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Abstract

The design and prototype tests of a segmented and shielded instrumentation structure, based on tube modules connected by cano
ball type kinematic couplings, are presented with application to a high-precision microscope for biological science experiments. The
segmented tube design is shown to be significantly less sensitive to deformation from uneven thermal disturbances than a single tube
structure. The gaps between the tube segments relieve thermal strains and restrict axial heat conduction, and the large-radius kinematic
couplings provide high thermal resistance interconnects without significantly degrading structural stiffness. Simulation results, based on
two- and three-dimensional models of heat conduction, are verified with experimental measurements of prototype structures and are used
to predict the dependence of the tilt error on the geometry, boundary conditions, and material properties of the tubular segments. Adding
layers of low-cost foam insulation and thin metal shielding to the walls of the structure further improves performance. Kinematic couplings
could allow the structure to be disassembled and reassembled without re-calibration, and thus, pre-calibrated tube modules with different
components could be easily and quickly interchanged between experiments.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction The High Precision Microscope (HPM) project, a col-
laboration between the University of lllinois Laboratory for
Technological advances in lasers, detectors, data acquisi+luorescence Dynamics and the MIT Precision Engineering
tion electronics, and computer processing have revolution- Research Group, is developing a novel microscope system
ized the use of optical microscopy in biology. The trend in to address the needs of multi-mode, quantitative biological
microscopy is towards greater precision and more quanti- experiments. A modular, symmetric cylindrical design was
tative experiments. Microscopes are now used for a wide chosen for the HPM body, as shown conceptuallfigs. 1
variety of tasks in addition to imaging, requiring complex and 2 Each of the modules is independent and contains a par-
laser optics, metrology tools, and precision motion mech- ticular set of optics and mechanics for a specific task. Within
anisms in conjunction with the basic microscope structure. the module, the components are mounted to the inside of the
Increased interest in single molecule detection and analy-cylindrical structure. The modules are connected by canoe
sis is driving measurements to sub-nanometer resolution.ball kinematic couplings, which maintain the optical align-
However, structural designs of current microscopes, which ment of the microscope while allowing the microscope to be
have retained similar cantilevered shapes for decades, makeeconfigured with different arrangements of the modules.
such advanced setups cumbersome and sensitive to thermal By integrating the optical design with the mechanical de-
and mechanical disturbances. The mechanical performancesign, we have created a mechanical structure which efficiently
of the microscope has become the limiting factor for many channels disturbances into optically insensitive degrees of
high-resolution experiments. freedom. Thus, while disturbances such as thermal expan-
sion cannot be completely eliminated, their effects on the
mponding author. Tek:1-617-258-8541; faxt1-617-258-6427. performqnce of th.e microscope can be Qfea“y 'F’y gxploiting
E-mail addressajhart@mit.edu (A.J. Hart). the detailed functions of the optical design. Adjusting both
URL: http:/pergatory.mit.edu. the mechanical and optical design ensure that mechanical
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Nomenclature

area of conduction cross-section

width of rectangular plate model of tube
segment

material heat capacity per unit mass
transient thermal penetration depth of
temperature change

critical dimension for segmentation under
constant heat source

diameter (at center of segment wall thickness) pf

tube stack

focal length of tube lens

Fourier number

height of tube segment

heat transfer coefficient between segment wall
and ambient

heat transfer coefficient between segment edge
and ambient

height of tube stack

zeroth-order Bessel functidn

first-order Bessel functioh

tube material thermal conductivity
insulation material thermal conductivity
shield material thermal conductivity
zeroth-order Bessel functidf

first-order Bessel functiok

length of conduction body

distance along tube stack from objective locatig
to top plate

magnification of microcscope objective

power of heat source

radial coordinate of circular plate

radius (at center of segment wall thickness) of
tube stack

radial location of heat source on circular plate
radial location of outer edge of circular plate
time

temperature

temperature at heat source of circular plate
temperature of heated side of tube stack
temperature of non-heated side of tube stack
ambient temperature

thickness of tube segment

thickness of insulation

thickness of outer metal shielding

vertical coordinate along tube stack, starting at
the bottom of the stack

dimensionless radial location of heat source
on circular plate

dimensionless radial location of outer edge

of circular plate

n

Greek symbols

o material thermal diffusivity

ot material coefficient of thermal expansion

B dimensionless temperature of circular plate
8 differential expansion between sides of

tube stack

Sobj displacement at the objective position of the
tube stack

Ohir  tilt angle of top plate of tube stack

0 material density
s dimensionless radial coordinate of circular plate

disturbances are complementary to optical sensitivities is a
powerful means to extend the performance of the microscope
beyond what is achievable by minimizing the disturbances
alone. This paper focuses on modeling and measurement of
thermal expansion-induced tilt errors of the HPM structure.

2. Microscope structure design

Modern microscopes contain multiple distinct lens units
along multiple paths separated by distances of hundreds of
millimeters or more. Infinity-corrected optics are used to flex-
ibly and efficiently couple light from the microscope objec-
tive (the lens unit closest to the sample under observation)
with the different lens groups further along the microscope
structure. In an infinity-corrected microscope, light enters
and leaves the back aperture of the microscope objective in

Fold mirror

Picomotor

Z-axis flexure

Objective lens

Modular tube
structure
(5 segments)

Fig. 1. Cross-section of solid model of high precision microscope (HPM)
concept. Sample stage between the two objectives is not shown.
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Segments

Fig. 2. Exploded view of solid model of tube assembly (only bottom layer of kinematic couplings shown) and prototype stainless steel canoe ball kinema
couplings.

