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ABSTRACT 

White-beam slits are precision high-heat-load devices used on beamlines of the Advanced Photon Source (APS) to trim 
and shape the incoming x-rays beam before the beam is transmitted to other optical components. At the APS, the insertion 
devices that generate the x-ray are very powerful. For example, the heat flux associated with an x-ray beam generated by 
Undulator A will be on the order of 207 W/mm2 at the L5-80 slit location (about 27.5 m away from the insertion device) at 
normal incidence. The total power is about 5.3 kW. The optical slits with micron-level precision are very challenging to design 
under such heat flux and total power considerations. A novel three-metal composite slit has been designed to meet the diverse 
thermal, structural, and precision requirements. A closed form solution, and a commercial code, ANSYS, have been used for 
the analysis of the optimized design for the slit set. 

1. INTRODUCTION 
1 A low-cost set of precision white-beam slits designated L5-80 has been designed for an undulator beamline at the 

Advanced Photon Source (APS). The slit, a knife-edge-type precision device, is required to have very small thermal distortion 
during operation with the x-ray beam. The maximum power density (from the APS Undulator A2) on the slit is about 207 W/mm2 
at normal incidence (27.5 m from the source), with a total power of 5.3 kW [when the maximum ,deflection parameter krf = 2.628 
(or undulator gap size = 11 mm) and beam current = 100 mA]. To accommodate the large thermal flux on the slit, grazing-angle 
incidence geometry is used in a unique design to stretch the footprint of the x-ray beam both in the horizontal and the vertical 

to satisfy the thermal distortion requirements. The three-piece design consists of one large heavy metal block (made of tungsten 
alloy HD18.53) and two knife edges (also made of HD18.5). This way, although the distorfion on the main block is large due to the 
absorbed heat load, the tungsten knife edges, which are thermally separated &om the main block, provide the requisite fine 
trimming of the x-ray beam within the specifications. 

planes. The user specifications call for thermal distortion as small as about 5 ,u m. Hence, a clever three-piece slit was configured 1 

4 The cooling channel in the heavy metal block uses enhanced heat transfer technology to achieve a convective heat transfer 
coefficient up to 3 W/(cm2 K) with low flow of single-phase water with an imperceptible jitter. However, we conservatively 
assumed a convective heat transfer coefficient of 2 W/(cm2 K) in calculations for added engineering safety. A closed form 
solution415 and a commercial code, ANSYS, have been used for analysis. An in-house-developed code, IMAGE, 6 allows the 
elements in the ANSYS model subjected to the x-ray beam to get the power distribution automatically at their respective coordinate 
positions, The coordinate (x, y) is on the X and Y axes; the origin is at point A as shown in Fig. 1. The directions of X and Y axes 
are shown in Figs. 1 and 2. Dimensions are in mm. All temperatures are reported in OC. 

2. THREE-PIECE SLIT T 
The three-piece design consists of one large heavy metal block and two knife edges, all made of HD18.5 [97% W, 2.1% Ni, 

0.9% Fe. k (thermal conductivity) = 125 W/(m K), E (Young's modulus) = 3.65X105 MPa, V (Poisson's ratio) = 0.28, a, 
(thermal expansion coefficient) = 4.5X 106/(oC) X The major function of the large block is to act as a photon absorber. Two 
knife-edge small blocks are bolted to the EDCBGPM surface of the large block (as shown at the bottom digram in Fig. 1). A small 
recrungiifur sii@uce BCYZ (OBCYZ) in the vertical knife edge (VI) is placed at 5 0 p m  in the positive Y direction from the 
rriungitfur sii@uce ABC ( AABC) as shown in Fig. 1. Recrungufur su@uce STYD ( OSTYD) in the horizontal knife edge (Hl) is 
placed at 50,u m in the negative X direction from AACD (in the large block) as shown at the upper right diagram in Fig. 1. The 
critical lines and surfaces of the large block (seen in Fig. 1) are: 

1. 

2. 

