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HIGH HEAT LOAD X-RAY OPTICS

WORKSHOP REPORT

ABSTRACT

A workshop on "High Heat Load X-Ray Optics" was held at Argonne
National Laboratory on August 3~5, 1989. The object of this
workshop was to discuss recent advances in the art of cooling
x-ray optics subject to high heat loads from synchrotron
beams. The cooling of the first optical element in the intense
photon beams that will be produced in the next generation of
synchrotron sources is recognized as one of the major
challenges that must be faced before one will be able to use
these very intense beams in future synchrotron experiments.
Considerable advances have been made in this art during the
last few years, but much work remains to be done before the
heating problem can be said to be completely solved. Special
emphasis was placed on recent cooling experiments and detailed
"finite element" and "finite difference" calculations comparing
experiment with theory and extending theory to optimize
performance.

INTRODUCTION

A workshop entitled "High Heat Load X-Ray Optics" was held at Argonne National
Laboratory on August 3~5, 1989. Ninety-five people attended the conference,
which consisted of 20 invited presentations of 30 minutes each, followed by 15
minutes of discussion. About one half of the attendees were from Europe or
Japan. All the major synchrotron laboratories (except those in Russia) were
represented. This high degree of interest in heat load problems is not
surprising since the degree to which one will be able to utilize the increase
in beam intensity relative to what is available at present-day facilities will
depend critically on how well these heat load problems are solved. Despite
the larp.e number of attendees, the meeting retained its workshop nature and
much discussion (sometimes heated) followed each talk.

The workshop ended on a positive note in that there appeared to be multiple
approaches that could be developed into solutions for 80? to 90J of the heat
load problems that will be present at the next generation of synchrotron
facilities. It was also noted that ,Jnuch work., remains tp be done to develop
t h i s c a p a b i l i t y . ' '• : ? ••• ': '.' •'• : . •• ' •' .; ': M ^
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POWER DISTRIBUTION FROM INSERTION DEVICE
SYNCHROTRONX-RAY SOURCES*

P. J. Viccaro
Advanced Photon Source

Argonne National Laboratory
Argonne, IL. 60439 USA

Abstract

The next generation of low emittance-high brilliance synchrotron facilities such
as the 7-GeV Advanced Photon Source (APS) will have Insertion Device (ID) x-ray
sources with unique spectral properties. These new sources will also produce x-
ray beams with unprecedented photon power densities. Undulator at the APS for
example can have highly peaked photon power distributions with central
densities approaching 300 kW/mrad2 and a total power of 10 kW. Large power
densities can also be expected for some of the high power wiggler IDs. Handling
such power densities is a formidable task for non-optical components such as
beam stops and apertures which must intercept the full power of the beam
without mechanical degradation from the thermal/stress loading. For optical
components such as mirrors and diffracting crystals, the performance depends
critically on their ability to efficiently dissipate the absorbed power without
undergoing small distortions which could seriously degrade the brilliance of the
incident beam. In order to design and accurately predict the behavior of these
components , reliable models for both the spatial and frequency distribution
contained within the ID x-ray beam must be known. An overview of the
properties for ID sources will be presented for both existing facilities and third
generation facilities such as the APS.

*This work supported by the U.S. Department of Energy, BES-Materials Science,
under contract number W-31-109-ENG-38.



TOPICS

nrnTi

ID SOURCE

WIGGLER AND UNDULATOR INSERTION
DEVICE SOURCES

TOTAL POWER

ANGULAR (SPATIAL) DISTRIBUTION

POWER ENVELOPE

FREQUENCY DISTRIBUTION

EMITTANCE EFFECTS

INCLUDE PRESENT AND FUTURE ID SOURCES



INSERTION DEVICES
TYPICAL STRUCTURE

I—•»-1 -*—•—•

Vanadium
permendur
pole pieces

-M m m wSzr^

Nd-Fe-B
permanent
magnets

B = Bo cos(27i;zA)
Bo(T) Peak Field at Poles

DEFLECTION PARAMETER K = 0.934 X()Bo
PARTICLE TRAJECTORY DETERMINES DEVICE

CHARACTERISTICS



PARTICLE BEAM TRAJECTORY

DEFLECTION PARAMETER K

K = 0.934 Xo(cm) BQ(T)

CENTRAL RADIATION CONE

ANGULAR WIDTH ~ 1/y
Y=1957ER(GeV)

WIGGLER REGIME

SUM INTENSITY FROM EACH POLE

UNDULATOR REGIME

K 1
INTERFERENCE EFFECTS
WITHIN RADIATION CONE



TOPICAL FREQUENCY SPECTRA OF ID SOURCES

EXAMPLE: APS@ 7GeV 100mA

INTERFERENCE EFFECTS IN UNDULATOR REGIME
CAUSES SPATIAL AND FREQUENCY 'BUNCHING'
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TOTAL POWER FOR AN ID SOURCE

Ptotal (Watts) = 1.263 E R 2 <B2> I(mA) L(m)

ER RING ENERGY IN GeV
I STORED CURRENT IN mA
L ID LENGTH IN m
B MAGNETIC FIELD IN Tesla

TYPICAL OPERATING PARAMETERS

Bo - IT
L < 5m
I < 1A

Ptotal ~
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TYPICAL INSERTION DEVICE TOTAL POWERS

ER(GeV)

I(mA)

B0(T)

Xo(cm)

Poles

Length(m)

K

PtntalCkW)
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0.53
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3.
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CHESS
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APS
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100
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3.1

300
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7
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1.5

400

0.95

5.0

200

5.0
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2.5

W13.(

1.5

400
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ANGULAR DISTRIBUTION OF POWER

(ZERO - EMITTANCE PARTICLE BEAM)

dP/dft = d2p/d\|/d0 = Ptotal (2lY2/ 16TCK) G(K)

Ptotal ~

K = 0.934 XQBQ

G(K) = ANGLE INDEPENDENT FACTOR

= 'NORMALIZED1 ANGULAR
DISTRIBUTION FUNCTION

fK(0,0) = 1 ON-AXIS IN FORWARD
DIRECTION PEAK POWER
DENSITY

Ptotal(Watts)

THEN dP/dQ(Watts/rad2)
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ANGULAR DISTRIBUTION FUNCTION

GOO

I — • ' • • ' '

G(K)« 1 K LARGE (>2)
-- (16/7)K K<0.5

POWER ENVELOPE

DESCRIBES THE ANGULAR (SPATIAL)
DISTRIBUTION OF THE TOTAL POWER FOR ALL

FREQUENCIES EMITTED BY THE ID
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ANGULAR DISTRIBUTION FUNCTION

POWER ENVELOPE DEPENDS ON THE
DEFLECTION PARAMETER. K

HORIZONTAL (X) 0 DIRECTION,
POWER ENVELOPE EXTENDS TO

(APPROXIMATELY)
± K/y K 'LARGE1 PARABOLIC
~ 1/y K ~ 1

VERTICAL (Y) \|/DIRECTION,
POWER ENVELOPE IS

(APPROXIMATELY) GAUSSIAN
WITH

G' = 0.608/y
(INDEPENDENT OF K)
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ANGULAR DISTRIBUTION FUNCTION

VERTICAL DIRECTION

m
a.

CO

0.4 -

0.2 -

0.0
- 2

HORIZONTAL DIRECTION

0.2 •

0.0
-20
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PEAK POWER DENSITY ON-AXIS
\j/=o, e=o

dP/dWioo = Pt0tal(2lY2/167cK)G(K)

EXAMPLE

• CHESS 6-POLE WIGGLER
• APS/CHESS PROTOTYPE UNDULATOR

(CESR AT 5.4 GeV 100 mA)

B0(T)
Xo(cm)
Number
of Poles
K
Ptotal(kW)

dP/dHloo
(kW/mrad2)

Oy'(vert)(jirad)

Gx'(hor)(jxrad)

WIGGLER

1.0

35

6
33
1.9

1.66

57

2800

UNDULATOR

0.45

3.3

123
1.4
0.75

13.9

55

185

16



CM

(8

CO

CHESS 6-POLE WIGGLER
APS/CHESS UNDULATOR
CESRAT5.4GeV 100mA

<3U

20

10

0

CHESS 6-POLE WIGGLER
. TOTAL POWER:

1.9kWatts

\
\

1 \

APS/CHESS UND
TOTAL POWER:
0.75 kWatts

S

. • f • i • • * • | |

-50 -40 -30 -20 -10 0 10 20 30 40 50

gamma'theta
(gamma ~ 0.1 mrad)
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Angular Power
Density

CHESS WIG
Ec = 29 keV
Ptotal = 1.8 kW

APS/CHESS UND
E = 4.3 keV
Ptotal = 0.75 kW
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Angular Power
Density

WIG A Ec = 32.6 keV
ptotal« 4.6 kW

A 3.3 cm Period
= 12keV

ptotal = 0.7 kW
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NORMAL INCIDENCE PEAK POWER DENSITIES
(FAR FIELD)

DISTANCE D(m) FROM ID SOURCE

PEAK POWER IN kW/mnA

dP/dA!oo = dP/dWloo(kW/mrad2) /D2(m)

NORMAL INCIDENCE

NORMAL INCIDENCE FOOTPRINT

= o'ver

FOR A GIVEN INCIDENCE ANGLE a FROM
NORMAL

OC
REDUCE NORMAL POWER BY SIN(a)
INCREASE VERTICAL a y BY l/SIN(a)
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TYPICAL ID PEAK POWER DENSITIES

B0(T)

Poles

Length(m)

K

PtotalCkW)

PflcW/mrad2

NSLS

suw
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6
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2.0
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0.2
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3
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CHESS
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1.0

6

1.05

30

1.8

2.7

UND

0.45

123
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1.4

0.75

25

APS

U N D J

0.8

300

5.0

2.5

9.8

300

\ WIGA

1.0

20

1.5

15

4.6

24

ALS

U5

0.95

200

5.0

4

2.5

2.3

W13.6

1.0

32

2.2

13

1.5

0.36

P(W/mm2) 38 0.3 27 15
@ 10 m

o'(v)mrad 0.12 0.4 0.1 0.1

100 27 244 3000 240 23 3.6

0.04 0.06 0.06 0.044 0.044 0.2 0.2

a'(h)mrad 20 2. 1.36 2.5 0.2 0.14 0.18 1.1 1.36 5.0



FREQUENCY DISTRIBUTION WITHIN POWER
ENVELOPE

WIGGLER

VERTICAL OPENING

CRITICAL ENERGY: Ec(keV) = 0.665B()(T)ER2(GeV)

RADIATIVE OPENING ANGLE AT E:

G'rad = 0.565(l/y)(Ec/E)0.425

AT Ec: o'rad = 0.565(l/y)

POWER ENVELOPE OPENING ANGLE:

cVer = 0.608(1/7)

22



3
JD

I*
Q O

CO UJ

Wiggler With K=14
ANGULAR POWER DISTRIBUTION ENVELOPE
PHOTON ANGULAR DISTRIBUTION: Ec and 2*Ec

1.0

0.8

0.6

gamma'psi
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FREQUENCY DISTRIBUTION WITHIN POWER
ENVELOPE

UNDULATOR

VERTICAL OPENING

RADIATIVE OPENING ANGLE AT ODD HARMONIC:

CENTRAL CONE NEARLY GAUSSIAN WITH

= (1/7)1(1+K2/2)/2nN" (in rad)

n = Harmonic Number (1,3,...)
N = Number of Periods - 30 - 200

POWER ENVELOPE OPENING ANGLE:

= 0.608(l/y)

aVer > a rad A T 0 D D HARMONICS
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o
z

CO

1.0

APS/CHESS UNDULATOR
3.3 cm 61 periods
K-1

0.8

0.6

0.4

0.2

1st Harmonic
(central cone)

0.0

FK(psi.O)
Vertical

- 2 -1

gamma'psi
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ABSORPTION

ABSORPTION COEFFICIENT \i DEPENDS ON
ENERGY

SPATIAL DISTRIBUTION OF FREQUENCIES
WITHIN POWER ENVELOPE

Benaing Magnet Ec=i9keV
APS 7GeV
Transmission Through Silicon

CM

£

5
o

Q .

Incident Power

Transmitted ; 1 mm Si
Amplitude Scaled

Transmitted: 1 mm Si

Transmitted: 10 mm Si

gamma*psi
(VERTICAL)

WIDTH OF POWER ENVELOPE CHANGES WITH
PENETRATION DEPTH IN ABSORBING MEDIUM

LOW ENERGY X-RAYS (< 3 keV)
SURFACE LOADING
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EMITTANCE EFFECTS ON POWER ENVELOPE

PARTICLE BEAM
GAUSSIAN DISTRIBUTION WITH

SIZE: G{

DIVERGENCE o'{
(i = x , y)

POWER ENVELOPE WITH NON-ZERO EMITTANCE
CONVOLUTION OF SINGLE PARTICLE ENVELOPE

WITH PARTICLE BEAM DISTRIBUTION

RESULTS IN DILUTION OF POWER DENSITIES

27



SIMPLE MODEL FOR INCLUDING EMITTANCE
EFFECTS

IN FAR FIELD, PARTICLE BEAM SIZE NOT
IMPORTANT (aj/D)

THEN:
HORIZONTAL

Z'y = j a \ ^ 2 + a-y2 VERTICAL

power * beam
envelope emittance

IN GENERAL af
ver = 0-608(1 /y)

and G'hor = K(l/y)

ARE LARGER THAN DIVERGENCE OF PARTICLE
BEAM (ESPECIALLY AT RING ENERGIES < 2
GEV) AND DILUTION OF POWER DENSITIES BY
PARTICLE BEAM EMITTANCE NOT SIGNIFICANT
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OPTICS FOR THE EUROPEAN SYNCHROTRON
RADIATION FACILITY

Andreas Freund
Optics Group

European Synchrotron Radiation Facility
B.P. 220

F-38043 Grenoble Cedex
France

The European Synchrotron Radiation Facility in Grenoble will be a new genera-
tion synchrotron source delivering X-ray beams of very low emittance and high
brilliance. Because of the high electron energy (6 GeV), the total power and
power density of wiggler and undulator beams will become the main obstacle to
the efficient use of these sources. It is therefore necessary to investigate
this problem and to identify research and development strategies required for
the optics that will have to tailor the X-ray beams to the needs of the vari-
ous experiments without major losses of emittance and brilliance.

In the first part of this presentation, the source specifications will be
given for several types of undulators and wigglers. Then it will be shown
that present-day technologies of mirror and single crystal preparation are
sufficient, in special cases after some improvements, to conserve emittance
which is a prerequisite for conservation of brilliance. Conversely, a quite
strong effort is needed for the fabrication of layered synthetic
microstructures. Thereafter problems related to brilliance are discussed.
Results from first analytical calculations are confirmed by finite element
analysis evidencing the fact that the former are precise enough in a first
instance and the latter are needed only for final refinements without a
significant gain in accuracy. They show very clearly that Si single crystals
will not be capable to withstand unfiltered undulator beams. Therefore,
thermal filters and mirrors are needed upstream which take away part of the
power and preselect a wide energy window. Then melting can be avoided but a
thermo-mechanical analysis shows that the deformations produced by the thermal
gradients (lateral and in-depth) are still so strong that brilliance will not
be conserved. It thus becomes important either to cool silicon down to
temperatures around 125 K reducing the gradients or, alternatively, to
compensate deformations by applying external forces to the system. The former
proposal will be limited to power densities below about 1 W/mm whereas the
latter will allow higher loadings and has the additional advantages that
materials other than Si can be used and that focusing surface shapes can be
generated as well. The complex technologies linked to both methods call for
intense efforts in order to obtain rapidly more experimental data.

Three R & D projects are presently envisaged at the ESRF:

i) Cryogenic cooling of silicon mirrors and monochromators.
ii) Adaptive mirrors based on water cooled SiC substrates,
iii) Thin crystals.

29



Other work is pursued in parallel such as diamond crystals and thin diamond
coatings or films, development of better and heat-resistant multilayer
materials and cooling optimization using analytical and finite element
calculations. Experimental data on the performance of prototypes using
laboratory facilities at the ESRF and synchrotron radiation elsewhere are
expected to be collected during the year 1990.

30



GEMMITiJUESTO^
(OPTICS OR SOURCES)

- E S R F SOURCES PROPERTIES

- DEFINITION OF OPTICS TOLERANCES

CONSERVATION OF E
(feflectioifby non-ideal Surfaces)

-CONSERVATION OF BRILLIANCE
(high X r̂ay-power).

^_C0NCLUSI0NSjysiD-R-&"3)-ENVISAGED:
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ESRF SOURCES PROPERTIES

BRILLIANCE PRODUCED BY ESRF INSERTION DEVICES

.20

- \ , icmi -8.0 5.5 3.5 2.3

18
10

CO

52

O

in

O

O

c
QL

I?
10

10

15
iO

Q -
10 sr

10

0.1

(3ra nermcnicj

Icrn)
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! 6 GeV, !00 mfi

> t I ' " i l ' ' ^ ' t i 1 t I

l 10
photon energy

10-pote UJiggLer
8 - 1.5 T, K - 34 !

100 1000

- Undulator length : 5m with gap 20mm
- Wiggler length : 2m with gap 20mm

Ref. : P.EHeaume, NucI, Instr. and Methods, A266,125-131,1988
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ESRF SOURCES PROPERTIES

SOME RELEVANT SOURCE PARAMETERS

P t = O.633 B2 E e
2 1 L

P s = 10.8 B ^ / I Np G(K) / d2

where G(K) = Fct(K)

Bending Magnet Undulator 1 UnduJator 2 Wiggler 1 Wiggler 2 U3

Sv (mm)
Sh(mm)

Po (cm)
B(T)
K
L(m)
PrflcW)

]?s (W/ram2))
~A-i C^J

0.30
0.38

0.80

0.42
12.9

0.20
l.OO
3.5

0.30
l.O
5.0
l.O

A Q
1.3

0.20
1.00
5.5

0.63
3.2
5.0
4.6

QiE)

0.11
0.16
10

1.25
12
1.7
6.0
60

0.11
0.16
18

1.90
32
1.0
8.0
30

O.H
\.Oi
z.o\

o.*i
s.o>
1. &'

S v : vertical source size

e
I : stored current i A J
Np: number of poles
d: distance of observation
Sn: horizontal source size
p 0 : period Vci*i)
B : magnetic field £i\) - -,
K: deflexion parameter = 0 . 9 3 ^ po( .ci^i j
L : length of insertion device 0**)

t : total power CitlV^
P s : power density (at a distance of 22m from the source) CbJ/t*u*\
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ESRF SOURCES PROPERTIES

VERTICAL DIVERGENCE (FWHM) FROM VARIOUS SOURCES
(perfect crystal reflection widths are also given)

600

100

en

LU
_ l

CD

10

UNDULATORS
(central cone)

GEK-;

10 20 50
ENERGY (keV)

100

Ref. : A.K.Freund, Proc. Brookhaven Symposium on "Synchrotron Radiation
in Structural Biology", June 1988, Plenum Press, New York, pp 255-292,
in press.
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LIMITATION OF EMTTTANCE

(phase space volume ; lower bound)

10 EMfTTANCE OF THE SOURCE

non-ideal optics increases emittance at the sample

aberrations < — > technology
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DEFINITION OF OPTICS TOLERANCES

1 • CONSERVATION OF EMTTTANCE

Matching of the optics to the source :

The tolerable increase ofemittance by the optics
^ ^ _ ^ should be comparable to

thelstabilitvlspecifications of the source parameters

For the ESRF:

In order offilO^) (source size & beam divergence)

Forundulator2 :

Increase of vertical source size and divergence are

ASV « 20|im &
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LIMITATION OF BRILLIANCE

(phase space density; upper bound)
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OPTICS LIMIT^
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1 0 x BRILLIANCE OF THE SOURCE

HIGH X-RAY POWER:

- surface deformation due to thermal load
- surface degradation due to radiation damage

==> limitation of the transferable brilliance by the optics
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LIMITATION OF BRILLIANCE

EXAMPLE : cooled double crystal monochromator

(111) 11 SLOTS, 13 keV

(111} 10 HOLES, 13 keV

(311) SIDE-COOLED, 25 keV
i

20 40 60 80
ELECTRON BEAM CURRENT (mA)

Effect of heat loading on a gallium cooled Si monochromator as a
function of incident flux generated by an undulator (CHESS)

Ref : D. H. Bilderback, C. Henderson, J. White, R. K. Smither, and G. A. Forster,
Rev. Sci. Instr. 60 (1989) 1973.



rONSERVATION OF EMTTTANCE

REAL MIRROR EFFICIENCY

Limitations by microroughness and figure (slope) errors

Example: Angular distribution of reflected intensity

C
Cu Ka-radiation

U =1.54 A)

I I

-120 -80 -40 0 40 80 120
Rocking angle (sec)

Adapted from T. Matsushita, T. Ishikawa, and K Kohra, J. Appl. Cryst. 17 (1984) 2i
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CONCLUSIONS

1. Roughness

An rms microroughness of a few A is sufficient for
most applications. This is presently feasible.

2 . Figure and slope errors

The requirements can be met with state-of-the-art
preparation techniques as shown below :

Type of mirror Standard Special Prospective

Flat 0.5" IS 0.2" i 0.02" 0A
Cylindric 3" & 0.5" IS
Toroid 3" 4S 0.5" IS
Ellipsoid 5" fr 1" S" 0.5" IS

f r r

Ref : K. Beckstette, Private communication, 1989.
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ASJ&ULAZ ANA

4S/S *2

» 0 . ^ Qfcfec

ft)

_____

S3

LiMiTSi

After D. P. Siddons, J. B. Hastings, and G. Faigel, Nucl. Instr. and Meth. A266
(1988)329.
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w/u DCH

w/u

sr

DCM

aj

OCA

T/OAJ AT

and

FDFAC
Dirfersnt combinations of SR sourc;. monochromator
aiyzK- in inelastic X-ray scattering uperimsnu. W -

g e n U - unduiaior. DCM - double crystal monochroma-
torc sf - sazittal focusing: SS - scattering sample: OCA -
double crystal analyzer: D - oeisewr: CTAC - Cauchois-type
analyzer crystal: RC - Rowland circie; PSD - position sensi-
tive detector. DFAC - double focusing analyzer crystal: PCM
- plane crystal monochromator. FDFAC - Caceted double
focusing analyzer crystal.

s o <jv\ I

After W. Schtilke, Nucl. Instr. and Meth. A246 (1986) 491.
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Kirkpatrick-Baez X-ray Microscope -
With Mutitiayer Mirrors

X-ray source
(Cu-K, 1.54 A)

IS /J

Object
(grid)

Multilayer mirrors
{W/C, 2d t* 45 A)

T
• • »

Image

• • » • • •

After J. H. Underwood, A. C. Thompson, Y. Wu, and R. D. Giauque, Nucl. Instr.
and Meth. A266 (1988) 296.



DEFINITION OF OPTICS TOLERANCES

2 - CONSERVATION OFlBRILLIANCE

X-ravt mirrors XTCXCA

- reflect«1/2 Pt - * . f k d : / p " 2 ^ /o"5'
- ab|>rb = 1/2 Pt

Very intense X-ray beams produce
- temperature increase
- deformation of the surface
- radiation damage

if.