parallel ray bundles, as shownhig. 3, facilitating transport different positions in the sample plane. Likewise, rays at dif-
of light over long distanceld]. The main advantage of using ferent positions in the back aperture are mapped to different
infinity-corrected optics is that the distance between the lensfocusing angles in the sample plane. Thus, lateral translation
units in the infinite conjugate space of the microscope has noof the objective, relative to other optics in the infinity space
effect on the measurement (in the absence of beam clipping)path, does not change the position of the illuminated volume
since the rays are parallel. This allows many optical units in the sample or the detected image from the sample. Trans-
to be easily inserted, each independent of the other, into thelation of the objective will change the zone through which
infinity space of the optical path. For the HPM structure de- light will travel through the lenses and the angle through
sign, the infinity space provides an optically insensitive axis which it impinges on the sample, however this has a much
of expansion. smaller, second-order effect on most microscope measure-
The light at the back aperture and the light at the sample ments. Therefore, the most sensitive degrees of freedom for
plane are related by the Fourier transform. Thus, ray bundlesthe infinity-space optics are the two axes of tilt perpendicu-
entering the back aperture at different angles are focused toar to the optical axis, which generate translation of the fo-

Infinity-Space Rays
To/From Microscope

-

Tilted Rays

Fig. 3. Cross-sectional view of light rays traveling through an infinity-corrected microscope objective and the errors associate with tileRagg tre
back aperture of the objective at anglg, correspond to a lateral translationdafc in the sampleKq. (4), regardless of the position of the ray in the back
aperture. Conversely, rays traversing the back aperture at positicorrespond to the same aperture argjlat the sample, regardless of the position of the
ray in the sample. Due to this reciprocal relationship and also since the illumination of the back aperture is uniform, the microscope is sty inosen
lateral translation between the microscope structural stack and the objective.
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Fig. 4. Steady-state isotherms on (a) long tube, (b) short tube, and (c) insulated and shielded short tube.

cal spot. The mechanical design of the HPM will exploit a traditional cantilevered or single-tube design. First, as
the translational independence of the infinity-space optics to shown by the simulated isothermshig. 4a and bthe axial
minimize the sensitive tilt degrees of freedom. length of a tube segment affects how heat flows through the
Although the backbone of the microscope is in infinity- tube stack; the ends of the tube present a significant ther-
space, the sources and detectors in the individual modulesmal resistance (heat can only escape by natural convection),
are used at finite conjugate. In this case, lenses within thehence causing a thermal disturbance to flow more readily
modules focus light from the microscope backbone to a fi- in the low-resistance path around the circumference of the
nite conjugate. The light from the infinity-space backbone is tube. As a result, the temperature distribution around the
also related to the finite conjugate by the Fourier transform circumference of a tube, characterized most simply by the
so the measurements are also insensitive to translation of thalifference in the surface temperature between opposite sides
lens relative to the backbone. However, translation motion of of the tube, is more uniform on a shorter segment. As will
these lenses relative to the source or detector within the mod-be discussed later, the impact of a more uniform temper-
ule will directly couple into the microscope measurements. ature distribution on the tilt error depends on the type of
Fortunately, since the distances between the components atlisturbance, the dimensions of the segment, and on the ma-
finite conjugate are small, the disturbances are smaller andterial properties of the segment. Nevertheless, when several
may be minimized by conventional techniques. For example, segments are stacked as in the microscope design, thermal
the distance between the microscope objective and the samstrains in each segment are relieved in the gaps between seg-
ple under observation is at most 2 mm, but more typically ments and are transmitted at the locations of the connections
100pm. Over these distances the translation introduced by between segments.
the expansion of the microscope structure will be small and Each tube segment can be further thermally stabilized by
may be corrected by position sensing and feedback. Within insulating and shielding its surfaces as showhim 5, with
other units, such as beam expanders, conventional athermalsimulated steady-state isotherms showRim 4c Here, the
ization techniques may be readily used. In contrast, expansioninner structural ring is covered by a layer of fiberglass insu-
across the long distance of the backbone will be much larger.lation and held in place by a thin shield made by bending
The larger distances as well as the difficulties of interfac- metal sheet of high thermal conductivity (e.g., aluminum or
ing between modules would make feedback along the back-copper). Because it is so thin (e.g., 2 mm, giving a very low
bone more difficult and costly. Hence, using infinity-optics thermal mass), the shield quickly diffuses temperature gra-
across the backbone is a major advantage while the use oflients around its circumference. The insulation increases the
finite-conjugate optics within a module is manageable. thermal resistance between the outside shield and the struc-
Considering this optical configuration, the segmented tural tube section, ideally providing the isolation that an air
HPM structure has two main performance advantages overgap would give, but without the detriment of natural convec-
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Structural 3. Modeling of thermal errors

nng

fhsifetion Axial thermal expansion of atube structure due to atemper-

- ature gradient around the circumference of the tube causes the

’ ' 4 Shield tilt error motion shown irFig. 6. An analytical model of the
thermal expansion of the structure necessitates a model of the
transient conduction in a tubular geometry, which due to the
non-uniformity of heat sources (e.g., diffuse emission from
components inside the microscope) and boundary conditions
(convectionto the ambient), is hardly tractable in closed form.
This section presents two alternative approaches: a macro-
scopic model used to understand the effects of material prop-
erty trends on the tilt error; and a model of conduction in a
single segment treated as a thin plate, used to understand the
effect of segment geometry and boundary conditions on the
tilt error.

Kinematic coupling

Fig. 5. Cross-section of shielded and insulated tube segment. 3.1. Macroscopic model
Consider the tube stack drawnkig. 6, with a heat source
along its left side. In terms of the temperature profiles along
the heatedT,) and non-heated(,) sides (overbars i&g. (1)
denote averages), the differential expansidh lfetween

points on opposite sides of the stack is

tion that has been shown to occur in air gaps larger than a
few mm|[2]. Machines have been insulated by precision en-

gineers for many years; one recent successful application of
adding a shield/insulation barrier was in 1994, when Slocum ;
worked with Flinchbaugh at Weldon Machine Tool to insu- T °

late a Model 1632 cylir?drical grinder’s structure to achieve 0= enH(Th —Tn) = o </ (Th(2) = Tn(z))dz) ' @
higher than normal accuracy in a worse than normal shop en-
vironment. Furthermore, insulating a structure is a lower-cost
alternative to temperature-controlled fluid show8fswhich

are not practical for this application.