Line AD (AD), which causes a clear cut of the x-ray beam in the horizontal plane. U, (displacement along the X-axis, as 
shown in Fig. 2) is the only important displacement at this surface. 
Line AB (AB), which creates a clear cut of the x-ray beam in the vertical plane of the x-ray beam. U,. (displacement along 
the Y axis) is the only important displacement at this surface. ~ 
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3. Both 0 LKDE and 0 BGHA (see bottom diagram of Fig. I ) arc the surfxcs subjected to x-ray heating. The x-ray beam in 
the vertical direction is stretched out on 0 LKDE. whilc thc horizontal direction is stretched out on 0 BGHA. The line 
power dcnsity at any given line on 0 LKDE, for cxamplc. M. is higher than any line on 0 BGHA. for example, AH. 

Both AACD and AABC will be never hit by thc x-ray beam. Fig. 2 shows the x-ray beam deposited on the large block with 
or without an 4.5 x 4.5 mm' aperture upstream. The ceriter o f x - r q  beatti (Cx) is at coordinate (-0.25, 0) (in mm), assuming the 
origin is at point A, with coordinate (0,O). The x-ray beam should not be located at surfaces other than 0 LKDE and 0 BGHA. The 
parit ofCx ( 0  ) is parallel to the Z-axis; & is not parallel to the Z-axis due to a 7 1 degrees ansle between AACD and AABC, 
which prevents the x-ray from hitting on surfaces AACD and AABC. 

The large block is welded to a vacuum chamber along the hie  MN (MN) and as shown in Fig. 1. The heating surface is 
in vacuum, while the inlet and outlet of the cooling channel are in the air. A fixed constraint is assumed in the analysis along the 
welding. 

4 The cooling channel in the large block is parallel to 0 LKDE. The cooling channel uses enhanced heat transfer technology 
to achieve a convective heat transfer coefficient up to 3 W/(cm2 K) with low flow of single-phase water. However, we 
conservatively assumed a convective heat transfer coefficient of 2 W/(cm' K) in calculations for added engineering safety. 

t, 
2 

fi min. wall thickness 

r=diameter of cooling 
channel 

FIG. 1 The finite element model for the L5-80 slit 
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FIG. 2 The heat flux applied to the large block with o r  without an  upstream fixed mask 

Knife edges V1 and H1 are thermally isolated from the heating surfaces OLKDE and OBGHA. Surface 0 STYD of H1 and 
surface 0 BCYZ of VI (in Fig. l),  are subjected to the incoming x-ray beam at normal incident; the maximum heat flux on this two 
surfaces is about 207 W/mm'. There is no direct cooling on V1 and H1; the cooling is going through the contact area between the 
large block, VI, and H1. 

3. A FIXED MASK WITH A 4 x 4 M M ~  APERTURE 

A fixed mask with a 4 X 4 mm' aperture is placed upstream of the slit. The fixed mask has been designed in a box-cone- 
shaped geometry. Each tapered surface forms a 2-degree angle with the beam. The fixed-mask body is machined out of a Glidcop 
block. The tapered central opening is electro-dischage-machined with a corner radius of 1.5 mm. Figure 3 shows the temperature 
contour of the fixed mask in one of the cases studied. 

A corner radius of 2 1.5 mm is needed to avoid very high stress ( ccf 2 350 MPa) concentration at the corner? The box 
shape of the mask presents a highly constrained geometry, which induces larger stress levels than would occur in a plate or a tube. 
With regard to stress, the hot spot on the surface (where CX is located) is subjected to the highest compressive stresses. The stresses 
become tensile on the water-channel side due to stress equilibrium. The maximum principal stress has a magnitude of 400 MPa, 
which is compressive, and is parallel to the cooling tube. When the x-ray beam moves toward the comers, the resulting 
temperature decreases (because the x-ray beam stretches out more on the horizontally inclined surface), while the stress 
concentration around the corner increases, with a maximum cd = 320 MPa. For more details, see ref. 8. The yield and tensile 

strengths of the Glidcop AL-15' are 380 MPa and 450 MPa," respectively, at room temperature. 
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FIG. 3 The temperature contour (“C) of a fixed mask with a 4x 4 mm2 aperture 

