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Application to environmental monitoring

Real -time monitoring of air pollution

‘ Imaging Lidar

Targets: SO, from Miyake-jima simulation

. SPEEDI Simulation: Volcanic Gas from Miyake Island
Suspended particulate matter g o
(SPM ; car emission i 1S J -

/s s "- s ’. f ' - w 1 e
Wind speed and direction LSS P EAIVSY

Volcanic SO

e.g. Eruption of Miyake-jimaisland ' ) ';Ew,_.ﬂ s
Advection of highly concentrated SO, :

2001/04/01/22 JST



Conventional system (narrow FOV)

?Time and labor consuming for
scanning operations

? Normally time-height indication is
employed for vertical measurement
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Scannin

FOV of imaging lidar

FOV of conventional lidar

Imaging lidar
Wide FOV 50° x 50° : fixed direction
Scanning laser beam
- Real-time measurement of aerosol
distribution




B3 N

140

rial Pala
5

QT



CEReS Evaluation of radiation budget and long-term
Project 3 changes of atmospheric parametersusing
satellite and ground observation network data

Outgoing
infrared
energy (70)

Reflected solar
Incoming solar i energy (30)
energy (100) 3 -

| Reflection by clouds

- and atmosphere (25)

Absorbed by atmosphere
and clouds (25)

- Reradiated from clouds
and atmosphere (25)

Condensation

" f (104)

Reflected from Convection

Absorbed by

L
surface (45) surface (5) ) h:taetnt f Greenhouse
N\ = Reradiated (88)
3 from surface ,{

Reabsorbed



Radiativeforcing: largeerror barsfor aerosols and clouds

Global Mean Radiative Forcing (Wm-=)

3 Greenhouse Gases
| |
Halocarbons Aerosols + Clouds
- 2 NE'D
= CH, Black
E - Carbon
© from
5o | Fossil-
CO, Tropospheric Fuel Mineral
i Ozone Burning Dust Aviation Solar
I I "' Contrails Cirrus :[
2 | T I [
| Stratospheric Crganic
Ozone Carbon Land Use
Bomags (albedo only)
fraom ;
E‘i A Sulfate Fossil Burning
g | Fugl
(&) Burning
& Aerosol
The height of a bar Indicates a best estimate of the forcing, and the IS0
accompanying vertical line a likely range of values. Where no bar is present Indirect
the vertical line only indicates the range in best estimales with no likelihood. Effect

LEVEL OF SCIENTIFIC Very Very Very Very Very Very Very
INDERSTANDING High Medium Medium Low i low o ks G e e

Source: IPCC (2001)



Volume ratio  Volume ratio

Volume ratio

L ong-term aer osol sampling in Chiba (1998-2004)

Fukagawa et al., Atmospheric Environment, 40, 2160 (2006)
Fine particles
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Volume ratio %

Aerosol characteristics over the urban Chiba area
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dN/d(log 1)

Aerosol size distribution
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Normalized extinction coefficient

Normalized extinction coefficient

Wavelength dependence of aerosol extinction coefficients

Extinction of oceanic aerosol
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Phase functions (Angular dependence of the

differential cross-section)
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Phase Function

Non-spherical particles
Prolate Spheroid, A =0.55u m, r=1.0u m, n' = 1.53-0.008i
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Lidar detection of aerosol particles



Ashratelescope — 1/3 scale model .~

? Both nighttime and daytime
- ? Range: 100m - 3km | Monostatic (backscattering)
S ettt 11 o A F 1 1 i Y 1 i Rt E measurernent



Application: road-side measurement of SPM




Eye-safety

L aser power must be under the Maximum
Permissible Exposure (M PE)
(JIS C6802 safety standard)

Operation wavelength of the Ashra telescopeis
between 300-420 nm.
(Wavelength range of the air-shower fluorescence)
For a pulse width of 20 nswith 2 kHz repetition
frequency,
- MPE =4J/m? @355 nm
(about 300 mJ/pulse for a beam diameter of 10 mm)
cf. MPE=5mJm2@532 nm



