EAU-1-C� to 100 mW; however, the additional

ower provides little or no performance enhance-
ent. The output from the laser fiber is expanded

nd collimated to match the pump beam’s diameter,
mm, and spatially overlapped by transmission

hrough the back of a gimbal-mounted turning mirror
n front of the Raman cell.

. Raman Cell

he Raman cell was custom built at NCAR following
he design of Kurnit et al.10 but with several mechan-
cal improvements. We used a larger-diameter cyl-
nder �20-cm outside diameter� to accommodate
indows in the end caps that provide 25.5-mm clear

ntrance and exit apertures and 50.8-mm-diameter
nternal mirrors. The windows are 12.7 mm thick
918 APPLIED OPTICS � Vol. 43, No. 19 � 1 July 2004
nd 38.1 mm in diameter, are made from UV-grade
used silica, and have an antireflection coating for
.064 and 1.540 �m. The internal mirrors, for mul-
ipass operation of the cell, are held by a single inde-
endent frame to prevent pressure changes from
ltering the optical path of the system. The internal
irrors have high-reflectivity coatings at 1064 and

.540 �m at 0° angle of incidence. They also feature
igh transmission at the 2nd Stokes line �2.8 �m� and
he 1st anti-Stokes line �0.81 �m� to suppress shifting
o these wavelengths. The total exterior length of
he cell is 75 cm, and the distance between the inter-
al mirrors is 65 cm.
An electrical feed-through in the cell drives an ar-

ay of eight 24-V dc axial fans inside to circulate the
ethane. The fans are necessary to clear the gas
eated by the preceding laser pulse out of the beam
ath. Initially, we used a 7.5-cm-diameter tangen-
ial wheel fan; however, its performance was compro-
ised by a large motor that ran hot and by bearings

hat leaked oil. Also, it was difficult to estimate the
irculation patterns produced by the tangential
heel fan.
Light is directed into and out of the Raman cell by
irrors in gimbal mounts. The gimbal mounts al-

ow us to adjust the number of times that the beam
asses through the cell �three, five, or seven� without
djusting all the other mirrors in the transmit path.
efore entering the Raman cell, the pump beam is
educed to 6 mm in diameter by a small Galilean
elescope. This increases the energy density in the
aser beam for improved frequency conversion. The
mall Galilean telescope is composed of two 25.4-mm
iameter lenses: one plano–convex �CVI part num-
er PLCX-25.4-180.3-UV-1064� and one plano–
oncave �CVI part number PLCC-25.4-128.8-UV-
064� separated by 12 cm. It is important to note,
owever, that the pump beam is not focused in the
ell. Focusing a high-energy beam in methane often
auses optical breakdown and leaves carbon–soot de-
osits on mirrors and windows—limiting long-term
peration of the transmitter.8,9

. Beam Characteristics

he highest Stokes energy was obtained with a 3.4-m
nteraction length �five-pass configuration� at pres-
ures from 8.5 to 13.3 atm. In this configuration,

Table 2. Factors That Influence Range Resolution

Characteristic Frequency Time �ns�

Equivalent
Range

Resolution
�m�

Pulse duration 4 1.2
InGaAs APD response

�MHz�
200 1.8 0.3

Amplifier response
�MHz�

1 350 53

Digitizer sampling
�MSPS�

100 1.5
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543-nm energies in excess of 250 mJ�pulse have

een obtained with a 800-mJ pump beam, corre-
ponding to better than 30% conversion efficiency.
igure 3 shows pump energy input versus Stokes
nergy conversion efficiency at a cell pressure of 13.3
tm and at a 3.4-m path length. Figure 4 shows the
st Stokes energy conversion efficiency as a function
f interaction length and cell pressure. A significant
nhancement of Stokes conversion efficiency, partic-
larly at lower pressures, is seen with injection seed-

ng. This is noteworthy because we have measured
ecreased beam quality �higher M2� at higher pres-
ures in the 1st Stokes beam exiting the Raman cell.
he conversion efficiency decreased slightly at higher
epetition rates, as shown in Fig. 5. This may be an
ndication that the fans inside the cell do not effec-
ively stir the excited methane molecules out of the
eam path. Thermal blooming effects in a high-

ig. 3. Input pump energy versus Stokes energy conversion effi-
iency. The filled and open symbols represent the injection seeder
n and off, respectively.