4. THERMAL AND STRUCTURE ANALYSIS OF THE LARGE BLOCK 

Since the footprint of the heat flux is trimmed down to 4.5 X 4.5 mm2 by a fixed mask, the heat flux is almost uniform in the 
horizontal direction after the fixed mask, as shown in Fig. 4. The heat flux from the x-ray beam (in the horizontal direction) in Fig. 
4 (27.5 m from the source, incident angle = 2.5 degrees) is for the worst case, when kff = 2.63, or an Undulator A gap size of 11 
mm. The heating on near the middle of 0 LKDE can be modeled simply as a plate subjected to a normally distributed heat flux on 
one surface and cooling on the other surface. The general solution for such a plate (in Fig. 5) is 

d’T d2T ,+-=O. 
&- ay’ 

The boundary conditions are 

z 
3Y 

-k-(x,O)=q, when 0 ex I a, 

z 
ay 

- k - ( x , t ) = h ( T - T _ ) ,  when O x l n ,  

z 
3Y 

- k - - ( ~ , O ) = q ,  when a < x I b, 

[ T= temperatuie (“C); k = thermal conductivity (W/m K); q= heat flux (W/mm’); t = thickness of plate (m); h =  convection 
coefficient (W/mm’ OC; T,= ambient temperature; b = width of plate (m); n = width of heat flux (m)]. 
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FIG. 5 The absorber pla(e geometry 
FIG. 4 The Undulator A power envelope in the 
horizontal direction, when kM = 2.6275, 27.5 m from the 
source, incident angle = 2.5 degrees. 

4 The solution is given as 

where 

a '  2 - sin(A,,,a) 

A,,, + Bi 
co=-P' 

, (3) 

For more details see ref. 4. .. 

When CX is located near the middle of 0 LJED,'the maximum sulface temperature (TmaJ as a function of t and radius (r)  
(b = n r) of the cooling channel is shown in Fig. 6 by using Eq. (3), with q = 9.01 W/mm', a= 2.25 mm, k = 0.125 W/(mm K), h 
= 2 x IO-* W/(mm2 IC). The lowest TmU, 32OoC, is obtained when t = 2.5 mm and r 2 3.75 mm, with a maximum cooling wall 
temperature of about 190°C (in Fig. 7). When t I 4 mm, r = 3.75 mm is required for better cooling. Increasing r > 3.75 mm does 
not help to decrease the Tmat. The coolant (water) pressure applied at AI'S is 150 psi and is about 100 psi at the outlet of the slit. At 
100 psi, the water boils at about 160°C. Based on Fig. 7, t has to be 2 5 mm in order to keep the cooling wall temperature below 
15OoC. 

For a given t ,  there is an optimum b (or r) in Tmur; for example, at f = 6 mm, the optimum r is about 5 mm (orb = 15.7 mm), 
increasing r to > 5 mm, does not help to decrease the Tmm. Also, for a given t, there is an optimum b (or r) in maximum cooling 
wall temperature; for example, at t = 5 mm, the optimum r is about 4 mm (orb = 12.5 mm). 



FIG. 7 The max. cooling wall temperature ("c) of a simplified model as a function of the 
radius (mm) of the cooling channel and the wall thickness (mm) 
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When heating on 0 BGHA only, T,, is about 3OOOC in the worst case, because the line power density at any given line (for 
example, AH) on 0 BGHA is smaller than at any given line on 0 LKDE (for example, Av). (The line power density of the x-ray 
beam in the horizontal direction is larger than that in the vertical direction). The closed form solution? which is for a plate 
subjected to a Gaussian-distributed heat flux on one surface and cooling on the other surface, can be used to model heating on 
0 BGHA. Another closed form solution," which is for a retangular block -u/2 I x  Iu/2, -b/2 I y Ib/2, - rSzIO with 
Gaussian-parabolic power on z=O , cooling on z = -  t , also can be used to assess the heating problem on 0 BGHA. 

In the following, a simplified structural analysis of the large block is presented. The practical analysis of elastic beams under 
thermal loading is usually performed under Bernoulli-Euler rules. That is, sections that are plane and perpendicular to the axis 
before loading remain so after loading, and the effect of lateral contraction may be neglected. The only nonzero stress component 
(T, (in Fig. 5 )  is 

[$ + &) (;;;; + .a) = 0 , 
a77 

(4) 

where 

[ oZ= stress component in the 2 direction, E = Young's modulus (MPa), at= thermal expansion coefficient (+) 3. 