The second main performance advantage of the HPM is
precision mechanical alignment of the optical axes, enforced The distancedoy;) by which the position of the sample moves
by the inherent repeatability of the precision-ground “canoe With respect to the optical backplane where the lasers are
ball’! [4,5] kinematic couplings between the segments. Sev-
eral studies have demonstrated sub-micrometer repeatabil-
ity of kinematic coupling$4,6—9], and the detailed analysis
methods for considering effects such as nonrepeatability due
to friction[10] and interchangeability errors due to manufac-
turing variation[11] are well known. In the HPM design, the
equal-angle groove arrangement of the kinematic couplings
averages the radial thermal expansion errors of the tubes to
minimize the drift of the central optical axis. With the high
repeatability of the couplings, the microscope may be rapidly
disassembled and assembled while the optical alignment of
the system is maintained. The optics within a module will
be aligned independently during assembly of the module, us-
ing external alignment hardware. Thus, the modules may be
used as optical building blocks to reconfigure the microscope
for different experiments, eliminating the need for alignment
before each experiment.

Hence, the tilt angledj) of the top plate is

o H(Ty — Tn)) @)

Gt = arctan( D

1The “canoe ball’, named as such because it looks like the bottom of a
canoe, emulates the spot contact region of a ball as large as one meter irFig. 6. Tilt error motion caused by circumferentially uneven axial thermal
diameter in an element as small as 25 mm across. expansion of the tube stack.
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Table 1

Material property, thermal performance index, and critical dimension values for various materials

Material at (pm/(mK)) k (W/(mK)) o (kg/md) Cp (J/(kgK)) o (107°8m?/s) Ko (x10P) aloy der (M)
Aluminum (6061) 23.6 185 2700 896 76.5 7.8 3.2 1.68
Copper 17.0 386 8940 385 112.1 22.7 6.6 2.42
Brass 10.3 115 8470 375 36.2 11.2 35 1.32
Cast iron (Class 40) 11.0 52 7300 420 17.0 4.7 15 0.89
Stainless steel (303) 17.2 16 8000 500 4.0 0.9 0.2 0.49
Silicon carbide 4.4 150 3150 700 68.0 34.1 155 1.50
Invar 1.3 10 8050 515 24 7.7 1.9 0.39

Properties were gathered frd§13]. Critical dimensions are based p= 2 W/(mK) andw = 13mm.

focused at the top of the structure, because the backplane is From adimensional analysis of the segmented stack geom-

shifted by the tilt error, is etry, it is expected that the dimensionless steady-state tem-
H(Tr — T perature difference across an individual segment s a function

Sobj = Lsat%, (3) of the aspect ratio of the segment,

The displacement of the focal spot for an objective of mag- (ADKD =f <ﬁ) . (8)

nificationM, paired with a tube lens of focal lengt, is di- Q w

rectly proportional (for small angles) to the tilt angle, through  This assumes a constant structure diameter, heat input, and
1 fr material conductivity, and variable segment thicknesnd

Stoc = (ﬁo) (fT + E) arctarkit . (4) heighth. Furthermore, the tilt error of a stack of equal-height

segments is a function of the aspect ratio of each segment,
Next, we model heat conduction around the circumference and the ratio of the segment height to the total height of the

of the structure considering a tube segment as a linear bodystructure d), giving

(neglecting convection losses) with effective cross-sectional

areaA = wh, effective lengthL. = 7D/2, and material ther- g, — ¢ <ﬁ ﬁ ﬁ) . (9)

mal conductivityk. The heat flonQ through this body is w H D

(Th — Tp) The relations from dimensional analysis are used to present
Q= L Ak ®) design study results iSection 5
Eg. (2)thus becomes 3.2. Conduction model for a single segment
°b = T okwh The model of heat conduction in a tube can be simplified

by “unrolling” the tube into a plate, assuming the radius of the

Therefore, seeking to minimizéy; for a chosen structure . h han its thick he thick : h
geometry, the best material for steady-state performance (as{UP€ IS much greater than its thickness, the thickness is muc

suming equa®) is one with maximum thermal conductivity less than the 'Fube helght, an_d _that the tempe_rature variation
per unit of tendency to thermally exparidy. through the thickness is negl!g!ble. First, consider thg model
In terms of transient performance, the penetration depth of a thin circular plate shown iRig. 7a To model a localized

of temperature change through the structure at tiaféeer a €@t source, a hole in the plate at radius= Ry is held
step change in temperature at a boundary is at temperaturf,. No heat transfer occurs across the outer

edge of the plate, where. = 0. The differential equation
_ @ 7) describing the steady-state radial temperature distribution in
" Fo’ the plate is

where Fo is the Fourier number based on the structure b
geometry [12], and is the material thermal diffusivity.  r?—— +r— —r2-S(T —Too) =0, T(Rp) = Th,
Hence, assuming fixed geometry and fix@dthe property dr dr wk

ratio o/a; is a rough index for maximizing the transient tilt d_T(R )=0 (10)
performance. Material properties and steady-state and tran-dr o

sient performance indices for various metals and ceramics
are listed inTable 1

T a7

Transforming to dimensionless variabldgl], the equation

becomes
2For a prismatic body, Fe= 1 can be assumed to give a rough estimate d? d d
: 2d°B B 2 p
of the thermal penetration speed. = +i——¢ B=0, 6(Zp =1 —(Zc) =0,
3The thermal diffusivity is the ratio of the thermal conductivity to the dg d¢ dg

product of density and heat capacity=£ k/ocp). (112)
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T=T(r)
T=T(xy)

k, b, (Ihi(’kne‘\'s =w

N 1

thickness = w . [ ¢ |

(a) (b)