ig. 4. Stokes energy conversion efficiency versus Raman cell
ressure. Three gain lengths are shown, for three-, five-, and
even-pass configurations. Filled and open symbols represent the
njection seeder on and off, respectively. The pump energy was
50 mJ in 6 ns.
ressure medium are known to limit the conversion
fficiency to repetition rates of �5 Hz �Ref. 7�; how-
ver, no degradation in beam quality was measured
t the higher repetition rate. The pulse-to-pulse en-
rgy fluctuations �standard deviation�mean for 600
hots� are shown as error bars in Fig. 5. Injection
eeding reduced the pulse-to-pulse energy fluctua-
ions by approximately 50%. We typically operate
he Raman cell at pressures of 8.5–12.0 atm �125–176
si� and the pump laser at a repetition rate of either
or 10 Hz. Under these conditions the 1543-nm

eam exiting the Raman cell is 12 mm in diameter,
ith an M2 of 10 � 12 �the beam was somewhat

lliptical�, corresponding to a maximum half-angle
ivergence of 1.0 mrad. The duration of the pulses
s approximately 4 ns FWHM.

The linewidth of the Stokes beam, measured with a
aser spectrum analyzer with a resolution of 0.9 GHz,
as of the order of 40 GHz. Injection seeding did not
ave any measurable effect on linewidth. If the
ump is a single-frequency laser the Stokes linewidth
hould be approximately 14 GHz at our Raman cell
ressures.

. Transmitter Operation Modes

he transmitter was designed to work in two
odes—a dual-wavelength mode and an eye-safe-

nly mode. In the dual-wavelength mode the resid-
al pump beam was transmitted simultaneously and
oaxially with the eye-safe Stokes beam. This mode
as used early in the experiment to permit intercom-
arison of backscatter from the two wavelengths. In
ual-wavelength mode the beams are directed by
irrors coated for high reflectivity at both wave-

engths. When the system was operated at the eye-
afe wavelength only, we replaced the second
imbaled turning mirror with a custom high-
ispersion Pellin–Broca prism. The prism sepa-

ig. 5. Stokes energy conversion efficiency versus Raman cell
ressure. Two repetition rates are shown: squares, 5 Hz; cir-
les, 10 Hz. The error bars represent the standard deviation of
00 shots. Filled symbols and darker lines, injection seeder on;
pen symbols and lighter lines, injection seeder off. The pump
nergy was 800 mJ in 6 ns.
1 July 2004 � Vol. 43, No. 19 � APPLIED OPTICS 3919
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3

ates the residual pump from the eye-safe beam
patially by 1 cm after the beam has propagated 37.5
m. The prism was designed to operate near the
rewster angle, allowing a transmission of 97% for
orizontally polarized light. However, our Nd:YAG

aser is 
70% polarized, resulting in a transmission
f 90%. This and other losses at turning mirrors
educed the transmit energy of the eye-safe wave-
ength to roughly 220 mJ�pulse.

. Beam Expansion and Transmission Optics

egardless of whether we are operating in a dual-
avelength or an eye-safe-only mode, we reduce the
ivergence of the beam�s� before transmission into
he atmosphere with a dual-wavelength beam ex-
ander in the form of a Galilean telescope. The ex-
ander is a custom lens system consisting of two
ir-spaced doublets, each antireflection coated for
064 and 1543 nm. The first, 25.4-diameter, doublet
s a negative lens with a focal length of 138 mm. The
econd, 101.6-mm diameter, doublet is a positive lens
ith a focal length of 574 mm. The doublets are

eparated by 38 cm and expand the beam 4.3 times.
he expanded Stokes beam �50-mm diameter� has a
alf-angle divergence of 0.20 by 0.24 mrad.
We use a coaxial lidar configuration transmitting

ff the back of the telescope secondary, and therefore
he maximum expanded beam size is limited by the
econdary diameter. The expanded transmit beam
as the added benefit of reducing the energy density
ar below the maximum permissible exposure at the
543-nm wavelength. The expanded beams are di-
ected by gold-coated 101.6-mm-diameter mirrors at
45° angle of incidence. The edges of the Stokes

eam are clipped slightly; for a 99% transmission of a
rue Gaussian profile beam the mirrors would need to
e 5 mm larger. The final mirror, mounted on the
ack of the telescope secondary, uses electronically
ontrolled Newfocus Picomotors motors to steer the
ransmit precisely beam to an angle that is within the
eceiver’s FOV.