For any cross section, the total force and moments have to be in equilibrium, that is 

IoUdA=Jo,~dA=~oZqdA=O. 
5 The solution gives 

o,=- @+ao 6 q - 7 + -  +al  3-- + a 2 ( 3 - 6 q ) ,  - i  [ 685) ( 3  1 
where 

2 Bi e-& 
a. = E.(L++), al = E(L+L)-- 8y 2 sin(&a) 

p 2 Bi p 2 Bi p3 n~1.3.5,- [L- (&+ Bi)-e-2& (A,,,- Bi) 

Assuming both ends of this elastic beam are simply supported, that is 

1 1 
2 ,  2 

U, = 0 whenx=-, U = 0 whenx=--, 

U, is found to be 

Equation (6) implies that U,, will increase with increasing either q or a but will decrease with increasing h, or k, or b. For more 
details about the solution, see ref. 5. 

Simultaneous heating on both 0 LKDE and 0 BGHA is kind of wedge heating." The formulation of such heating is 
complicated and was therefore done with ANSYS. Before generating a model in ANSYS to study the simultaneous heating on both 
0 LKDE and 0 BGHA, both the radius of the cooling channel and the minimum wall thickness (rmin) (in Fig. 1) have to be 
determined based on the parametric studies shown in Figs. 6 and 7. This helps modeling in ANSYS for such a complicated 
geometry. Due to the welding, a space about 15 mm is needed between K a n d  the cooling channel. From the parametric studies, 
the design and the manufacturing requirement, rmin is determined to be 15 mm, and r is determined to be 9.5 mm as shown in Fig. 1. 
From Fig. 6,  T,, is expected to be about 390°C when Cx is near the middle of 0 LKDE, with a maximum cooling wall 



FIG. 8 The max. surface temperature ( C) of the main body as a function of the 
x-ray beam center(Cx) location (in Fig. 2); the origin is at point A (in Fig. 1) 
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FIG. 9 The effective stress (MPa) contour of the large block, when C, is at (1.75, 0) 
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FIG. 10 The temperature ('C) contour when C, is at (1.25, -1.25) 
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FIG. 11 Thc U ,  (mm) contour of the large block when C, is located at the middle of AD 



temperature of < 100°C. From Eq. (5), the max. a= is about 500 MPa. This case is represented in the ANSYS model shown in Fig. 
I .  

Assuming the large block to be an thermal elastic beam, the only nonzero stress component is a, in Eq. (4), and the max. 
6, occurs at the origin in Fig. 5, or where the CX is located in our case. When Cx is at (8.25, 1.5) position, the calculations by 
ANSYS model in Fig. 1, indicate that a, = -482 MPa, a,= -24 MPa, -1 MPa at Cx (the minus sign indicates a 
compressive stress). Comparing a,, as, and a,,, , one can conclude that a,,. E axr E 0 ,  which agrees with Eq. (4). 

Figure 8 shows T,, as a function of the CX locations using ANSYS. The higher T,, occurs when CX is near point A and 
- ED as expected. The highest Tm is about 532°C when CX is at (1.75, 0) (the origin is at point A, as shown in Fig. 2). As CX 
moves from point A toward DE and KL, T-decreases except when Cx is near DE and a. As CX approaches the middle of 
0 LKDE [which is at the coordinate (13.5, lS)], the T,, agrees with the prediction of the closed form solutions (that is, a T,, of 
about 390°C when CX is near the middle of 0 LKDE). It is about 400°C when Cx is at (8.25, lS) ,  and about 380°C when Cx is at 
(10, 1.5). Fig. 9 shows the Oefl contour for the large block when Cx is located at (1.75,O). The max. Oe8 is about 700 MPa, which 

is considered to be the highest max. Oefl in all cases studied. 

Both AB a n d m  which trim the x-ray beam to a required shape, are straight lines before thermal loading. Both AB and& 
become curved during thermal loading. Therefore, after the knife edge (both AB, a n d m  the x-ray beam is no longer a plane as 
required. In order to trim the x-ray beam into a plane, the V1 and H1 pieces are placed after the large block. However, for the large 
block, U, < 25 pm at AB, and U, < 15 pm at AD in the worst case, which might be acceptable for some users. 