===> materials problems IT

(For undulator2 a

- Peak power load* ~ few W/mm2 (no attenuator) at lOmrad
- deformation < lurad

Gaussian profile -> non-uniform loading



UJ

*•>

CVJ

ro

O

ro

n

D

•

CD
in"

<3

A

o
o

OJ

o £
O E
ro ^

O

( P D J U J )

45



ONE DIMENSIONAL APPROACH

Assumptions : 1. flux §(x) is uniform
2. No variation of thermal properties with

temperature

cold mirror

distorted mirror

max

The maximum slope due to bending is

I D ,, N b
= <* <KX) 2k

a : thermal expansion coefficient
k : thermal conductivity
4 ( x ) : flux
b : mirror length

1. The slope is independent of cooling efficiency •

2. The slope depends on the materials parameters a and k
L_> advantage of cryogenic cooling of _Si.
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1 - •
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0.01 • •

0.001 ••
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0.0001

\
w
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250 T
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1 10

photon energy (keV)

1 0 0

[wiggler (B=0.75 T, N=77T per=65 mm)|

0.5 mm-C (20.2% absorption)

1000

10 20 30 40 50 60 70 80 90

photon energy (keV)

100
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6. lUifj caysTAL

Tl-Tref

16000 T

P=160 W/mm2
GL=40 mm, Pl=6 min

h = 30, 300 kW/mm2.K

Si monochromator

20 nm Si crystal
coated on Be Substrate

JO KW/mm2.i\ i

m m. • • — - S - t ^ o = '

1 1
10 15 20 25

thicknesse(mm) o£ •*«' ftuof oe. , ftJjp.
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H(4LTi

och

W/C, 150 bi-layers, 1.58-nm period

0.4 0.42 0.44 0.46 0.48
K= 4jr.sine/X (A'1)

0.5

= 'W£"HOh)0<LMQH/\TOflS W

After E. Ziegler, Y. Lepetre, St. Joksch, V. Saile, S. Mourikis, P. J. Viccaro, G.
Rolland, and F. Laugier, Rev. Sci. Instr. 60 (1989) 1999.
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THERMAL DEFORMATION

CONCLUSIONS

>Hlrrvrs 'MQ.y 4e. utecl fo

==> It seems impossible to meet the slope requirements
with thick water-cooled mirrors and peak fluxes of a few
W/mm2.

==> The slope depends only very slightly on the cooling
efficiency.

==> The bending component can be reduced by
clamping the mirror.

==> The dilatation component can be reduced by using
very thin mirrors (e = lOOjim).

==> Cryogenic cooling of Si mirrors gives acceptable
deformations

JS

OP
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Engineering for High Heat Loads on ALS Beamiines

A Directly Cooled Grating Substrate for ALS Undulator

Beamiines

Richard DiGennaro and Thomas Swain

Engineering Division
Lawrence Berkeley Laboratory
1 Cyclotron Rd., MS 46-161

Berkeley, CA 94720

These two papers discuss general thermal engineering problems and two specific
categories of thermal design issues for high photon flux beam lines at the Advanced
Light Source. Recent design analyses are presented for thermal distortion of water-
cooled diffraction grating substrates, demonstrating that refinements in cooling
channel geometry and heat flux distribution can significantly reduce optical surface
distortion with high heat loads. Specifically, we found a vertical beam defining
aperture which limits the undulator beam to the extent of the central cone may not
produce significant improvement in grating performance on the basis of maximum
tangential slope errors. Rather, substantial improvements can be achieved by allowing
the beam to illuminate the grating significantly beyond the central cone region, and by
matching the cooling channels to the size of the illuminated region.

Results of in-situ measurements of thermal distortion of a water-cooled mirror in a
synchrotron radiation beam line are compared with calculated performance using
finite element analysis. Extrapolated thermal distortion analyses for the SSRL B.L. 6-
1 M-zero mirror estimated that maximum sagittal slope errors would be approximately
5|irad; measurements of slope errors on a similar mirror on the NSLS X-1 Beam Line
using a lateral shearing interferometer were about 3jirad. Our current techniques for
finite element analysis appear to produce conservative estimates of thermal distortion
of X-Ray optics.

A generic design for water-cooled heat absorbers is described for use with ALS
photon shutters, beam defining apertures, and heat absorbing masks based on a
brazed assembly of OFHC copper, Glidcop, and stainless steel with internal,
machined, water channels. This design is capable of accepting peak lineal power
densities of 425 W/cm, at nominal flow rates of 3 m/sec (10 ft/sec).

This work was supported by the Director, Office of Energy Research, Office of Basic Energy Sciences,
Material Sciences Division, U.S. Department of Energy under Contract DE-AC03-76SF00098.
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Advanced

Current Thermal Engineering Projects

Thermal distortion studies for water-cooled diffraction grating substrates

In-situ thermal distortion measurements of x-ray mirror for confirmation
of finite element analyses

Brazing technology development for GlidCop, OFHC copper and stainless
steel

Optimizing cooling channels and other parameters for optical substrates
to achieve minimum thermal distortion distortion

Generic thermal absorber design for shutters, beam-defining apertures
and masks

Suitability of water-cooling is vs. indirect cooling for masks, slits, etc.

Electro-formed optics and electro-joining to cooled substrates



LBL/SSRL Beam Line 6-1 Optics

o\

sagittal focus
(horizontal)
of M-l

tangential focus
(vertical)
of M-1

7 > sample
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DIFFRACTION GRATING SUBSTRATE
BRAZE ASSEMBLY

A l t DIMENSIONS IN INCHES

- GUARD VACUUM BETWEEN,
UHV AND WATER

WATER COOLING
CHANNELS

-OFHCCOPPEH

0.150

1.S0

GUDCOPAL-16
DISPERSION STRENGTHENED

COPPER

MINI-FLANGE

•/••• SUPPLY AND RETURN
/ WATER

VACUUM-FURNACE BRAZED JOINTS

OPTICAL SURFACE

STAINLESS STEEL
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Typical Optical System for
ALS Undulator Beam Lines

Spherical

~<rzzRovntend circle

Condensing mirrors

Horizontal piene

Schematic of Ihe Rense and Violell spherical grating monochromator sys-
tem. The condensing mirrors Ml and M2 are designed so that M l focuses in Ihe hor-
izontal plane to the exit slit, and M2 focuses in the vertical plane to the entrance slit.
Each mirror has essentially zero focusing effect in its sagittal direction.



PROPOSED ALS BEAMLINE FOR X-RAY IMAGING

PLAN
Cooled

apertures

Holography and
diffraction system

Undulator
U3-65

HIHHHffiffiffiffi
U

M - Spherical mirror
ZP - Zone plate
* F - 50 X 50 /im2 focal spot
SA - Sample

Laboratory on
mezzanine level

.Scanning X-ray,
microscopes

ZP2

ELEVATION
'

irniimimiimn
niiiiiiiiiiiiiiinii

U

Spherical
grating

monochromator

Q
SIU.S1

White beam
port

ZP1

Main
floor level

XBL 884 8035



Objectives: Grating Distortion Studies

What are reasonable thermal distortion limits for the existing LBL-SGM
water-cooled grating substrates for ALS applications?

What are the important design and operational parameters for minimizing
thermal distortion?



Finite Element Model for LBL/SGM

00

Reflected
Beam

: Quartar : • :
,: Symmatry : • :
;•'• Flnlt* ::':'
: Elamant : : :
: Modal : ! !

Distorted Top Surface

' Undlstorted Top Surface

Isothermal steady state
contours for 216 watts of
nbsorbod lioat with a water flow
velocities of 1.7 m/s. The
inaxlmum temperalura Is 32
degrees C, and Iho contour
Intervals are 1.2 degrees.



Diffraction Grating Thermal Models for Finite Element Analysis
for ALS Undulator Beam Line U3.65

Load Case
(Illuminated Area

Normalized to
Central Cone size

Horiz. x Vert. FWHM)*

1 x1
1 x3
3 x 3

1 x Full (Gaussian)**
1 x Full (Uniform)
3 x Full (Uniform)

Illuminated
Area

Horiz. [cm]
x Vert, [cm]

0.13 x 1.8
0.13 x 5.3
0.38 x 5.3

0.13 x 17.8
0.13 x 17.8
0.38 x 17.8

Total
Absorbed

Power
[ W ]

24
72

216

116
117
350

Peak
Power

Density
[ W/sq.cm.]

84
84
84

84
40
40

Peak Lineal
Power Density

along the
Tangential Axis)

[ W/cm ]

12.8
12.8
38.4

13.6
6.6
19.8

FWHM central cone size is 0.11 mrad with 4 deg. grazing incidence at 12 meters from
the source, with a rectangular (horizontal and vertical) beam defining aperture.

' FWHM for the vertical (tangential) Gaussian heat distribution is 6.8 cm.
1xFull and 3xFull load cases have uniform lengthwise heat distribution.



Heat Flux Load Cases for Finite Element Models

W / c m
along Z

Distance from Grating Center
Along Longitudinal Z-Axis ( cm)

1xFull Length Gaussian
3x3
1X3
1x1
3xFull Length
1xFull Length



Typical Temperature Distributions

(1) Uniform, full-length heating and (2) Apertured Illumination area

| \ \ \ \ \ \ \ \

!ik\\\ \ \ \ \ \ \ \ \

\

LBL-SGM THERMAL LBL-5GM THERMAL STRESS



LBL-SGH 2X BV 2X CENTRflL flPERTURE

ftNSVS 4.3
JUN 24 1988

PO§??:1TRESS
fTIS-1 -
TEMP
ZOON
YU-1

* VF«3.75
* ZF«-2
HIDDEN
MX-38.1
HN«25.7
NC0N«18
UniN*25.
UINC*.23

»OST1 -INP

LBL-SGO 2X BV 2X CENTRflL fiPERTURE

ANSVS 4.3
JUN 24 1988

uv
DISPL NODAL
ZOON
VU-1

* DIST-2.44
* XF-1.65

: z^V5
HIDDEN
nx
NC0N«18
UNIN*.»
UINC-.0089672
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Diffraction Grating Thermal Distortion Calculations

Load Case
(Illuminated Area

Normalized to
Central Cone size:

Horiz. x Vert. FWHM)

1 x 1
1 x 1 *

1x3
1x3

C
O

 C
O

 C
O

X
X

X
C

O
 C

O
 C

O

1 x Full (Gaussian)
1 x Full (Uniform)
3 x Full (Uniform)

Convection
Film

Coefficient
and Coolant

[W/sq.cm.-K]

0.77 (Water)
0.77 (Water)

0.77 (Water)
0.38 (Water)

0.77 (Water)
0.77 (Water)
6.1 (Gallium)

0.77 (Water)
0.77 (Water)
0.77 (Water)

Cooling
Channel
Length
[cm]

17.8
17.8

17.8
17.8

17.8
5.3
17.8

17.8
17.8
17.8

Distorted
Tangential
Radius of

Curvature at the
Central Cone **

[m]

350
270

1360
1100

440
2270
1380

1480
24,500
10,700

Maximum
Tangential
Slope Error
Within the

the Central Cone
[lirad]

35
41

6
8

19
3.6
6

8
0.2
0.8

* Illuminated area is directly over a cooling channel.
For all other cases, heating is midway between 2 channels.
Tangential thermal distortion within the central cone region is approximately
circular for all cases. Undistorted surface figure is modeled as flat.

**



Vertical
Nodal
Displacements

1x1 Load Case with
Illumination directly over
a cooling channel

1x1 Load Case
Nominal Configuration

liuminated Length for 1x3 Load Cases

Length for 1x1 Load Cases

1x3 Case, Reduced Water Flow Rate
(Hf K 0.38 W/sq.cm.-K)

1x3 Case. Nomina Configuration

8 9 10

Distance From Grating Center
Along Longitudinal Z-Axis (cm)



Diffraction Grating Thermal Distortion
Calculated Tangential Slope Errors

Slope
( d )

1x1 (Heat over the
Cooling Channel)

1x1 (Nominal)

1x3 (Low Flow Hate)
i ;

1x3(Nomina

Distance from Grating Center
Along Longitudinal Z-Axis (cm )



Vertical
Nodal
Displacements
()

Illuminated Length for 3x3 Load Cases

3x3 Case with shortened cooling channels to
match the Illuminated length

3x3 Case, Nominal Confij

3x3 Case with Llqu d Gallium Coolant

8 9 10

Distance From Grating Center
Along Longitudinal Z-Axis (cm)



Diffraction Grating Thermal Distortion
Calculated Tangential Slope Errors

Slope
( d
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Vertical
Nodal
Displacements
(jim)

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Grating Length, Full Length Illumination Load Cases

3xFu I Case, Uniform Hea Distribution

1xFull Case, Gaussian HeatD stribut on

1xFull Case, Uniform Heat Distribution

3 4 5 6 7
Distance From Grating Center
Along Longitudinal Z-Axis (cm)
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Diffraction Grating Thermal Distortion
Calculated Tangential Slope Errors

Slope
( d )

100

90
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40
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10

0

- •

0

Distance from Grating Center
Along Longitudinal Z-Axis (cm)

.1xFull (Gaussian
Heat Distribution)

-3xFull (Uniform)

1xFull (Uniform)



00

o

WW'Advmncd
Wr Light
fSoiirc.Conclusions: Grating Distortion Studies

Water-cooled grating substrates can achieve ~1 arc sec or less
tangential slope errors due to thermal distortion
for high power ALS undulator beam line applications.

Matching cooling channel geometry to the illumination geometry can
produce optimized performance with minimum thermal distortion.

Models to estimate thermal distortion are sensitive to
heat distribution profiles in addition to total power and other thermal
boundary conditions.

For similar heat distribution profiles,
slope errors vary directly with total absorbed power.

For typical water-cooling configurations, thermal distortion is
only mildly sensitive to variations in flow rate.
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USE OF LIQUID METALS AS COOLING FLUIDS

Robert K. Smither

Advanced Photon Source

Argonne National Laboratory

Argonne, IL 60439 USA

INTRODUCTION

The high-brilliance, insertion-device-based, X-ray beams of the next generation of

synchrotron sources, Argonne's Advanced Photon Source (APS), the European

Synchrotron Radiation Facility (ESRF), and the Japanese Synchrotron Project will

deliver large thermal loads to various components in the beam lines. The first optical

element will often absorb the full heat of these intense X-ray beams which will range in

power from 1 kW to 20 kW. The increased collimation of the next generation sources

will increase the seriousness of these problems still further. Hence, improved methods

of cooling the first optical elements, particularly when they are diffraction-crystals, are

clearly needed.

The installation of insertions devices at existing synchrotron facilities around the

world has stimulated the development of new ways to cool the optical elements in

these beamlines. In most cases, efficient cooling is needed to achieve the full

potential of these new x-ray beamlines. Many new cooling geometries have been

developed (as can be seen from the contents of this workshop) and in some cases,

new cooling fluids have been investigated. Argonne has expended considerable

effort investigating the use of liquid metals as cooling fluids for x-ray optics. The most
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promising liquid metal cooling fluid identified to date is liquid gallium which appears to

have all of the desired features and the fewest number of undesired features of the

liquid metals examined. Its high thermal conductivity, volume specific heat and low

kinetic viscosity make it a very efficient heat transfer fluid at the liquid solid interface

and its very low vapor pressure and large working temperature range make it idea for

cooling in a high vacuum environment In those cooling cases examined to date where

water cooling has been replaced by gallium cooling, there has been a considerable

improvement in the cooling efficiency; often by a factor of 3 to 5.

THERMAL PROFILES AND DISTORTIONS FROM HIGH HEAT LOADS

Figure 1 illustrates the high heat load cooling problem for a two crystal

monochromator. The intense heat of the incident photon beam causes the surface of

the first diffraction crystal to deform. This changes the energy and angle of the

diffraction photons so that only a few of them will have the right incident angle at the

second crystal to satisfy the Bragg condition. Thus the photon beam can be seriously

reduced after the second diffraction. An example of this is shown in figure 2 where the

counting rate from a two crystal monochromator operated at chess is plotted versus the

beam current in the storage ring when their standard side-cooled, bottom cooled

crystal was used as the first optical element in their 6-pole wiggler beam. Serious lost

of intensity occurs for storage ring currents above 10 mA. Figure 3 shown the

corresponding rocking curves for the runs in figure 2.

Figures 4-7 shows the deformed crystal and the associated temperature differences

and thermal distortions in more detail. The surface temperature is given by eq. (1),

where the three AT's are defined by equations (2-6):
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T-, (surface)

AT1 2 = V
AT 2 3 » T2

A T 1 3 * A T 1
AT3 - T3 -

ATH = T1 -

= AT

- T 2 •

• T 3 «

2 + A-

T f - '

Tf

1 2 •

= D

Q /

r 23
A s '

t- AT

Q / k

h

(Q/

23

V)

+ AT3

dL

Tf (1)

(2)

(3)

(4)

(5)

(6)

T-| is the temperature of the diffraction surface, T2 is the temperature of the crystal

surface in contact with the cooling fluid, T3 is the temperature of the cooling fluid at

some point as it passes under the crystal and Tf is the temperature of the cooling fluid

at the inlet. D is the thickness, Q is the heat flux per unit area, k is the thermal

conductivity of the crystal, h is the heat transfer coefficient at the crystal-fluid interface

and V is the average velocity of the cooling fluid.

Three different kinds of distortions occur in the crystal due to the high heat loads.

First, there is a general bowing (figure 5) of the crystal caused by the thermal

expansion of the top part of the crystal in the direction parallel to the surface. The

radius of curvature (R) of the bowing for a uniform plate is given by

R = D/aAT 1 2 (7)

substituting eq. (2) in (7),

R = k / a Q (8)

which gives the interesting result that R does not depend on D, the thickness of the

crystal. ( a is the coefficient of thermal expansion of the crystal.) Thus a heat flux, Q,

of 100 watts per cm2 will generate a radius of curvature of 50 m in a silicon crystal

independent of the thickness of the crystal. This will result in a slope error of 40 arcsec

per cm of distance along the surface.

Second, there is a thermal bump (see figure 6, shaded area) that is caused by the

thermal expansion of the crystal in the direction perpendicular to the surface. The

height of the thermal bump, H, is given by

H = a {AT-, 2 / 2 + AT23 + AT3} D (9)

substituting eqs. (2-3) in eq. (9),
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H = a { Q D 2 / 2 k + Q D / h + A T 3 D ) (10)

Using a gaussian shape for "H", the maximum slope error, A 6 m a x , is given by

A 6 m a x m 1.4(H/FWHM) (11)

For Q = 100 watts / cm2, FWHM = 2 cm, and D = 2 mm, and h = 5 watts / cm2 and 1

watt / cm2 for gallium and water, respectively, the maximum slope errors are +/- 2.5

arcsec for a liquid gallium cooled silicon crystal and 9.2 arcsec for a water cooled

silicon crystal. The major contribution to the slope errors comes from the second term,

which includes the heat transfer coefficient, "h". The third term contributes less than

3% to the sum and the first term contributes about 25% in the gallium case and only

5% in the water case. Thus the higher value of "h" for gallium reduces the value of

AT23 and results in the smaller slope error.

The third type of distortion is the change in the spacing between the crystal planes

at the surface of the diffraction crystal due to thermal expansion. This results in a

change in the energy of the diffracted photons. The second crystal in figure 1 must

now be rotated to diffract these photons with a different energy. This can be looked at

as an error in the diffraction angle, ^ 8 ^ , given by

A 0 d = 6 a A T 1 (12)

For Si (111) crystals, AT-j =T-j -Tf = 50°C, a AT-|= 1.5 x 10'4, and a photon energy

of 20 keV ( 0 = 0.1 rad), the maximum angle shift is 3.1 arcsec and at 8 keV the

maximum shift is 7.7 arcsec. These shifts are similar to the rocking curves of perfect

crystals and would cause a noticeable loss in flux from the two crystal monochromatoi

The first two distortions are usually more severe than the third, but all three must be

taken into account. In reviewing the three major distortions one finds five parameters

that can be changed to reduce these distortions: k, the thermal conductivity of the

crystal; a, the thermal expansion coefficient of the crystal; D, the thickness of the crystal

(or top layer); h, the heat transfer coefficient of the cooling fluid; and Q, the heat load

per unit area. To these one adds the size and shape of the cooling channels for the

more complicated cooling geometries. The examples given above are for diffraction

crystals, but the first two types of distortions will also occur in multilayers, mirrors and

diffraction gratings.
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HEAT LOADS

The total power from an insertion device is proportional to the square of the storage

ring energy, and the peak power, which is often the important number for cooling

calculations, is proportional to the fourth power of the ring energy. The resulting slope

errors wi!i increase with the fifth power of the ring energy. This fourth power

dependence of the peak power on ring energy means that the change from 2.5 GeV

(NSLS) to 7.0 GeV (APS) produces an increase in power of a factor of 62. The change

from 1.5 GeV (ALS) is even greater (474:1). Even a change from 6 GeV (ESRF) to 7

GeV (APS) results in an increase in peak power of a factor of 1.85. The additional

energy factor in the slope errors (fifth power dependence) comes from the reduction of

the opening angle of the photon beam in the vertical direction with increased ring

energy. The peak power and the slope errors are inversely proportional to the square

and the cube of the distance from the source to the x-ray optics, respectively. Table I

summarzes these relative values of total power, peak power and slope errors

expectec for APS compared to the values expected for similar insertion devices at

ALS, NSLS, CHESS, ESRF, and Harima. The "uncorrected" column gives the ratio of

the energies, raised to the appropriate power, and the "corrected" column gives the

energy ratios times the distance ratios. The seriousness of the problem is amplified in

table II, where the peak power densities are given for some of the insertion devices in

operation at existing synchrotron sources and for some planned for future facilities.

These last two tables make it quite clear that obtaining efficient cooling for the

undulators will be much more difficult than for the wigglers despite the generally larger

total power in the wigglers. This comes about because of the much smaller footprint of

the undulator beam. Figures 8 and 9 illustrate this point. Most of the reduction in the

size of the footprint comes from the reduction in the width of the photon beam.

COOLING FLUIDS

Water is the most commonly used cooling fluid at presently operating synchrotron

facilities and is suitable for many cooling applications. The introduction of insertion

devices at these facilities has raised the power loads to a point where it is difficult to be

sure that the water will not boil, causing cavitation and loss of cooling under high heat
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load conditions, so alternate cooling fluids are now under investigation at different

laboratories. Liquid metals have been used in power reactors in high temperature,

high heat conditions with considerable success and should perform well in

synchrotron applications. Table III compares the thermal properties of a series of

liquid metals that could be used as cooling fluids. Liquid metals tend to have high

thermal conductivity, low vapor pressure, high specific heats and a large range of

working temperatures. These properties make them good cooling fluids. Liquid

gallium is special in that it has a very low vapor pressure at relatively high

temperatures, an extremely large operating temperature range and a room

temperature melting point. The first four metals in the table were ruled out because of

their relatively high melting points. Their use would require operating the crystals well

above room temperatures and would result in large thermal gradients between parts of

the monochromator which would make temperature stabilization difficult. K, Rb, Cs,

and Hg were ruled out because of their relatively high vapor pressure which would

have resulted in their diffusion throughout the vacuum system if a leak developed. Hg

is particularly bad in this regard, and its use is forbidden in most reactors and

accelerators where aluminum vacuum parts are used. Rb is also quite expensive. Na

is an attractive coolant that works well in high temperature reactors and would have

been seriously considered if gallium were not available. Gallium was Argonne's

choice of a liquid metal coolant because it has all of the desired properties and very

few of the negative properties. The only serious negative property is its high reactivity

with other metals. This is a common property of all of the liquid metals considered.