. Receiver

he receiver’s optical layout is shown in Fig. 6. For
he results presented here, our prototype lidar sys-
em used a commercially available 40.6-cm �16-in.-�
iameter f�10 Schmidt–Cassegrain telescope �Meade
X200 EMC�. The telescope provides a transmis-
ion of 
67% at 1.5-�m wavelength. The main loss
n transmission is due to the aluminum-coated reflec-
ive surfaces, followed by the secondary obscuration,
nd corrector plate surfaces. In our research we re-
laced the tertiary mirror with a gold-coated mirror,
mproving the transmission to 
72%. We intend in
he future to use a custom Newtonian telescope �as
hown in Fig. 2� with gold-coated mirror surfaces
esigned to provide 
90% transmission at 1.5 �m.
The telescope is mounted in a fixed vertical position

n an optics table. The backscattered light collected
y the telescope is collimated with a 25.4-mm-
iameter doublet lens to facilitate transmission
hrough subsequent interference filters. The lens is
920 APPLIED OPTICS � Vol. 43, No. 19 � 1 July 2004
ollowed by a short-wave-pass �SWP� dichroic beam
plitter �CVI, part number SWP-45-1540-1064-PW-
025-C� to separate 1064- and 1543-nm backscatter.
he short-wave-pass dichroic mirror has a reflec-
ance of �99.5% at 1.540 �m and passes �80% at
064 nm.
The 1064-nm light is filtered by a narrow-bandpass

nterference filter �Omega Optical, Inc.: 25.4-mm
iameter, 1064.2-nm center wavelength, 5-nm
WHM, �80% transmission� to reject background

ight. The light passing through the filter is focused
nto a 1.5-mm-diameter active area, long-wavelength
nhanced, silicon APD �EG&G Model C30955E� in a
iCEL GbR detector package that includes a low-
oise preamplifier. The package includes a single-
lement aspheric focusing lens and an XYZ
ranslation stage.

The eye-safe backscatter return is filtered by a
arrow-bandpass interference filter �Omega Optical,
nc.: 25.4-mm diameter, 1543.3-nm center wave-
ength, 5-nm FWHM, �80% transmission�. A cus-
om focusing lens was designed to focus the light onto
photodiode. The lens has a three-element design,

.e., a doublet with a companion meniscus lens, with
n 18-mm focal length and a 12.4-mm diameter.
he lens was designed to collect all light within a
.15-mrad FOV onto the detector for a range of 500
–15 km. In practice, the useful range of the in-

trument, in analogy to the depth of field of a camera
s slightly adjustable. For example, by moving the
osition of the detector with respect to the effective
ocal plane of the receiver we can shift the full overlap
egion in either direction. Therefore the results pre-
ented in Section 7 below have minimum ranges from
50 to 750 m. The photodetector, in a shielded en-
losure, is mounted upon a high-precision three-axis
ranslation stage �Newport ULTRAlign 561D XYZ�
or adjustment. The photodetector is a 200-�m-
iameter InGaAs�InP APD �EG&G Model C30662�
ith 75% quantum efficiency, a maximum usable
ain of approximately 20, and a bandwidth of 200
Hz.

ig. 6. Ray trace of a receiver using a Schmidt–Cassegrain tele-
cope.
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The half-angle FOV for our receiver system can be
iven by the photodetector radius divided by the focal
ength of the receiver system. The effective focal
ength of the receiver �telescope and custom optics�
as calculated to be 367 mm at 1543 nm. Therefore

he receiver’s FOV, with the 200-�m-diameter detec-
or, is 0.27 mrad �half angle�. The receiver’s FOV is
lightly larger than the transmit beam’s divergence
f 0.20 by 0.24 mrad. For the 1064-nm channel the
ffective focal length of the receiver is 446 mm; there-
ore the receiver’s FOV is 1.68 mrad for the 1.5-mm
iameter Si APD.

