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ABSTRACT

The high power density of multipole wiggler radiation from the X-ray

ring at the National Synchrotron Light Source at Brookhaven National

Laboratory precludes the use of normal incidence water cooled masks and

shutters due to high metal temperatures and resulting high stresses and/

or deflections and the possibility of cooling water boiling. One way the

power density can be reduced is by positioning the absorber surface at a

small angle to the beam, a technique first developed by Lawrence Berkeley

Laboratory. Finite element analyses results for temperatures, displace-

ments and stresses are presented in this paper for a thermal absorber

designed for ultra-high vacuum operation.
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1. Introduction

The basic absorber is a continuous length of hollow core O.F. copper

conductor which has been formed and machined into the required shape and

positioned sc as to intercept the photon beam at a small angle (set Fig.

1). Water connections are made outside the vacuum containment. The ad-

vantage of this approach is that fabrication is relatively simple, there

are no water->vacuum joints and only two permanent atmosphere to vacuum

seals (brazed joints) are required.

A two-dimensional finite element analysis is first carried out to

obtain the temperature distribution across the absorber cross-section.

The resulting thermal deflections and stresses are then obtained by two

coupled structural analyses utilizing plane-strain formulation and beam

finite elements. Numerical results for maximum deflections and stresses

are compared to their corresponding design values.

2. Thermal Analysis

The normal incidence peak power density from the X-ray ring super-

conducting wiggler at 10m from the source is 3880 W/cm with a nearly

Gaussian distribution in the vertical planet 1]. Positioning the

absorbing surface at 6" in the horizontal plane to the photon beam (Fig.

1) reduces the peak power density to 406 W/cm2 (3880 W/cm2 x sin 6°).

The absorber cross-section itself is 5/8" x 1** with a 3/8" diameter water

channel through the center. A velocity of 20 ft/sec was assumed in the

water channel resulting in a 7 gal/min flow and a pressure drop of 3 psi

per foot of absorber length. At a water inlet temperature of 25°C, a

value of 2.1 W/i°C cm f for the film coefficient for turbulent flow was

determined by means of the expression!2]
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Using the absorber geometry, power input and cooling parameters, a 2-

dimensional finite element solution was obtained for the temperature

distribution within the absorber cross-section. Approximately 500

temperatures ware determined yielding important maximum values such as

copper temperature, water cooling channel wall temperature (to determine

the possibility of ooiling) and temperature drop across the film.

Fig. 2a shows the temperature distributions throughout the absorber

cross-section when the photon beam is directly over the cooling channel

and Fig. 2b shows them when the beam is near the edge of the absorber

corresponding to a maximum shift of the beam center-lire. These tempera-

tures are based on a water inlet temperature of 25°C. There is a bulk

water temperature rise in the absorber of

. . 3.8 x kH _ 3.8(7.8) _ o
AT|bulk GPM 7 4*2C

The maximum ccoling channel wall temperature is 66.4°C (62 + A.2), low

enough to preclude any possibility of boiling.

If the absorber is positioned at a small angle in the vertical plane

it sees a peak power density at its center decreasing toward its ends as

shown in Fig. 3a. It sees the beam across its entire width resulting in

a oaximum power/unit length of 343 W/ca (about 3 times that of the 6°

horizontal absorber) at



an angle of 2° to the beam. This Is about the smallest angle that can be

used due Co thermal deflections, fabrication tolerances and alignment

requirements. Thermal analysis results (Fig. 3b) indicate a maximum

copper temperature of 112°C and a maximum water channel temperature of

97°C which is close to Che atmospheric boiling temperature of 100"C.

Boiling should be avoided in order not to generate steam voids and

resulting hot spots. By increasing the exit pressure to 10 psig the

saturation (boiling) temperature at 10 psig Increases to 116°C. The

inlet must necessarily be higher due to the pressure drop in the

channel. The bulk water temperature rise is 1.3C.

3. Stress Analysis

A finite element plane-strain stress analysis technique was used to

determine the stress and strain distributions in the cross-sectional

plane of the absorber. This technique assumes that the temperature,

stresses and strains do not va*y along the absorber's length and its ends

are initially fixed (see Fig. 4 ) . The absorber should not be fixed on

its sides since that increases the degree of restraint which Increases

the stress level. Two sides and both ends fixed increases the stress by

a factor of l/(l-v) (v is Poisson's ratio) - 1/(1-.33) - 1.5. All four

sides and both ends fixed increases the stress by a factor of l/(l-2v) or

1/(1-.67) - 3.

The temperature results as previously determined are used as inputs

to the stress analysis program. The relations representing the equilib-

rium of each element and the conditions for continuity between the ele-

ments are solved directly. The normal stresses 8* and sv and shear



stress s^y In the plane of the cross-section are computed for each

element and the axial stress ez Is determined from the expression

s - v(s + s ) - EaT (for fixed ends) [3]
Z X y

where v is Poisson's ratio

E is modulus of elasticity

a is thermal expansion coefficient

T is temperature change of element

By combining s , s and s the in-plane principal stresses sx and

s2, (maximum and minimum normal stresses) are determined for each element

by oeana of the expression

The absolute values of principal stress differences i

and J82~sz| are computed and the maximum of the three is compared to a

design stress. Typically the axial stress sz is largest compared to sl

or 82 and is at the point of maximum copper temperature (point A in Fig.

