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E
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M
S accuracy) 

E
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J , 5ua, 5pc 

1M
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as source separation 

Expected photocenter accuracy as a function of m
agnitude, per spectral channel w

ith a resolution 5000. The analysis considered the source photon noise, the therm
al background 

noise and the detector noise. It also included an hypothesis on the quality of the instrum
ental calibration based on the tw

o test benches described below. W
e assum

ed a global Strehl 
ratio of 0.3. The other experim

ental param
eters are copied from

 our VLTI experim
ent (AM

BER) and m
ight be pessim

istic for a single aperture instrum
ent. The “current” VLTI 

values indicated in the figure have been actually achieved. The plot show
s that spectro-astrom

etry w
ith the E-ELT can achieve indeed very high angular resolution m

easurem
ents: it 

w
ill have a higher resolution than the VLTI, for the photocenter displacem

ent, w
ithout the severe m

agnitude lim
itation resulting from

 the need to cophase or coherence an 
interferom

eter. 
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etry w
ith the E

-E
LT 

versus D
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Laboratory testbeds in progress

  a U
L

E
 bench w

ith a collim
ator parabola glued to it. T

he parabola w
as m

asked to allow
 a 14 m

m
 ‘prim

ary’ m
irror to be 

defined. A
 bundle consisting of 7 closely packed fibers w

as m
ounted w

ith a defocus in such a w
ay to create an im

age at 
an effective focal length of 1.1 m

 and an F# of about 80. T
he m

iddle im
age, top row

, show
s three of the seven stars 

created this w
ay. T

he sam
pling of the P

SF
’s, defined as the num

ber of pixels per Ȝ f / D
, w

as 2.55. L
ater on in the 

experim
ent, the aperture diam

eter w
as reduced to allow

 better sam
pling. A

lso m
ounted on the U

L
E

 block w
as a low

 
expansion ‘m

etrology block’, on w
hich w

as m
ounted six m

etrology fibers w
ith their tips pointed at the detector. T

hese 
w

ould be illum
inated pairw

ise to create various fringes.  

 

F
igure 6: M

C
T

 test setup in the S
IM

 vacuum
 cham

ber at JPL
. Show

n are the cham
ber (top left), the test setup 

(bottom
), the U

L
E

 low
-expansion optical bench (top right), and a single fram

e from
 the C

C
D

 w
ith three stars and 

m
etrology fringes (top m

iddle). In the bottom
 picture the test setup can be seen, w

ith the cam
era on the left.  

F
igure 7 show

s the m
etrology block and the im

aging parabola during the installation phase. A
s highlighted by the circles 

in the picture, 3 horizontal and 3 vertical fibers w
ere m

ounted on the block. T
he spacing betw

een the fibers w
as designed 

to create a range of fringe spacings. O
n the right side of the figure can be seen 15 fringe patterns observed as each 

unique pair of fibers w
as turned on. 

A
 m

ore detailed look at the m
etrology system

 is offered by Figure 8. A
cousto-optic M

odulators (A
O

M
’s) are used to 

sw
itch on laser light to a pair of optical fibers, frequency shifting the light to one of the tw

o fibers by a few
 H

z relative to 
the other. In general, an optical fiber projects laser light at divergent cone of about 10 degrees (deg) in diam

eter. O
n the 

C
C

D
, the light from

 the tw
o illum

inated fibers interferes and, because of the frequency offset, the fringes “travel” across 
the C

C
D

 surface. T
he C

C
D

 in the experim
ent could be read at up to 50 fram

es per second (fps). If the applied 
(“heterodyne”) frequency offset is chosen at 5 H

z, then the output of any given pixel is a discretely sam
pled, 5 H

z sine 
w

ave w
ith 10 sam

ples per cycle (assum
ing 50 fps readout). If w

e com
pare tw

o adjacent pixels w
e see tw

o sine w
aves 

w
ith a know

n phase shift. If the fringe spacing is, for exam
ple, 4 pixels, then adjacent pixels w

ill have a O/4 (i.e. 90 deg) 
phase shift. In other w

ords, the m
easured phase difference betw

een any tw
o pixels is directly proportional to the distance 

betw
een the pixels along the direction of the traveling fringe. B

y illum
inating pairs of fibers w

ith different relative 
positions, w

e can produce fringes traveling in different directions on the C
C

D
 surface and hence derive the relative 

P
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Figure 9:  M
C

T test results show
ing the flat field response (left) and effective pixel location deviations from

 a 
regular grid along row

 (m
iddle) and colum

n (right) directions.  