Rayleigh and Mie scattering patterns

Rayleigh Scattering Pattern

0.6 a=042u m A =0532u m - (x=4.97)
=0
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Theory of Mie scattering

Scattered " )_ ds wat — o F@) +F@)
radiance dw R? 2k 2
Differential cross section
Scattering g 21 +1
amplitude Fl(q ) = la:.l | (l +1){a|p, (COSC] )"' bt (Cosq )}
g 21+1
R.0)=a [rpthe: (cosa)+at, (cosa )}

p,(cosq) = PY(cosq) | t|(C0$):dZF?(1)(COSC)

sing

Associated Legendre functions



Constants determined by the boundary conditions. a, b,

= ~ (FK n complex
_Y (nka)y , (k ) ( a)y (ka) refractive index
y dika)V, (ka)- Ay ,(ka)v{ka) | k=2p/]

b = ny ((fka)y |( ) (n ka)y ((ka) a radiusof the
ny Iq(n ka) I( ) nka)V¢(ka dielectric sphere

Fy : . o d oaesnxg iq
EX dxﬂg 5
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Aerosol measur ement

using CEReS 4-
wavelength lidar

355, 532, 756, and
1064 nm

80 cm telescope with
4 photomultipliers

Kinjoet al. , Jpn.J. Appl.Phys.,

40, 434-440 (2001)

Y abuki et al. Jpn.J.Appl.Phys.,

42, 686-694 (2003).
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Lidar equation (elastic backscattering)

G(R)
P(R) = P; = b(R)exp ZQEJL(RCDdR(EJ

I . T

R target range [m] B (R) backscattering coefficient

P (R) detected power [W] [M-isr]
I I ici -1
P, emitted power [W] a (R) extinction coefficient [m]

c light speed [m/s] A telescope area[m?]

T laser pulse duration [s] K optical efficiency

G (R) overlapping function




Solution of lidar equation (Fernald method)

S(R=a,(R)/b,(R =5, (RS | SR=a,R/bR=85

WQHO
a,(R)=- SB)a (r)s - S{F)X (e |(R() )
a,(R),a.(R)
S1(RC) SZ

X(R)=R’P(R), I(R)= 2@

S(R© 1ua (RO dR¢

J(R)=2 S(RIX(Rfexpl (R§cre

MD:MD> CD



Altitude [m]

Aerosol extinction profilea,(zl ,S))

= S, parameter
4000 ==

- 20 sr
= —— 30 sr
40 sr
3000 - _z —— 50 sr
2000 63
1000 -
0

0.0 1.0 2.0

a,(zl )=N@s, ()
N:number density
S ,.total cross section

Extinction profile
varies when calculated
with different S;
parameter.

(The same lidar data
leads to different
transmittance.)

Extinction coefficient [10™* m™]



Signal Intensity

Raw and range-squared signals

Near-range signals cannot
be observed due to the

/ overlap effect

J/

Range-squared signal

— 355 nm
—532 nm
— 756 nm

1064 nm| |

1.2 o
4-wavelength lidar signal
1.0 & —355 nm
0.8 532 nm
l, \ — 756 nm
0.6 f \\ 1064 nm
0.4
02
0.0 LJ : e —— 1.2 LY
0 1 2 S 10
Altitude (km) -C_E 08 Hf? %
Wide dynamic g06 |7
rangeisrequired g 04
for long-range ? 0.2
0.0

observations

Altitude (km)




Imulation of the sighal-to-noise ratio

Wavelength 351 nm (Photonics Industries, DC30-351YLF)

Power 100 p J/pulse

Repetition rate 3 kHz

Pulse Width 20 ns

Background 0.01 [Wm-2sr-inm-] @ 351 nm (Daytime)

FOV/pixel 7 mrad (128x 128 pixel)

Shot counts 30000 shots (10 s)

Gate time 100 ns (with intelligent trigger = decay time of P47 )

3.3 J s (without intelligent trigger.)
Filter Bandwidth 50 nm (UV-Il setup)
10 nm (Tapered fiber setup)
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Lidar equation for bistatic measurement