Gallium does not attack silicon and stainless steel does not show any reaction below

400 °C. [1, 2]

Table IV compares the properties of liquid gallium with some interesting nonmetal

cooling fluids (H2O, N2, and CsHg). The high thermal conductivity of the liquid metals

as compared to the other cooling fluids is the thermal property that accounts for their

very efficient heat transfer properties. One does not need a high degree of turbulence

in the cooling fluid to be efficient in extracting heat from a cooling channel surface as is

the case for nonmetallic fluids. The second most important property is the relatively

low vapor pressure for most of the liquid metals and the relatively large range of

working temperatures over which they can be used without boiling at modest
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pressures. As mentioned above, liquid gallium was found to be the best choice of a
liquid metal cooling fluid in that it has all of the desirable features of liquid metals and
only one of the bad features. It has a high thermal conductivity, volume specific heat,
and electrical conductivity; a low melting temperature; and a very low vapor pressure

even at elevated temperatures of 400 °C (less than 10"14 atm). The kinetic viscosity

of liquid gallium is appreciably lower than water so that the improvement in heat

transfer from the crystal to tho cooling fluid that comes with turbulence is more

pronounced in gallium than in water. The value of "hH, the heat transfer coefficient at

the solid-liquid surface, is given by

h = A! k/d + A2 (k0-6 C v ° 4 / d 0 2 V0 '8 ) V 0 8 (13)

where k is the thermal conductivity of the cooling fluid, Cv is the volume specific heat,

V is the velocity of the cooling fluid, v is the kinetic viscosity, and "d" is a distance like

the hydraulic diameter of the cooling channel. A-| and A2 are constants with values

near 1.0 that allow one to empirically adjust the formula to take into account the

geometry of the cooling channels. Figure 10 is a plot of "h" for gallium and water as a

function of cooling fluid velocity in 0.5 cm diameter cooling channels in a silicon

crystal. The first term is a constant that depends on the thermal conductivity of the fluid

and the shape of the cooling channels. The second term is a function of many

variables and has an almost linear dependence on the velocity of the fluid. The very

low thermal conductivity of water relative to gallium makes "h" very small for water at

low flow rates; thus, water is a poor cooling fluid at low flow rates. At high flow rates

the second term dominates, but ?ven here the HhH for gallium continues to be

appreciable higher than that for water. This is because the coefficient of the second

term is larger for gallium than it is for water, and thus the slope of the gallium curve in

figure 10 is steeper Table V lists the important thermal properties needed to calculate

the second coefficient and lists relative values for this coefficient for gallium, water,

liquid nitrogen, and liquid propane. Gallium is by far the most efficient heat transfer

fluid in this group. The values for liquid nitrogen and liquid propane are listed for quite

a different reason. They both are liquids at quite low temperatures and can be used to

cool silicon down to 125 °K. At this temperature the coefficient of thermal expansion of

silicon passes through zero and the thermal conductivity is increased by a factor of
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four. At temperatures near 125°K a silicon crystal is very stable against thermal

distortions and can conduct large amounts of heat away from its surface with small

thermal gradients. Figures 11 illustrates these features for both silicon and

germanium crystals. The main difference between liquid nitrogen and liquid propane

as coolants is their useful operating temperature range. For liquid nitrogen at 1 atm

the range is only 14 °K (63 K to 77 K), as compared to an operating range of 145 °K

(86 K to 231 K) for propane. This difference is very important if one has large heat

loads to remove from the crystal. These two operating ranges are indicated on the x-

axis of figure 11. The shorter one is for liquid nitrogen and the longer one for propane.

More discusion of this type of cooling is given in a paper by W. SchikJkamp, D.

Bilderback, and Q. Shen in the poster session of this conference.

LIQUID METAL PUMP

The heat transfer coefficient increases with fluid velocity, and any efficient cooling

system will need a high-pressure supply system to achieve maximum cooling.

Commercial sources are available for high-pressure water, liquid nitrogen and liquid

propane, but commercially available liquid metal pumps tend to feature high flow rates

at low pressures and tend to be rather large. What is needed for the crystal cooling

system is a compact, high pressure source with moderate flow rates. The group at

Argonne 'S developed an electromagnetic induction pump that develops a head

pressure of 100 psi when producing a flow of 5 gpm. Figure 12 gives the head

pressure and flow rate of the most recent pumping system as a function of the current

in the pump. The pressure varies as the square of the current. The resistance for

turbulent flow varies as the square of the flow rate, so the flow rate varies linearly with

the current. Figure 13 is a schematic drawing that shows a cutaway view of the

pumping system.

COOLING GEOMETRIES

The other main approach to better cooling is to use a more efficient cooling

geometry. The three most common cooling geometries are shown in figure 14.

Cooling the bottom surface of a flat plate (top picture) is the simplest and most

common approach used where the heat loads are only a few watts per cm**. Cooling
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channels just below the surface (middle and bottom pictures) are much more efficient

and if the crystal below the cooling channels is relatively thick then the bowing

distortion is greatly reduced. The circular cooling channels might appear to offer less

liquid-solid surface for the transfer of heat, but the geometry shown actually increases

the effective transfer area by 57% and reduces the AT between the liquid and the

crystal by a similar amount, relative to the flrt plate geometry. Rectangular cooling

channels can increase the heat transfer area even more. The shape shown in the

bottom picture increases the transfer area by a factor of 5. This" fin cooling effect"

allows one to remove much more heat for a fixed AT than one could with the flat plate

geometry. This approach will help reduce the size of the thermal bump by reducing

the average temperature in the top part of the crystal. The improvement is not as large

as one might expect. If the fin structure is effective increasing the cooling of the top

region, then heat must be flowing down the fin and the increase in the average fin

temperature will cause the fin to expand and add to the thermal bump. If the thermal

conductivity of the crystal is higher than that of the cooling fluid, the net effect will still

be to reduce the thermal bump but not as much as the increase in h would suggest.

This effect is illustrated in figure 15, which shows the variation of temperature in the fin

as a function of the distance into the fin for the case of gallium cooling and for water

cooling. The temperature in the fin is given by

T(fin) - T(liquid) = AT0 e~ (h ' k w ) x (14>

where AT0 is the temperature difference between the crystal and the cooling fluid at

the head of the cooling channel, "h" is the heat transfer coefficient, k is the thermal

conductivity of the crystal, W is the thickness of the fin and X is the distance down the
fin.

The increased height o* the fin, H(fin), is given by

H(fin) = <xAT23 {kW7 h } 1 / 2 = a Q {kW / h3 } 1 / 2 (15)

If the top layer is very thin, then the expansion of the fins could be the major

contribution to the thermal bump.
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ACTIVE CONTROL OF THE DIFFRACTION SURFACE

It is difficult to remove all of the distortion in the crystal through cooling. An alternate

approach is to remove most of the distortions through efficient cooling and then use a

system that actively controls the surface of the crystal. One could use mechanical

means to dynamically bend the crystal or other forces like thermal gradients to remove

the residual distortions. If one applies a uniform thermal gradient to a flat plate, the

plate will become curved in two dimensions like a spherical shell, (see figure 16 ) The

radius of curvature of the surface, R, is given by one over the coefficient of thermal

expansion, a , times the thermal gradient perpendicular to the surface;

R = 1/a(AT/AR)

(16)

A thermal gradient of 25°C per cm will generate a radius of curvature of 112 m. This

corresponds to a change in the surface angle of 15 arcsec per cm. This range of

curvature should be sufficient to correct the surface in most cases where efficient

cooling techniques are used. [3]

EXPERIMENTS

A series of cooling experiments were performed at CHESS in February and June of

1988 to test the feasibility of using gallium as a coolant and compare its performance

with that of water. [2, 4] These studies were a collaboration between ANL, CHESS

and BNL. Tests were conducted with both gallium cooled and water cooled silicon

crystals with a portion of the CHESS wiggler beam (see figure 17) in February and the

new ANL/CHESS undulator beam (see figure 18) in June. Three cooling

configurations for silicon crystals used in the wiggler experiments are shown in figure

19. The surface temperatures of these crystals were measured with an infrared

camera, figure 20, and a set of thermal profiles in the direction of the beam is shown in

figure 21. The corresponding rocking curves are shown in figure 22. The shape of

the rocking curves when gallium is used as a cooling fluid shows a considerable

improvement over that obtained with water cooling. Figure 23 shows the rocking

curves obtained when the beam intensity was changed by changing the thickness of a

carbon filter. A comparison for the peak counting rates with the calculated
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transmission rates of the diffracted x-ray show a loss of peak x-ray intensity of less than

10% for the full beam intensity. An increase in flow rate in the cooling channels will

reduce the loss still further.

The most efficient cooling geometry tested with the undulator beam had

rectangular cooling channels located 0.76 mm below the surface (see figure 24). The

channel width and fin width are 2.44 mm and 0.89 mm, respectively. The channel

depth is 6.35 mm. A thermal profile of the surface temperature of this crystal with

gallium cooling is shown in figure 25. The cooling fluid is flowing from top to bottom

and the effect of the heating of the cooling fluid on the isotherms is quite obvious.

Figure 26 is a plot of the peak temperature of the thermal bump as a function of rate of

flow of the liquid gallium for a range of beam currents in the storage ring. The thermal

load is proportional to the beam current. The maximum power density (storage ring

current = 70 mA) at normal incidence is 77 watts / mm2. The angle of incidence was

about 9 degrees and the power density on the crystal surface was about 12 watts /

mm2. Figures 27 and 28 show the FWHM of the rocking curves and the observed

counting rates, respectively, for these experiments as a function of ring current for

different flow rates. These data suggest that increased flow rates will improve the

cooling and increase the throughput of the two crystal monochromator.

As was mentioned above, it is possible to reduce the thermal bump and

or the bowing of the crystal by deforming it either mechanically or

through the use of thermal gradients, (see figure 29) This later approach

was tested in a short experiment during the June run at CHESS using the

ANL/CHESS undulator. The experiment used a crystal that had two sets of

cooling channels; one set near the top surface and one set near the bottom

surface, (see figure 30) The results of this experiment are shown in

figure 31 where the counting rate in the diffracted beam of the two

crystal monitor is plotted versus the storage ring current for the case

where the temperature of the two sets of cooling channels are the same

(triangles) and the case where the temperature in the lower set of cooling
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channels is raised above the temperature of the cooling fluid in the upper

set of cooling channels. The curve with AT is almost a straight line and

suggests that almost all of the lost intensity is recovered.
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TABLE I. Summary of the relative values of total power, peak power and
slope errors expected for APS compared to the values expected for
similar insertion devices at ALS, NSLS, CHESS, ESRF, and Harima.

Total power, peak power and slope errors are proportional to E^2, Eb
4 ,

and Eb
5 , respectively. These ratios are given in the "Uncorrected"

column. The "Corrected" column is corrected for the distance of nearest

approach of the first optical element (see numbers in parentheses in first

column).

Uncorrected Corrected

ALS

(7 m)

NSLS

(10 m)

CHESS

(18 m)

ESRF

HARIMA

( 7.0

( 7.0

( 7.0

( 7.0

( 7.0

( 7.0

( 7.0

( 7.0

( 7.0

( 7.0

( 7.0

( 7-0

( 8.0

( 8.0

( 8.0

GeV ,

GeV ,

GeV ,

GeV ,

GeV ,

GeV -

GeV i

GeV ,

GeV /

GeV i

GeV i

GeV i

GeV 1

GeV /

GeV I

I 1.5

t 1.5

f 1.5

f 2.5

I 2.5

I 2.5

I 5.4

' 5.4

' 5.4

' 6.0

' 6.0

' 6.0

r 7.0

7.0

7.0

GeV

GeV

GeV

GeV

GeV

GeV

GeV

GeV

GeV

GeV

GeV

GeV

GeV

GeV

GeV

) 2 =

) 4 =

) 5 =

)2 =

) 4 =

) 5 =

) 2 =

) 4 =

) 5 =

)2 =

) 4 =

) 5 =

)2 =

) 4 =

>5 =

22

474

2213

7

61

172

1

2

3

1

1

2

1

1

2

•

.8

.5

.1

.7

.8

.7

.4

.9

.2

.3

.7

.0

48.

71.

12.

16.

1.

2.

7

2

9

0
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TABLE II. Comparison of total power and power densities
of existing and future insertion device photon beams.

NSLS SSRL PEP CHESS APS ALS

SUW X UND WIG UND UND A WIG A U5

K 9 9 1 5 3 30 1.4 2.5 15 4

Ptotal(kW) 30 1.6 0.3 1.8 0.75 9.0 4.6 2.5

P(kW/mrad2) 3.0 1.5 10 2.7 25 300 24 2.3

Distance(m) 15 10 50 15 10 25 25 10

P(W/mm2) 16.0 15 4 12 77 400 30 23

Power Densities at Normal Incidence



TABLE ill. Comparison of fluid properties of liquid metals.

M. P. B. P. k Cv p Ti/p V. P.

°C °C W/cm,°K Jem 3 g/cm3 cp/p mm.Hg

Bi

Sn

Li

In

Na

K

Rb

271.

232.

186.

156.

98.

62.

38.5

1560.

2270.

1336.

2000.

880.

760.

700.

0.17

0.30

0.47

0.42

0.90

0.53

0.33

1.4

1.4

2.3

1.9

1.34

0.70

0.52

9.7

5.7

0.53

7.3

0.97

0.87

1.53

0.17

0.70 1O.-1°

6x10."7

6x10."6

Ga 29.8 2071. 0.33 2.4 6.0 0.26
(50°)

Cs 28.5 670. 0.20 0.50 1.87 10."6

(20°)

Hg -39. 356. 0.084 1.91 13.5 0.12 0.12
(20°)
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TABLE IV. Comparison of properties of cooling fluids.

M. P. B. P. k Cv p 11/p V. P.

°C °C W/cm,°K Jem 3 g/cm3 cp/p mm. Hg

Ga 29.8 2071. 0.33 2.4 6.0 0.26 <10."14

(50°)

H2O 0.0 100. 0.006 4.12 1.0 1.0 0.17

(20°)

N2 -210. -196. 0.0014 1.60 0.81 0.21 7.5 x103

(-170°)

C 3H 8 -187. -42. 0.0020 1.40 0.71 0.75 3.1 x10"3

(-170°)
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TABLE V. Comparison of heat transfer properties of liquid
gallium, water, liquid nitrogen and liquid propane.

k

W/cm,°C

Ga 0.38
(50°)

H2O 0.0064

(20°)

N 2 0.0014

(-170°)

C 3H 8 0.0020

(-170°)

cv

J/cm3

2.22

4.19

1.60

1.40

V

p/gm

0.0026

0.0100

0.0021

0.0075

k0.6 Cv0.4

v0.8

90.0

5.34

4.57

1.38
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Figure 1. Schematic drawing of the 2-crystal monochromator showing the effects
of the photon beam heating of the first crystal.
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Figure 4. Schematic drawing of the different thermal distortions of a diffraction
crystal subject to high heat loads from synchrotron beams.
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Figure 5. Schematic drawing of the thermal distortions and equations for
calculating the "bowing" distortion.
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Q = 100 watts /cm 2 FWHM = 2cm D = 2mm
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A 0 m a x = (+/-)1.2x10"5rad. r (+/-) 2.5 arc sec

H2O h = 1 watt/cm2, °C H = 6.4 x 10"5 cm

,-5.A 0 m a x = (+/-) 4.5 x 1O"3rad = (+/-) 9.2 arc sec

Figure 6. Schematic drawing of the thermal distortions and equations for
calculating the "thermal bump" distortion.
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Figure 7. Schematic drawing of the thermal distortions and equations for
calculating the effect of the thermal expansion of the crystalline planes."
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Figure 10. Plot of " h \ the heat transfer coefficient, for liquid Ga (upper curve) and
for water (lower curve) versus cooling fluid flow rate in a 0.5 cm dia.
channel.
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Figure 16. Schematic drawing of a crystal being bent by a thermal gradient
perpendicular to the diffraction surface.
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Angular Power
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Figure 17. Angular distribution of the power density in the photon beam from the
CHESS electromagnetic wiggler.
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Figure 18. Angular distribution of the power density in the photon beam of the
ANUCHESS undulator.
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Figure 19. Drawings of the cross sections of the three cooled silicon crystals used
in the wiggler experiments.
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Figure 20. Schematic drawing of the infrared camera system used to record the
thermal profile of the photon beam.

120



o

<

_J
U_)H

cl

UJ
X

h-

X
UJ
Q.

LU

LU

o
LL
tr

60

50

40

30

20

10

n

__

f
1

1
— 1

J
f

1 ^

— i f
I /

, / / /

//// s

Standard CHESS
Side-Cooled

/ H2°
"> A

\
\
\ 3-Channel* 1.1gpm,H2O

^/ 3-Channel
X 0.67 gpm, Ga

X\yA 3-Channel
"^\/\ \ /1-33gpm,Ga

\ \ \ N 5-Channel
\ \ >> ̂  0.67 gpm, Ga

-3 - 2 - 1 0 1

POSITION ( c m )

Figure 21. Plot of the surface temperature profile in the direction of the beam for the
three different cooled silicon crystals used in the wiggler experiments.

121



(I)

z
3
o
o

300K

200K

100K

0

• i i

" • i i i

-

-*. 5-Channel
\^^- °-67 9Pmi Ga

**v \ 3-Channel
\ \^~-^ 0.67 gpm, Ga

' V \ \ 3-Channel
" " - - A ^ \ ^^.1.1gpm,l-l2O _

*-\ V \ "• N Standard
\ \ % V \ > ^ Side-Cooled

1 1 1 • -

-15 -10 -5 0 +5

ARC SEC

+10 +15

Figure 22. Plot of the rocking curves obtained with the three different silicon
crystals in the wiggler experiments ( photon energy = 20 keV, electron
current = 46 mA).



to

c
o
o

300K

200 K

100K

0

i »

5-Channel Crystal

0.67 gpm, Ga

/i///
• 1

i ' i •

Beam = 46 mA

-~ Full Beam

/ / - v \ . x ^ Carbon Filter
y \V*^ ^ 0.25 cm

/ ^ N V\ ^ 0.50 cm

1 Vf\ 1.0 cm

/ V A V W 1-5 cm

I i i

-10 -5 10

ARC SEC

Figure 23 Plot of the counting rate from the diffracted beam of the CHESS two
crystal monochromator as a function of the carbon absorber thickness in
the beam.

123



cw

D (Thickness of Top Layer)
W (Width of Fin)
CW (Width of Channel)
EW (Width of Edge plate)
CD (Depth of Channel)
BD (Depth of Base)
BW (Width of Base)
FWHM(13keV)
Q (Heat Flux)

Ga cooling, h = 5.0 watts / cm2, °C
H (Top layer) = 1.6x10"5cm

H(Fin) = 2.9x10"5cm

H2O Cooling, h = 1.0 watts / cm2, °C
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H(Fin) = 3.3x10"4cm
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Figure 24. Schematic drawing of the slotted crystal used in the unduiator
experiment.
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Figure 25. The thermal profile of the undulator beam superimposed on the cross
section of the slotted silicon crystal with the thin top layer. The side view
and front view are crossed by lines at heights that correspond tc the
thermal contours shown in the bottom view.
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Figure 26. Plot of the peak temperature of the thermal profile as a function of the
rate of flow of the cooling fluid for the slotted crystal for different heat
loads (labeled with the corresponding ring currents).
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=igure 27. Plot of the FWHM of the rocking curves of the 10-channei crystal (circles)
and the slotted crystal (triangles) for different diffraction energies and
flow rates for the cooling fluid (Ga), as a function of the storage ring
current.
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AT = T2 - T., T1 = 50 °C
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Figure 29. Schematic drawing of a crystal being bent by a thermal gradient
perpendicular to its large surface.
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Figure 30. Schematic drawing of the10-channel crystal with two different
temperatures of cooling fluids fiowing in the two different sets of cooling
channels, with T2 > T-j. This generates a concave surface on the top of
the crystal.
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ABSTRACT

AUGMENTATION OF COOLING IN X-RAY OPTICS
By

Tuncer M. Kuzay
Argonne National Laboratoru

9700 S Cass Avenue
Argonne, Illinois 60439

Optical elements subject to very high heat loads and/or heat fluxes generated by APS
type machines are typically configured as multi-hole crystal structures through which
fluids like water or liquid metals (gallium) or cryogens are passed to carry the heat
away. As long as the coolant remains in single phase the heat transfer coefficients are
given by correlation shown on page 1 subject to modification for aspect ratio and/or
entry effects. On page 2 a non-exhaustive list of schemes is presented to augment the
heat transfer. In pages 3 through 7 sample handbook data are presented to give an
idea of the magnitudes attainable using various techniques to augment heat transfer
with single phase fluids. It is seen that a ballpark figure of 4 to 6 folds increase with the
heat transfer coefficient is readily achievable. Liquid metals naturally provide heat
transfer coefficients equal or higher in magnitudes than achieavable under
augmentation with the other single phase fluids. This was the reason why back in 1984-
85 we introduced at ANL use of gallium as a special liquid metal coolant for the APS
optics. In this study, we will confine ourselves to single phase fluids. Advanced
augmentation techniques using boiling, cryogenics, microchannels or porous bodies or
engineered surfaces which are currently under research and which have potentially
superior cooling features will be presented in a future work.

We will take a global approach toward analyzing the typical cooling problem in X-ray
optics. The multi-hole geometry of an optical element with internal flow channels
(macro-channels) can be reduced to the configuration depicted on page 8 from the first
principles. The resulting problem in 3-D can be solved in closed form as given on page
9 and 10. The normalized maximum temperature is plotted on page 11 against Biot
number as a function of the crystal aspect ratio, L Also, shown on the same figure is
the trivial 1 -D solution. An examination of the figure shows that depending on the Bi
and the crystal aspect ratio,L, the 1 -D analysis can underpredict or overpredict the
results from the actual 3-D solution presented. Further, approximately.when Bi
exceeds unity, the 3-D solutions attain asymptotic values which can only be reduced
only marginally by further augmentation of the heat transfer. The liquid metal cooled
optics readily approach this region without augmentation. From the given sample plot
one can also assess the effect of the crystal aspect ratio on the maximum temperature,
which is not significant when L> 10 and Bi>1.0.

Starting from page 12 through 19, the detailed analytical solution of the heat transfer
problem for the typical segment of the optical element, the shaded region indicated on
page 12, is presented. The more general case of a two layer crystal of different
materials shown on the left on page 13, can be reduced to the simplifid effective case
shown on the right, again , from the first principles. The full solution given on page 14,
and the equation for the coefficients Ao(n) indicate that the resulting temperature field
depends on the five principal parameters n, Bi, L, a/A and H. The rest of the variables
such as the fin parameters, thermal conductivities, even the potential contact coefficient
between the two layers of the crystal (not included in the relations written on page 15
but easily factored in) affect only the resulting effective heat transfer coefficient. Due to
the multiplicity of the parameters involved it is apparent that any optimization effort may
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result in several answers to achieve the same heat transfer result. Therefore the
optimization should be determined in conjunction with the consideration of the ensuing
mechanics aspects such as structure and/or the allowable optical distortions. A
comparative analsis of the sample solution for the reduced problem with the full
geometry of the finned model using a numerical code is presented on page 18. The
existing close form solutions treat steady.or the transient problem in 1-D or 2-D. The
solutions can be readily extended to tackle the stacked multi-hole geometries as
explained in pages 20 through 21.

