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TMT tertiary mirror axis calibration with laser tracker 
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To calibrate the tracing performance of the thirty meter telescope (TMT) tertiary mirror, for the special requirement of 

the TMT, the laser tracker is used to verify the motion. Firstly, the deviation is divided into two parts, namely, the re-

peatable error and the unrepeatable part. Then, based on the laser tracker, the mearturement and evalutation methods of 

the rigid body motion for the mirror are established, and the Monte Carol method is used to determine the accuracy of 

the mothod. Lastly, the mothod is applied to the turn table of a classical telescope and the residual error is about 4 arc 

second. The work of this paper will guide the next desgin and construction work of the thirty meter telescope tertiary 

mirror. 
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The thirty meter telescope (TMT) is one of the largest 
telescopes in the world, which is built in Hawaii. As a 
Ritchey-Chrétien system, the main mirror is composed of 
492 hexagonally-shaped hyperboloid segments that re-
main co-phased. The tertiary mirror is a flat reflecting 
mirror with 3.594 m by 2.576 m elliptical shaped[1-3]. 

The tertiary mirror is very challenging because it di-
rects the beam to the instrument on the both sides of the 
elevator axis during the tracking of the telescope. For the 
extremely high level of pointing accuracy, the calibration 
of the beam that comes out from the mirror is very im-
portant[4-6].  

The tertiary mirror is mounted in a positioner assem-
bly which provides rigid body rotation and tilt. The sys-
tem is developed by the Changchun Institute of Optics, 
Fine Mechanics and Physics in Changchun of China.    

As the TMT requires, the calibration of the both axes 
is under the consideration of the whole coordination. It 
means that the error in every part of the tertiary mirror is 
accumulated to the tilt and rotation motion of the mirror. 
The error of the encoder, the noise in the control close 
loop, the fabrication error of the structure, the gravity sag 
and the thermal gradient[7-10] are concerned. 

The errors can be divided into two kinds: the repeat-
able error and the unrepeatable error. For the repeatable 
error, the main source is the gravity sag. In every time of 
observation, with the gravity vector changing, the struc-
ture will deform according to the working conditions. 
This error can be corrected by the open loop, namely, the 
look-up table. The unrepeatable one is the major problem 
in the calibration.  

This paper will calibrate the encoder to make sure that 
the tertiary mirror system will be able to rotate the M3 

mirror about tilt/rotation axis to any angle within the 
ranges from 34° to 50° for tilt and from -180° to 180° for 
rotation, with a repeatable M3 rotation error (after tele-
scope calibration) of less than 3.5 arc seconds in root 
mean square (RMS). The calibration will allow compo-
nent adjustment or replacement if requirements are not 
met during the motion of each axis at multiple zenith 
angle orientations. For the challenge of the calibration, 
we choose the laser tracker as the tool to obtain the rigid 
motion of the mirror[11,12]. 

In this paper, the calibration measurement and calcula-
tion methods will be discussed. Then the accuracy of the 
method will be analyzed. And the measurement is ap-
plied to a classical telescope turn table, just as the way 
that it will be applied to the actual tertiary mirror. 

The coordinate system in Fig.1 shows the motions in 
the tertiary mirror system. The calibration focuses on the 
angular motions in the ECRS-Z axis and M3CRS-X axis 
directions, corresponding to the rotation angle   and 
tilt angle . 

All the pointing errors are finally evaluated in these 
directions. As described above, when we calculate the 
value of the jitter, we should measure the rigid body mo-
tion of the mirror itself, and then, project the error on the 
ECRS-Z axis and M3CRS-X axis.  

For the requirement of the TMT, the rotation/tilt axis 
of the partially assembled M3PAP will be tested with 
surrogate weights added to represent missing hardware to 
measure the motion requirement applied to this axis. The 
testing will be performed with the rotation axis aligning 
to the gravity vector and with the rotation axis rotating to 
one additional angle at least with respect to the gravity 
vector. 
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Fig.1 Coordinates of the TMT M3 
 

In order to measure the point error, introduced by 
gravity sag, thermal expansion, friction ripple, etc., the 
mirror rigid body location will be tested. The laser 
tracker is recently involved to measure the large scale 
distance with high accuracy. The sensor on the mirror is 
a spheric reflector, which can reflect the laser beam from 
any direction. It is more convenient to allocate in the 
different places in the very large system by certain small 
interface, as shown in Fig.2. 

 

 

Fig.2 Laser tracker for the TMT M3 
 
As shown in Fig.2, the coordinates of the three targets 

are achieved by the laser tracker, noted as  1 1 1, , ,x y z  
   2 2 2 3 3 3, , , , ,x y z x y z . 