Fig. 7. Two-dimensional heat conduction models: (a) circular plate and (b) rectangular plate.

where 2 2
0T  0°T ha 10T
(S ) = By — T + = 14
Y LTS (R S 12) <8x2+8y2) wk T ) = Too) 055, (14)
wk’ To—Too This equation was solved numerically using the

™ ;

The particular solution is a combination of zeroth- and MATLAB PD_E Toolbox. When r_educmg th_e pro_blem_of

first-order Bessel functiorisandK, a thin plate of thicknesa to a generic 2D solution with unit
depth, the convection heat transfer coefficient on the outer

B(E) = K1(Zc) Io(©) surface of the plate must be scaled(t@),p = 2ha/w to
Io(Zpn)K1(Zc) + I0(Zc)K1(Zp) 0 account for the two sides of the plate and for the change in
11(Ze) cross-sectional conduction resistance between a thin plate
+ Ko(9). (13) and a plate of unit depth. Note that because of symmetry,
Io(Zb)K1(Ze) + Io(Ze) K1(Zb) the solution region can be reduced to one quadrant of the
Now consider the rectangular plate model showFign 7h segment, with adiabatic boundary conditions along the lines

with the convection heat transfer coefficiégtalong the top of symmetry.

and bottom edges representing the constraint against axial Fig. 8 compares the temperature profiles of the circular
heat flow, and the adiabatic side edges reflecting the symme-and rectangular plate models, under constant flux sources
try (cutline) of the tube. The differential equation for conduc- (Fig. 89 and constant temperature sourcégy( 8. Two
tionin the plate, with boundary conditions notedrig. 7h is points are emphasized: first, the plates behave differently ac-

T T T T T T T T T 1 T T T T T T T T T
Q=100W — Pro/Mech 3D FEA of equivalent aspect ratio tube
0.9F 1
12F A ‘\
\ o8k Rect. plate (Wb =0.2), =0.76 W 4
Rect, plate (Wb = 0.2) f -
o | P Circ. w/adiabatic edge, Q=2.23 W
X, v 0.7 =
© =
5 [}
3 = L i -
— 5 0.6 Square plate (Wb=1), Q=272W
g osf {1 2
g 5
05F L
= Q
T gl {1 E
- @
[t 0.4 T
0.4 R L b
+— Square plate (b= 1)
0.2 1
0.2 e Circ. w/adiabatic edge 1 Infinite circular plate, @ =5.37 W
01k 4
0 L 1 L L L L L L L 0 1 1 1 1 1 1 1 1 1
0 0.05 01 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0 0,05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
(a) Distance from heat source along major axis [m)] (b) Distance from heat source along major axis [m)

Fig. 8. Comparison of circular plate and rectangular plate conduction models with: (a) constant flux source and (b) constant temperature source.
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cording to the source boundary conditions; and second, thelisted inTable 1 Note that this case does not apply to a con-
constraint the rectangular plate provides against conductionstant temperature input (although a critical dimension can be
along its minor axis (height dimension) affects the tempera- found using the heat input derived from a constant tempera-
ture profile along its major axis. Under a constant flux source, ture boundary condition on a given segment), in which case
the average temperatures of the plates are inversely proporthe total thermal resistance (trending dominantly by segment
tional to their surface area; a plate with a high thermal resis- surface area) of the segment primarily affects the tilt error.
tance to the ambient must reach a higher temperature to dis-This is emphasized further by simulation results presented in
sipate the same amount of heat as a plate with a low thermalSection 5
resistance. Under a constant temperature source, the plate
with the smallest area transfers the least heat with the ambi-3.3. Model of shielded section
ent. The rectangular plate, with a height-to-width ratio of 0.2
has a much smaller temperature difference between the ex- A two-dimensional model was also built for the tube seg-
tents of its major axis than the square plate (aspect ratio 1.0).ment cross-section with insulation and shielding. Consider-
This shows that the rectangular segment has temperature uniing the cross-section under a localized source as shown in
fomity in one direction as a result of restricting conduction the inset ofFig. 93 the primary performance goal is for the
in the opposite direction. insulation to delay the transmission of the heat source to the
The steady-state temperature distribution in a body with structure (tube) until the shield has conducted the effect of the
fixed* boundary conditions and a fixed heat input will be disturbance fully around the circumference of the structure
self-similar (dimensionless) with respect to the dimensions [1,8]. Hence, an order-of-magnitude criterion for sizing the
of the body and the magnitude of the heat source. Scaling di-thicknesses of the shielding/§,) and insulationins) guar-
mensions of the tube segment in the two-dimensional modelantees that the thermal resistance against conduction through
presented here with a constant heat input will change the tem-the insulation is greater than the resistance against conduction
perature of the segment, but not the shape of the temperaaround the shield circumference. Considering a heat source
ture distribution. As long as a reasonable temperature changeon the order of the height of the segmeh)t (he requirement
caused by the heat input always reaches the extents of the segs
ment, the tilt angle will not change as the dimensions of the .. TR
segment change, because the tilt angle is a self-similar quan-w > warda
tity with respect to the height of the segment. Conversely, if shsh
the effect of the heat input does not reach all extents of the The simulation results ifrig. 9ashow that using shield-
segment, changing the geometry of the segment will consid-ing and insulation can delay the response time to a step input
erably affect the tilt error as the segment is shortened and theby more than a factor of two, and that the steady-state tem-
symmetry of the temperature distribution is broken. There- perature difference across the shielded and insulated tube is
fore, the thermal penetration depth is a critical dimension for approximately one-tenth of that across the bare tube. Similar
bounding the importance of segmenting a structure. This di- results are noted iRig. 9bfor an oscillating input (e.g., am-
mension is estimated by solvirky. (10)for a circular plate bient cycling due to heating or cooling system); the shielding