. Data Acquisition

ackscattered photons are converted to electrons by
he photodetectors, and the resultant electrical sig-
als are amplified and digitized. For the 1064-nm
hannel, the LiCEL detector package uses a 10-MHz-
andwidth linear transimpedance amplifier. The
543-nm signal is amplified by an operational ampli-
er �Analog Devices Model AD829� that has a band-
idth of 55 MHz at a gain of 20. The optical
mplifier, the photodiode, and the power supply are
ounted onto a custom circuit board in a rf-shielded

ase. To amplify return signals that are near the
oise level of the detector we operate the operational
mplifier with a gain of approximately 850, which
nfortunately reduces the bandwidth to approxi-
ately 1 MHz �350-ns rise time�. We shall discuss

he implication of this reduced bandwidth presently.
The analog output of the amplifiers is converted to

igital signals by an analog-to-digital card �Gage
odel 14100� in a PC. The digitizer card is capable

f 14-bit quantization. It is also capable of recording
ne channel at 100 megasamples per second �MSPS�
r two channels at 50 MSPS. Programs are written
n Labview to display the backscatter data in real
ime and to write files to the hard disk. In addition
o acquiring backscatter data, the Labview program
s capable of simultaneously monitoring laser ener-
ies and the temperature and pressure inside the
aman cell by means of serial connections.
Several factors can limit the range-resolving capa-

ility of a backscatter lidar system. The first is the
aser’s pulse length. The 1543-nm pulse duration is
ns, which corresponds to 1.2 m in space. Next, the
andwidth �responsiveness� of the photodetector and
mplifier must be considered. The InGaAs APD has
bandwidth of 200 MHz with an equivalent rise time

f 1.8 ns, which corresponds to approximately 30 cm
n range. However, as stated above, the bandwidth
f the amplifier described here is 1 MHz, with an
quivalent rise time of 350 ns, which corresponds to
pproximately 53 m in range. Finally, the digitiz-
r’s sampling rate controls the spacing of the data
oints despite the fact that these points may not be
ndependent samples �e.g., if the bandwidth of the
etector is significantly slower than the digitizing
ate�. Our digitizer is capable of processing 100
SPS in single-channel mode; however, we typically

se it in a 50-MSPS dual-channel mode; 50 MSPS is
quivalent to 3-m spatial sampling. Therefore, al-
hough the data shown have pixels every 3 m in
ange, the resolution is 53 m. In other words, we
urrently oversample the backscatter signal. We
ope in the future to have a much faster amplifier
hat can take advantage of the short pulse length and
he high-bandwidth photodetector.

. Results

hen we collect data with the 1064-nm wavelength
rom our laboratory we use a vertically pointed 3-cm-
avelength Doppler radar for safety.25,26 The radar
rovides a cone of microwave radiation surrounding
he transmit beam. Software algorithms that iden-
ify aircraft echoes in the radar return turn off the
aser immediately if an aircraft is detected.

In the data shown here, we averaged backscatter
rom consecutive groups of 10 laser shots to form 1-s
verages. The backscatter signals were sampled at
0 MHz to provide data points at 3-m intervals in
ange. The dc baseline of each average return, which
s proportional to the background intensity, is sub-
racted based on an average of data points sampled
efore the laser is fired. The average lidar return is
hen corrected for one-over-range-squared dependence.
he corrected backscatter intensity data are plotted in
igs. 7 and 8 as time-versus-range color images.
Figure 7 shows backscatter intensity for the 1543-

nd 1064-nm wavelengths collected simultaneously on
0 July 2003 when the beam was pointed vertically.
he time span of the images is 17 min, and the altitude
ange spans 700 m �from 400 to 1100 m above ground
evel�. Both images in Fig. 7 show the detailed verti-
al structure of the entrainment zone of a convective
oundary layer. A visual comparison of the time-
ersus height images indicates the 1543-nm data are
moother; we attribute this to the difference in band-
idth of the amplifiers of the two channels. Despite

his difference, the comparison shows excellent agree-
ent and demonstrates the ability to resolve fine-scale

etail at the eye-safe wavelength of 1543 nm.
To estimate the useful range of the lidar during