It is concluded that the closed form solutions for the reduced equivalent problem of the
complex heat transfer in X-ray optics provide great deal of physical insight. They
identify the principal parameters involved; and parametric studies can be made cheaply
toward optimization of the design. An accompanying sensitivy analysis to rank the
governing parameters will further enhance the value of this approach. Once the
optimized configuration is approximately known, then expensive and tedious numerical
studies can be conducted more economically and poignantly to assess the remaining
detail of the problem (including structural and optical aspects) which otherwise cannot
be obtained from such a fundamental but simplified approach.
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STEADY STATE 2-D SOLUTION
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We Have Solved the Problem In Closed Form:
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CONCLUSIONS:

. COOLING AUGMENTATION VIA MACRO-CHANNELLING IS EXAMINED

. CLOSED FORM SOLUTIONS ARE DEVELOPED FOR PHYSICAL INSIGHT
AND TREND ANALYSIS (TOWARD OPTIMIZATION)

. INTERPLAY OF GOVERNING PARAMETERS IS HIGHLIGHTED

. AUGMENTATION VIA MACRO-CHANNELLING USING CONVENTIONAL FLUIDS
(SINGLE PHASE) IS LIMITED

. THIS TYPE OF STUDY SHOULD BE A PRECURSOR TO EXPENSIVE AND
TEDIOUS NUMERICAL CODE WORK

RESUL TS OBTAINED ARE NOT APPLICABLE TO MICRO-CHANNELLING TYPE
AUGMENTATION



THERMAL AND MECHANICAL ASPECTS OF
COOLING OF OPTICAL ELEMENTS

L. Zhang, G. Marot
European Synchrotron Radiation Facility

F-38043 Grenoble Cedex

Abstract

The peak load absorbed by the ESRF X-Ray mirrors will reach a few
W/mm . This power will lead to a thermal distortion of the mirror,
which should be less than 1 yrad. In order to achieve these goals,
a first analytical study has been performed, indicating the main
parameters influencing the slope error.

"The slope error is separated into two components:

a bending component, due to the temperature gradient in the depth of
the mirror,

a bump component, due to the temperature gradient in the width and in
the length of the mirror.

Both components are linearly influenced by the ratio: thermal expansion
coefficient/thermal conductivity.

The bending component is almost independent of the cooling efficiency.
It can be reduced by a factor of two to three by increasing the size of
the mirror. The bump component decreases with the thickness, and is
influenced by the cooling efficiency only for thin mirrors (thickness
lower than one tenth of the beam width).

Orders of magnitude calculated by the analytical model, and confirmed by
more precise numerical analysis, indicate that, for a thick water cooled
mirror, the slope error is 50 to 100 times higher than the requirements
(peak load: 1 W/mm ).

Two possibilities for reducing the slope error have then been investigated:

1. Use of thin mirrors (50 um thick): from numerical calculations,
it seems possible to reduce the slope error under 1 prad over a
significant part of the beam width.

2. Use of cryogenic cooling: With a peak load of 1 W/mm , cryogenic
cooling leads theoretically to a slope error less than 2.5 yrad in
the width of the beam.
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FINITE ELEMENT CALCULATIONS FOR
MONOCHROHATORS IN HIGGLER BEAMS -

COMPARISON WITH EXPERIMENTS

Dennis M. Mills, A. M. Khounsary,
J. Chrzas and P.J. Viccaro

Advanced Photon Source
Argonne National Laboratory

9700 S. Cass Avenue
Argonne, IL 60^39

Abstract

The next generation of hard x-ray synchrotron radiation sources such as
the European Synchrotron Radiation Facility (ESRF) to be constructed ia
Grenoble, France and the Advanced Photon Source (APS) to be constructed
at Argonne National Laboratory are low emittance, insertion device
(ID) based radiation sources. These new, high brilliance sources will
have wigglers and undulators capable of producing x-ray beams with a
total power of over 10 kwatts and power densities in excess of 350
watts/mm (30 meters from the source at normal incidence). Effective
cooling of x-ray optical components will be imperative for successful
operation of these facilities. In order to efficiently evaluate
optimized or novel cooling schemes, a proven modeling capability must
exist to determine optical component performance and optimization
parameters. This manuscript describes the current efforts at the APS
towards that goal.

A thermal and structural analysis of a silicon monochromator crystal
subjected to high heat loads and cooled with water or liquid gallium has
been made using a finite element method. Given the incident power
distribution of the x-ray beam, the modeling is a four step process.
First, the heat deposition as a function of depth into the crystal is
determined. From the power deposition distribution, the thermal profile
in the crystal is evaluated and the corresponding thermal distortions
calculated. From the computed strain distributions within the crystal,
calculated rocking curve profiles were produced using perfect crystal
diffraction theory. These were then compared with those experimentally
measured at the Cornell High Energy Synchrotron Source (CHESS) 6-pole
wiggler. Good agreement in the general width and shapes of the
calculated and measured rocking curve profiles was obtained for both the
water cooled crystal and the liquid gallium cooled crystal. This bodes
well for an extension of our modeling to the prediction of x-ray optical
component performance with the innovative cooling schemes that will be
required for the increased power loadings that will be produced by
insertion devices in the next generation of low emittance storage ring
sources such as the Advanced Photon Source (APS).
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GOALS

The goai of this work is to develop a reliable
modeling capability for predicting the performance of
x-ray opticai components under the high heat ioads
generated by synchrotron radiation sources.

• The first step In this project is develop the
computer code necessary to do the modeling.

• The second step is to check the reliability of our
model by comparison with existing experimental
data.

• The third step Is to optimize the crystal cooling
geometries via our modeling capabilities ( I * ,
crystal thickness and width, coolant channel
dimensions).
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MODELING OF CRYSTAL PERFORMANCE

CALCULATE THE POWER
DISTRIBUTION AS A FUNCTION OF

DEPTH INTO THE CRYSTAL

CALCULATE THE
THERMAL DISTRIBUTION

THROUGHOUT THE CRYSTAL

USING THE THERMAL
DISTRIBUTION, CALCULATE THE
DISTORTIONS IN THE CRYSTAL

CALCULATE THE REFLECTIVITY
OF THE DISTORTED CRYSTAL

CALCULATE THE ROCKING CURVE
FROM A D1STORTED/UNDISTORTED

CRYSTAL PAIR

COMPARE THIS WITH THE
EXPERIMENTALLY MEASURED

ROCKING CURVE

192



MODELING:

All heat transfer and distortion calculations were carried
out using the finite element analysis code ANSYS.

The rocking curve models use dynamical diffraction theory
in their calculations and (to this point in time) assume the
gradient in the d-spacing to be negligible.

EXPERIMENTAL:

All data collected on the CHESS 6-pole electromagnetic
wiggter.

Storage ring running conditions:
ring energy 5.3 GeV
current >60 ma

Monochromator parameters:
Bragg angle 5.67°
incident power 430 watts
avg. pow. density -1 .2 watt/mm2
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PLAYERS

• Gallium Pump Development
R. K. Smither (APS)
T. Kuzay (MCT)

• Experimental Measurements at CHESS
APS Staff
CHESS Staff
NSLS Staff

•Thermal profiles and distortions calculations
A. Kounsary (APS)
D. Mills (APS)
P J . VTccaro (APS)

»Crystal reflectivity and rocking curve calculations
J. Chrzas (IIT/APS)
D. Mills (APS)
C. Yaknke (NW/APS)
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heat trans, coeff. H2O
Ga 5.00 W/cm^K

thermal conductivity 1.256 W/cm-K

specific heat 0.75 kJ/kg-K

coeff. thermal expansion 2.33x10"* /K

modulus of elasticity 11.3x101 0 Pa

Poisson's ratio 0.3
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THE DESIGN OF SILICON MONOCHROMATORS FOR HIGH INTENSITY

WIGGLER AND UNDULATOR RADIATION

Donald Bilderback and Qun Shen

Cornell High Energy Synchrotron Source (CHESS)

and School of Applied and Engineering Physics

Cornell University, Ithaca, New York, 14853

1. Introduction :

Double crystal x-ray monochromators made from perfect single

crystals of silicon and germanium are very important x-ray

optical components at synchrotron radiation facilities. The heat

load from wiggler and undulator sources can greatly distort the

diffracting lattice planes leading to "poor" monochromator

performance. In this brief report we analyze some of the

experimental data on the performance of synchrotron beam heated

monochromators and then project how the performance could be

improved by better cooling channel design along with improvements

that can be expected using different coolants (water, liquid

gallium, and liquid propane at cryogenic temperatures).

2. Experiaental data

Monochromator performance was measured , using a

prototype undulator designed for the Advanced Photon Source.

Figure 1 lists the machine parameters and gives an overview of

the power loading on the silicon (111) monochromator crystal.

Figure 2 schematically shows the experimental arrangement of the

crystals during the beam heating tests. Infrared radiation from

the thermal bump on the first crystal was recorded on an

Inframetrics 525 infrared camera. Three crystals were tested

with different cooling geometry. The cross section of the

crystals, some with internal cooling passages, is given in Figure

3. The rocking curve widths broadened with increasing beam

current and the output flux per ma of beam current decreased at

the higher current values, Figure 4. The additional loss of

intensity is due to distortions generated by the incident
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synchrotron radiation beam load. The coolant was liquid gallium

flowing at 1.6 gpm in the 11-slot crystal. Only data from the

11-slot crystal is analyzed here.

3. Thermal and Structural Analysis
4

The ANSYS finite element analysis program wss used to

model the slotted crystal geometry. The model simulated the use

of various coolants (water, gallium, propane) just by changing

the properties that govern the heat transfer (i.e. density,

viscosity, specific heat, etc.), Figure 5. The Nusselt number

expressions were taken from reference 5. Because of the large

temperature variation along the length of the finned ribs, the

cooling of a channel was modeled with six flow elements and the

calculation was done in a manner that accounts for fluid heating

as the coolant passes under the "thermal bump". The heat load

was simulated by a a double gaussian function, Figure 6, with a

peak power density of 4.5 watts/mm . Statistics of the

calculations are given in Figure 7. Figure 8 shows calculated

temperature profiles in cross section through the hot spot in the

middle of the crystal (maxium temperature rise of 64 °C) and

calculated top surface temperature contours. The simulation is

for the 11-slot crystal with a 76 ma heat load. The base

temperature of the gallium was 50 °C. The surface temperature

distribution *long the direction of coolant flow is compared with

the experimental data in Figure 9. Both curves were

independently determined without any adjustable parameters and

are in excellent agreement with one another. The computed upward

deflection of the surface is 0.65 microns in the center of the

heated zone. From this plot the slope errors along the surface

can be determined; such are needed to calculate the effects of

slope errors on rocking curves. Figure 10 show-s the stress

induced by the heating of the ribbed crystal. A small amount of

ripple in the stress is induced by the presence of liquid gallium

und.er pressure (45 psi) in the 11 cooling slots. The peak stress

of 2,200 psi is a factor of 15 to 30 times less than the fracture

stress of silicon.

208



Figure 11 shows the normalized ion chamber intensity as a

function of the second crystal angle for different machine

currents. The rocking curve broadened from 9 (4.2 ma, low heat)

to 18 arc seconds (76 ma, high heat). The curves have all been

normalized to about the same peak height. Simulations of the

rocking curves are also given. The photon beam profile had a

half width about 1/3 of the heating profile half width and was

used to weight the individual perfect crystal rocking curves

offset by the slope errors obtained from Figure 9. This

one-dimensional simulation is given for vertical beam sizes of

0.8 and 1.2 mm. Most likely the real beam size was 0.8 mm, but a

careful energy calibration and scanning slit vertical beam

profile measurement were omitted due to time constraints. Best

agreement is with a 1.2 mm beam, a possibility if the energy

calibration was off by even a small amount. The calculated shape

is in good agreement with the experimental observation even if

there is some uncertainty about the proper beam height to use in

the simulation. We can conclude at this point that the

calculated thermal profiles are in excellent agreement with the

observations and the the calculated rocking curves are consistent

with observations as explained above.

Optimization of channel placement and coolant selection

The crystal cooling channels were placed into a test

crystal on a best guess basis. It is not surprising then to find

that improvements can be realized if a quantitative engineering

analysis is made of the heat loading experiment.

We have explored in simulation form some of the

improvements that might come by more carefully selecting the

number of cooling slots, the cooling channel dimensions and

placement, the properties of various cooling fluids, and the

properties of silicon at cryogenic temperatures. We present some

of the limited results of our optimization work with the

realization that we have had time to vary only a few parameters

of this multiparameter problem.

One interesting part of this investigation centers around
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the selection of a cryogenic coolant. Liquid propane was

selected over liquid nitrogen because it will not boil between 80

and 300 K if kept under pressure. A companion paper by

Schildkamp, Bilderback, and Shen discussed the practical aspects

of refrigerating a crystal to around 120 K while removing many

kilowatts of heat using liquid propane. Figure 12 gives a

summary of the important properties of silicon, ga, watar, and

propane relevant for heat transfer studies. The results of our

optimizations are summarized in Figure 13 where we have tried to

minimize the slope errors arising solely from the thermal bump by

changing the channel dimension and placement as well type of

coolant. Thermal contours are given for some of the optimized

results in Figures 14-16.

Some general conclusions can be drawn. MicroChannel

cooling improves the performance as compared to channels of

larger dimension, in agreement with the analytical calculations

of Tuckerman and Pease . Calculated slope errors were at a

minimum for a cryogenically cooled crystal at 108 K (-165 °C), a

regime where the coefficient of thermal expansion nearly vanishes

and the thermal conductance vastly exceeds its room temperature

value. We calculate that the slope errors can be reduced by as

much as a factor of 26, Figure 17. Slope errors at this level

(.35 arc seconds) are then small enough to give nearly ideal

performance.

Summary

In conclusion, we have shown that the calculated slope

errors of ±9 arc seconds from the 11-slot crystal data can be

reduced to less than 0.35 arc seconds by moving to a more

optimized construction which would circulate liquid propane at

108~K through microchannels placed just beneath the diffracting

surface. This should solve the heat loading problem for the

conditions described in the above experiment.

References

1. "Liquid Gallium Cooling of Silicon Crystals in High Intensity

210



Photon Beams", R. K. Smither, G. Forster, M. Bedzyk, D.

Bilderback, K. Finkelstein, C. Henderson, J. White, L. Berman, P.

Stefan, T. Oversluizen, Rev. Sci. Instrum. Vol. 60(7), 1989, p.

1486.

2. "Undulator Heat Loading Studies on X-ray Monochromators

Cooled with Liquid Gallium", D. H. Bilderback, C. Henderson, J.

White, R. Smither, G. Forster, Rev. Sci. Instrum Vol. 60(7),

1989, p. 1973.

3. "Performance of a Hard X-ray Undulator at CHESS",D. H.

Bilderback, B. Batterman, M. Bedzyk, K. Finkelstein, C.

Henderson, A. Merlini, W. Schildkamp, Q. Shen, J. White, E. Blum,

P. Vicarro, D. Mills, S. Kim, G. Shenoy, K. Robinson, F. James,

and J. Slater, Rev. Sci. Instrum. Vol. 60(7),1989, p. 1973.

4. Swanson Analysis Systems, Inc., P.O. Box 65, Huston, PA,

15342

5. "Handbook of Heat Transfer", W. M. Rohsenow and J. P.

Hartnett editors, McGraw-Hill Book Co., 1973.

6. "The Feasibility of Liquid Propane Cooling of X-ray

Monochromator Crystals", W. Schildkamp, D. Bilderback, and Q.

Shen, Workshop on High Heat Loads, Argonne National Laboratory,

August 3-5, 1989.

7. "Experience with Silicon Monochromators Using MicroChannel

Water Cooling", J. Arthur, Workshop on High Heat Loads, Argonne

National Laboratory, August 3-5, 1989.

8. "High-Performance Heat Sinking for VLSI", D. B. Tuckerman and

R.F.W. Pease, IEEE Electron Device Letters, Vol EDL-2, No. 5, May

1981.

211



UNDULATOR AND STORAGE RING PARAMETERS

1. Cornell Electron-Positron Storage Ring

Machine energy = 5.43 GeV

Maximum current = 115 mA in 6 bunches

2. Undulator Specifications

APS prototype undulator

123 pole, length = 2.03 meters
Period = 3.3 cm
Magnet gap range = 1.35 to 3.0 cm
Peak on-axis field = 0.53 Tesla
Fundamental energy = 4.7 to 8.0 keV
Power Production = 770 watts (max)

3. Power on Monochromator Crystal at 76 ma

a). Measured 360 watts into calorimeter after 1.4 mm of
Beryllium filtration (30% absorption)

b). Beam size (integrated over even & odd harmonics)
estimated to be 2.5 mm fwhm vertically, 4.9 mm

horizontally, at 18.5 meters from source

c). Peak power density of 30 watts/mm**2 at normal
incidence at the monochromator position 18.5 meters
from the undulator source.

d). No slits obstructing the beam striking the (111)
silicon crystal under test

F.j.1
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IR CAMERA
ION

CHAMBER

CESR

OUT

18.5m

(Adapted from reference 2)

Thermal Effects

1. At icw currents ( < 10 mA)

a). Mcncchromator flux is proportional tc beam current.
b). Recking curve width is near the calculated dynamical

theory vaiue.

2. At high currents ( > 50 mA) :he."thermal bump" becomes
evident resulting in:

a). Loss of output flux per mA of beam current
b). Widened rocking curve
c). X-ray beam steering errors from the distorted

crystal surface. This can spoil the low divergence of
a very parallel undulator beam.

r~\a
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THREE DIMENSIONAL ANSYS MODELING

1. Model created for slotted Silicon crystals with different
coolants (water, liquid gallium, liquid propane).

2. Takes into account fluid heating as the coolant passes under
the "thermal bump".

3. Calculates temperature and stress and deformation profiles.

4. Geometry:
Solid Thermal Element STIF70
Structural Solid Element STIF45
Channels modeled with six Thermal-Flow Pipe Elements STIF 66

•Y/J,

6 flow

convection links

5. With six elements in single channel, heat flow six times what
it should be. Therefore thermal conductivity and heat capacity
were divided by six. The Nusselt number was multiplied by six to
retain the same film coefficient.

6. Result - can easily explore different channel geometry, differ-
ent flow rates, channel and rib widths, etc.

7. Convectional film coefficient h was calculated automatically
using h=thermal conductivity*Nusselt/ hydraulic diameter

5"
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UNDULATOR HEAT LOAD SIMULATION

1. All calculations for 76 mA and an x-ray energy of 13 keV.

2. Bragg angle is 9.6 degrees. Thus the heat is spread along the
crystal length by an extra factor of 6.5

3. The total power was put into a 0.19 mm thick surface layer
which should absorb 2/3 of the total power according the PHOTON
program calculation.

4. Heat distribution modeled with a two-dimensional gaussian
function with sigma(z)=0.70 cm in the flow direction and
sigma(x)=0.21 normal to the flow direction.

5. Peak power density was 4.5 watts/mm**2 on the crystal
surface.

Fg.fe
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STATISTICS OF THE CALCULATIONS

1. Only 1/2 of the crystal was modeled because of the symmetry
of the problem. Unidirectional flow with a temperature rise
prevented simplifying the problem to a quadrant of the crystal.

2. Typical statistics for 12 channels (in half of the crystal), 12
elements in the flow direction and 7 nodes in the direction normal
to the surface are as follows:

Thermal: Number of nodes = 6601
No. of elements = 4476
No. of degrees of freedom = 8421
Max. incore wavefront =158

R.M.S. wavefront size = 109.0
Scratch memory needed = 50 Mbytes

Structural: No. of nodes = 5551
No. of elements = 3384
No. of degrees of freedom = 13832
Max. incore wavefront = 393

R.M.S. wavefront size = 254.1
Scratch memory needed = 80 Mbytes

3. Complete thermal and thermal-stress calculation for the
above example took 24 hrs on a microVax II computer.

fig.1
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2. Material Properties:

Silicon:

Temperature (°C)| -180 -160 -140 -i20 -100 -50 >30

Density (q/cm1}

Thermal Conduct.
(W/cra/°C)

Young's Modulus
(xlO1l dyn/cm2)

Thermal Exgans.
Coeff. (xlO /°C)

2.33

9.7 7.3 5.3 4.0 3.1 2.0 1.48

11.26

-0.5 -0.25 0.25 0.60 1.0 1.8 2.9

Propane: C3Hs

Density (g/cmJ)

Thermal Conduct.
(mW/cm/°C)

viscosity (cp)

0.72 0.71 0.69 0.67 0.65 0.60

2.1 2.0 1.9 1.8 1.7 1.4

6.0 2.0 1.1 0.7 0.5 0.2

Density (g/cm1)

Thermal Conduct.
(mW/cm/°C)

Specific Heat
(J/g/°C)

Viscosity {cp)

Prandtl Number

Nusselt Number

Liquid Ga
(50°C)

6.1

41,

0.36

1.6

0.0142

3. 33+. 015-

(Re-Pr)0'8

Hater
(30°C)

1

6

4

1

6

0.

.0

8

2

0

18

023 Re°

Propane
(-160°C)

0

2

2

2.

4

•8 p r 0 .

.71

0

0

0

92

3
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BASIC CONCLUSIONS

1. We have reproduced the-basic features (temperature and
rocking curve profiles) observed in the experimental run. This
lends confidence to the adequacy of this type of modeling.

2. We have used ANSYS as a tool to explore the effects of other
cooling fluids and the size and placement of rectangular cooling
channels. We support the conclusion of Tuckerman and Pease that
microchannei cooling will be of significant value for some of the
very high heat load problems.

3. This is a many parameter optimization problem where the
properties of the crystal, the fluid, and geometry all interact.
Detailed designs will be needed for each new application.

4. Liquid gallium is a better coolant than water for relatively large
channel widths since it yields a greater film coefficient. It is
limited, however, by its smaller specific heat value, in the
microchannei case. In this case, having enough fluid mass flow is
the important condition.

5. Cryogenic cooling with liquid propane offers the greatest near
term hope of really reducing the slope errors on crystals to the
sub-arc second range near the temperature of -150 C (125 K).

6. We calculate that the slope errors can be reduced to

Present experiment
Water cooled
Ga cooled
Propane cooled

Arc seconds
9.0

2.1
2.0
0.35

Factor
1.0
4.3
4.5

25.7

for the experimental conditions reported here. We are optimistic
that a third generation of better cooled crystals can be built!
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LEVEL OF THERMAL STABILITY OF THE OPTICS
REQUIRED BY X-RAY ABSORPTION SPECTROSCOPY

A. Fontaine, F. Baudelet, E. Dartyge, H. Tolentino
LURE, CNRS, CEA, MEN,
Bat 209d F ^ C ^ Orsay

Data of the core level Spectroscopy are collected through two different
X-ray optical schemes. The scanning mode uses a two crystal monochroma-
tor (or very rarely four) which is a basic tool for most experiments of
X-ray physics which deals either with one photon process or two photon
process. The second scheme combines a dispersive bent crystal to open a
wide energy band pass with a position sensitive detector able to work
under high flux conditions. These two optics allow data collection with
an energy resolution in both case controlled by the intrinsic Darwin
width of the set of planes of the crystal which is very often a silicon
one.

The dispersive optics are very appealing to study the requirements of
the thermal stability because there is no mechanical movement for the
whole period of data collection which can last a whole day with one
single refill of the DCI storage ring at LURE. Therefore the
temperature effects on the optics can be clearly identified: the
spectrometer is a very precise (but an expensive) thermometer to
investigate the initial warming of the crystal as the light starts to
shine the silicon crystal and further on to follow the slow cooling of
the crystal due to the decay of the beam intensity. The precision of
the measurement of the temperature changes is enhanced by the very large
derivative (dl/dE) of the trans-mitted intensity with respect to energy
(or pixel number) when one looks specifically to the K or L edges of
elements. It is obviously important to control temperature effects if
one wants to draw from edge measure- ments precise spin-dependent
informations which are up to now, the more demanding experiments we are
faced to.

