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29 1. Coordinates relationship of the volumetric interferometer.
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: volumetric interferometer, uncertainty evaluation, self-calibration.
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3£ 1. Dominant error sources of the two-point diffraction interferometer

Classification Error sources Symbol Input conditions
Laser intensity stability n" u; < 0.07% of IT
High frequency vibration n" The uy is neglectable, because it only
affects the fringe visibility.
Fringe error, Temperature variation in the fiber n" ur< 001K
Nk Low frequency pressure variation in the fiber n up < 8X 107 rad.
Nonlinearity of fiber elongation & PZT n uy < 0.15 rad.
Electrical noise nt ug < 0.7% of I1
Detector nonlinearity n° up < 0.8% of I
Fringe error *
Model error, Sphericity of the sphf:r.ical wave UM us < 1X107° rad.
Laser frequency stability Ny u, < 1 MHz
Ma Air refractive index variation e U < 1077
Detector position error nP* upp < 100 nm

Notes: All the listed input conditions represent the worst cases that could possibly occur over the whole working volume.

B ERNE 4 (2] PR B 1o 9% FE 5
2 8oz ¥ 19 77 24 995¢ THEReH, 1] &
3 BEE wis A (MERE 4 @ 2o) 2T & ok

2 22 1P 1P 192
Uy = [W[J u[s+[%;] uy+[%7':| uT+]:_p:] Up
F122 HhP2 (972
+[WJ ”N+[5nﬂ u5+[%} " ®)
2l (8)lA oliEA Is, V, T,..., D& & 1909 &I
H71o] wgkoH ¢ A2 A () (st
AR PRt 2d A 9%E Fe F8 Q0L ¥
194 Bo] 4 (8)9] woll Fh Fu AFA, 3UIEE
g Ws, PHse APE, 3787) NY 7 85 9N

2 5ol taljRth. IER A 24 BERE we 4 (9)
SEEAELES

= (g i [Ge] 5+ [am]
o, 2 &, 2
[ mna) o [ o ©
2 (9] o} HA}F v, na, S, DP 9 & 19]9] 23F4<)
FE710) wgtow T HE A @F oue.

27} P oVdA A, A 58 BXIE HAse
&l (global minimum)ollA4] 67} U]X]*i Gy 21)s (2, Y2, 22)
2 olFojd ®d A%t £ A% A = A8 LAsH
B4 E=00] "ot A 4 (99 2ol 7] 9Y

Bl o8 nuot BAE A5 A e 4 10" A &
dalloF 3t

N - N

k k2 k k 2

E= Y 14" =AT = 3 (A - (A 4 o) <oy
k=1 k=1

= Residual error (10)

2l (100014 N At AMSE BHEE7] Bjge] sk FE
JulEH, Nomes N 7HEH 7P 2 FE AW A
10y} 7ro] EA Tl 792 Hresidual error)7t U2 S,
HHskd A= B HE (0, yi, 20), (2 v D2 F
x| £l 4 6l EHE vt o] FHE A (&,
Er, &), (Lo, Ep, EY TIBIRTE 29 3& EAFS
FAe} (&, &, £ BAIE HAET o9} 22 A EY
oMo 2 RE T 72 AMIES ¢ F Utk

1) 2H%+E 8l(global minimum) AN HE 3} (&,
éyl’ &zl)a (éxb éyZv 512)9’]' "t—j-'}\]';'g'g‘i é} (ll)ﬂ' 7"—"}01 ?/"K]- 6‘;}
T gele] #AE zhe=t)

Residual error sﬁxlljil + /3},15}2,1 + ﬁzlﬁjl + B, 32
+By, iz*’ 22 32 an

2) Ak R A 83 74 3, A and &
o AL (Ba, Bu. Bt Ba Bo e A e TE
7}z,

3) 29 394 BEe] B0 Bt Byl HISHA 4w o]
B 2 g Mt &, ALE B3] AL ¢ B o7
sl 713 22k (sensitive)3}t}.

4) 4 (10), 4 (1D2FE F=E 2 (12)94 BEe] A
F P EFE AR &, & &), Ga G S F
ol7t}.