canning in a near-horizontal elevation angle, we
sed a stationary flat turning mirror on the roof of the
uilding to redirect the beam to approximately 3°
bove the horizon. For these tests we installed the
ellin–Broca prism to separate and prevent the 1064
m beam from being transmitted. Figure 8 shows
ackscatter from a 33-min period when the beam was
ransmitted in the NNE direction with a 3° elevation
ngle. Consecutive groups of 10 laser shots were
veraged to form 1-s averages. The backscatter sig-
al was sampled at 50 MHz to provide 3-m pixels.
he figure shows coherent aerosol structures from
750 m over a 9-km range. We estimate the height

f the laser beam to be 
470 m above the surface at
-km range, neglecting variations in the terrain.
he flat turning mirror mount had an aperture of
5.5 cm. Therefore we did not utilize the full collec-
ion efficiency of our 40.6-cm telescope and reduced
he backscatter signal by 25%. Based on the results
f this test, we have demonstrated the feasibility of
n eye-safe scanning lidar system. We plan to in-
1 July 2004 � Vol. 43, No. 19 � APPLIED OPTICS 3921
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rease the pulse repetition frequency of the pump
aser in the future and to obtain a sufficiently large-
rea beam-steering unit for this purpose.

. Conclusions

n this paper we have described the design of, and
reliminary results from, a new uncalibrated aerosol
ackscatter lidar that operates at the eye-safe wave-
ength of 1543 nm. The transmitter and receiver
apitalize on technologies developed by the telecom-
unication industry, thereby providing inexpensive,

eliable, and off-the-shelf state-of-the-art compo-
ents. For example, 1550-nm coatings �both antire-
ection and high-reflection� are often offered on stock
ptical components.
To test the reliability of the system, we ran the

ystem from our laboratory on 25 days during July

ig. 7. Time-versus-altitude images of backscatter intensity fro
ollected on 10 July 2003 at Boulder, Colorado.
922 APPLIED OPTICS � Vol. 43, No. 19 � 1 July 2004
nd August of 2003. We typically ran the system
pproximately 6 h per day �for a total of 154 h�. The
nly significant problem experienced was sudden
urning of internal gas cell mirrors, which occurred
wice. We suspect that the failure was caused by oil
roplets released from the internal fan motor or bear-
ngs. The problem has not occurred since we re-
laced the suspect tangential wheel fan with oil-free
xial fans. Unlike previous Raman cells used for
idars, the beam geometry used here does not focus
he pump light in the cell; therefore it prevents grad-
al soot buildup on internal cell optics and limits

ong-term operation. However, the reliability of the
aman cell for continuous use requires further eval-
ation. For example, we have noticed a slow degra-
ation of the antireflection coating on the interior
ide of the Raman cell windows. This effect has

e 1543-nm channel and the 1064-nm channel. The data were
m th
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een reported in at least one other paper27 and may
e the result of laser-induced photochemical reaction
etween the CH4 and components of the antireflec-
ion coating. We plan to use uncoated windows, ori-
nted at the Brewster angle, in a next-generation
aman cell to prevent this problem. With regard to

he reliability of the receiver, we note that we have
ot experienced any difficulty with maintaining
lignment and focus on the detector in our laboratory,
hich experiences typical cycles in room tempera-

ure.
An important achievement was the ability to gen-

rate high-energy pulses with good spatial quality.
patial quality, expressed in terms of M2, is directly
elated to beam divergence. The receiver’s FOV is
everely restricted by the relatively small diameter of
he detector that we wished to use. Therefore sev-

ig. 8. Time-versus-range images of backscatter intensity from
oulder, Colorado, while the beam was pointing approximately 3°
ral design features were included to minimize diver-
ence of the transmit beam, maximize the receive
OV, and minimize the range of achieving full over-

ap. The design features include �1� coaxial trans-
it beam and receive FOV; �2� injection seeding of
aman cell; �3� transmit beam expander; and �4� cus-

om focusing optics in front of the detector.
Although the time-versus-range data shown depict
icroscale structures such as aerosol plumes and lay-

rs that are of interest to research meteorologists, we
re aware that the amplifier for the 1543-nm channel
oes not have enough bandwidth to respond fully to
he bandwidth capability of the InGaAs APD. We
lan to develop a second-stage amplifier to overcome
his problem and increase the range resolution of the
nstrument. We also hope to use a higher-power and
ulse repetition frequency laser and beam steering

1543-nm channel. The data were collected on 18 July 2003 at
e the horizon.
the
abov
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nit for future field applications that require eye-safe
canning.
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