The talk is divided in three sections:

- The first part deals with the initial warming. Taking the silicon
lattice expansion to be 2.iJx10 at 300K one can convert any shift of
the energy scale in terms of temperature changes assuming that the
overall shape of the crystal remains unchanged. Using a silicon (311)
bent crystal set at the copper K-edge, after one hour of warming, the
temperature increases by 18.7K which means a shift of 0.42 eV of the
energy scale, or a shift of H2.5y m of the monochromatic (8979.8 eV) fan
focused onto the detector. Because of the energy shift, the difference
between two spectra collected at the beginning and at the end of this
initial warming stage, is a derivative-like signal which magnitude is
about 0.1 as evaluated in term of absorption. This value has to be
compared to the total absorption signal which reaches 2 in that case,
and to the smallest significant measurement found as a difference in
spin-polarized measurements which is of the order of 10~^ with a
signal/noise ratio of 5 to 10.
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- The second set of measurements is of great importance since it shows
how careful we have to be, to get the ultimate precision in the measure-
ments of the absorption. The temperature shift induced by beam decay is
an error signal which in all cases can be measured. The data analysis
permits its evaluation and therefore its subtraction out of the raw
data.

The thermal sensitivity of the spectroscopic data at the Fe K-edge
fSi311) is about 0.02K. Within two hours the temperature of the crystal
decreases by 3K. Between two successive measurements 280 seconds apart,
the temperature decrease generates a derivative-like signal of 2x10
(dT=0.05K). In the spin-dependent measurement using circular polarized
light carriedout at the iron K-edge the signal to be measured is of the
o^der of 2x10 > thence 10 times larger.

- The last set of data points out the temperature effect of the mount of
the bent crystal which can change the geometry of the optical path as
well. The overall curvature of the crystal is modified. This can be
avoided by screening the beam in order to get light on the crystal
only. Unless this is achieved one finds time-dependent moves of the
polychromatic image of the source which is 500 mm-wide. And what is
even worse is again, the large move of the footprint of the beam in the
plane of the detector which is a shift of the energy scale, largely
troublesome when kinetics measurements are considered. Let us recall
that the dispersive scheme requires to measure the beam with and without
the sample separately, therefore at different times.

Conclusions

In order to restrict the thermal effect on the bent optics one must:

1- Enhance the thermal exchange using heat transport by helium which has
to be oxygen-free to get rid of the corrosion by ozone. This is achiev-
able by a liquid nitrogen trap.

2- Get a cooled metal piece close to the crystal which follows the
ellipsoidal shape of the crystal. Two ways can be investigated. One
should copy the device designed at Chess Cornell, but further studies
are needed to handle the specific issues which are bound to the variable
curvature which is tuned according to the needs of the energy band pass,
the type of crystal, the space required by the ancillary equipments
around the sample . . . The other option is to bent a set of crystals
squeezing the piece of silicon between precut pieces of metal which
includes circuitry for the coolant.

In addition on has to keep in mind the three important following
considerations.

3- It is very appealing to look for a solution which would allow to keep
the temperature of the silicon piece close to 125K where the lattice
expansion is zero. This is always mentioned in this type of meeting.
The CHESS group is investigating the possibility to use liquid propane
as a coolant.
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4- One may underline that keeping the footprint of the beam on the
crystal within the plane of diffraction is an extra advantage of the
dispersive geometry versus the scheme of the two flat crystal optics
where the plane of diffraction and the beam footprint are orthogonal.

Two main problems are identified. First, there exists a bent of the
crystal due to the temperature difference between the top and the bottom
of the crystal which creates the temperature gradient needed to generate
the heat flow. Second, just right at the footprint of the beam, the
deposited heat generates a thermal expansion which results in a bump.
This last curvature means a change of the incident angle within the
footprint which is not negligible compared to the Darwin width. The
dispersive scheme feels this effect as a secondary effect since the bump
is orthogonal to the plane of diffraction.

5- The temperature effect has to be reduced as much as possible but it
can be measured and therefore subtracted out of the raw data by a pure
mathematical procedure.
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Directly Water-Cooled Crystal Monochromator
on the 53-Pole Wiggler Beam Line

T. Matsushita
Photon Factory

National Laboratory for High Energy Physics
Oho, Tsukuba, Ibaraki 305, Japan

We report performance of a directly water-cooled double
crystal monochromator installed on the 53-pole multipole wiggler
beamline at the Photon Factory. The wiggler1 is made of hybrid
permanent magnets(NdFeB and vanadium permedur cores) having
a periodic length of 12 cm and a maximum field of 1.46 Tesla with
a gap of 19 mm. The total radiated power is 8.34 kW with a
wiggler field of 1.46 Tesla and ring operation at 2.5 GeV and 300
mA.

A Si (111) double crystal monochromator is placed 25.5 m
from the source on this wiggler beamline. The total heat load on
the crystal surface is measured to be 1.6 kW. This reduced value
is due to absorption of X-rays by graphite filters(total thickness of
0.7 mm) and two beryllium windows(0.2 mm thick each) and is
also due to a limited horizontal angular acceptance(4 mrad)
defined by a horizontal aperture placed upstream of the beamline.
The power density on the crystal surface is approximately 0.7
w/mm 2 .

The first crystal of the double crystal monochromator has
semi-circular water channels and fins under the reflecting surface.
Crescent-shaped metal inserts are installed in the channels to
make cross sections along the water channels constant. Table I
summarizes dimensions of crystals tested. The crystal is mounted
to a copper manifold. An elastomer O-ring provides a seal
between the water channel and monochromator environment
vacuum.

We measured (1) Si 111(7.33 keV) and 333(25 keV) rocking
curves, (2) Si 111 and 333 topographs and (3) surface
temperature maps at various ring currents. Results for crystals A
and B were reported in SRI88 at Tsukuba2 . For the crystal A, we
found that the temperature is higher on the surface above the
water channel than above the fin part. This is explained by better
cooling near the fin parts of the crystal. With the second crystal
design(crystal B) having much narrower channels and fins, the
temperature variation across the fins and channels became
smaller. With multiple-exposure Si 333 topographs we measured
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the radius of curvature of the crystal. It ranged from
approximately 1200 m to 100 m depending on the ring currents.

Based on these experiences, we intended to avoid bending of
crystal by making the crystal more stiff. This was realized by
extending the fin parts which worked as stiffening ribs(crystal C
and D). The radius of curvature for crystal D was twice larger at
all ring currents. The intensity of the reflected beam was almost
proportional to the ring current up to 200 mA. However, the
reflected beam intensity still deviated from the linear curve over
200 mA.

In conclusion, (1) we demonstrated experimentally both by
the surface temperature maps and by Si 333 topographs that the
surface above fin parts is cooler than that above the water
channel, (2) the deformation of the crystal is well characterized by
multiple-exposure Si 333 topographs, and (3) bowing of the
crystal is reduced by having stiffening ribs behind the crystal
surface. We can now use our monochromator in various
experiments with a fairly high intensity on this beamline. Of
course, further improvements are required to make full use of
intense X-ray beams available from our wiggler.

Crystal
No.

A
B
C
D

Overall
thickness
(mm)

30
21
50
40

Thickness of
surface top
layer (mm)

1
1.5
3
1.1

width of
water
channels
(mm)

5
0.8
0.6
0.6

width of
fins (mm)

2.5
1.5
1.0
1.0

Table I. Dimensions of directly water-cooled crystals

References
1) T. Shioya, S. Yamamoto, S. Sasaki, M. Katoh, Y. Kamiya and H.

Kitamura : Rev. Sci. Instrum. 60(1989)1855-1858.
2) T. Oversluizen, T. Matsushita, T. Ishikawa, P. M. Stefan, S.

Sharma and A. Mikuni : Rev. Sci. Instrum. 60(1989)1486-1492.
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BL-16 Multipole-Wiggler/Undulator

Total Length

Number of poles

Period

Number of full period

Minimum gap

Maximum field

Maximum irradiated power

3.6 m

53

12 cm

26

19 mm

1.47 T (K = 16.5)

8.36 KW
1.47 T
2.5 GeV
300 mA

ax
ox
ay

= 0.655 mm
= 0.203 mrad
= 0.225 mm
= 0.0118 (2 % coupling)
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DEFORMATIONS - CRYSTAL A

CRYSTAL. A
CHANNEL(T)

10.0 80.0 30.0 40.0

X-Coordinate (mm)
50.0
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CO

CRYSTAL"B"
333-REFLECTION, 25keV

h RING CURRENT 1 mA
FLOW RATE 23 / /m in .
PWATER = 2 3 ° k

L
o

WATER FLOW ON WATER FLOW OFF

20 40 60
A02 (are-seconds)

80 100

to

'c
3

CD

LU

CRYSTAL"B"
111 - REFLECTION, 8.3 keV I

h RING CURRENT 1 mA
FLOW RATE 23 / /m in .
PWATER = 230 k PASCALS

0

8.7 ARC-SECOND
SHIFT

WATER FLOW OFF

WATER FLOW ON

40 60
A02 (arc-seconds)

100
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CRYSTAL A
111 -REFLECTION, 8.3 keV
TEFLON INSERTS
FLOW: 10 / /m in .

100 mA
80 mA

60 mA
40mA

THEORY

20 mA

40 60
A02 (a re-seconds)

100
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CRYSTAL B 223 mA

200 mA

150 mA

100 mA

50 mA

111-REFLECTION,
8.3 keV
COPPER INSERTS
FLOW: 2 3 / / m i n .

2mA
1 mA

40 60

A02 (a re - seconds)

100
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A birds eye view of Si crystal
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Crystal B

v= 1.49 m/s
(F =23//min)

v *3.67 m/s
(F=23i /min)

v =3.67 m/s
(F=23//min)
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Experience with Monochromators Using
MicroChannel Water Cooling

J. Arthur
Stanford Synchrotron Radiation Laboratory
P.O. box 4349, Bin 69, Stanford, CA 94309

SSRL is investigating a scheme for cooling a silicon X-ray
monochromator crystal which utilizes narrow water channels cut into the crystal.
The optimal channel width has been shown to be about 50 urn. The
optimization analysis and development of the technology for producing
microchannels have been performed by David Tuckerman and his associates at
the Lawrence Livermore National Laboratory, for the cooling of integrated
circuits.

With the collaboration of the Livermore group, we have constructed
several prototype monochromators with microchannel cooling. Initial efforts
showed that the Livermore technique of sealing the microchannels by bonding
the crystal to a glass plate tended to create unacceptable strain in the thin
crystal. Several improvements in the microchannel construction process have
been found, and recent designs have been shown by X-ray topography to be
nearly strain free.
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optimized channels for a fixed pressure drop:

9opt = 2.95
Cf v D 1/4

cf = friction coefficient
v = coolant velocity
P = pressure drop

optimization applied to a silicon wafer with water cooling:

dimensions =
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coolant temperature^
= Tc(x) ^ ^

n channels w

1

h

r

wall temperature
T = Tw(x)

W

channel perimeter = p

define the "channel dimension", D = A x area/p = 2w

thermal transfer, in W/K cm2 = = kc Nux/D
n L p (Tw(x) - Tc(x))

q = total heat transfer rate from walls to coolant (W)

kc = coolant thermal conductivity (W/K cm)

Nux = Nusselt number

warming of coolant: Tc(x) - Tc(O) =

p = coolant density (g/cm3)

C = coolant heat capacity (J/g K)

q x
pC f L

f = total coolant flow rate (cm3/sec)

thermal resistance: 9 =
Tw(L) - Tc(O) D

p C f n p kc L Nux



MicroChannel grooved crystal assembly

20 mm

electrostatic diffusion bond

solder bond

0.74 mm
silicon

with 0.46 mm
grooves

6 mm
glass
header

10 mm
molybdenum

header
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dimensions = mm
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Double-crystal monochromator

lOkeV

stainless steel
13/e-
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as
C
60

3
u
N

o

_ 31 -pole wiggler

10 keV

standard crystal

bonded crystal

SO 100 150 200

Piezo voltage
2 5 0 3 0 0
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Problems with initial design:

If glass and crystal surfaces are not very well matched,
strain will cause bending of the thin crystal.

It is difficult to create a very flat polished crystal.

Improvements for Mark 2 design:

Bond at high temperature, where glass softens and
conforms to crystal surface.

Use a thicker crystal (1.45 mm), for greater stiffness.
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symmetric SK333) sample

Cu k<xi 8048 eV

asymmetric 51(333)

294



- Si (333)
8 keV

standard crystal

bondod crystal

- 4 0 - 2 0 2 0 4 0

AG(jirad)

• • * • : ' • ' • • : ' }

V:\J



Programs to Calculate Synchrotron Beamline

Monochromator Throughputs

Dean Chapman

National Synchrotron Light Source

Brookhaven National Laboratory

Upton, New York 11973

Abstract

A set of Fortran programs have been developed to calculate the expected throughput of x-ray mono-

chromators with a filtered synchrotron source and is applicable to bending magnet and wiggler beam-

lines. These programs calculate the normalized throughput and filtered synchrotron spectrum passed by

multiple element, flat un-fccussed monochromator crystals of the Bragg or Laue type as a function of

incident beam divergence, energy and polarization. The reflected and transmitted beam of each crystal

is calculated using the dynamical theory of diffraction. Multiple crystal arrangements in the dispersive

and non-dispersive mode are allowed as well as crystal asymmetry and energy or angle offsets. Filters

or windows of arbitrary elemental composition may be used to filter the incident synchrotron beam.

The programs are written in such a way to easily accomodate a thermal bump profile in the diffraction

plane of the crystal in addition to a change in d-spacing. This program should be useful to predict the

intensities and the spectral and angular distribution from many beamline configurations as well as assist

in the design of new monochromator and analyzer systems.
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A MONOCHROHATOR FOR HIGH HEAT LOADS
WITH BENT CRYSTALS

Peter '/an Zuylen
TNO Institute of Applied Physics

Optics Division
P.O. Box 155

2600 AD Delft, The Netherlands

Introduction
The monochromator that we built for the Anglo-Dutch EXAFS beamline
of the SRS has bent crystals. The first crystal is water cooled. The
second crystal is doubly bent. One radius matches the radius of the
first crystal, the other radius is for focussing of the beaa. Be-
cause of the bent crystals it has a high resolution combined vith a
high transmission and is very suitable for EXAFS work (Ref. 1).
For the new viggler line of the SRS another aonochroaator is re-
quired that can handle the increased heat load, vhile it is also
desired to have crystals of which the radius can be changed in
vacuum.
The meridional radius of the first crystal can be optimized for
resolution. With the second crystal the beaa is focussed at a fixed
position behind the monochroaator. The meridional radius of the
second crystal is fixed.
In this contribution the design of this monochromator is discussed.

Bending of crystals
The radius of curvature of the lattice planes in a crystal has a
large influence on the resolution of a monochromator. This is shown
in fig 1 for a typical case. The optimum radius is:

L . ae1. sine
with:
As Source size (2.2 x 0.4 mm FWHM)
A6 Divergence of beaa (0.23 mrad at 10 keV, 0.14 mrad at 30 keV)
6 Bragg angle
L Distance to source (m)

This radius is slightly larger than the radius given by the standard
formula for the Rowland circle. The radius is dependent of the Bragg
angle and is critical for the higher energies. Thermal effects tend
to cause a radius of curvature which is not favorable for a high
resolution.
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"In many cases the second crystal is sagittally bent for focusing in
the horizontal direction. In the horizontal plane it is usually
flat. For maximum transmission of the beam and resolution it would
be ideal if the second crystal could follow the varying radius of
the first crystal. In practice this 1$ impossible to combine with
dynamic horizontal focusing, because of the stringent requirements
on parallelity and warping. For the transmission T of two crystals
vith different radii, Rt and R2, we have:

1 1 T > K
and T is:

R, . R, . sine . 9

With 9 width of rocking curve of second crystal ( 0.021 arad at 10
keV, 0!006 mrad at 30 keV)

Vith this formula it is possible to choose an optimum fixed radius
for the second crystal over a certain energy range. This is shown in
fig 2. In this figure the transmission of a monochromator with flat
crystals is given as a function of resolution. This resolution is
obtained by reducing the height of the beam. It is compared with
the transmission of a monochromator with bent crystals. The radius
of the first crystal is variable. The radius of the second crystal
is fixed (150 m). At 30 keV the improvement in resolution can be a
factor of 5 for the same transmission. At 10 keV the improvement is
less dramatic.

Design of first crystal
The starting parameters of the monochromator are as follows:
Crystals: Si 220
Energy range: 10 - 30 keV
Bragg angle: 1 9 - 6 degrees
Radius of curvature: 62 m(10 keV) - 186 m (30 keV)
Total heat load: 400 V
Power density: 1 W/mm2.
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The pover density is not particularly high, but good cooling is
required, to keep the deformations of the crystal small compared to
the bending radius of the crystal. We have chosen for a vater cooled
crystal with microchannels (Ref.2). The channels are optimized
taking into account the pressure over the channels, the flow rate,
and the minimum size of the channels that can reasonably be manufac-
tured. The calculated convective thermal resistance between fluid
and crystal is 5xlO"s K..m2/W in our design when the effect of the
fins is taken into account. The total thermal resistance, including
the silicon (1 mm thick) is 7xlO"6 K.m2/W. The channels have a size
(w x h) of 60 x 500 um and are 25 mm long. The fins are 60 urn wide.
The total pressure drop over channels and headers is 2.9 bar at a
mean velocity of 3.3 m/s.
The maximum rise in temperature of the crystal is 4 K, the maximum
temperature gradient is 0.4 K/mm. For the deformations the thermal
gradient along the crystal is important. The result of hand calcula-
tions is shown in fig 3.
The cooling scheme of the crystal is shown in fig 4. Inlet and
outlet of the vater go through a hollow axis. The water enters the
crystal in the center and is divided over the channels. This has two
advantages:
- the coolest vater is at the hottest spot of the crystal. Warmer

vater flows to the areas with a lover pover density and smoothes
the temperature gradient

- the channels are short, which reduces the total pressure in the
system

Fig 5 shows the bending mechanism of the first crystal. The crystal
is electrostatically bonded to a U-shaped plexiglass carrier
(Ref.2). Between the legs of the U is the cooling vater circuitry.
The crystal is bent by pushing the legs of the U apart with levers
that are activated through a wire, connected to a motor. The crystal
is connected to the main structure with springs.

Design of second crystal
The second crystal has a fixed meridional radius of 150 m, while the
sagittal radius can be varied. The meridional radius is manufactu-
red by grinding a spherical shell of the required radius. This shell
is bonded to a straight edge, so the surface of the shell is
straight, but the lattice planes are spherical. The influence of
the residual sagittal bend of the lattice planes is negligible. If
the energy is varied, the position of the beam on the second crystal
will vary. Because the lattice planes are bent, the second crystal
has to be tilted to keep the lattice planes aligned. This tilt is
also used for harmonic rejection.
In this set-up the height of the beam varies slightly if the energy
is scanned. This variation is reduced from 3.2 mm to 0.2 mm over the
full energy range by using an asymmetrically cut crystal.
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Conclusions
A design is described for a high resolution, high transmission
double crystal monochromator with bent crystals. The first crystal
is vatercooled and has a variable radius for optimum resolution. The
second crystal has a fixed radius for optimum transmission and can
be bent for focussing. With this combination it is possible to
obtain at a high resolution a transmission that is two to five times
higher than is possible with a focusing monochromator with flat
crystals.
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Energy resolution

for different radii
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Figure 1: Energy resolution in eV between 10 en 30 keV for various
radii of the first crystal. Thermal effects (-500 •)
detoriate the resolution.
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Figure 2: Comparison of a classic monochromator (flat crystals,
resolution improved with slits) and a monochroamtor with
bent crystals (first crystal variable radius second crys-
tal fixed at 150 m)
a. Energy 10 keV b. Energy 30 keV

316



C D <--- s.bo

Figure 3: Temperature gradient over the first crystal surface at 10
KeV for several coolant velocities,
(calculated optimum: v « 3.31 m/s)

FLOW COOLING
WATER.

Figure 4: Flow of the cooling water
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Mir et/tm.

BENDING PRINCIPLE OF THE FIRST CRISTAl.

Figure 5: Bending principle of first crystal
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ENERGY RESOLUTION:
OPTIMUM RADIUS

Energy resolution: AE = A6.cot6.E

Source size: AEs = As.cot6
E R

Beam aperture: ABb = (1 - L ).A8.cot6
E Rx-sin9

Optimum radius: R, „ - As2 + L*.A82
1>opt Lae^sine

with:
As: source size
A9: divergence of beam
6: Bragg angle
L: distance to source

Rx: radius first crystal
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Energy resolution

(wiggler)

Cpthum

100 m

1ED m

200 m
at—

flat

-500 rr.

Energy (j«V)
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Energy resolution

(undulator)

Energy (keV)
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STARTING PARAMETERS:

Crystals: Si 220
Energy range: 10 - 30 keV
Bragg angle: 1 9 - 6 degrees
Radius of curvature: 62 n (10 keV) - 186 a (30 keV)
Total heat load: 400 V
Power density: 1 ff/mm1
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c x.

TRANSMISSION:

1 > T > 9./A8

and T is:

§c ' Ri • R7 • sine
A9 Rx -R 2 L

with:
8c Width of rocking curve
A6 Divergence of beam
Rx, R2 Crystal radii
9 Bragg angle
L Distance to source
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2 crystals

(undulator)

<u

Dew v/diTi

1

Cpvmum

hi

_ i j j . i i I i i i

10 H IS 22 2S 30
12 16 33 24- 25

Ehssny (keV)
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DOUBLE CURVED CRYSTAL

A-A.

80

FLAT SILICON WAFER

E
in
in
II

CC

E
in
in
II

m
GRINDING and POLISHING

BENDING
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BENDING PRINCIPLE OF THE SECOND CRISTAL
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FORMULAS FOR HEAT TRANSFER

NUSSEUT: Nu=
kf

with:

h: heat transfer coefficient
Dh: hydraulic diameter
kf: thermal conductivity of fluid

For turbulent flow (Re >2300): 24 < Nu < 70

For laxdnar flow (Re < 2000): 4 < Hu < 8

Turbulent flow: wide channels, high speed

flow: small channels, low speed, influence of fins

Diameter
(mm)

4
4
.5
1

Velocity
m/a

1
2
10
3

Re

1000
8000
3700
180

Hu

37
65
35
6

h
tyvP.'C

5600
9900
43000
41000

Flow
1/min.cm

2.4
4.8
6
.1

Pressure
bar/ca

low
.0005
.6
2
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Microscopic
channels

for coolant-!*
w w w c

• Front (circuit) side
of IC substrate

•w-

Cover piate

IC substrate
(e.g. silicon)
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Temp distribution

symm/ asymm cooling
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Temp gradient

symm/ asymm cooling

I I I I I I I I

Power

1

S>tnmeiric
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CONCLUSIONS

Bent crystals

Relation bending radius /resolution
Bent crystals give better resolution

Transmission / resolution two bent crystals
Factor 2 to 5 improvement w.r.t. flat crystals

Realization of a bent first crystal

Realization of a doubly bent second crystal

Cooling

- Importance of symmetric cooling
Temperature gradient / bending radius

- Cooling of a bent crystal with microchannels
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STATUS REPORTS ON NEW FACILITIES



ADVANCED LIGHT SOURCE AT BERKELEY

Richard DiGennaro
Lawrence Berkeley Laboratory

One Cyclotron Boulevard
Berkeley, California 9*1720
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ADVANCED LIGHT SOURCE

« Hie ALS wiM b« a «se*-friendly facility dedicate* to
synchrotron radiation research. Our goal it ft*
provide a world-class facility delivering f f finnf tad
stable operation year-round.