4). The advantage of fixing the ends is that for a constant thermal mo-

ment at each section, counteracting equal moments are developed at the

ends resulting in no absorber displacement. The product of sz and the

area on which it acts A A ^ is the axial force on each element and when

summed across all elements is the axial restraining force on the

absorber. In addition* this elemental axial force when multiplied by its

distance to each of the two neutral axes and summed over all elements

results in the previously mentioned restraining moments acting on the

ends of the absorber. The program determines the stresses when one end

is fixed and the



other la free by applying the fixed ended elemental forces and moments of

opposite sign to the ends of the absorber. The resultant maximum stress

values for an absorber with a free end are about 1/3 to 1/12 of the fixed

ends values and do aoK occur at the point of maximum copper temperature

but typically at the water channel wall on the side away from the photon

beam (point B in Fig. 4 ) . Table 1 summarizes these results. The result*

ant absorber displacements (deflections and slopesprO.160" and 0.8° maxi-

mum) for the fixed/free condition are large. Due to the configuration of

the absorber (the two loops at each end act as compliant structural mem-

bers — see Fig. 1), one end constraint can be adjusted (the other end

being fixed) by shifting the position of the support section near the

loop to optimize the stress/displacement characteristics.

The upstream end is fixed because the slight beam Incident angle in-

crease near the fixed end due to .thermal heating is less than if the
»

downstream end was fixed. The angle increase should be minimized as it

results in greater power density on the absorber.

4. Absorber Stress/Deflection Analysis

A finite element beam-frame, stress analysis program v utilized to

determine stresses and displacements of the actual absorber. This method

requires inserting the axial force and moments, as determined from the

fixed ends solution, into the frame at the location corresponding to the

two ends of the power input section (see Fig. 5 ) .

The applied axial force and moments re-distribute themselves

throughout the frame depending on the geometry, elasticity and boundary

conditions of each finite element beam with the resultant axial force,

Fax» moments Mx, My, and displacements (3 translation, 3 rotation)



at each beam being determined. The resulting axial stress sz is deter-

mined by the following expression which combines the axial and bending

stresses:

F M M

ax y x

where F ^ is the axial force

at each section: A ^ is the axial cross-section

My,Mx are the moments about orthogonal axes

Iy,Ix are the moments of inertia about orthogonal

axes

x, y are the distances of the element from the

respective neutral axes

This resulting value of sz is now combined with sx and &2 as previously

determined from the plane-strain analysis to determine the actual princi-

pal stress differences as before and the maximum of these is compared to

the allowable thermal stress. There are two basic types of thermal

stresses. One type causes excessive distortions of the entire structure

and the allowable stress is twice the annealed O.F. copper yield strength

(2 times 8000 psi) [9]. The other produces no significant displacements

and fatigue strength is used as a criteria for failure since thermal

cycling will occur during normal operating procedures.

For a ten year life, a conservative value of 10s cycles (40 times a

day x 250 days/yr) was assumed. A number of sources[5-8] were used co

determine actual test failure levels of stress of annealed O.F. copper

for various cycle times. A conservative value of stress failure level

was used and a safety factor of 2 was applied to determine the design
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stress. At 10S cycles the design stress single amplitude is 7500 psi.

The computed maximum principal stress difference was compared to the

stress range (double amplitude) or 15,000 psi. This is the basic proce-

dure followed by the ASMS Pressure Vessel Code in designing pressure ves-

sels for fatigue [9].

Fig. 6 shows the resultant values of moments, axial forces,

stresses, and displacements for a typical absorber positioned in the

horizontal plane and a beam splitter positioned in the vertical plane.

Work done at Brookhaven is supported by the Division of Materials

Sciences, U.S. Dept. of Energy, under contract DE-AC02-76CH00016.
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Figure Captions

Fig. 1 Conceptual Design: 6° Horizontal Absorber.

Fig. 2 Temperature Distribution: 6° Horizontal Absorber.

(a) zero beam shift, (b) maximum beam shift.

Fig. 3 2° Vertical Absorber, (a) geometry and power density

distribution, (b) temperature distribution.

Fig. 4 Stress Components: Plane-Strain Analysis.

Fig. 5 Stress Analysis: Beam-Frame Model

Fig. 6 Resultant Stresses, Displacements and Reactions:

(a) 6° Horizontal Absorber, (b) 2° Vertical Absorber.



TABLE 1

STRESSES, DEFLECTIONS AND REACTIONS - FIXED/FREE END CONDITIONS

Horizontal Absorber @6°, 24" long

Photon Beam Pos
Figure No.

F

M
yo

M

amax
6
y,aaac
6
x,aax
ey.nax
8

lb

Ib-in

Ib-in

psi

inch

inch

deg

deg

Both Ends Fixed

2a

3430

138

0

l.r700

0

0

0

0

2b

3750

110

390

20000

0

0

0

0

One End Fixed, One End Free

2a

0

0
•

0

5970

0

0.13

0.62

0

2b

0

0

0

6600

0.16

0.10

0.50

0.80

Photon Beam Pos.
Figure No.

ax
M
yo

H

max

y.max

x.max

y.aax
9

lb

Ib-in

lb - in

psi

inch

inch

deg

deg

Vertical Absorber (Splitter @2°), 24" long

x,aax

Both Ends Fixed

3b

8590

322

0

25500

0

0

0

0

One 2nd Fixed, One End Free

3b

0

0

0

2000

0

0.085

0.22

0
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POWER IN -^
24

fx

at A at B
My.lb-in 45 38
Mx,lb-ln 124 178
Fax. 'b. 31 37
Smax, psi +4600 -14100

Tf
POWER IN

fT
at A

My,lb-in 0
M J b i

(JtB
0

90 178
FaxJb. 43 II
smax»Psl +1600 +6830

ELEVATION .Q|°
< ^ r-.008 .012
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