










 
 

 

The number of pins ranges from 4 to 16, but we primarily experimented with a 4-pin or 8-pin set up currently. In order to 

capture the figure of the suspended mirror without introducing additional distortion, the pin can only impart a small force 

to the mirror. From finite element analysis, for 4-pin mounting at general position not too close to mirror’s corner, force 

normal to the mirror surface is limited to < 1 mN in order not to distort the mirror in its sag. The force to alter a mirror’s 

local tilt angle is even smaller for a 4-pin mount. Two experimental approaches were investigated: (1) Direct bonding 

with epoxy of mirror onto tips of adjustment screws with fine pitch (25 μm thread was used), where the screw lengths  

are pre-set to match the mirror at its back; (2) Bonding onto pins in low friction bearings. 

Direct bonding of mirror onto strongback is straightforward and have achieved good repeatability for 4-pin mounts. 

Some of the early results were reported previously
8
. In this simple scheme, a mirror in suspension is brought to contact 

with the pins on the strongback to within ~ 0.2 mm. The mirror and the strongback are then separated before epoxy 

beads, which have a typical size of 1 mm, are applied at the tips of the pins and the mirror is brought back into contact 

with the pin again. However, extending this procedure to more pins in order to facilitate the transfer to an external 

structure encounters some difficulty. The direct insertion of a bead of epoxy to bond the mirror to the pins causes 

displacement of the mirror relative to the pins, and it shows up as a variation in axial tilt angle in a simple rectangular 

style 4-pin bond and higher order figure error in a configuration with more than 4 pins. The induced displacement is 

caused by a combination of the non-uniform size of the epoxy beads, uneven epoxy shrinkage and surface tension of the 

adhesive.  

Figure 3. A pair of mirrors bonded to fixed pins are shown in the left panel. The mirrors were bonded with direct insertion 

of epoxy between the mirror and the pins. The strongbacks are made of titanium. On the right panel, a mirror is bonded 

to pins floated in air-bearings. Pins floated in housings, with compressed air at 30 psi, can be displaced by mm with a 

force of just a few 10
-4

 N. 

   

To reduce the impact of epoxy, a better method is to get around this “epoxy-filling” effect by first bonding the mirror 

onto pins that are “free”, so that the any change in the bond line can be accommodated. The pin is subsequently fastened 

onto the external structure in any mechanism operating radially on shaft of the pin, thereby without needing to affect the 

pin in the direction normal to the mirror surface. For the choice of pins of suitable sizes, given a typical coefficient of 

friction of 0.5, say, between aluminum and steel, a pin having a mass of 0.2 g and with a diameter of about 1 mm is 

required in order for it not to exert a force normal to the mirror surface just from frictional force. It turns out that a pin 

this small is not strong enough to hold the mirror in place. The bending of the pins after the removal of the suspending 

strings imparts bending moments local to the bond points. These local moments from pin-bending were demonstrated in 

surface metrology of mirrors bonded this way. Stronger pins sliding on ball bearing, thus having smaller coefficient of 

friction, is another option. We tested a set of linear bearing with pins of 2.7 g in mass and 3 mm in diameter. The 

coefficient of friction was smaller and measured at 0.12, but because of the larger mass, the frictional force is still 

appreciable, at about 4 mN normal to the mirror surface. 
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A set of air bearings provides very little friction to bonding pins. These work with larger pins with 6.35 mm in diameter. 

The pins are floated in their housings with sheaths of air cushion in tight gaps of approximately 10 μm. The “friction”, 

measured from the angle that the pins begin to slip in either direction from its neutral position, is small ~ 0.002, if it is at 

all measurable. However, imbalanced air-flow, from imperfection in machining the tight gap where air flows, causes the 

pins to move forward or backward simply by air-dragging. By lightly polishing the pins, we were able to established 

equilibrium states of the pins so that they can be stable, and will gently oscillate about their equilibrium positions. 