5) 37Wde] okt el AR AlEE o] g vt
3, Pl fiXle] w2 po] Wske A9 gtk & 7 TS
Aol ZHA(x - x5 yi—y2 n—2)° AETE fo AL
aHER HEAE Fol7] YiE T TRs Aele] 714
£ 7F5% Folof W) B =RNE T HYRE M2
HI=Z FaeIA T FRe] 7470 FeF(cladding) A&
125 ums} ZRREE e A

6) f= Ao Z Nol| v, 4] (13)9M Nol AHZA
FE 237t A= AL ofUth. Noj 1007} o)Atold Nej
o3k Wsh= A |l

7 F1 A BREV] vide] E5 f= & #E 7L

H}-.‘.j'_'é‘]- |

pl



524  s=3351E)A A 139 A 6F, 2002 129

0.08+
0.07
o.osj
0.05+
0.04+
0.03
0.02-

0.014

0.004

Residual error of the cost function [ um?}

T T T
-100 -50 0 50 100
£ andg  [nm]

(@) &x1 and &y,

e ]

3 1 “‘A—E_,“

= ——Eu

S 4

g

2

= 34

']

g8 |

]

£ 24

-

(=]

1

e

3 1j

]

3

] oﬂ

Q

m T T v T T T
-100 -50 0 50 100

g andg, [nm]
(b) §x1 and E;zl

229 3. Quadratic relationship between the residual error of the
cost function and the coordinate errors (&, &, and
&.1) at the global minimum.
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3 2. Uncertainty evaluation result and individual influences of error
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Notes: The number of selected detectors is 64X48.
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(b) Test result of the interferometer.

Z1% 4. Experiment for resolution verification with Kleindiek
Nanomotor.
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(b) Deviation map between the optical scale and the interferometer.

21 5. Comparison of the optical scale stage and the interferometer.
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1% 6. Antifact plate for the error extraction.
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L
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volume \

2.
2 min: 718 nm
z_sigma :352 nm

x:min :'-"6 nm
x_sigma : 371 nm

z:mln :' 1347 nm
z_sigma : 614 nm

x:mln :. -1472 nm
X_sigma : 731 nm

(b) The systematic error of the
interferometer aty =-21.12mm.

(a) The systematic error of the
two-dimensional optical scale at
y=-21.12mm.

1Y 7. The reconstructed systematic error using the Fourier self-
calibration algorithm.
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19 8. Measured volume for systematic error extraction and the possible working volume of the interferometer.
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X_max : 1383 nm
*_min : 4521 nm
x_sigma : 848 nm

2_max : 1502 nm
2_min: 1444 nm
2_sigma : 665 nm

x_max : 934 nm
x_min : 588 nm
x_sigma : 377 nm

(b) The systematic error of the

z_max : 738 nm
z_min: 723 nm
2_sigma : 322 nm

(a) The systematic error of the

optical scal at y =-11.12 mm interferometer aty =-11.12 mm

x_max: 887 nm
x_min : 738 nm
x_sigma: 352 nm

2_max: 529 nm
z_min : 824 nm
2_sigma:316 nm

x::lgma:771 nm 2 liqma 656 nm

(c) The systematic errorof the  (d) The systematic error of the

optical scale aty =-11.12 mm interferometer aty =-11.12 mm

19 9. The reconstructed systematic error at the plane of y =—11.12
mm and the plane of y = -1.12 mm.
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x_max : 514 nm
x_min ; 632 nm
x_sigma : 322 nm

z_max ;768 nm
2_min : 588 nm
2_sigma : 259 nm

x_max: 8587 nm
x_min 1735 nm
%_sigma 352 nm

2_max : 5§28 nm
z_min : 624 nm
2_sigma: 318 nm

(a) The artifact error of the (b) The systematic error of the

interferometeraty =-1.12 mm interferometeraty —1.12 mm

1% 10. Comparison of the artifact error and the systematic error.
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10 —m— at the planeofy =-1.12 mm
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— 0.8 . o A
E 1 * Maximum deviation : 464 nm i
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"q ]
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© 0.2
e
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node number
(a) x-direction
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ie]
g 0.4
=
N
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s
&
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= 4
<
-0.8

node number

(b) z-direction

1Y 11. Artifact error of the plane at y = —1.12 mm and the plane at
y=-11.12 mm.
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Error analysis and performance test of the volumetric interferometer for three
dimensional coordinate measurements
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We have recently proposed the new concept of a phase-measuring volumetric interferometer that enables us to accurately
measure the xyz-coordinates of the probe without metrology frames. The interferometer is composed of a movable target and a
fixed photo-detector array. The target is made of point diffraction sources to emit two spherical wavefronts, whose interference is
monitored by an array of photo-detectors. Phase shifting is applied to obtain the precise phase values of the photo-detectors. Then
the measured phases are fitted to a geometric model of multilateration so as to determine the xyz-location of the target by
minimizing least square errors. The proposed interferometer has been designed and built with a volumetric uncertainty of less than
1.0 pm within a cubic working volume of side 120 mm. Here, in this paper, we also present error sources, an evaluated
uncertainty, and test results from the prototype system. The self-calibration of two-dimensional precision metrology stages is
applied to test the performance of the interferometer.
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