 

Figure 10: M
etrology of pixel locations for a 10x10 zone achieves 20 Ppix accuracy in 25 sec (left). A

lso, the 
m

easured distance betw
een the centroids of tw

o artificial stars dips dow
n to 30  Ppix  after 200 seconds (right) 

under conditions w
here the individual centroids are m

oving by about 10X
 as m

uch.  

5. 
SU

M
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A
R
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N
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O

N
C

L
U
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M
icro-pixel centroiding holds prom

ise as the enabling technology for low
 cost m

icro-arcsecond astrom
etry and 

particularly the search for Earth-m
ass planets in the habitable zones of nearby sun-like stars. W

e have developed an 
approach that uses precision m

etrology to calibrate the otherw
ise intractable focal plane system

atic errors that w
ould be 

encountered in getting dow
n to m

icro-arcseconds in astrom
etric accuracy. W

e have checked the algorithm
ic aspects of 

our approach using sim
ulations and begun testing the rem

aining aspects using a sm
all testbed called M

C
T.  

U
sing sim

ulation w
e found that our im

age position sensing algorithm
 is capable of 4 ȝpix accuracy in the presence of 

w
avefront errors and displacem

ents up to half a pixel. W
ith the M

C
T testbed, w

e w
ere able to calibrate the focal plane 

w
ith a pixel-to-pixel differential m

easurem
ent precision of less than 20 ȝpix after 25 seconds of integration. A

lso, w
e 

dem
onstrated star-to-star differential m

easurem
ent precision of less than 30 ȝpix after 200 seconds of integration. The 

next set of tests w
ill aim

 at system
atic errors and aim

 to show
 accuracy at the few

 ȝpix level by m
easuring the post-

calibration inter-star distance repeatability under conditions w
here the actual distance is effectively constant.  
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JPL testbed

IPA
G

 testbed

N
em

ati et al. (2011, SPIE 8151, E28)
N

em
ati et al. (2012, SPIE 8442, in press)

C
rouzier et al. (2012, SPIE 8442, in press)

In 
the 

context 
of 

the 
space 

astrom
etry 

proposal 
N

EAT, 
a 

m
ethod 

m
erging 

the 
signal 

and 
a 

reference 
interferogram

 
is 

developed. The current achievem
ent is 4 

10
-5 pixels accuracy on the difference of 

position betw
een tw

o quite far aw
ay parts 

of 
the 

detector. 
F

urther 
progress 

is 
expected, but this accuracy w

ould already 
allow

 spectro-astrom
etry w

ith the ELT to 
study 

a 
fair 

sam
ple 

of 
Jupiter 

m
ass 

extrasolar planets, at virtually any distance 
from

 
the 

central 
source. 

U
nder 

certain 
conditions, the m

ethod developed for N
EAT 

could be sim
plified and applied to spectro-

astrom
etry. 

 
 

 (figure is courtesy of F. 
M

albet, from
 the N

EAT study) 

“N
E

AT” testbed 
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Photocenter displacem
ent expected from

 a Jupiter m
ass planet 

orbiting at various distances of a star at 10 pc (from
 0.05 au –

solid-blue- 
to 

1 
au 

–dash-dot-dot-cyan-). 
A

chieving 
an 

instrum
ental calibration dow

n to the N
EAT study perform

ance 
w

ould allow
 m

easuring high resolution spectra of a large variety 
of Jupiters. Spectro-astrom

etry of extrasolar 
planets 

H
igh

-reso
lu

tio
n

 an
d

 h
igh

-p
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n
 C

o
lo

r-D
ifferen

tial 
A

stro
m

etry fo
r d

irect sp
ectro

sco
p

y o
f extraso

lar p
lan

ets 
o

n
b

o
ard

 SP
IC

A
: scien

ce an
d

 valid
atio

n
 exp

erim
en

t. 