(17)

with a very large outer radius, and insulation both delay and significantly reduce the mag-
N nitude of the disturbance on the structural section. Note that
B(0) = 0.2Ko(2). (15) heat conduction between the layers was assumed with zero

contact resistance; adding contact resistance would increase

Defining the penetration depth as where= 0.01 and sub- the positive effect of the shielding and insulation.

stituting for¢, the critical dimension value (in meters) is

wk 3.4. Structural finite element models
dg =27 [ —. (16)
2he

In addition to the two-dimensional models of the indi-
vidual segments, three-dimensional finite element models of
the stack structures were built in Pro/MECHANIEA. The
kinematic coupling balls and grooves between the segments
were modeled by sets of 7.5 ma7.5 mm rectangular (equal
to the Hertz contact area for the preloaded couplings) stain-
less steel contacts between the tube-to-tube gaps. Consistent
- with the laboratory test procedure discussed later, square heat

4The heat transfer coefficient for a vertical plate under natural convection sgurces were placed at the horizontal centerlines of the sec-
varies with the difference between the surface temperature and ambienttem—ond’ third, and fourth segments of the five-segment struc-
perature as4T)Y4[8]. Therefore, the warmer regions of the segment (near . . .
the heat source) should lose more heat to the ambient than the cooler regionéur,e’ and at equwalent positions on the §|pgle tube .StrUCture'
of the segment (far from the source). Within practical temperature ranges, Uniform steady-state heat transfer coefficients, derived from
this assumption may cause about a 5-10% overestimate of the tilt error.  natural convection relations for vertical cylinders and hor-

Hence, if a characteristic dimension of the structure, such as
half the circumference of a tube segment, is greaterdhan
changing the aspect ratio of the segment will significantly
change the tilt error. Sample values of the critical dimension
for avariety of materials under typical ambient conditions are
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Fig. 9. Average temperature difference across bare and shielded tube cross sections with: (a) step heat input and (b) oscillatin@ heasingugt/2))|.

izontal plateg[15], were defined on each external surface SCXI-1322 terminal blocks and SCXI-1122 16-channel
of the model. The tilt angle of the structure was calculated multiplexer modules, connected to an SCXI-1000 chassis.
using the results of the thermal analysis as a temperatureThe SCXI-1122 modules provided a 1 mA excitation current
boundary condition for a structural analysis. As shown in to each RTD, and 16-bit D/A conversion gave a resolution
Fig. 8a the steady-state temperature distributions predicted of 0.006°C.

by the Pro/MECHANICA model matched those given by  The tilt of the structure was measured using a Zygo differ-
the two-dimensional model solved using the MATLAB PDE ential plane mirror interferometer (DPMI) configured for an-
toolbox. For practical segment dimensions, the results of the gular measuremeif8], mounted to a 125-mm diameter alu-
three-dimensional models also justified neglecting the seg-minum column placed inside the stack. The DPMI was placed
ment curvature and the temperature variation through theas shown irFig. 11and sensed the tilt of a reference mirror
thickness of the segment. mounted to a horizontal plate attached to the top of the tube

set. The resolution of the interferometer was 0.06 arcsec.

4. Experiments
4.1. Setup and procedure

The thermal stability of the microscope structure was eval-
uated by applying localized heat inputs to its outside sur-
face, and measuring the resulting circumferential and axial
temperature distributions around the tubes, and the tilt an- Laser head
gle of the structure with respect to a reference column. Two
structures were tested: the five-segment aluminum structure
shown inFig. 10 with 300 mm outside tube diameter, 38 mm
wall thickness, 500 mm total height, and 250 mm effective
radius stainless steel canoe ball couplings between the seg- RTD
ments; and a structure with a single tube having equivalent
dimensions to the stack of five segments. Later, each tube
was covered with 25 mm thick wrap of fiberglass insulation
(k = 0.03W/(m K)) and a 2 mm thick aluminum shield.

The temperature distribution on the structures and in the
surrounding air was monitored using Minco three-wire plat-
inum RTDs (resistive temperature detectors), with @00
nominal resistance. Six RTDs spaced equally around the
circumference of each tube segment (or at equivalent lo-
cations on the single-tube structure) were wired to a Na-
tional Instruments LabView Data Acquisition System using Fig. 10. Prototype of segmented HPM structure.
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Fig. 11. Tilt metrology setup of tube structure. Inset shows DPMI configured for angular measurement, bolted to reference column.

Thermal disturbances were applied to the structure usingent disturbances from HVAC cycling would be closer to a
Minco copper thin film heating elements, each measuring constant temperature input, because the thermal resistance
12mm x 12mm. Three sources were mounted directly to of the structure would not affect the local air temperature.
the structure, one each at the vertical midpoints of the three
center tubes, aligned vertically parallel to the axis of the 4.2. Results
interferometer. This placement maximized the ability of the
interferometer to capture the gross error motion fromthermal  Fig. 12shows the measured tilt angle of the bare single tube
expansion, as ideally the maximum differential expansion of and segmented tube structures, and the insulated and shielded
the stack was seen by the measurement beams. The sourcesngle tube structure. When the heat sources are turned on at
were wired in a parallel circuit. t = 1h, the bare structures begin to rapidly drift for the next