• ALS based on 1.5 GeV electron storage ring with 12
long straight sections for undulators and wigglen

• The electron beam will have very small emittaiK*
(cross section x divergence)

— Optimize performance from undulaton

— Diffraction limited source of soft x-rays

• Undulators and wigglers covering wavelength nags}
between a few eV and about 10 KeV (about 5000A 1ST
about lA)

• Spectral range of interest to materials scientists,
surface scientists, chemists, life scientists, and
technologists

• Design accommodates up to 11 insertion devices
48 bend magnet ports and associated beamlii

• Project scheduled for completion in 1993 at
construction cost of 599.5M
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ADVANCED LIGHT SOURCE

ALS

Next-generation VUV synchrotron radiation facility
optimized for insertion devices

Design concept emphasis

- High spectral brightness and laser-like coherence
from undulators

- High flux from wrigglers

- Time structure: tens of picoseconds pulse length

- Long beam lifetime - six hours

- Capability for large numbers of beamlines from
undulators, wigglers, and bend magnet?

- Flexible operating modes so variety of user
requirements can be satisfied
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Brightness
intensity
narrowness of spectral distribution
ease of focussing

Brightness: an important
measure ofquafty

ax
*

Jio»

I 10t0

f

102

Li

t
factor

h of 100

^Advanced Pheten
Saurce

" ^ N ^ Existing
synchrotron
racteten sources

Conventional
x-ray tube

I
1 eV 10 eV 100 eV 1 keV 10 kcV 100 keV

Rfoton energy j ^
/•0A
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ADVANCED LIGHT SOURCE

ALS

What Will Be Unique Features of the
Light Source Undulator Radiation

• Narrow spectral features from few eV to 1 keV

(XJAX - 102 to 104)

• Diffraction limited (focusable submicron spot)

• Broadly tunable
• Typically 30-50 psec pulses at 500 MHz rep.

rate

340



The Advanced Light Source:
New Capabilities, New Research

ALS

Next-Generation VUV Synchrotron Radiation Facility
Optimized for Insertion Devices

INTENSITY,
"BRIGHTNESS'

• LASERUKE COHERENCE

SHORT PULSES (30
trillionths of a second)

•TUNABILTTY

Biological imaging

* Measurements on small or

dilute samples

Stadia of idbafast processes

in biological systems

• Bond-selective chemistiy

Higk-spatial-resolurion

lithography for chip

fabrication
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LBL Scientific
Working Groups

QA and Safety Officer
A. Ottroff

JL
Project Deputy Director

Accelerator Systems

A. Jackson

1
Mechanical
Engineering

A. Palerson

Advanced Light Source
Project Organization

Project Director
J.Marx

Scientific Program
Coordinator
F. Schlachter

User's Executive
Committee
(National)

Project Manager
Construction

R. Yourd

1
Project Deputy Director
Experimental Systems

D. Kincaid

Assistant Managei
J. Krupnick J

Electrical
Engineering

II. tancaster

Conventional
Facilities

W. Ganz
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Storage ring
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MAJOR SPECIFICATIONS FOR ACCELERATOR SYSTEMS

ALS

• Injector

- Linac 50 MeV

- Booster 13 GeV, 1 Hz

• Storage Ring Optimum Energy 13 GeV

• Maximum Current (multibunch mode) 400 mA

• Maximum Current (single bunch mode) 7.6 mA

• Horizontal Emittance < 10** m-rad

• Straight Sections 12

• TlflM Structure <2 sigma) 20-50 psec

• Lifetimt > 6 hours

• High Position and Angular Stability

• Minimum Longitudinal Jitter

• Flexible Modes of Operation

- variable energy 1.0 to 13 GeV

- variety of operating modes: multibunch, few-bunch,
single-bunch
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PHOTONS

MACHMEO RECE6S FOR
MAGNET POLE

ELECTRON
BEAM

POPPET VALVE

WATER-COOLED
PHOTON 8TOP

PUMP



Special Features of the ALS

• Photon stops intercept at I radiation except that which
exits the ring via beamlines.

PHOTON STOP WITH SLOT TO
PORN PIXCO PHOTON APtRATUftC

SCALE IN METERS



Experimental Facilities for ALS

ALS

• Insertion devices

- High-precision, long nndulators (-100 periods)
and wigglers

• Beamlines from insertion devices and bend
magnets

- Preserve source characteristics

- Deliver photons to sample chambers

• 11 straight sections for insertion devices and
11 ports for associated beamlines

• 48 ports for bend-magnet beams

• Construction project funds for about four
insertion devices and beamlines

- design of the initial complement driven by needs
of initial scientific program

• Additional beamlines and insertion devices
will be developed with support from other
sources
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Experimental Facilities for ALS
1 ALS

• Insertion devices

- High-precision, long vndnlatois (-100 periods)
and wrigglers

• Beamlines from insertion devices and bend
magnets

- Preserve source characteristics

- Deliver photons to sample chambers

• 11 straight sections for insertion devices and
11 ports for associated beamlines

• 48 ports for bend-magnet beams

• Construction project funds for about four
insertion devices and beamlines

- design of the initial complement driven by needs
of initial scientific program

• Additional beamlines and insertion devices
will be developed with support from other
sources
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Advanced Light Source
ALS

User Relations and the Scientific Program

• We are making progress towards developing a
balanced, strong scientific program for the ALS.

• Series of workshops organized with users to
explore scientific/technical opportunities with
ALS

• National ALS Users' Association formed

- Next scctmg August 7, 19*9, • SKI 89

• Call for letters of interest

- Response for many groups frost industry,
academic and national labs

• Science Policy Board formed and Program
Review Panel being formed

• Call for proposals for initial complement of
experimental facilities

- Proposals due August 15, 1989

encourage broad participation from the
scientific and technical communities.
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LETTERS OF INTEREST

ALS

• Letters of Interest Received

Undulator Teams 11

Wiggler Teams 9

Bend-Magnet Teams 7

Other Inquiries 7

• Conclusion CBased on Letters of Interest)

- Users are very interested in ALS

- Initial complement of insertion devices
and beamlines oversubscribed
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• The ALS is a user-based facility open to all
qualified researchers.

• Access to photons for research by two
mechanisms

- Join a Participating Research Team (PRT) to help
develop and then use experimental facilities
(e.g., beamlines)

- In the future (~ 3 years) submit a proposal for
beam time on a beamline developed by a PRT

- Proposals by PRTs and those for beam time will be
peer reviewed

• Proposals for the initial PRTs are due
August 15, 1989.

• To inquire about joining a PRT, or for information
about the ALS and how to participate, contact:

Alfred S. Schlachter
ALS Scientific Program Coordinator
Lawrence Berkeley Laboratory
MS 46-161
1 Cyclotron Road
Berkeley, CA 94720

I ^ s : • . -f: H i t

Telephone: (415)486-4892
Telefax: (415)486-4173' '
E-Mail: FREDdLBL



ADVANCED PHOTO* SOURCE AT ARGOHHE

Dennis Mills
Advanced Photon Source

Argonne National Laboratory
9700 South Cass Avenue
Argonne, Illinois 60139
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Design Parameters of the
Accelerator Facility

to

Linac
• 200 MeV e" (3 A)
• 450 MeV e+(15 A)
• Rep rate: 60 Hz
• Length: 40 m

Accumulator
• 450 MeV DC ring
• 24 linac pulses in 1/2 sec
• Damp positron emittance
• Circumference: 30 m

Booster
• 450 MeV to 7 GeV in 1/3 sec
• Rep rate: 1 Hz
• Circumference: 367 m

Storage Ring
7.0 (1.5) GeV 100-300 mA
Lattice: Green-Chasman (40 periods)
353 MHz 1248 buckets
Circumference: 1104 m
Filling times under 1 minute (100 mA)
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CENTRAL LAB/OFFICE
BUILDING

TYPICAL LAB/OFFICE
MODULE
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APS Cost and Schedule
(FY89 $ millions)

Estimate 321.16
Contingency 70.59
Sum 391.75

Project Management
Injector
Storage Ring
Insertion Devices and Beam Lines
Computer Systems
Technical Component Support Facilities
Conventional Facilities
Miscellaneous Costs
Contingency

17.73
33.70
65.72
47.31
10.02

5.76
122.61
18.32
70.58



APS Cost and Schedule
(FY89 $ millions)

FY89 FY90 FY91 FY92

Proposed Construction Budget

6 40 75 92

R&D Budget

6.33 13.0 17.5 18.5

FY93

105

16.5

FY94

93

12.5

FY95

45

7.5

FY96

0

0

Total

456

91.83



Current Fundind Status for the APS:

The bill containing construction funds for the APS
has been approved by:

• House subcommittee

• Full U. S. House of Represenatlves

• Senate subcommittee

• Full U.S. Senate

The bill calls for $40 million for
construction start in fiscal year '90 (Oct. '89)
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APS MILESTONES:

• Title I complete on accelerator components
and conventional facilities - Fail '89

• Groundbreaking - FY*90

• Injector system commissioning - Fall "94

• Storage ring commissioning - Spring D5

• Commissioning of first beamiines - Fall'95
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ANL Effort Estimates for APS

400

350

300

250

F
T
E

FY89 FY90 FY91 FY92 FY93 FY94 FY95 FY96

Preconstruct. R&D

Construction

Start Up & Ops R&D
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Advanced Photon Source
Projected Organization

Associate Laboratory Director
Advanced Photon Source

D. Moncton

1
Project Director

APS Construction Project
Y.Cho

Director
Accelerator Division

R Kustom
(Acting)

Project Controls
and Integration

D. Raymond

Director
Conventional

Facilities Division
L Reinsch

(Acting)

Director of
Administration
R Huebner

Director
Experimental Facilities

Division
G. Shenoy



EXPERIMENTAL FACILITIES STAFFING PLAN

Gopal Shenoy - Division Director

ID R&D Group

P. J. Viccaro
D. Carnegie
Mech.Des. Fall '89

A. Khounsary (1/2)
T. KHppert (1/2)
J. Arko (1/2)
C. Yahnke (NW)

BL R&D Group

D.M. Mills
R. K. Smither
E.E. Alp (1/2)
W.Yun
B. Rodrlcks
Eng/Phy Sept. '89
A. Khounsary (1/2)
T. Kllppert (1/2)
J. Arko (1/2)
J. Chrzas (IIT)

User Support

L. Stefanskl
B. Meyer
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Key Activities
for Coming Year

Secure $40 million construction funding
Key recruiting and organizational development
Select and contract CM
Develop and implement CSCS, QA, SAR
Finalize plans for space utilization
Title I design
Accelerator/beamline R&D and prototyping of
components
User access policy



APS Accelerator R&D
Achieves Key Advances

Successful vacuum chamber welding program
First detailed particle trajectory measurements on
Aladdin (ERF)
Complete calculation of impedances for chamber
components
Prototype RF cavity and test station underway
Prototype 0.8-m quadrupole being fabricated
Prototype power supply near completion



00

APS Storage Ring
Magnet R&D

• • • • • • •

Design prototype quadrupole magnet
Fabricate magnet
Measure field quality
Continue with dipole and sextupole magnets



APS Facilities Construction
Team Being Assembled

Architect/Engineer Firm (A/E)
• Status: Contract signed February 9,1989

Work proceeding close to schedule
Construction Management Firm (CM)
• Status: Best and final proposals received May 31
• Milestone: Contract by August 31,1989
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Vacuum Systems R&D Program

Prototype storage ring sections extruded and bent to
size
Aluminum chamber cleaning studies continue
Computer controlled welding technique developed
Full penetration vacuum flange welds successfully
tested
Other vacuum chamber fabrication and weldments
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APS Beamline R&D

Successful testing of a prototype undulator at CESR
State-of-the-art insertion devices
Liquid gallium pump development
High heat load x-ray optics
Novel x-ray optical components and x-ray instrumentation
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Measured phase space parameters vith CCD optics-and with
scanning slits on x-ray beam (discussed in Section IV).
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(a) Pura-REPM

(b) Conventional
Hybrid

(c) Wedged-Pole
Hybrid

PffflMfMUT

Magnet
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Elliptical Polarization Wiggler Source

GO
00

Nd-Fe-B magnets Vacuum duct
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EXPERIMENTAL FACILITIE:
ACTIVITIES:

• X-RAY OPTICS LABORATORY FOR
ORIENTING, CUTTING, PREP OF
SINGLE CRYSTALS

• MULTILAYER FABRICATION

• NOVEL OPTICAL COMPONENTS

• CCD DETECTOR DEVELOPMENT

"" - " -'- A



A NEW X-RAY SR (SP RING)
PROJECT AT HARIMA (JAPAN)

Tsutomu Watanabe, Hitoshi Iwasaki,
Masaru Matsuoka, and Hideaki Yokomizo

RIKEN-JAERI
2-28-8 Honkoraagome, Bunkyo-ku,

Tokyo 113 Japan
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A New I-Ray SR (SP Ring) Project at Hariaa (Japan)

Tsutomu Watanabe, Hitoshi Iwasaki, Masaru Matsuoka, and Hideaki
Yokomizo

RIKEN-JAERI Joint Team for SP Project, 2-28-8 Honkomagome,
Bunkyo-ku, Tokyo 113 Japan.

Abstract: In 1987, research and development activity for a new
large-scale synchrotron radiation facility had started. This
project was accepted by STA (Science and Technology Agency) of
Japanese Government. Maximum energy of the electron or positron
beam in a storage ring is planned to be 8 GeV with about 700
million US dollars of the total budget. The construction is
expected to start in 1990, the first beam is expected to be
obtained in 1995 and the normal operation is scheduled to start
in 1997. Recently the facility is named as Super Photon Ring-8
(SPRing-8).

Introduction and gene-al feature

Since the budget of the research and development for a new
X-ray SR facility is approved by The Science and Technology
Agency (STA), two research institutions, i.e. The Institute of
Physical and Chemical Research (RIKEN) and Japan Atomic Energy
Research Institute (JAERI) have been participating this project.
From 1988, j J i n t team for this SR Project has been formed to
carry out collaboration of the research and development more
effectively. The organization of joint team is shown in Fig. 1.
Joint steering committee is organized by members both from RIKEN
and JAERI. At present about 70 people are involved to this
project as members of the joint team. The steering committee
consists of vice-presidents, executive directors and several
scientists from both institutes. The committee is chaired by
either of the vice-presidents alternatively. Besides the
steering committee, the adversary committee for project planning
and promotion has been organized. This committee consists mainly
of outside scientists as well as small number of scientist from
the host institutes. The adversary committee have two sub-
committees, i.e. sub-committee for machine design and for users
research project.

Recently the site of the facility has finally decided. The
site is the place called "Harima" which is about 100 Km west of
Kobe and about 18 Km north of one of Shinkansen station (Aioi) as
shown in Fig. 2. This site is planned as one of the centre of
science and technology research facilities, such as a unniversity
branch (faculty of science) and many institutions. At present
time, the landprocessing has been going on not only for the new
SR facility, but also for the campus making of other institutions
and university.
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Some detailes of the facility

The machine design team has researched and designed the
major construction of the accelerators. The facility consists of
an injection positron/electron linac, a booster synchrotron and a
storage ring as shown in Fig. 3- The linac accelerates electrons
or positron to the energy up to 1.0 GeV.The booster synchrotron
accelerates electrons or positrons up to 8 GeV and transfers to
the storage ring regularly. Details of machine parameters and
constructions are given somewhere else '~°>.

The Fig. U shows a part of storage ring. The storage ring
has 4-8 cells each of which consists of a set of one bending
magnet, two quadrapole magnets and two sectapole magnets. A
straight section is designed to be 6.5 m long. Main design
machine parameters are given in Table I and Table II. In Fig. 5
expected brilliance of photons are given as functions of photon
energy. Characteristics of insersion devices, undulators and
wigglers are also given. An example of undulator power density
profile is given in Fig . 6 and power density at 50 m from the
light source is given in Table III.

Tiae schedule and budget

The project was firstly approved as an investigation for
feasibility in 1987 by STA. In 1988, substantial research and
development is started with the budget about 5 million US
dollars. In 1989, the budget for research and development
expands about 14 million US dollars. Total budget including
research and development, machine construction, construction of
all building and other campus facilities and construction of 10
beam-line will be 700 million US dollars (about 10 yen). The
construction is schedeuled to start in 1990. The first beam is
expected to be obtained in 1995. The noraml opration will be in
use from 1997.

Sunary

A new project for an X-ray SR facility is now in progress
under the collaboration of RIKEN and JAERI.

The machine consists of a linac, a booster synchrotron and a
storage ring. The electron or positron energy is expected to be 8
GeV. Site is finally decided as Harima, 100 Km west of Kobe.

Machine is expected to obtain first beam in 1995 and will be
in normal use in 1997.
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Syneiiraircn Radiation >«ellKy Daalgn Taara

JAERI RIKEN

STEERING COMMITTEE

RIKEN-JAERI Synchrotron Radiation Facility Design Team

Administration
Group

Technical Group

Storage
Ring

1
Safety

injector
Beam Tr

Users

Buildings

Total Staff: 63 (JAERI 30, RIKEN 38)

JAERI : Japan Atomic Energy Research institute

RIKEN : The Institute of Physical & Chemical Research

Both belong to Science and Technology Agency of Japan

Fig. 1. Schematic figure of the organization of RIXEN-JA3RI Joint
Team for SR Project.
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Fig. 3- Structure of the accelerator system (Super Photon Ring);
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SCHEMATIC DIAGRAM OF STORAGE RING
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Fig. <i. Part section of the main ring.



SPEC TRAL B R I L L I A N C E
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Fig. 5. Spectral brilliance, explected brilliances of X-ray
photons as functions of photon energy.



B.O-i

_ 7.0 J:

A 6.0 J

? so-E

i *°i

UNDULATOR

fa

A

Mil

POWER

(f W / / i

L

DENSITY

G =
K =

3.0 cm

1.5 cm
0.9
0.32 T

Fig. 6. 2-dementional undulator power density, power density of
photons aa a function of (polar angle) and (azumarthal
angle) with respect to the photon direction.



SESSION VI

TECHNIQUES FOR COOLING X-RAY OPTICS
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X-ray Monochromator for Ellipsoid-MPW
beam line at 6.5 GeV Accumulation Ring (AR)

Hiroshi KAWATA, Masato SATOH and Toshiaki IWAZUMI
Photon Factory, KEK

Nobuhiko SAKAI, Masahisa ITOH and Nobuhiro SHIOTANI*
Institute of Physical and Chemical Research

Fumitake ITOH and Hiroshi SAKURAI
Tohoku University

Susumu NANAO, Yoshiharu SAKURAI, Yoshikazu TANAKA
and Yoshiyuki WATANABE

Institute of Industrial Science, The University of Tokyo

I Introduction
It is well known that circularly polarized X-rays (CPX) can give

spin state information of electrons in condensed matter1"3^. In order
to obtain a high flux of CPX, an ellipsoid-multipole wiggler (E-MPW)
proposed by Yamamoto and Kitamura4) was constructed5* and has
been installed in the accumulation ring (AR) for the TRISTAN project
at the National Laboratory for High Energy Physics (KEK). The
associated beam line was also designed and constructed,6 * and the
profiles of the degree of circular polarization and the intensity were
characterized7^.

In this report, we describe X-ray monochromators of this beam
line. There are two X-ray monochromators; 1) water-cooled quasi-
doubly-bent (Q-D-B) crystal monochromator for magnetic Compton
scattering and high resolution Compton scattering experiments, and 2)
water-cooled double crystal monochromator for magnetic Bragg
scattering, magnetic absorption spectroscopy and high energy X-ray
scattering experiments.

II Design of monochromators
A) Q-D-B crystal monochromator.

For the high resolution Compton scattering experiment, it is
necessary to get a flux as much as 1013 photons/s and an energy
resolution AE/E of better than 10"3 at the energy of 60 keV. However,
it is not necessary to get an extremely collimated monochromatic X-
ray beam. A spectrometer for high resolution Compton scattering

* Present address: Tokyo University of Fisheries.
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experiment8^ has been constructed at the vertical wiggler beam line of
Photon Factory. Through this experience it has been confirmed that a
singly-bent crystal monochromator, whose curvature is adjustable to
match the natural divergence of the incident beam, is suitable for the
present requirement.

To get higher flux, a doubly-bent crystal monochromator as
shown in Fig. l(a) is expected to be more suitable. The bending radii
R i and R2 are calculated from the geometry: the distance from the
source point to the monochromator is 26ISO mm and that to the
focusing point is 37700 mm. Then, in a case of Si 111 diffraction and
60 keV monochromatized X-rays, Ri = 596 m and R2 = 508 mm are
obtained. Furthermore, the crystal must be cooled by water in order
to withstand 4 kW heat load. Because it is difficult to apply water
cooling to a doubly-bent monolithic crystal, a Q-D-B crystal
monochromator which comprises an array of singly-bent crystals as
schematically shown in Fig. l(b) has been adopted. Each piece of the
monochromator crystal mounted on a holder is thermally contacted
with liquid Ga-In alloy, and each of the holders is water cooled while
its orientations (o)n, <t>n) can be adjusted independently. As mentioned
later, the adjustability of yn is also necessary. Figure 2 shows a single
piece of the singly-bent crystal and its holder. The shape of the
crystal is similar to that of CHESS group9*. Figures 3(a) and 3(b) show
the Q-D-B crystal monochromator viewed along the direction of the
incident X-rays and from the side, respectively. As shown in Fig. 3(a),
each crystal holder is mounted on a 4 circle and its orientation is
adjustable independently with an accuracy of 1/500 degree. The
orientation of the $ circle, o>, also can be adjusted independently by a
tangential bar with an accuracy of 0.5 second of arc, as shown in Fig.
3(b). A water cooled graphite heat absorber of 5 mm thickness is
placed far upstream to decrease the heat load onto the crystal.

B) Double crystal monochromator
Several types of double crystal monochromator for a fixed exit

beam position have been already developed. At the Photon Factory,
the double crystal monochromator having a mechanical linkage of a
cam system was developed10* and it is known that this is suitable for
the Bragg angle range of 3 ~ 70°11*. The energy range corresponding
to these angles is 2 - 38 keV in a case of Si 111 crystal.

On the other hand, in order to cover the energy of 6 - 100 keV,
it is necessary to design another system suitable for the Bragg angle of
1 - 20°. Figure 4(a) schematically shows a typical arrangement for a
fixed-exit-beam-position monochromator. Supposing O is the pivot,
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the positions of the first and second crystal, OA and OB, are to be
varied while the Bragg angle 6 is changed with the following relations,

h 1 nn h 1
OA=r-- -7TT, OB=r-- — - ,

2 sine 2 cosO

where h is the height difference between white and monochromatized
beams. The rapid change of OA necessary at the relatively small
Bragg angle region causes a difficulty of the mechanical linkage. If the
linkage replaced by a monolithic large single piece of crystal, this
difficulty is overcome. A large piece of a single crystal which is
perfect enough for the present purpose is commercially available.
Figure 4(b) shows the side view of a new type of double crystal
monochromator. The first crystal of 820 mm long is for mounted and
directly water-cooled by using a similar method developed by
Oversluizen et a l 1 2 . This size is for a final stage of this
monochromator. Preliminary tests have been performed for a crystal
of 300 mm long. The second crystal is translated in a direction of the
surface normal by a mechanical linkage, so that the above relation is
kept. The second crystal holder has a bending system for sagittal
focusing, if needed.

Because the sufficient experimental data about the heat load test
on the double crystal monochromator have not been accumulated yet,
here we concentrate the results of the examination of the Q-D-B
monochromator.

I l l How to adjust 20 pieces of a singly bent crystal on Q-D-B crystal
monochromator

3-1) Off-line adjustment
20 pieces of a single bent crystal must be adjusted to be a

doubly-bent crystal. A preliminary adjustment was performed by an
off-line system as schematically shown in Fig. 5(a) and 5(b). The
system is principally a double crystal (+-) parallel setting. S i ( l l l )
pre-monochromator and Q-D-B crystal monochromator can be
translated in a horizontal direction in a body so that whole singly-bent
crystals can be adjusted by using a same S i ( l l l ) lattice plane of a
pre-monochromator. We used a position sensitive proportional
counter (PSPC) as a detector, because the horizontally separated Bragg
peak from each crystal block in a singly bent crystal could be
distinguished.