The normal vector, M3CRS-Z axis is:  

 a b
n

a b
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This vector can present the point direction of the mir-
ror, where 
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The position of the mirror can be expressed by  
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The rotation vector about the ECRS-Z axis is 

ECRS ECRSZ Z   r n V n  .                      (4)  

The rotation vector about the M3CRS-X axis is 

M3CRS M3CRSX X  r V n ,                       (5) 

where ECRS ZV  and M3CRS XV are the unit direction vectors 
of the axis. By the vectors, the rotation angle   and tilt 
angle can be calculated. 

The Fourier series has already been widely used in the 
analysis of the shaft, so we employ the technique to ana-
lyze the data.  

The Fourier series of ( )w t  is:  
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Note that the fast Fourier translation (FFT) of ( )w t  is 

( )x n , so 
1

( )nc X n
N

 . Then 

2Re( );n na c  

2 Im( )n nb c  .                             (9) 

For the laser tracker, we can use the points to construct 
vectors, and then calculate the rotation/tilt angle. Thus, 
the low order series will be removed, and then the resid-
ual rotation/tilt error can be achieved.    

In the laser tracker case, the rotation/tilt angles have 
no equal interval. This will make the fast Fourier trans-
form impossible.  

For most cases, the first order interpolation will be 
adequate for the fitting. The interpolation with too high 
order polynomials will introduce huge error at the 
boundary of the testing range. 

In the common case, the low order component is al-
ways repeatable error. For example, the gravity sag al-
ways appears as the sine function. So we should confirm 
the lower order part to set up the look-up table and then 
calculate the residual part to make sure that it will meet 
the requirement.   

In most cases, the Gauss-Markov model is used to 
specify the mathematical relationship between the data 
and the parameter we want: 
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where L is the data matrix, A is the coefficient matrix, 
X is the parameter to be identified,  is the measure-

ment error, 2

0 is the variance, and P is the weight ma-
trix. 

The error of identification always comes from two 
parts: one is the system error due to how the data is col-
lected, and the other is the bias of the estimation method:  

 TE e e  

      T
ˆ ˆ ˆtrace var trace bias bias⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦ ⎣ ⎦x x x .   (11) 

We note that 1 2, , , t  … are the singular values of 
TA PA , then the singular decomposition of TA PA is： 

T T
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The error of the estimation is: 
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The residual error always follows the normal distribu-
tion, as shown in Fig.3, which is the residual pointing 
error of a classical telescope. The distribution is very 
close to the normal one.  

 

 

Fig.3 Residual pointing error of a classical telescope 
 
In the sphere coordinates, the three dimensional coor-

dinates of one point can be expressed as follows:   
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We note that the three parameters with error can be 
expressed as follows:  

ll l    , 

     , 

     .                              (16)

 

The length item error is about 0.1 m, and the encoder 
is sensitive to the angular motion more than 1″. As is 
shown before, we suppose that: ~ (0,0.1)l N , ~ (0,1)N , 

~ (0,1)N . 
So in this case, considering Eq.(14), we get  
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where 2 2 2, ,x y z    are the variances in three directions, 

 , ,i j k  is the direction vector that will be evaluated, 

and r is the amplification of the rotation vector. 
The angular accuracy is related with the displacement 

measurement accuracy and the rotation  radius. We 
consider the accuracy versus the distance that the tracker 
target is away from the mirror center, as shown in 
Figs.4-6. 

 

 

Fig.4 Distribution of the laser tracker testing (r=1.9 m) 
 

 

Fig.5 Distribution of the laser tracker testing (r=0.5 m) 
 

As shown in the figures, when the mirror is larger than 
4 m, the accuracy is less than 1 arc second. If the mirror 
is smaller, some other fixtures can be used to enlarge the 
rotation radius.   

For the classical telescope, the turn table is a main 
source of errors in pointing. It is shown in Fig.7 that the 
turn table is about 1.2 m in diameter, almost 3 m away 
from the laser tracker. The accuracy is about 1arc second. 

Using the method mentioned above, we can obtain the 
deviation in the normal direction of the axis: 
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We can see from Fig.8 that the first order of sine 
function is contained in the curve, so it is the repeatable 
part of the deviation. After it is removed, the residual 
error is about 4 arc seconds and that should be 
considered about by the encoder vender or the system 
controllers.   
 

 

Fig.6 The deviation of the test of laser tracker 
 

 

Fig.7 The free response of the mirror system  
 

 

Fig.8 Real part of the transfer function of the mirror 
system  

 
The calibration test will help to select the components  

to meet the motion requirements. The system is analyzed 
to predict the motion, and then the analysis is verified 
through testing. An understanding of the TMT definition 
of telescope calibration is achieved. 

The tertiary mirror is supplied by the Changchun In-
stitute of Optics, Fine Mechanics and Physics in Chang-
chun of China. There is a 1/4 scale prototype under con-
struction. Some tests are performed to understand the 
calibration procedure. Furthermore, for the scale theory, 
the final residual error metric may be better than 3.5 arc 
seconds in RMS. 
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