The test apparatus (excluding the laser source) was placedi0-60 min, and then drift at a much slower rate until the heat
in an insulated chamber constructed of 102mm (4in.) sources areturned off neae 7 h. The initial period of driftis
thick extruded polystyrene (Styrofoam), and mounted on more rapid and slightly longer in duration for the single tube
an air-shock isolation table. Single-point readings from the structure than for the segmented tube structure; after 120 min,
interferometer and each RTD were taken once per minute,the single tube structure has drifted 0.65 arcsec, while the
with each of two six-hour-long heat input programs starting segmented tube structure has drifted 0.3 arcsec. This shows
one hour after data acquisition began: a 3W (5V, 0.6 A) step how the axial conduction resistance provided by the gaps
input, and sawtooth waveform with an amplitude of 3W and between the tube segments causes the disturbance to more
a period of 1.5 h. Real heat inputs to a microscope structurerapidly flow around the structure, and how the gaps between
may be as small as 0.1 W from precision actuators, or assegments relieve thermal strains in the vicinity of the heat
high as 30 W caused by an operator standing close to a baresource.
structure[1]. Actuators are more likely to represent a con-  Fig. 13 shows the normalized (difference from initial
stant heat input, where the temperature of the input changesvalue) temperatures around the circumference of a heated
to dissipate the required amount of heat. Conversely, ambi-segment of the segmented tube structure, indicating how the
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Fig. 12. Measured tilt error of bare one-piece and segmented, and shielded one-piece structures.

temperature change caused by the heat source propagatable conduction of the segments individually, and (aside from
around the tubelig. 14 shows the temperature differences structural stiffness issues) estimating the tilt error using the
across the segments (differences between sensor readingemperature distributions in the heated segments alone.
from positions 1 and 6 on the diagramHig. 13 when only Fig. 15shows temperature measurements from a shielded
the middle segment of the structure is heated. Just like the tiltand insulated segment, with the heat source placed on the
angle of the structure, the temperature difference across theouter surface of the shield. The shapes of temperature pro-
heated segmentincreases rapidly during the first hour of heatiles in Fig. 15for the surface of the shield resemble those in
ing, and approaches a steady-state value of approximatelyFig. 14for the surface of the bare heated segment; however,
0.73°C nearr = 3h. Furthermore, the temperature differ- the difference among the six measurements on the surface
ences across the segments that are not heated are negligiblef the tube (underneath the insulation and shielding) is neg-
throughout the test, indicating that these segments are almosligible given the measurement resolution. The shielded tube
perfectly isolated from the heated segment of the structure maintains almost perfect temperature uniformity while it is
and do not contribute to the tilt error. This justifies modeling heated, and it is heated much more slowly and to a lower fi-
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Fig. 13. Measured temperatures on heated segment of segmented tube structure.
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98r transmission of the temperature gradient from the heated ar-

— Eiﬁéi(ﬁa) @ eas to the colunfhsupporting the interferometer, via the air
— Norhestadute (4 inside Fhe stack enclosure. Note that tilt measurements from
051 A the shielded and segmented tube structure fell completely
within the stability limit of the interferometer and as a result
[ are not presented.

04l as| 3 ] The Pro/MECHANICA finite element models pre-

[ 2 dicted 0.40 arcsec tilt of the segmented tube structure and
& | 0.60 arcsec tilt of the single tube structure, both within 20%
0z} ‘ ' of the measured estimates. This difference could be caused
by the assumption of uniform convection losses and slight er-
rors in modeling of the coupling contacts. More specifically,

Table 2compares the measured and simulated temperature

o

05

03

Normalized Temperature IDG]
o

01

differences at each tube centerline level for both structures,
0.1, . . . 7 v 7 i when heat sources are placed on the second, third, and fourth
Time [h] segments, or at equivalent levels on the single tube. These

. ) differences are within 0.03C at all levels of both structures.
Fig. 14. Measured temperature differences across segmented tube StrUCtureSimulationS of the shielded structures predicted tilt values
much less than those measured using the interferometer—

fr 0.037 arcsec for the segmented tube and 0.054 arcsec for
Saibiaticea the single tube. Both of these values are below the mini-
S[ nearestheater == mum reading of the interferometer, as well as its drift under
\ \ ambient fluctuations. Since the temperature measurements
ar ‘| showed that the shielding almost perfectly isolates the struc-
%l ture tubes from the heat sources, meaning that the tubes

expand axially with very little tilt error compared to a bare
structure, it is reasonable to trust the simulation results as
the best estimates for the shielded structures.

Normalized Temperature fC]

Shield temperature

S 7
180" from heater

T, 5. Design studies
Temperatures on surface of

structure tube (6 curves overlap)

Validation of the finite element models using the measure-
1 s s . . : ) ments from the single tube and segmented aluminum struc-
Time [l tures permitted their use for design studies to evaluate the ef-
fects of segment aspect ratio, boundary conditions, and ma-
terial properties on the tilt error. FirsEig. 16 shows the
transient tilt error for segments under a constant tempera-

nal temperature than the comparable bare tube. Note also that!® Source, with widtlb = 1m, thicknessw = 25mm,
the shield reaches much higher temperatures than the bar@nd height ranging from = 50mm tos = 1m. The tilt
heated tube, which makes sense because the thin shield has9l€ first increases sharply, as the disturbance propagates

much smaller thermal mass and a much Iargercross-sectionaf"long the minor axis Of. the segment near the source, ar!d
thermal resistance than the tube segment. then contracts as the disturbance reaches the opposite side

Considering observations from both the temperature mea-Of the segment and the temperature distribution approaches

surements and the drift measurements, a reasonable estimafii€ady-state. Note that time to reach steady-state is propor-
of the steady-state tilt error of the structure is the value at 1onal to the segment height, while the relative magnitude of

t = 3 h, when the temperature differences at the heated levelt€ transient “overshoot” is approximately constaig. 17

reach steady-state. At this time, the segmented tube structur&NOWs how the steady-state tilt error varies with segment as-
has tilted 0.35 arcsec, the tilt of the single tube structure is PECt ratio for a variety of segment widths. Here, the tilt error

0.65 arcsec, and the tilt of the shielded single tube structure is!S directly related to the total surface area of the segment,
0.20 arcsec. The increase in the tilt of the structures after 4 h@nd hence is inversely related to the thermal resistance of the

is likely due to driff of the interferometer, caused in part by

Fig. 15. Comparison of temperatures on surface of heated shielding and on
surface of structural tube.