At the beginning, we only adjusted the angles of con and $n but
the energy resolution of the design value was not achieved, and we
recognized the importance of the adjustment of an angle of Yn for each
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bent crystal. As shown in Fig. 6, when a bent crystal is set at the
angles of 4> and y, the calculated deviation of Bragg angle for bent
crystal (A0) is expressed as

g j - a?
where R is a bending radius, L is a distance between a source and a
crystal, 6 is a Bragg angle and a is a horizontal angular divergence of
the incident beam. Figure 7 show the effect of the adjustment of y at
an off-line system (R = 508 mm, L = 1260 mm and 6 = 6.5°), and the
angles of y and $ of each singly-bent crystal was adjusted so that the
parabola in Fig. 7 became symmetrical.

3-2) Adjustment by uiing SR
The adjustment was performed in a hutch for multi-purpose

experiments at E-MPW beam line. Figure 8 schematically shows the
experimental arrangement. The heat absorber of graphite (S mm
thick) was always set in the beam line and an additional absorber of
Al (1.5 mm x n sheets) was set upstream of Q-D-B crystal
monochromator. The temperature at the crystals was measured by an
IR camera. The energy of the monochromatized X-rays from each
crystal was set by scanning the incident vertical slits step by step
while measuring an absorption edge of T1T12O3 (K-edge of Tm = 59,38
(keV)). After the above adjustment, the incident vertical slits were
opened so that the incident X-rays irradiated whole crystals.

Figure 9(a) and 9(b) are the absorption spectra which were
observed at low power irradiations (gap Y = 60 mm) at 5 and 20 mm
width of the incident horizontal slit, respectively. These horizontal
irradiation widths correspond to 2 and 8 blocks of a crystal,
respectively. The energy spread of the monochromatized X-rays
(AEmono) can be estimated by the following eq.

AEobs = ((AEK)2 + (AEmOno)2)1/2.

where AEobs is the observed energy spread of the absorption edge and
A E K is the intrinsic energy spread of K-absorption edge which is
estimated as 29.16 (eV) given by H.J. Leisi et al.13^ The estimated
energy spreads of monochromatized X-rays are 43 eV (2 Blocks) and
48 cV (8 Blocks), respectively. A little bit broadening is observed but
the designed value (AEm o n o = 60 eV) can be achieved at a low power
irradiation.
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IV Temperature and the change of AE at irradiation of SR
Figure 10 shows the observed temperature distribution by an IR

camera at a full power irradiation (6.5 GeV, 25 raA, gap Y = 30 mm
(IT)) with heat absorbers of graphite (5 mm thick) and Al (1.5 mm
thick). Figure 11 shows the gap dependence of the rising
temperature. The rising temperature at the full power is about 7° and
at removing the Al absorber, the rising temperature is about 10°. The
relaxation time of cooling can be estimated about 2 sec by starting and
stopping the irradiation. These facts indicate that the cooling system
is working sufficiently.

However, the energy resolution of monochromatized X-rays
spreads slowly at the irradiation as shown in Fig. 12(a). Its relaxation
time is about 10 min, and it is much larger than that of crystal heating
itself. This experiment was performed in the air and we observed a
localized heating inside the monochromator produced by the
convection of the air. It can be supposed that such a localized heating
produces the change of the angle of con which is independently
adjusted by a tangential bar system. Figure 12(b) shows the
irradiation time dependence of the temperature inside the
monochromator. The relaxation time is almost same order of that of
spreading the energy resolution.

Figure 13(a) and (b) show the irradiation time dependence of
the energy resolution spread while blowing by an electric fan and
replacing the air with He gas, respectively. The energy resolution
spread has been much improved by either of the above methods and
its cause can be estimated as the convection of the air.

V Horizontal focusing
Figure 14(a) shows the experimental arrangement of the test for

a horizontal focusing. Because the an experimental space is limited in
the hutch, the Bragg angle is set as 9 = 3.5° so that the horizontal
focusing can be observed at the back wall of the hutch. As shown in
Fig. 14(a), the vertical focusing can not be expected in this geometry.

Figure 14(b) and (c) show the image of monochromatized X-rays
at the horizontal incident slit width of 5 mm and 20 mm, respectively.
Because the intrinsic damage can not be observed in Fig. 14(c)
compared with (b), the horizontal focusing is working sufficiently.

VI Conclusion
The obtained conclusion is as follows.

1) Absorber+water cooling (thermally contacted by liq. Ga-In alloy)
system has been applied successfully for Q-D-B crystal
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monochromator. The rising temperature is about 10° for a full power
(6.5 GeV, 25 mA, gap Y=30 mm (IT)).
2) Change for the worse of AE/E at a full power irradiation can be
supposed to be caused by the convection of the air. If it is true, it will
be overcome by setting the monochromator into a vacuum chamber
with a radiation shield. This test will be performed in the near future.
3) The horizontal focusing is working sufficiently.
4) In order to keep the high energy resolution it is essential to adjust
the angle of y in case of a bent crystal, and it can be achieved. This
fact indicates that this adjustment is also necessary for a bent second
crystal in a sagittal focusing double crystal monochromator.
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MEASUREMENT OF THE THERMAL LOAD OF MONOCHROMATOR
CRYSTALS BY " I N SITU" X-RAY DIFFRACTION

St. Joksch, D. Degenhardt, R. Frahm, G. Meyer
HASYLAB at DESY

D-2OOO Hamburg 52, F.R.G.
W. Jark1 (Fritz-Haber-Institut, D-1OOO Berlin 33, F.R.G.)

The use of x-ray wiggiers and undulators as intense synchrotron
radiation sources results in a considerable heat load on the f i r s t
optical components in the beamline. In particular mirrors and crystals
essentially change their reflection characteristics. In order to study
these changes in dependence of thickness and cooling efficiency we
performed K-ray d i f f ract ion experiments at the f i r s t crystal of the
ROEWI monochromator at the wiggler beamline Wl. Germanium (111)
crystals with thicknesses of 5 mm and 1 mm were exposed to the wiggler
spectrum. From width and angular shifts of the reflection curves with
decreasing DORIS current temperature changes in the crystals are
determined. The results are compared with temperature measurements
using an infrared camera and heat load calculations. For the
calculations a one dimensional model as well as f i n i t e element methods
are applied.

•^present address: Sincrotrone Trieste, Padriciano 99, 1-34012 Trieste, I ta ly
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heat diffusion equation:

abs

t ) + P
dt c •£ ' c • g.

k - heat diffusion coefficient

c - specific heat

- density
abs
P (r,t) - heat production term
T(r,t) - temperature

assumptions:

(i) steady state: T ^ T(t)

abs
- P (r) (Poisson equation)

(ii) one-dimensional profile: T 4 T{x,y) ,(k / k(T))

Analytical solution of equation (I) possible assuming

(a) that no heat flows through the crystal front si

and

(b) that the temperature is constant at the rear side

of the crystal.
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absorbed power density:

abs
P (z,E) = I(z,E)'/i(z,

E - energy

with ju ̂  ju(z)

abs
I{z,E) - Io (E) exp (-/u(E)-z)

abs
Io (E) - IO(E)-(1-R(E)) ** IQ(E) , if 9 > 6C

IO(E) - incident intensity

9C - critical angle of

total reflection

paS(z) = |paS(z,E) dE = (dE (p(E) Io(E) exp(-/i(E)-z)>
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analytical solution of equation (I):

f Io(E)exp(-ju(E)zo)f
T(z)-T - dE

° J

l-exp(-ju(E)(z-zo)-/i(E) (z-z0 )exp(;u(E)zo)

zo - crystal thickness
To - temperature at the

rear side of the
crystal

(i) heat flow through the rear side of the crystal

d T ( 1
dE IO(E)-!1 - exp(-yu(E) • zo )

dz ' L J

(ii) surface temperature

(a) very small crystal

idE 2 k

(b) juz >> 1

I0(E)z0

dE
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Change of the full width of half maximum (fwhm) of the rclleclion curve :

were a;7' is the Darwin width of the perfect crystal,

by thermal expansion :

wit.Ii :

by depth dependent contribution of thermal bending (I'Ycund & Suortti 1980)

ILnnO
with

a A ' i \ . /-"a
(Kalns 1973).

by the lateral change of 0 due to thermal bending

ui' --• arc.l.an{ — )

were Ax is the vertical distance at the crystal irradiated by 1'*.
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Temperatures measured by thermocouples outside of the irra-
diated region at the rear (TU) and front side (TO) of the
crystal.

3.65 GeV Ge( l l l )
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DORIS CURRENT [mA]

436



conclusions:

(i) head load calculations:

• Thin crv.sta.ls with low absorption- and high heat diffusion-coefficients
are recommended

• Especially: germanium seems not be suitable!

• BUT: avoid bending of the crystal !

• Remove heat already from the front surface (blowing with nitrogen)

• Premonochromators (cooled filters or multilayers) are of advantage

(ii) >:-ray reflectivity calculations:

• Use of crystals with small thermal expansion (Si)

• Reflection in low order (rather (111) than (333))

• X-ray penetration depth in the first crystal as small as possible (assy-
metrically cut crystals)

(iiii experiments:

• Main problem : heat transfer through the rear side of the crystal

• Turbulent flow of cooling liquid

• Number of heat transitions as small as possible

• Small distances between rear side of the crystal and cooling liquid



ALTERNATIVE THOUGHTS ON HOT BEAM X-RAY CRYSTAL OPTICS DESIGN

M. Hart

Physics Department,

Schuster Laboratory,

University of Manchester,

Manchester. M13 9PL

Exact solutions to the problems of power flow from a line source of

heat into a semicylinder and of uniform heat flow normal to a flat surface

will be discussed. These lead to bounds on feasible designs and the

boundary layer problem can be placed in proper perspective. While finite

element calculations are useful if the sample boundaries are predefined, they

are much less help in establishing design principles; we really need to

establish design rules from first principles. Previous work on hot beam

x-ray crystal optics has emphasised the importance of coolant hydraulics,

boundary layer heat transfer and heat flow. This talk will instead

emphasise the importance of the elastic response of crystals to thermal

strainfields and the importance of maintaining the Darwin reflectivity.

The conclusions are that the diffracting crystal region should be

thin, but not very thin

similar in area to the hot beam footprint

part of a thin-walled buckling crystal box &

remote from the support to which the crystal is rigidly clamped.

"Edge effects" are shown to be very important, as are considerations of

geometrical symmetry relative to the beam footprint and of crystal space

group elastic symmetry. Using these principles a design will be proposed

for a double crystal monochromator which, although deformed by the beam

thermal load, still provides resolution determined only by the Darwin width.

Several watercooled monolithic (offset) channel-cut monochromators have

been made. Some are running at up to 1 W/mm (30 W total power) and

tests at much greater thermal loads are planned for later this year.
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R. CERN1K. " and M. HART Jl

" SERC. Doresbury Laboratory. Wernnficm. Cheshire. WA4 4AD. UK

" Department cf Physics. Schuster Lmboratnn. The Umuermy. Manchester, MIS 9FL UK

CKYS1AI

XKAT

Fig I Plan nf the wiicr-coolcd monolithic silicon channel-cut
nionncnromaior. The Biagfi rencciion is 111 and the rotation
ai i i . normal tc ihr plane of the ficure. î  |2I1) Beam dimen-
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oil

2*'

27.950*11
27.95O7<1)
:7.95ON1)
Beam off
27 9513(11
27.9513(1)
27 9513(1)
:7 951«l l
Ream olf
27 9517(1)
27.9516(11
27 95IK1)
Beam off
27.9517f1)
17.9531(1)
27.9550(1)

KW1IM

00.171(31
0 0.UH(3)

0.0372(4)

OO375i4l

0O?A9(3l
0 0J73O)
01)175(3)

OO.'T1I4|
00n74|4)

00.K.K3)

0.0371(4)
00369(4)
O.O;6«(3)
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HIGH POWER BRAGG REFLECTION OPTICS

Comments on several "solutions"

Filters are not acceptable since "all insertion device" machines provide a power peak at

the energy required for the experiment. Filters therefore provide no better a solution than

Reducing the beam current: a solution which will, at the least, puzzle the funding

agencies

Oblique incidence reduces the specific loading at the cost of reducing (eliminating?)

tuneability

This talk is about general purpose tuneable x-ray crystal optics and therefore ignores the

above "solutions".
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ESRF Foundation Phase Report

Beams from Typical Insertion Devices

Bending Magnet
Undulator 1
Undulator 2
Wiggler 1
Wiggler 2

Distance
(m)

21
30
30
30
30

Total
Power
(kW)

0.42
1.2
5.5
7.0
8.0

Horizontal
Size

(mm)

126
5.5
15
52
142

Vertical
Size

(mm)

2.3
3.3
3.3
3.3
3.3

Power
/Length
(W/mm)

3.33
247
357
126
55

Power
/Surface

(W/mm2)

1.45
74.5
107
38

16.5

These powers and power density magnitudes have been calculated for an electron energy

of 6 GeV and a stored current of 100 mA. The field in the bending magnet is 0.8 T.

Undulators 1 and 2 and Wigglers 1 and 2 are hybrid-type generic Insertion Devices with

Ne-Be-B magnets. Their magnetic gap is 20 mm.

Insertion Device Characteristics

Undulator 1
Undulator 2
Wiggler 1
Wiggler 2

Period
(cm)

3.5
5.5
10
18

Field
(Tesla)

0.3
0.63
1.25
1.9

K

1
3.2
12
32

Length
(m)

6
6
2
1

t00»A IS
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Steady State Heat Flow in Cylindrical Coordinates

d2

becomes

and has solution

r Or k

L[TH -TC

in\R;r)

k

Ag
Cu
Al
Si

W.m K

410
385
202 |
160

A typical synchrotron radiation source provides beams 2-4 mm high. Take r — 1 mm,

R = 0.1 m and TH - Tc = 1000°C as extreme values. TH ~ Truing Tc ~ rRooin. The

maximum thermal power Q,\j into a semicylinder of silicon is

QM = xkL{TH - Tc)/ln(R/r) = TOOWcm- l

R/mm

Q'M kW/cm

Q'MIQM

1.1

105

72.5

2

14.5

9.97

3

9.2

6.24

1 4
! 7.3

I 4.98
i

5

6.2

4.29

10

4.4

3.00

Suppose Q\j is doubled. The radius r' of the TM isotherm is given by

ln{R/r) =2ln{R/r')

r' = vrR = 10mm

Doubling the melting power load gives meltback to 10 mm radius
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Steady State Heat Flow in One Dimension

o

T
d

J

¥

TF

!H • l\- -- yd k

Tc -TF = Q h

0 is the power per unit area

If is the cooling fluid temperature

h is the fluid boundary layer heat transfer coefficient

Neglecting the boundary layer and taking TH — TF = 1000K, d = 1mm silicon gives

QM = k(TH - Tc)jd = 160W/nuu2

For laminar flow in cooling tubes typical values of h are 2 ;< 104 W/mm2K for water and

2 x 10s W/mm2K for gallium. For 0 = 1 VV/mm2 we have

Water TH - TF = [6.25 + 50] = 56.25K

Gallium TH-TF = [6.25 + 5] = 11.25K

In practice the power is spread over the nionochromator because the angle of incidence is

(or may be very small if non-tunable). Vertical height is increased by cosec OB-

Silicon

cosec#

111
220
311
400

0.5 A

12.54
7.86
6.55
5.43

0.75

8.36
5.12
4.37
3.62

1.00

6.27
3.84
3.28
2.72

1.50

4.18
2.56
2.18
1.81

2.0 A

3.14
1.92
1.64
1.36
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Solid Monochroniator Heat Flow Problem:

the overall post ion

Ignore boundary layers, assume that the monochromator is a good thermal conductor

Cylindrical Geometry —

Double the source power: meltback to v'r-^oo % 10-50 mm

One Dimension —

Double the source power: total meltdown or all temperature differences doubled

Doubling the source power causes severe x-ray optical problems but gives a 41% statistical

gain provided that the signal-to-noise ratio is not degraded. Note that in most non-

focussing double crystal monochromators deformation of the first crystal results in loss of

power but probably little increase in background.
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Elastic Deformation of a Thin Silicon Wafer

Take Q = lW/nnir giving AT = 6.25 K on lmm thick silicon under one dimensional

steady state heat flow. Equivalent to 0 = 6.27 W/mnr of incident beam power for 111 at

1.00 A.

Rigid constraint, buckling
i

! L = 6mm

Free lamella

sin 6 = L/R

26 = 2L(1 + aAT)/R

gives R = L/V6aAT = 0.61 m

R = d/aAT= 62.5 m

'R

Silicon box, top length extension and wall bend

F,Ay

F,Ay'

stiffness ratio is 4 (j

12

In practice this is

lamella.

= 105 so that the thin walled box has effectively a free top
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Cooiad Siliccn IVionochrcmator Cross-sections

, 10mm |

P

Water

of

Silicon

2ase

Silicon

Base

, C
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Thin Silicon Box Elastic Deformations

Undulator Beam Footprint
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Thin Silicon Box Elastic Deformations

Wiggler Beam Footprint
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Thin Silicon Box Elastic Deformations

Elastic Curvature Correction

le, F. $£ p
-ho ^jlj)- c&rttT. D?t f

»u
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THE SOLUTION

Separated function design principles dictate

Diffracting
Crystal

X-ray Optics
Thermo-mechani cs

Silicon
Silicon carbide

Diamond

Coolant/
thermal coupler

Water
Liquid metals

/
flowing gallium Sodium heat pipes

Heat exchanger
to the

Universe
Engineering
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THE SOLUTION

Diffracting crystals mentioned in the literature include

Silicon — good thermal properties

perfection /vendor known

large boules available

&d/dzz 10"' guaranteed

all hkl possible

low cost

Silicon carbide — better thermal properties

perfection not well established

vendor/supply — less clear

large boules available for some hkl

expensive T&Jl/'UCAXXffK. {

Diamond — excellent thermal properties

wafers only available, all selected

perfection Ad/d > 10~5 at best

vendor/supply: cooperative/monopoly

3s 1 cm3 maximum size
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THE SOLUTION

Material Configuration Function

Thin silicon box X-ray diffraction and
Mechanical deformation

control

Liquid Metal

* /* befkr

Coolant
(a) jet cooling
(b) heat pipe

Gallium-Water
Sodium/ Water

etc.
Heat exchanger
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50 mm

Lucite model of the thin-walled silicon box monochromator
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Water-cooled 111 channel-cut silicon monochromators in use
on the Daresbury wiggler at about 30 watte and a water-thermostat-
stabilized low-reflection-offset 422 silicon polarimeter in use at
N.S. L. S. Brookhaven
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Three views of silicon 111 water-cooled offset channel cut
monochromators and water manifolds. Wavelength range
0.5A to 3A. Beam size 50 mm x full height of S.R. beam
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SURFACE TEMPERATURE AND SLOPE ERRORS ON PLANE
MIRRORS EXPOSED TO HIGH POWER SYNCHROTRON RADIATION (@)

Werner Jark (*) and Spiridon Mourikis (**)

Fritz-Haber-lnstitut der Max-Planck-Gesellschaft,
Faradayweg 4-6, D-1000 Berlin 33,'Germany
(*) now with Sincrotrone Trieste, Padriciano 99, 34 012
Trieste, Italy
(**) now with Universitat Dortmund, Experimentalphysik I,

Postfach 500 500, 4600 Dortmund 50, FR Germany

Stefan Joksch and Volker Saile

HASYLAB at DESY, Notkestr. 85, D-2000 Hamburg 52, FR Germany

Associated with a considerable gain in photon flux from
wigglers and undulators installed in the straight sections of
storage rings is always a high heat load on the optical
components of the monochromators connected to these devices.
If their destruction can be avoided mirror surfaces may still
develop a bump in the illuminated area. This may lead to
reduced transmission and resolvTng powers of the optical
instruments so that the initial gain in intensity may not be
available in unaffected quality at the sample. In order to
test the efficiency of proposed cooling schemes we have built
an exposure station in a vacuum environment /I/. Through
appropriate viewports we can simultaneously record the surface
temperature distribution with an attached IR camera and the
surfaee distortion by means of- a compact Hichelson
interferometer. This intrument was used at the hard x-ray
wiggler station of HASYLAB with the storage ring DORIS running
at an energy of 5.3 GeV. With total powers up to 170 watts and
power densities of up to 0.4 watts/mm**2 we investigated a
number of samples with varied thickness for almost normal
incidence. Even under these "worst case" conditions the
incident power was well below the destruction threshold.

The sample were metallic mirrors of Cu and No, crystals of Ge
and Si and a Sic CVD coating on a graphite substrate. Cooling
took place from the back with a cooling loop in the sample
holder only 1 mm beneath the interface and directly underneath
the illuminated area.

The surface distortion was found to be independent of the
coolant flow rate and of the sample thickness. For Cu, Mo and
Ge it was found to linearly depend on the figure of merit - the
ratio of thermal conductivity to thermal expansion coefficent -
of the different materials. Compared to these Si and Sic were
more superior than expected. This discrepancy can be
attributed to a significant amount of power from the wiggler
being contained at photon energies that have large penetration
depths into the mirror. ; :" ; ,•• .• •'• t . •*-~ '••

/I/ S. Mourikis, E. E. Koch and V.' Saile, Nuc'lV " In- strum.
Methods A, 267, 218 (1987) •>)•-. .-.->. . ; ..

*-UU\'J /in".;
This work will be presented at the SRI - 89'- Conference" In
Berkeley and included in the proceedings.



THE FEASIBILITY OF LIQUID PROPANE COOLING OF X-RAY
MONOCHROMATOR'CRYSTALS

if it ** ^t*

V. Schildkamp , D. Bilderback , and Q. Shen
* Cornell High Energy Synchrotron Source (CHESS)

tSection of Biochemistry, Molecular and Cell Biology
"School of Applied and Engineering Physics

Cornell University, Ithaca, NY 14853

X-ray monochromator crystals made from single crystals
of silicon and germanium have the potential to handle higher
heat loads at cryogenic temperatures vhere the coefficient
of thermal expansion can be found to be very small and the
the thermal conductance very high compared to the room
temperature case.

In a companion paper "Optimizing the Design of Silicon
Monochromators for High Intensity higgler and Undulator
Radiation" by D. Bilderback and Q. Shen, ve present the
results of a finite element analysis study that shows that
slope errors from a "thermal bump" can be made significantly
smaller by operating a cooling system at around 120 K. Ve
propose a practical system based on the use of liquid
propane rather than the more typically used coolants of
water or liquid gallium. Liquid nitrogen was also
considered as a cryogenic coolant but vas rejected because
it boils at such a low temperature (77 K). (Nitrogen gas
bubbles in the cooling line would reduce the efficiency of
heat transfer of the remaining liquid.)

Liquid propane can remain as a liquid from nearly
liquid nitrogen temperature up to room temperature if kept
under pressure. Ve present a preliminary design of a
refrigeration and pump system along vith the cooling
controls that might be needed to cool a crystal under a many
kilowatt heat load.