Precise setting of the equilibrium positions and gentle profiling of the pins can ensure very small force from the pins 

onto the mirror. The restoring force is estimated, from the periods of oscillation, to be 0.1 – 0.4 mN/mm. More direct 

measurement with force gauge coupled to pins on air bearings demonstrated forces as small as 0.016 mN/mm over 

nearly the entire length of the pin and is essentially linear. Some pins are not as good due to difference in machining. 

Nevertheless, such force is sufficiently small for our application. 

With the set up, a mirror was bonded to the pins floated in these low friction bearings. The procedure was repeated five 

times, from which very good repeatability and small distortion of low order figure was achieved (besides in one case that 

there was an operational incidence, the other four cases were shown in figure 4.) The second order error is shown to 

repeat particularly well. The fastening mechanism of the pin to the strongback is still to be improved upon. Various 

mechanisms from bonding to cramping are being continuously investigated.  

Figure 4. Low order parameters characterizing a mirror bonded to pins with air-bearings. The mirror radius is nominally 

242.5 mm and spans 50 degrees. Bondings are done at four points, with two in each azimuths where the mirror was 

first suspended. Dependence on azimuthal angle of radius variation, tilt angle variation and axial sag, are shown. 

 

3.4 Permanent Mount onto Mirror Housing Simulator 

The process of aligning mirrors on the temporary mount, and subsequent transferring of them from the temporary mount 

to a permanent structure is studied with the aid of a Mirror Housing Simulator. This simulator is a framed structure made 

of titanium, Ti-15Mo, and consists of bonding tabs, also made of titanium, on short rails at its sides (and top and bottom 

ends.) The simulator consists of two stages. 

A mirror housing simulator structure was designed, modeled and fabricated. It can accommodate 3 pairs of mirrors of 

different radii. It is kinematically mounted in the vertical orientation on its base plate. Mirror to be bonded onto the 

housing simulator is transferred from a strongback where the mirror is temporary-bonded. Mirror bonded on the 

strongback in the temporary mount can be oriented and aligned with the aid of a 6 degree-of-freedom hexapod. The 

mirror will then be de-bonded from the strongback. The de-bonding process was tested repeatedly in test fixtures and 

was shown to be reliable. For the mirror bonded onto the pins in the strongback, a small twist of the pins will cause the 

mirror to be detached from the pins without any measurable damage. Alignment and bonding of mirrors onto the housing 
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simulator are in progress. X-ray testing of these mirrors are planned. To test the permanent bonding and the mirror 

transfer processes, simulation of the process was carried out with a series of mirror strongbacks, in which a mirror 

temporary-bonded in the strongback is transferred onto itself. The transfer processes include bonding the mirror at its 

periphery to tabs on the strongback, as if it is a telescope housing, and de-bonding the mirror at its temporary bonds. The 

mirror was then qualified with both surface metrology and x-ray testing. 

Figure 5. The mirror housing simulator. The framed 2-tier structure, made of Ti-15Mo, is shown on the left panel. The right 

panels shows a detailed view of the tab mechanism for bonding aligned mirror. 

  

 

4. RESULT AND DISCUSSION 

4.1 X-ray test  

To test the concept of the mounting scheme described above, we carried out the suspend-transfer-bond processes for 4 

sets of mirrors, and assessed the imaging performance of them in x-ray. In these tests, carried out from November 2008 

through March 2009, we suspension-mount a primary and a secondary mirror onto glass strongbacks, transferred the 

mirrors onto itself as described above, and bonded the mirrors at the stronngbacks’ edges. These procedures mimic the 

processes that can be used for mounting mirrors onto telescope housings. The mirrors are subsequently aligned to 

achieve focusing at the nominal focal distance. For historical reasons, all of our mirrors are of 8.4 m focal length, as the 

mirrors are fabricated with heritage mandrels with a f = 8.4 m design. We note that, in our procedure, the alignment 

follows the bonding of the mirrors; whereas in the actual implementation conceived, the bonding occurs after alignment. 