A B S T R A C T  

W
e d

escrib
e

 th
e p

rin
cip

les an
d

 p
o

ten
tial o

f C
o

lo
r-D

ifferen
tial A

stro
m

etry (C
D

A
), a h

igh
-reso

lu
tio

n
 tech

n
iq

u
e

 easily im
p

lem
en

tab
le o

n
 th

e Scien
ce 

C
o

ro
n

o
grap

h
ic In

stru
m

en
t (SC

I) o
f th

e SP
IC

A
 satellite, an

d
 aim

ed
 h

ere at th
e d

irect d
etectio

n
 an

d
 sp

ectro
sco

p
y o

f gian
t Extraso

lar P
lan

ets (ESP
). B

y 
m

easu
rin

g th
e p

h
o

to
cen

tre o
f th

e so
u

rce d
iffractio

n
 p

attern
 relatively b

etw
een

 d
isp

ersed
 sp

ectral ch
an

n
els, C

D
A

 gives access to
 flu

x ratio
 an

d
 an

gu
lar 

in
fo

rm
atio

n
 w

ell b
eyo

n
d

 th
e telesco

p
e

 reso
lu

tio
n

 lim
it. A

p
p

lied
 to

 kn
o

w
n

 ESP
s, it can

 yield
 th

e in
clin

atio
n

 (th
u

s th
e m

ass) an
d

 sp
ectru

m
 o

f th
e p

lan
et. O

u
r 

estim
ates sh

o
w

 th
at lo

w
-reso

lu
tio

n
 sp

ectro
sco

p
y o

f Ju
p

iter-rad
iu

s ESP
 can

 b
e m

easu
red

 w
ith

in
 a few

 h
o

u
rs fo

r p
lan

ets at o
rb

ital d
istan

ces ran
gin

g fro
m

 0.05 
A

U
 to

 a few
 A

U
s, th

u
s co

m
p

lem
en

tin
g th

e d
etectio

n
 ran

ge exp
ected

 u
sin

g th
e co

ro
n

o
grap

h
ic m

easu
rem

en
ts. M

o
re gen

erally, it m
ay also

 ap
p

ly to
 an

y 
u

n
reso

lved
 so

u
rce w

ith
 so

m
e w

avelen
gth

-d
ep

en
d

en
t asym

m
etry.  

In
 ad

d
itio

n
 to

 th
e ESP

 cases co
n

sid
ered

 fo
r th

e scien
tific sign

al an
d

 to
 th

eir asso
ciated

 fu
n

d
am

en
tal n

o
ises, w

e also
 p

resen
t th

e in
stru

m
en

tal effects an
d

 a 
d

ed
icated

 o
p

tical test-b
en

ch
. Th

e co
m

b
in

ed
 effects o

f several in
stru

m
en

tal n
o

ise so
u

rces can
 b

e in
tro

d
u

ced
 in

to
 o

u
r n

u
m

erical m
o

d
el (p

o
in

tin
g erro

rs, b
eam

 
tip

-tilt, o
p

tical ab
erratio

n
s, variatio

n
s o

f th
e d

etecto
r gain

 tab
le), an

d
 th

en
 co

n
fro

n
ted

 to
 m

easu
rem

en
ts fro

m
 th

e exp
erim

en
tal test-b

en
ch

. 
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 Illustrative view of the CDA exploration range compared to direct imaging coronagraphy, and interferometry (dotted line) 

Legend – Ncal: number of calibration cycles; TTstab : Tip-tilt stability (mas); 
PA: pointing accuracy (mas); r: gain spatial roughness; s: gain temporal stability 

CDA signal for various orbital separations (G8V star, 10pc) 
CDA signal and noise levels for various parameter sets 

W
e have developped a laboratory test (D

IAM
S) to test the accuracy of the differential photocenter position w

hen it is not possible to introduce any additional 
calibration system

 (The study w
as m

ade for spectro-astrom
etry (or color differential astrom

etry) w
ith the SPIC

A space telescope. It show
s that it is enough to 

m
aintain the global photocenter of the spectrum

 on the sam
e pixels, w

ith the tip-tilt corrector, to obtain an accuracy on the spectral variation of the photocenter of 
0.5 10

-3 pixels. (Abe et al., SPIE 8442) 

“D
IA

M
S” testbed 

0.006” 

0.02” 

The sufficient condition for optim
al spectro-astrom

etry is that the 
Airy size λ/D

 is sam
pled at Shannon. A m

ulti-object spectrograph 
could have a set of “fiber launchers” fulfilling this condition. The 
subsequent spectrograph w

ould be unchanged. Som
e of the fibers 

could be used to inject a calibration interferogram
. 

Im
plem

entation requirem
ents 

Spectro-astrom
etry potential 

 
Expected photocenter variation through the Pa

α  em
ission line of the 

quasar 
3C

273, 
assum

ing 
that 

the 
BLR 

is 
dom

inated 
by 

a 
flat 

keplerian 
disk. 

Spectro-astrom
etry 

w
ith 

the 
E-ELT 

w
ould 

allow
 

caracterizing the central SM
BH

 in a very large sam
ple of quasars, 

even w
ith a basic “D

IAM
S” like instrum

ent calibration. 

Spectro-astrom
etry of Q

uasars B
LR

 