P=P K 2> dsbgy) T T
I

where ds = — Jrov
sn(q..,) e,

P Received power [W] :
P, Transmitted power [W] i
K Optical efficiency of the telescope :
A Effective areaof main mirror [m¥] | L \ /,‘
r Range to the target [m] | /]
ds Laser path length in one pixel [m]
B Scattering coefficient [nTigl]
T, Transmittance from laser to target

T Transmittance from target to telescope



Viodel profileof theatmosphere
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Ignal-to-Noise Ratlo

1OOO§ UV-Il AA=50nm At=33ps

3 Uv-Ii
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M easur ement of atmospheric
transmittance

Signal & laser @ site 1

r Yscat
P, = P,YK® Ber b (p)T)
11 0 r2 r.1 (p) 1
1
Signal & laser @ site 2
2

A
P22 = PO(Z) K 2 r—gdrzb (p )T22
2

Signal @ site 1 (laser @ site 2)

P. =P (2)K (1) ﬁds b (q )TT dSl — rlqégv
12 0 r12 1 sat /1112, snq.,

Signal @ site 2 (laser @ site 1)

(2)

A I
— (1) (2) 12 TT dS — 2Y1FOV
P21 I:)o K rzz dszb(qscat) 1'2 2 Sinqscat




Solution of the coupled equations

FQu =b(p)T” b(p): backscattering

0. =b(p )T22 coefficient

v Qp = Qyu =b(gey )TLT,

A

T,,T,: transmittance

b(p) _ (QuQx)"" 2 _ Qp 2
‘ B(0car) Qp S Qu E

... General solution for non-nomogeneous atmosphere



Solutionsfor the layered atmosphere

\dy

Tl

:> sng,InT, =3nq,InT, T, =exp

in(222)
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|terative analysis of bistatic lidar data

P(obs) » Onc_ethe aer osol exti_nctipn (a,)
err = _ B at A isknown, the extinction at

p(ObS) |:) B can be determined from the
condition of er - O

P, and P; arethe

signal intensities

predicted by the
==i) | |idar equation
(assuming the
distribution of a ,)

B(e view i? e laser j+1)

NCIP:

viewi?

ser telescope




Angular dependent S, parameter
355 nm, 1.50 - 0.0011i

1000
100-
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lmaging lidar
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CEReS Observatory for Ashra lmaging Lidar

.




Photonics Industries DC-30-351SP
351 nm, Nd:YLF laser UV laser

300 MW @ 3 kHz (100 uJ/pulse)
10-25 ns, 0-10 kHz




Cooled CCD SBIG ST7
765% 510 pixels

QE 0.65 @ 532 nm

16 bit ADC

Lens FOV 46 deg
Aperture 25 mm

Filter T=0.54 @ 530nm

Cooled CCD BITRAN

4008x 2672 pixels

QE 0.47 @532 nm, 16 bit ADC
Lens (SIGMA) 50mm, f/1, 39 deg
Filter T=0.54 @ 530 nm

Half bandwidth =100 nm

Gatel.l. (C9547-03MOD)

Gatetime 10 ns—DC, max.rep. 10Hz
185-900 nm, 1 stage MCP
Luminousgain 1x 10%(Im/n¥) Ix




Imaging Lidar (IL)

View ~__

? Observation of very intense forward scattering

? Observation capability near the ground level

? Limited dynamic rangefor the detector

? Consideration for polarization, multiple-scattering,
and phase function of aerosol particles



Imaging Lidar Observation (CCD camera)

e

41.3m

Roof on abuilding (9F)
@ Chiba Univ.