The error associated with this difference in procedure is not included in our tests. They will be included in the upcoming 

tests for mounting mirrors in the mirror housing simulator. Four series of mounting, alignment and measurements were 

carried out. Except for one test in which the strongback was inadvertently distorted from an inappropriate mechanism for 

mounting the strongback itself, the other three are listed in Table 1.  

X-ray tests were carried out at the 600 m beam line at Goddard Space Flight Center. Due to the finite distance of the x-

ray source, a beam divergence correction of ~ f/LB of 1.4% was made to the focal distance. X-ray tests were first carried 

out at three different energies: Al K� at 1.5 keV, Ti K� at 4.5 keV and Cu K� at 8.0 keV. From the first measurements, 

it was verified that for the angle of incidence under consideration (0.42°), the dependence of mirror imaging 

performance on x-ray energies was not significant at the current level of imaging quality. Subsequent tests were 

therefore only carried out at a single energy, which was chosen, for practical purpose, to be the Ti line at 4.5 keV. 

Detection is done with a Princeton Instrument 1024 x 1024 pixels x-ray charge-coupled device, operating at about -
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100°C. Several attempts of alignment were made for each pair of mirrors, and their corresponding x-ray images were 

taken. The range of values listed in the table reflects the statistics of these measurements. 

Table 1. A summary of x-ray tests of suspension mounted mirrors.  

Test Date Mirror, Strongback & 

mounting conditions 

Half-Power 

Diameter (arc-sec) 

90%-Power 

Diameter (arc-sec) 

Best HPD 

(arc-sec) 

11/12/2008 

– 

11/20/2008 

P2009/S2009.  

4-point temporary bond 

at suspension azimuths. 

Mirrors face sideways. 

1.5 keV: 19.77 ± 0.21 

4.5 keV: 19.19 ± 1.11 

8.0 keV: 17.81 ± 1.39 

1.5 keV: 62.0 ± 4.5 

4.5 keV: 57.9 ± 3.3 

8.0 keV: 53.3 ± 5.7 

16.6”, 

16.8” 

02/12/2009 

– 

02/19/2009 

P2021/S2024. 

4-point temporary bond 

at suspension azimuths, 

transfer to 4-point 

permanent bonds at 

edges. Mirrors face up. 

4.5 keV: 19.62 ± 1.24 4.5 keV: 52.7 ± 3.8 16.6”, 

17.2” 

02/28/2009 

– 

03/01/2009 

P2021/S2041. 

4-point temporary bond 

at suspension azimuths, 

transfer to 4-point 

permanent bonds at 

edges. Mirrors face up. 

4.5 keV: 18.67 ± 1.25 4.5 keV: 47.1 ± 2.5 16.6”, 

17.9” 

 

Figure 6. Summary of an image and the performance of a bonded pair of mirrors, tested on 3/1/2009. The panels show the 

image in the detector plane (top left, detector pixel is 13 μm square); determination of the image center in the long 

direction from width of image slices (top right); photon radial density distribution as a function of radius (bottom left); 

encircled energy function and the half-power diameter (bottom right). 
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The mirror’s performance, of which the angular resolution is our prime concern, was derived from a determination of the 

center of the image and with that the encircled energy function. An example is shown in figure 6. The center of the 

image is determined as the “neck” of the image, or alternatively, as the position having the peak intensity. Either of these 

methods yields similar results and the uncertainty associated with this determination is < 1 arc-second. The difference in 

HPD due to this uncertainty is much less than one arc-second. The derivation of the x-ray imaging performance, 

however, is susceptible to detector background as well as its treatment in analysis. Depending on the detector 

background noise, x-ray intensity, collecting time, and treatment of background analysis, values of the HPD derived can 

be different to about 10%. Since the signal is only a small fraction of the total background, and the image size is 

relatively small compared to the area of detector to be considered for background analysis (we chose 2 arc-minutes for 

the analysis of background, the detector size is over 5 arc-minutes), the cumulative background counts can easily 

overwhelm the signal in the consideration of the encircled energy function. For the values listed in the table above, we 

chose a method that attempted to fit the background with a 2-dimensional quadratic form. A smaller HPD values, up to 

1.5” smaller, can result if we chose different approach to analysis, such as a smaller area to analysis, and assume 

different constants for the background (some “background” pixel may become negative). The “best HPD” listed in the 

table reflects those choices. The average values in Table 1 include all the data in full image measurements, and should be 

considered as a rather conservative estimate of the overall performance of the process. Better results were demonstrated 

in selected measurements. 