_— 8 However, within the first hours of test, temperatures on the support col-

5 The stability range of the interferometer while isolated in the styrofoam umn were uniform within 0.1C, compared to a typical difference of 12Q
chamber, under ambient fluctuations caused by the HVAC system in the lab, around the circumference of a heated tube, so the column was considered a
was measured to be approximately 0.10 arcsec. stable reference for mounting the interferometer for tilt measurement.
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Table 2
Simulated and measured steady-state temperature differéi@escfoss segmented and single tube structures with three heat sources
Level (1: bottom) Simulated T across MeasuredAT across SimulatedAT across MeasuredAT across
segmented tube segmented tube single tube single tube
1 0.01 0.00+ 0.01 0.07 0.06t 0.01
2 0.12 0.13t 0.02 0.12 0.09t 0.02
3 0.18 0.21+ 0.03 0.12 0.12t 0.01
4 0.12 0.12+ 0.02 0.12 0.09t 0.02
5 0.01 0.00+ 0.01 0.07 0.06t 0.01
07 T T T T T T T 035 T T T T T T T
— b=025m
-~ b=050m
- b=1.00m
031 = b=200m ||
0.25F b
g g o2r
g Z ot
£
01F
005+
) i . 5 : | : . ; DO 0.1 02 0.3 0.4 05 06 07 [R:] 09 1
00 20 40 60 80 100 120 140 160 180 200 Segment aspect ratio (h/b)

Time [min]
Fig. 17. Simulated steady-state tilt angle vs. segment aspect ratio, for various

Fig. 16. Simulated tilt angle vs. time for segments of various aspect ratios, segment widths, with a constant temperature source.

with a constant temperature source.

segment. Therefore, if a tubular structure will experience a  However, the behavior of a tube segment under a constant
localized constant temperature disturbance, segmenting thédlux disturbance differs considerably from the behavior un-

structure in the vicinity of the disturbance will always reduce der a constant temperature disturbance. As was derived in
the tilt error. Section 3 the steady-state thermal penetration distance for

Normalized tilt angle
o
]
o
T

0.8 1
0.75F — k=1WimK, d =021m H
—- k=10Wm K.d_=068m
—+ k=100 W/m K,d_=213m
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0.7 | 1 1 1 | 1 I 1 I
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Fig. 18. Effect of thermal conductivity on steady-state tilt error of segments of varying aspect ratio, with a constant flux source.



456 A.J. Hart et al. / Precision Engineering 28 (2004) 443-458

0.5 I 0.4 5 T
— Aluminum 3 — Aluminum
—— Copper 3 Stainless steel —— Copper
045} —+— Brass H r'e (rises to 0.60 arcsec at t = 250 min) —% Brass
Al e Cas_! iron 0351 E —&— Cast iron
~p— Stainless steel —p— Stainless steel
0.4 —— Silicon carbide H — Silicon carbide
. |nvar - |nvar
—_ 03
O 035 @
& / Stainless steel @
o Copper = 025 T
© ;
5 03 &
~
® 2
D025 8’ o2f
g :
< = G
e ast iron
= o2 # i=
= i F oust o
0158
4 Aluminum
Copper
01f 2 N / i
0.1 a— Brass
0.05 ir' 0.0514 Silicon carbide
e, >
4 | 1 1 L 4 L 1 1 L L
0 50 100 150 200 250 300 0 50 100 150 200 250 300 350 400
(a) Time [min] (b) Time [min]

Fig. 19. Transient tilt error for common structural materials: (a) constant temperature source and (b) constant flux source.

conduction in a thin plate can be used to roughly determine conductivity. Note that Invar, which is traditionally sought
whether or not segmentation of a tube subject to a localized for thermal isolation because of its extremely low coefficient
constant flux disturbance will affect the tilt error. This effect of thermal expansion, has nearly the same tilt error under
is emphasized ifrig. 18 which shows the steady-state tilt a constant temperature disturbance as silicon carbide; how-
error versus aspect ratio for segments of half-wiolth = ever, under a constant heat flux Invar has over twice the tilt
1.0 m, with varying thermal conductivity. Values of the criti-  error of silicon carbide, because its low thermal conductivity
cal dimension, calculated usiig. (16) are listed intheleg-  restricts the disturbance from penetrating the full area of the
end. When the width of the segment is less than the critical segment. This is also confirmed by noting that the tilt error of
value (fork = 100, 400), changing the aspect ratio negligi- the Invar segment does not exhibit the transient “overshoot”
bly affects the tilt error; conversely, when the width of the under a constant temperature source,dhealue of 0.39m
segment exceeds the critical value (foe= 1, 10), reducing listed in Table 1for Invar is less than half the width of the
the height of the segment considerably reduces the tilt errorsegment modeled. Hence, segmenting the Invar section will
because the thermal disturbance reaches the edge constraint®nsiderably reduce its tilt error.
of the model. Considering the experimental results from the aluminum
Because the critical dimension rule is derived from a tube structures in light of the trends predicted by simulation,
one-dimensional distribution, it best applies to structures it is apparent that the test conditions represented a mixture
for which a thin-plate equivalent can be established. In the of the constant temperature and constant flux boundary con-
specific case of a thin-walled tube, it seems that the largestditions modeled analytically, for fully thermally penetrated
dimension of heat conduction within the tube, such as the segments. Returning tig. 12 the step response of a single
half-width (half of the equivalent circumference), is the tube structure is representative of a segment under a con-
appropriate characteristic dimension. Furthermore, the tilt stant flux source, while the apparent slight overshoot in the
error of a segment with aspect ratio greater than one (e.g., aesponse of the segmented structure is characteristic of a con-
long, thin tube) seems to be insensitive to all constant flux stant temperature input. The gaps in the segmented structure
disturbances, because the circumferential conduction pathclearly relieved significant thermal strains between the seg-
becomes shorter than the axial path. Assuming the critical ments. A small overshoot in the tilt of the single tube struc-
dimension rule is met, significant reduction of tilt error un- ture may have been masked by drift of the interferometer.
der a constant flux disturbance will only occur if a tube is Measurement of the tilt error using a more sensitive and more