Extraction of Laser path intensity

04/11/02
© laser ~ 10 deg
Exposure time =05 s

(a) Laser ON

(b) Laser OFF Difference : (a) — (b)



Geometry of the in-plane observation

ds

d

" Scattering plane
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_Laser path intensity
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Bistatic lidar equation

B0 ) T T=epl- @ +1)]
scat i, |

PO. . ) =C
ewewwelaserj) rSinescati,j) :da1+(x2)dz

COSC] laser

d(] , Ta, )0z
_ P O ai,; " cosq
B escati j) obs

S0 wai ) Szﬁm.,)
ali,j pl@scati,j) u2i,j pzescati,j)

[ C : Constant (independent of 6 scat i)
PO i j) Phase function (1:aerosol 2.air molecule)

_ [ . Optical thickness



Phase function
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Urban model
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Observed signal intensity
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Imaging Lidar Observation —532nm, In-plane
Laser ON Laser OFF Difference:

(a) (b) (@) — (b)
. ) !

In-plane observation

Pixel

| > | 2 Nov. 2004, 6 ., = 10 deg, Intensity (a
41.3m exposure time = 05 s
Nd:YAG Laser, 532nm Received signal intensity Extinction coefficient
10Hz, 30mJ/pulse Mk a0l o

301 §

20 &

Height (m)
Height (m)

104 5§

' 1T W S 1



Imaging Lidar Observation —351nm, In-plane

In-plane observation (UV) S-pol. 2s
/
! Laser °
1,/ ON
/
l/ -
22" cop
Wwe"--
aser we= x
|« > |
41.3m
Nd:YLF DPSS Laser, 351 nm Laser
3kHz, 100 uJ/pulse OFF

Laser elevation 10 deg

UV filter

ON OFF.

P-pol. 5s




Imaging Ligaar Observation —osZ2nm, Cross-plane

ross-plane observation S/N Improvement with GPS 1PPS

Continuous mode Gated mode
Nd:YAG Laser, 532nm (without gating) Exposure time 2 s

10Hz, 100mJ/pulse Gate width -~ 250 ns

-
Eﬂ—
E —| &
—_ ‘@
S - &
é Eﬂ_ “‘L 'E
ﬁ 4 gt o
m_ .{-— I

20 40 60 80 100 120 140 160
Distance from the laser [m]

o

& Gatel.l. Unit §
|

11 « lvrvAaesaans |k~ 1 A



GPS trigger synchronization system

Trigger synchronization system (TSS) has %'% M b5t Satellite g
been developed to improve S/N by applying S

the GPS 1 PPS (pulse-per-second) system.
Gating operation of |.I. issynchronized to
the laser pulse emission with the accuracy of
approx. £ 1ns(gatetime> afew tensof ns).

-~
S~<
-~
S~<

TSS1*2  Synchronized Trigger Signal/'

Fast-Gate | mage I ntensifier Unit
HAMAMATSU C9547-03MOD
Gatetime 10ns DC
Max. Gate Repetition rate10kHz

Size of Input/Output surface @ 25mm
Wavelength range 185 900nm

Gatel.l. Unit MCP stage
Luminousgain  1.0x 10* (Im/ 2)




Accuracy of trigger synchronization

7TSSl .......................... . 3kHz

GPS Satellites GPS  Amplifier Burst Digital CRT

receiver circuit
250 ———————
Statistics of relative delay time
between two TSS systems (10¢ ™ 200 N\
pulses) 5 150-
S =+ 041 ns % 100.-
This is much shorter than the gate “ 501
opening duration (10 nrs) for bistatic
lidar measurements 0-

-10 -05 00 05 1.0
Delay Time (u s)



Image obtained with the gated I.I. + CCD

: 04/12/08
I‘;M”_‘Qtlnuous mode 351 nm. 3 kHz
e 100 mJ/pulse
| Exposure time =1.0 s

Gate mode
(Gate time = a few ns)

S/N = 24.8 ()



Environmental Ashra telescope



1/3-scale Ashra telescope

CCD camera

\
\
\‘
r H‘\.;‘
Sl \ | Gated image
ik\ \
1 \

Intensifier (1.1.)