Detailed analysis of the P2009/S2009 mirror pairs was carried out, with optical surface metrology of the mirror before 

and after temporary bonding and permanent bonding, and after the x-ray test. Differencing in those map showed that the 

additional errors due to figure distortion introduced in the mounting process is about 8 arc-seconds. This error is 

currently better than that of the intrinsic mirror figures themselves but is not sufficient to meet the mission requirement, 

especially now that the mission requirement of the telescope’s angular resolution is re-defined from Constellation-X’s 1 

arc-second to IXO’s 5 arc-second. The present mounting performance would have been very close in meeting the 

original pre-IXO (i.e., Constellation-X) mission requirement.  

4.2 Plans for Technology Development 

As stated, our goal for the “suspension mount” is to use the precision figure of the mirror segment as the starting point, 

and seek to preserve the mirror’s figure in the mounting process. The procedure can generally be divided into three 

components: First, the suspension and mounting of mirror which aims to ready the mirror and capture its “free-state” 

onto a strongback; second, metrology and alignment of the mirror possible now with the mirror on its strongback; third, 

transfer and bonding of the mirror onto the telescope housing and dismounting/de-bonding of the mirror from its 

temporary structure. As of now, development of the three technology components is pursued nearly independently and in 

parallel, as is reported above. We have begun testing with bonding at just 4 pins, and the plan is to move to bonding at 

larger number of points for more secured mounting. Numerical and experimental studies indicated that a bonding at 8 

points around the mirror perimeter would be sufficient
9
. In fact, bonding at more than eight points may not significantly 

enhance the margin against structural failure, but it may distort the mirror figure unnecessarily, and at smaller spatial 

scale.  

We are conducting intense studies on critical issues related to each of the three components above. They include: gravity 

sag from suspending the mirror; displacement of mirror due to the bonding processes, such as during epoxy application, 

from the adhesive’s viscosity and surface tension effects, and epoxy shrinkage; and thermal stress and strain. We hope to 

achieve the following technology readiness in four overlapping phases. In phase A, we temporary-bond mirror segments 

at 4 points to a strongback, with optical metrology and x-ray test as verification. In phase B, we temporary-bond and 

transfer mirror segments at 4 points to a permanent structure, again, with surface metrology and x-ray test to evaluate the 

performance. In phase C, we extend the process to bonding at 8 points. Finally, in phase D, we will co-align multiple 

pairs of mirror onto the housing structure, and conduct x-ray tests as well as vibration and acoustic tests for process 

qualification. As of now, we have gone through large part of phases A and B, even though more improvement in terms 

of precision is planned. Studies in phases C and D have started. 

4.3 Summary 

In summary, we have developed the suspension mount, a passive approach to mounting the mirror without attempting to 

actively adjust for the mirror’s figure. We have developed different aspects of the suspension mount: the suspension, the 

temporary-bond, transfer and permanent bond, in parallel, and to an extent that the combination of the developed 

techniques produce mirror pairs of an HPD of 16 arc-second, tested in full beam x-ray tests. The error component in 
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mounting the pair was estimated from surface metrology as 8 arc-second, whereas the mirror itself is about 11” each. We 

have planned further improvement of the techniques, including using a near frictionless air-bearing in the temporary-

bond; 4-string whiffle-tree suspension method to reduce distortion due to the suspension; mechanical design with 

flexures, of kinematic mounting of the temporary strongback to take out its other mechanical distortion. We have 

designed and fabricated a housing simulator for the purpose of experimentation of mirror transfer and alignment.  
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