segmented into relatively short, wide sections. thermally stable measurement system would help to more
Next, the rectangular plate model was solved with fixed accurately compare the measured results to transient simu-

geometry § = 0.2m, w = 0.013m,b = 1m) for a vari- lations.

ety of materials, giving the results Fig. 19 In both cases, Furthermore, the two-dimensional conduction models do

stainless steel and cast iron give the greatest steady-state tilhot consider the effect of structural stiffness on the trans-
errors, while silicon carbide gives the least tilt error. Owing mission of tilt errors between segments, as emphasized by
to its high thermal diffusivity, copper has the fastest tran- Fig. 20 The gaps between the segments of the prototype
sient response to a step change in temperature, while Invarstructure relieved thermal strains in the vicinity of the heat
has the slowest transient response because of its low thermasources and reduced the tilt error because the sources were



A.J. Hart et al./ Precision Engineering 28 (2004) 443-458 457

placed circumferentially between the kinematic couplings. If Q

the sources were placed in line with the kinematic couplings,

the strains near the heat sources would be transmitted between

the segments, and the difference between the tilt errors of

the segmented and single tube structures would diminish; the

segmented structure would behave similarly to a single-tube / Q

structure assembled by welding strips of insulating material Q

between the segments. Finite element simulations with the

sources aligned with the couplings predict 0.56 arcsec tilt

of the segmented structure and 0.70 arcsec tilt of the single

tube, about half the relative difference that occurred with the

sources away from the couplings. Furthermore, as the ratio of ' -

the tube height to diameter decreases, the advantage of seg-

mentation in locally relieving the thermal strains increases. }Z

Nevertheless, the advantages of segmentation based solely Q Q

on the heat conduction analysis prevail, independent of the

source locations. The greatest gain would come under a lo-Fig. 20. Schematic effect of source placement on transmission of thermal

calized constant temperature disturbance placed at the maxstrains between segments.

imum distance from the coupling locations; while the least

gain would arise with a diffuse constant flux disturbance lo-

cated near the couplings. Further investigation into the effectslinear fashion. Furthermore, the advantages gained by appro-

of source placement and the differences between diffuse andpriately scaling the segment geometry are overcome by the

localized disturbances is necessary. benefits of adding shielding and insulation to the structure.
As a final comparisorifable 3presents the error motions  Installing segmented shielding on a monolithic structure,

for a variety of HPM structure configurations. The transla- perhaps using an insulation blanket wrapped with sections of

tion values are calculated usiriggs. (3) and (4)with the copper wire or thin copper plate, would provide significant

dimensions of the aluminum prototype. The advantages of thermal benefit even if the modularity offered by kinematic

segmenting the structure, adding insulation, and adding in- couplings or other precision locators is not needed. All in

sulation with shielding superimpose in an approximately all, segmentation, shielding, and appropriate choice of ma-

Q

Table 3

Predicted steady-state thermal drifts at microscope objective for single tube and segmented tube designs using various material combimaéins®asd d
of prototype HPM structure

Structure Insulation Shield Tilt (arcsec) Translation of top plate (nm) Displacement of focal spot (nm)

Design Material

Single tube Aluminum - - #{) 0.65 788 8.1
Aluminum Foam - 0.14 173 1.8
Aluminum Foam Aluminum 0.06 69 0.7
Aluminum Foam Copper 0.03 40 0.4
Castiron - - 1.03 1249 12.9
Copper — - 0.21 258 2.7
Invar - — 0.47 564 5.8
Si carbide - - 0.16 190 2.0

Segmented Aluminum - - x) 0.35 424 4.4
Aluminum Foam - 0.09 108 11
Aluminum Foam Aluminum 0.04 44 0.5
Aluminum Foam Copper 0.02 25 0.3
Castiron - - 0.63 768 7.9
Castiron Foam Copper 0.03 39 0.4
Copper - - 0.13 157 1.6
Copper Foam Copper 0.01 8 0.1
Invar - - 0.25 304 3.1
Invar Foam Copper 0.03 31 0.3
Si carbide - - 0.10 117 12
Si carbide Foam Copper 0.01 5 0.1

Values marked with«) were measured, and all other values were scaled linearly from values obtained by simulation, based on the discrepancy between
simulation values and measured values for the measured configurations. Note that while the optics and detection electronics could resolvemaditams as
0.01 nm, some of the smallest thermal errors (e.g., 0.1 nm) would likely be swamped by the positioning error of the stages.
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terials can reduce the error motion by up to two orders of were procured using funds from the NIH grant. Way's work
magnitude, making nanometer-scale thermal stability of a was supported by the Ralph L. Evans Endowment Fund for
meter-scale tubular structure a realistic goal. undergraduate research at MIT. Finally, the authors thank
Theo Ruiji and his colleagues from Philips for their sug-
gestions about thermal shielding and the effects of source
6. Conclusion placement.
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