Electrostatic
1.,

60 cm man
mirror




1/3 scale Ashra Telescope: configuration

Baker-Nunn optical system:
consisting of a spherical mirror with three correction lenses

. 6 inch I.1.

acrylic
IenS ..... Detector

CCD camera

Relay lens
1 Hamamatsu

Gate I.I. *! Image Intensifier
V7670-70/P46

Relay lens
inch
6 inc . 2 Toshiba
electro-static v image Intensifier
UV LI *2

Soherical mirror (60cm) Il - lmane lntencifiar



1/3 scale Ashra Telescope: construction

Detector

—»

i )
AR A dj ustment

' of elevation AR




Lens 1
P R

Lens 3 — il
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Glass Surface

100 ¢

S A s

-

)

(=B =

o o
T

——  Ohtake Lpt 8(mm)
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-k L B & =l
=] o o o o o

i =R Kufaray I-‘*arnglﬁs UVGQ0o 15(mm)
W3GE5 UV f-I E
Iter DE-IJD 320 340 360 380 400 420 440 460 480 500
Wave Length (nm)
il Acrylic lens
|

N

T —— S a—— LIV filter lens and main mirror




Electrostatic image intensifier

Voltage (kV)

ﬂ
PC Gl G2 G3

ESI.I. Gatel.l. CCD
6-inch image intensifier camera



Test system for UV laser light detection




First observation of the UV laser beam

S/N =136
(@ X = 2256 px)

X = 2256 pixel
3)
O 20000+
=
Detector: UV |1 + gatell +CCD =
2 10000
Exposure: 1.0s g
L aser output: 60 ml/pulse, 3kHz = )

Gatetime=5ns 1300 | 1400 | 150
Y Axis (pixel)



Obsarvation of starsat CEReS site

2007/2/21 19:10 FOV=42 deg, res=4.3 arcmin=1.3 mrad

+ l 5‘ ) iy ..-I L
- Auriga

- Capella -
'fﬁ.“\ E.

‘ . 18 . RN
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. : LA - T
-~ . Ve M38



Perfor mance of the 1/3-scale moddls

Configuration of

the measur ement
Observed
S50 Image of the
Jom UV laser
Telescope Laser site beam
30m (355nm UV laser)
9F 15m 100mW 12000
5F | A
10000
8000 S |
igha
o\64m g 6000 °
; 4000 |
o

2000

0




SN OFf UV laser beam opservation
(a) Laser ON (b) Laser OFF

Observation angle 31° , Angular resolution 3.
arcmin 1l.lmrad

Laser output energy 10 mJ/pulse 10Hz
Elevation angle 35 deg
Exposure 1S
Gatel.l. Gain 210 (Im/m?)/Ix
(Control voltage 7.0 V)

S/N =241
! | 14000 7

Difference: (a) — (b) 12000+
& 10000- f\
2 8000- r1
2 6000- '
u
= 4000-
S 2000- M M
D_
200 400 600

EIUU 1 UUU 1200

pixel



Scanning measurement (1)

Laser ON Laser OFF Difference:
(a) (b) (@) —(b)

Mirror

Verticd
looking 80deg

Ashratelescope

Laser : Nd:YLF DPSS Laser
351nm, 3kHz, 174mwW

Gatel.l. gain 7.0V 40deg
Exposure: 1s



Scanning measurement (2)

Laser beam
elevation: 85 deg 60deg

Mirror

Ashratelescope

Laser : Nd:YLF DPSS Laser
351nm, 3kHz, 174mW

Gatel.l. gain 7.0V
Exposure: 10 s 2-dimensional

distribution of scattered
Intensity




Summary for theimaging lidar project A"‘
shra-1

In the Ashra-1 project, EHE cosmic-ray particleswill be
measured using wide-FOV/, high-resolution telescopes. The
FOV of 50 deg, resolution of 1 arcmin (0.29 mrad), intelligent
high-speed shutter, and 1 kHz repetition rate indicate that the
system has superior quality also for the telescope of an imaging
lidar. The overall amplification factor of the detection system is
106, equivalent to that of a conventional PMT.

At CEReS, we are developing a Mie-scattering imaging lidar
for the two-dimensional detection of aerosol particles. After
completing the assembly of the 1/3-scale Ashra telescope, we
are checking the overall performance of the system.