When CX moves from point A toward u, T,, decreases, as shown in Fig. 8, while oe8 near the welding (MN a n d u n  
Fig. 1) increases because the distance between the heating surface and the constraint (at the welding) becomes shorter. If Cx is 
restricted to y > -1.5 mm (origin at point A in Fig. 2) on 0 AKLV (Fig. l), the max. Ofl at welding. is < 150 MPa (as shown in 

Fig. 9). When CX is located at (0.75, -2.0), the maximumOeff at welding could reach 200 Mpa. Fig. 10 shows the temperature ("C) 
contour when CX is at (1.25, -1.25). Note that T,, is not where CX is located but is at point A. This phenomenon can explain why 
the edge heating induces a higher T,, than is accounted for by Eq. (3); thus there are two hot spots in Fig. 10, one at CX, the other 
at point A (in Fig. 1). 

In most applications, Cx is either in the middle of AB or the middle of AD. In either case, the thermal deflection at and 
- AD is about 10 p m. Figure 11 shows the U, (mm) contour when CX is located at the middle of AD. The maximum U, is at 
0 LKDE, and is about 14 p m. The U, on 0 LKDE is not important, but the U, on AB is, and it is about 10 p m. 

If the large block is made of TZM [vacuum arc-cast molybdenum-0.5% titanium-0.1% zirconium alloy, k = 140 W/(m K), E 
= 3.15X10' MPa, V = 0.293, a, = 5.4X1U6/("C) X1U6J, the resulting temperatures and thermal stress will be lower than those 
for a block made of HD18.5. However, the maximum thermal deflection at both AB, a n d m  (in Fig. 1) remain about the same. 
Before changing to TZM, critical manufacturing processes have to be addressed, especially welding between a TZM block and the 
stainless steel vacuum chamber. 

5. V1 AND HI  TO FORM A KNIFE EDGE 

The two knife edges are VI,  which defines the vertical beam, and H1, which defines the horizontal beam. Edge V1 is 
screwed on to surface EDM of the large block as shown in Fig. 12. Edge HI is screwed to V1. OSTYD of H1 and surface 
OBCYZ of V1 (in Fig. l), are subjected to the incoming x-ray beam at normal incidence; the maximum heat flux on these two 
surfaces is about 207 W/mm2. The width of 0 BCYZ subjected to the x-ray beam is about 50 p m in the Y direction and is about 50 
p m for 0 STYD in the X direction. The total power deposited on 0 BCYZ (Vl) is 45 W, and is 28 W for 0 STYD (Hl). Edges 
V1 and HI do not have a cooling system of their own. The heat on VI and H1 is conducted away through OEPM in the large 
block. 
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FIG. 12 The U, (mm) contour of V1 when C, is located at the middle of 0 BCYZ 

Edge VI is thermally isolated from the heating surfaces ( 0 LKDE and 0 BGHA) in the large block by a recess, as shown 
in Fig. 12. Therefore, the analysis on V1 can be separated from the large block. Tma for V1 is about 450°C with a maximumCeg of 
about 400 MPa at Cx. Edge VI remains perfectly flat in the worst case. The thermal distortion of the two knife edges is < 5 p m for 
VI in the worst case, as shown in Fig. 12. Because cooling by contact is not efficient, the width subjected to the incoming x-ray 
beam should be limited to 5 50 p m, as shown in Fig. 1. The calculated thermal distortion component U, of the large block 
assures that VI will never have a width (in the Y direction) > 50 p m that is subjected to the x-ray beam. There is only a 3 ,u m 
difference between the two sides of the knife edge as shown in Fig. 12. This is because cooling through contact is poor, and the 
temperature becomes more even throughout 0 BCYZ (the knife edge), so that the displacement component U, along the knife edge 

is nearly constant. The relative displacement A Y-Z (relative to point Z) is less than 2 p m. 

When CX is located at H1, the resulting T,,,, , oefl and U, are smaller for H1 than VI. 

When TZM is used as the material for VI and HI, the resulting T,,,, and Oefl will be lower than those for V1 and H1 
made of HD18.5, but the thermal deflections remain about the same. 
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