Principal Author Postdeadline Abotract
Vilfried Schildkamp Submitted to SRI-89
281 Vilson Laboratory 7/27/89 at Berkeley, CA
Cornell University
Ithaca, NY 14853
607-255-0916

465



DESCRIPTION OF THE COOLING CIRCUIT

A flow regulated Barber-Nichols pump
provides 3 gpm at 50 psi of liquid
propane to the crystal. A three way
valve in the return line splits the
flow of propane into two branches,
one to go through a liquid nitrogen
heat exchanger, and one directly
back into the reservoir of the pump.
A temperature controller regulates
the motor driven three way valve.
The boiling nitrogen gas is used to
cool two cold traps, which are con-
nected with gate valves to the He
atmosphere af the optics container.
For continous operation two traps
are used alternately. By closing
both shut-off valves and opening the
by-pass line the crystal will warm
up, while the propane circuit can
stay at low temperature and thereby
at low pressure. When the crystal
is changed a small amount of coolant
is released. This loss can be re-
furbished from a supply tank during
normal operation.
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Viscosity of Propane-Ethane Mixtures

-120 -no -100 [°ci

143 153 163 173 [Kl
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Vapor Pressure of Propane - Ethane Mixtures

[bar]

40

30

20
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20E
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DISPLACEMENT OF THE SILICON CRYSTAL

FOR VARIOUS COOLING SCHEMES

The beam used for this modeling is
an undulator beam with a peak power
density of 450 W/cm7 at 9.6 degrees
angle of incidence. Similar values
are expected for the beam from a
permanent magnet wiggler at CHESS.
The longitudinal power distribution
is shown at the bottom. The cooling
geometry is modeled with a constant
height of cooling ribs of 5.6 mm.

Top curve (triangles) : ANSYS-Cal-
culation for the monochromator used
during the undulator run in June 88
(11 slot crystal). Gallium,1.6 gpm,
.3 psi, thickness t=.76 mm, channel
width wc=2.3. mm,rib width wr».8 mm,
film coefficient h= 5 Watts/cm2/°C,
coolant temperature tc= 50°C, peak
temperature tm=114°C, maximum slope
error s=9 arcsecs.

Second curve (open circles) : Water
in micro channels, .4 gpm, 30 psi,
t=.3 mm, wc*.l mm, wr=.l mm, h*2.8,
tc=30°C, tm=48°C, s=2. 4 arcsecs.

Third curve (full circles): Gallium
optimized, 1.3 gpm, 34 psi, t=.3mm,
wc=.4 mm, wr=.4 mm, h=22, tc= 50°C,
tm=67°C, s = 2.0 arcsecs.

Fourth curve (squares) : Propane,
3 gpm, 3 7 psi, t».5 mm, wc».4 mm,
wr = ".4 mm, h=1.9, tc—165°C, tm»-138
°C, s=.35 arcsecs.
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ECONOMICAL AND OTHER CONSIDERATIONS

Assuming a heat load of 5.5 kW on 2
crystals of the CHESS F-line the
liquid propane cooling system would
consume about 125 litres of liquid
nitrogen per hour: At about 8 cents
per litre the operating costs would
amount to $ 10 per hour. The gas
production amounts to approximately
500 cfm or 80 m per hour. The in-
stallation of such a system would
cost an estimated $60,000 with the
pump being the biggest individual
item with some $25,000 (including
the flow control system).
Liquid hydrbcarbons as a cooling
fluid have been used in other radi-
ation laboratories (Los Alamos and
Rutherford Laboratory). A problem
of polymerization with the use of
liquid methane has been obvserved.
Whether liquid propane tends to do
the same at a synchrotron radiation
source remains to be studied. Poly-
merisation does not occur spontan-
eously and is detectable by an in-
crease of viscosity. At that time
an exchange of the coolant can be
scheduled.
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Intersections of m D = -2 to +2 With md = 1±1/40
(d=80A, D=2\im, R=0.937,a =50°)
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Main Peak Boundary Region for m ^ 1 , m D =-1
(Schematic for 200 line grating, 40 pair multilayer)

-7.2

'7-3~

d = 80A -1/200AV
D = 20000A
R = 0.937

100 107 113
X (A)

120
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Monochromator Using Multilayer Plus Multilayer Coated Grating

(Multilayer at angle a + $/2, Grating at angle a.)

a- Out
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THERMAL FATIGUE OF THE SSRL/SPEAR SUPERCROTCH

Bradley P. Youngman
Stanford Synchrotron Radiation Laboratory

Stanford University
Stanford, CA, 94305

1. Abstract

A thermal fatigue analysis of a ¥«ier cooled copper crotch,
struck by bend magnet and wlggler radiation, is presented. The
crotch foms the dividing barrier between the vacuum spaces
traversed by the stored electrons in SPEAR and the exiting photon
bean. Heat rates are calculated using an approximation of the
real magnetic field distribution in an 8 pole viggler.
Temperatures and stresses are calculated using the method of
finite elements, and fatigue life estimated using data for room
temperature axial extension and compression. Allowable ring
currents are linearly extrapolated from the finite element and
the fatigue analysis results.

2. Introduction

Thermal effects on the crotch dividing electron and photon
vacuum spaces for Beam Lines A and 7 on the SPEAR Storage Ring at
SSRL limit allowable ring energies and currents. The water
cooled copper crotch is located between the poles of a bend
magnet (figure 1), and intercepts both bend and viggler
radiation. The heating of the crotch is cyclic, rising to a
maximum after the storage ring is filled to approximately 100 mA
and ramped to an operating energy of 3.0 to 3.7 GeV. The heating
then decreases due to gradual extinction of the electron beam, or
sudden loss. These events may happen from 2 to S or 6 times
daily during operating seasons. The cyclic nature of the heating
and cooling causes thermal fatigue of the copper, and can
eventually result in damage to the component. The damage is
thought to be due to cracking of the material, and can be
harmless if confined to the surface of the crotch, or
catastrophic if penetrating to the interior water channels.

3. Thermal-Structural Analysis

The finite element analysis was performed by Mohammad
Dormianl of SSRL C13, and is summarized here. One half the
crotch was modelled due to symmetry, and was formed of 620 eight
node brick elements (figure 2). All surfaces of the model except
three internal fins were assumed to be adlabatlc. The symmetry
surface of the half model was assumed to remain plane. Numbered
elements in the figure received heat flux from bend and wiggler
magnets. Elements on the opposite side of the model were assumed
fixed, since this region is brazed to a stiff stainless steel
structure. The model was solved using the MSC/HASTRAH finite
element program, running on a VAX 8700.
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Wlggler heat rates to the Modal were computad using a
fortran program davclopad at SSRL by tha author (appandad). Tha
program computes tha trajectory of an alactron through tha field
of a alngla parlod of tha 8 pola wiggler (figure 3). At aach
lncraaant of tha trajectory, tha dlractlon and lncramant of haat
flux Is calculatad. Flux distributions In tha horizontal plana
for four wiggler fields and tvo ring anargias ara shown In
flguraa 4 and 5. Tha position of tha crotch is indicatad for tvo
conditions. Tha flrat is for a parfactly ataarad photon baa*,
and tha aacond for a beam produced with tha alactron beam path
offsat 1 cm, and miaataarad by 1.34 allliradian at tha sourca
point. This rapraaants a "worst casa" condition. Tha wigglar is
ISO cm long, and tha dlstanca from Its cantar to tha nosa of tha
crotch is S. 583 m.

Heating dua to band magnet radiation was calculatad using
tha formula:

PCwatta/mn) * [88. S E*(GeV) KA>] /CD(m) R(m) 2 pll

whara:

P
E
I
D
R

linaar power density normal to the photon *xls
ring energy
ring current
distance from bend source to crotch nose * 129. S3 cm
radius of curvature of the electron trajectory * 12.72 m

pi = 3.14159...

Bend magnet and wigglar haat loada are aasumad to be additive.

Room temperature properties for capper were taken to ba:

Thermal conductivity * 3.9748 watts/cm--C
Modulus of elasticity * 1.7 x 10" psl
Poisson's ratio * 0.33
Yield atraaa at 0.5% offset * 10,000 psi
Coefficient of thermal expansion * 1.764 x 10*- /•C

Cooling water flowing at an average velocity of 3.281 ft/aec
and 30 -C passes over the eurfaces of the fins. The convective
heat transfer coefficient was calculated to be 1.061 watts/cm*.

4. Raaulta of the finite element analyais

The results of the finite element studies are presented in
Table I under the columns titled "Finite Element Stress". In
addition to the peak temperature, the maximum atreaa is given for
the location under the photon beam, and at the geometrically
fixed region at the rear of the model. Notice that at lower
wiggler fields (and lower heating rates) the location of maximum
atraas moves from under the beam to the fixed region. At high
fields the maximum stresses are produced by the steep local
thermal gradianta in the regions of maximum heating. At low
fields, the stresses in ths fixed region are caused by bulk
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thermal _expanalon of the copper crotch. Figuree 6, 7, and S
present th# reaulta of the finite element atudy graphically.

Hotice that under conditiona of high heat rate (combination*
of high viggler field, and high ring energy) the maximum atress
exceeda the 10,000 pal yield atreaa of annealed copper. Common
deaign practice vould be to limit ring current ao that the
atreaaea in the crotch would lie belov the yield atreaa. The
right moat columne of Table I ahow the teaperature and allowable
ring current produced by linear extrapolation of the reaulta of
the finite element analyeea. Uaere of the SPEAR ring would like
to have currenta approaching 200 mA at 3.0 GeV, and 1C0 mA at 3. S
GeV. At 3.0 GeV and a ateered beam, currenta above 200 mA can be
supported for fielda up to 16 kG. With miaeteering the field
limit for 200 mA operation liea between 8 and 12 kG. At 3.S GeV,
all fielda can eupport 100 mA; but with miaateering, the maximum
current liea between 12 and 16 kG. Figure 9 ahowa the ring
current liait aa a function of wiggler field when atreaaea are
limited to yield atreaa of the copper.

S. Thermal fatigue analyaia

To diacover higher current operating limlte, we turn to a
aiaple fatigue analyaia. The aethod choaen here ia "coaputation
by elaetic-atreas invariance", deacribed by Maneon C23. The
method aeeumee that atreaa baaed on linear elaaticlty are
correct, and that no plaatic effecta are preaent. Aa pointed out
in Hanaon, the elaatically coaputed atreaaea exceed true
atreaaea, where plaatic flow of the atrained material reducea
etreaaea. The elaatic atreaaea are compared to axial fatigue
data. In thia study, the fatigue curve for OFHC copper in figure
1.13 of Hanaon waa uaed. For purpoaee of analyaia, an equation
waa derived from the alope and intercepta of the atraight line on
the log-log plot. It ia:

Streaa range * 131,700 N-*-" pal

where M = the number of atresa/atrain cyclea
The atreaa range, above, ie the total cyclic range from

compression to extension. Linear elaatic finite element results
are doubled, then compared to the atreaa range defined above.
Once again, a large amount of coneervatiam creepa into the
analyaia. The real atreaa range ia undoubtably not thia large.
The permitted ring current for a given H ia linearly extrapolated
by dividing the atreaa range calculated from H by twice the
maximum atreaa computed in the finite element analyaia, and
multiplying by 100 mA, the current aaauraed in the finite element
analyaia. The temperature correaponding to M can aimllarly be
calculated. The finite element temperature ia reduced by the
vater temperature, multiplied by the ratio of the "fatigue limit
current" to 100 mA, and then lncreaaed by the water temperature.

All of the calculations deacribed above were done uaing
Lotue 123, and the central portion of Table I ia the reault. As
expected, the fewer cyclea that one toleratea, the higher the
allowable current and peak temperature. A new limit la now
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introduced. SLAC Vacuum Specification* 131 allow a maximum
temperature of 180 *C on ultra high vicuua turfacM to avoid
outgaesing difficulties. Looking undar the columns in Table I
for H * 1,000,000, one finda that all temperatures are belov the
180 «C limit, and with the exception of the 19 kG field c a m ,
currents of 200 mA for 3. 0 GeV and 100 mA for 3.S GeV are
acceptable for steered beams. If a cycle life of approximately
100,000 is acceptable, then desired current limits can be
achieved for all wiggler fields, but not without violating the
temperature restrictions. Figures 10 and 11 show the maximum
temperature and current limits for a 10,000 cycle life. Large
currents are possible, but not without exceeding the temperature
limits in all cases.

6. Conclusions

Finite element thermal and atress analyses, and a fatigue
life computation were made for SSRL SPEAR Beam Lines 4 and 7
crotch. Heating was provided by the eight pole electromagnetic
wiggler operating from 8 to 19 kG. Ring energies were taken to
be 3.0 and 3. GeV. Allowable ring currents were computed based
upon the results of the finite element and fatigue analysis.
Temperatures, and ring currents of 200 mA for 3.0 GeV and 100 mA
for 3.5 GeV were found acceptable for all wiggler fields except
19 kG at a cycle life of 1,000,000.

The accuracy of this analysis could be improved by using
material data at the expected temperatures, and extending to 10*
cycles. At the time of writing, goad data has not been found.
Accuracy could also be improved by using a better model than that
provided by elastic stress invariance. Using a finite element
program that allows for plastic strain, or nonlinear analysis,
would be better*. Best, of course, would be to perform cyclic
heating tests that closely approximate the real heat load. Tests
such as these are being considered by SSRL.
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SPEAR 8 Pole Wiggler Field Distribution. Single Period
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c Program to calculate trajectory angle and displacement
c for the eight pole wiggler on SPEAR, and the heat on the
c supercrotch.

c Data for 1/4 period from H. WinicJc, 7/27/88.

Dimension fid(29),bv(0:120),zv(0:180) ,bvn (0:180)
Integer v
Data fid /19.0,19.0,18.9,18.9,18.8,18.6,18.4,17.8,
2 16.75,15.65,14.25,12.95,11.60,10.30,9.1,8.05,7.1,
2 6.25,5.5,4.75,4.05,3.45,2.95,2.4,1.95,1.4,0.95,0.5,
2 0.0/

type 1000
1000 format ('$Bnter Ring Energy, GeV: ')

accept 1001, e
1001 format(f15.0)

type 1002
1002 format ('Sinter Higgler Field, JcG: ')

accept 1001, field

bfactor - field/19,
do i - 1,29

fld(i) - fid(i)*bfactor
enddo
ringcur • 100.0
xold - 0.0
yold • 0.0
traj incr - 10000
pi - 3.14159
theta - 0.0
do i - 1,29

xv (i) - theta
j - 30 - i
bv(i) - fld(j)
theta - theta + dtheta

enddo

do i - 2,29
j - 28 + i
xv (j) - theta
bv(j) - fld(i)
theta - theta + dtheta

enddo

do i - 2,57
j - i + 56
zv (j) - theta
b ( j ) b i )j
theta - theta + dtheta

enddo

do i - 114, 120
xv(i) - theta
theta - theta + dtheta

enddo

do i - 1, 120
xv<i) - *v(i)*4.0*11.2/2.0/pi

enddo

do i - 1, 120
j - i + 28
b ( j ) b ( i

enddo
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do i'- 1,28
j » 84 + i
bvn(i) - bv(j)

enddo

do i - 1,57-
j - i + 112
bvn(j) - bvn(i)

enddo

z - -0.4

do i - 1,180
z - z + 0.4
zv(i) • z

enddo

bdl - 0.0
tot_power - 0.0
theta -0.0
v - 180
z - zold
x - xold
da » zv(180)/traj_incr

100 call akima(zold,b,zv,bvn,v)
if (b.ne.0.0) then

rho - 100.0*<88.47/2.654)*e/b
dtlieta - da/rho
theta - theta + dtheta

else
par -0.0
dtheta - 0.0

endif

dx - ds*sin(theta)
dz » ds*coa(theta)
x » dx + xold
z » dz + zold
n - n + 1
pr - aba (2.654 * B * E**3 * ringctir / 2.0 / pi)
pmr » pr/1000.0
bdl - bdl + (B * da)
tot_power « tot power + pr * aba(dtheta)
if (n.eq.100) then
type *, z,b,theta*5583.0,pmr,8.0*pmr/5.583
n - 0
endif

xold — x
zold - z

if (z.It.44.8) goto 100

type *, z,b,theta*5583.0,pmr,8.0*prar/5.533

type *, bdl, 4*tot_power

end

Subroutine AKIMX(x,y,xv,yv,v)
c Cubic apline interpolation routine. Adapted from Baaic
c Scientific Subroutines, Vol II, Ruckdeschel.
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c The input table is (xv(i), yv(i)), where yv<i) is the
c dependent variable. The'interpolation point is x,
c which is assumed to be in the range of the table
c with at least one table point to the left, and three
c to the right. Y is returned as the interpolated value.
c N is returned as an error check (n-0 implies error). v
c is the number of points in the table.

real m(0:200),z<0:200),xv(0:180),yv(0:180)
integer v
n-1
if(x.ge.xv(l)) goto 10
n-0
return

10 if(x.le.xv(v-3)) goto 20
n-0
return

20 xv(0)«2.0*xv(l)-xv(2)

do i—l,v-l
m(i+2)-(yv(i+1)-yv(i))/(xv(i+1)-xv(i))

enddo

m (v+2) -2. 0*m (v+1) -m (v)
m(v+3) -2. 0*m(v+2) -m (v+1)
m(2)-2.0*m{3)-m(4)
m(l)-2.0*m(2)-m(3)

do i-l,v
a-abs(m <i+3)-m(i+2)>
b-abs(m(i+1)-m(i))
if(a+b.ne.0.0) goto 30
z ( i ) - ( m ( i 2 i /
goto 40

30 z(i)<
40 continue

enddo

i-0
50 i-i+1

if(x.ge.xv(i)) goto 50
ii1

( ) ( )
a—x-xv(i)
y-yv(i)+z(i)*a+(3.0*m(i+2)-2.0*z(i)-z(i+1))*a*a/b
y-y+ (z (i) +z (x+1) -2. 0*m(i+2)) *a*a*a/ (b*b)
return
end



Design of An Undulator Beam Line BL NE-3 on the Accumulation Ring

for the Photon Energy Ranging 5-25 KeV

X.W.Zhang, T.Mochizuki*. T.Ishikawa**. S.Yamamoto, H.Kitamura. A.Iida and M.Ando

ABSTRACT

As the second project of using SR (synchrotron radiation) from the AR

(Accumulation Ring), design of the beam line BL NE-3 for the use of undulator

x-rays with energy ranging 5-25 KeV from an in-vacuum undulator is under way.

It will be installed to commission in the next fall in 1990. That source will be

very much beneficial not only^ to Mossbauer experiments but also to

interface/surface structure analysis of electronic materials, very small

protein crystals and any other subjects which need highly brilliant focussed

monochromatic x-rays.

INTRODUCTION

The AR (Accumulation Ring) is currently functioning primarily as the Injector

of electrons and positrons into the MR (main ring) for the high energy physics

programme, while since its energy of stored electrons is 6.5 GeV, SR from the

machine particularly from any possible insertion devices should have various

advantages especially in the higher photon energy over that from the 2.5 GeV

Photon Factory ring. Already the beam line BL NE-1 for the circularly

polarized photons in the soft x-rays and in the very high photon energy

(Ref. 1) has been successfully in operation (Ref.2) and further two

monochromators in the x-ray range (Ref.3) and one soft x-ray monochromator

(Ref.4) on that are now under commissioning. Despite of the fairly large

emittance of the lattice, 157 nm.rad at best, we can still expect to be able to

have brilliance of the order of 1015 photons/sec/mm2/mrads/0.1% band width

from an insertion device if it will be constructed and aligned carefully from

the view point of engineering. In order to achieve the quasi-monochromatic

x-rays in the above energy regions, we need establishment of technology of

installing the device in the vacuum. Since last year a test of evacuation and
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baking magnetic components in the vacuum has reached a practical level

(Ref.5), we have made a decision of constructing the beam line BL NE-3.

So far a couple of beam lines for undulator x-rays have been commissioned

(Refs.6 and 7) and further many studies on the high heat load problems caused

from high power insertion devices have been performed (Refs. 8,9,10,11.12,13

and 14).

DESIGN

The expected spectrum from the insertion device is shown in Fig.l. The

calculation has been done under the assumption of the emittance of s :<=157

nm.rad, s y=4.7 nm.rad and the stored current of 50 mA. In the figure is shown

evelopes of the spectra corresponding to its three kinds of magnetic

periodicities, X u=2.4 cm, X u=4 cm and X .j=6 cm. Based on the requirements

that one wants to use SR in the wider energy range, we have chosen the option

of X u=4 cm, which is shown in Fig.2. In case of X ..,=2.4 cm, the first higher

harmonics cannot be tunable. Further the radiation power of these three cases

is shown in Table 1. The total power in case of X u=4 cm represents 750 watts

for K=1.47 and 1650 watts for K=1.65.

A schematic view of the beam line BL NE-3 is shown in fig.3. All vacuum

components are connected with conflat flanges with diameter of 114 mm. Two

position monitors are to be installed in order to analyze the optical axis for

its feedback to the electron orbit. Fig.4 shows a calculation of the thermal

distribution of a water-cooled absorber under the heat load of 750 watts. The

heat load will be observed through several view ports . Especially those will

be quite useful in the stage of commissioning. In order to economize the space

available in the experimental hall all possible scattering sources including

beam shutters of Ta are to be installed in the tunnel of the AR. Further all

necessary components will be shielded by proximity type of radiation hutches.

All other safety cares will be taken.This beam line will be installed to have

commissioning in the next fall in 1990.
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UA: A.u = 2.4 cm, N = 150, Kmax = 0.88
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shown for comparison.
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Table 1 Various parameters the undulator on tbe AR with

6.5GeV and 50iA under lo* eaittance operation.

a x'l. 23i«,a y»0.20 6ia; a x* *0.2S4irad. a »"*0.030 3irad

A u:the period of lagnets (c«)

I :the E value.a field parameter (eB0X u/2w i.c)

q :<j-th banonic radiation of the undulator

F :Hossbauer photon flux (cps. band width £E*10~ 7eV)

P :radiation poier density (kf/irad2)

Pt :total power of the radiation (kf)

P" :power density at 10i froa the source (kf/«i2)

A u

I

q

F

P

Pt

?•

2.4

O.SS

1

1800

4.14

0.29

0.073

4

1.47

3

1230

1.02

0.75

0. 19

(2.18)

( S )

{1300)

(2.13)

(1.65)

(0.41)

6

2.15

7

550

9.24

0.71

0.18

(1.61)

( 5 )

(420 )

(5.40)

(0.40)

(0.1 )
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Break
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Elements
Gerard Marot
European Synchrotron Radiation Facility

Break

Finite Element Calculations for Wiggler Experiments -
Comparison with Experiments
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Stanford Synchrotron Radiation Laboratory

Program for Modeling X-ray Monochromator Throughput
Dean Chapman
National Synchrotron Light Source

A Monochromator for High Heat Loads with Bent Crystals
Peter van Zuylen
TNO Institute of Applied Physics

Lunch - Building 213 Cafeteria
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Session V Status Reports on New Facilities

Chairperson: Masami Ando/Photon Factory

2:00 - 2:30 European Synchrotron Radiation Facility at Grenoble
Andreas Freund
European Synchrotron Radiation Facility

2:30 - 3:00 Advanced Light Source at Berkeley
Richard DiGennaro
Advanced Light Source

3:00 - 3:30 Advanced Photon Source at Argonne
Dennis Mills
Advanced Photon Source

3:30 - 6:00 Poster Session + Wine and Cheese Party at
APS Mockup Hall/Building 362

No-Host Dinner

Saturday, August 5,1989

Session VI Techniques for Cooling X-ray Optics (continued)

Chairperson: Tom Oversluizen/National Synchrotron light
Source

9:00 - 9:45 X-ray Monochromator for Ellipsoid-MPW Beam Line at
6-GeV Accumulation Ring
Hiroshi Kawata
Photon Factory

9:45-10:30 Measurement of the Thermal Load of Monochromator Crystals
by 'in situ' X-ray Diffraction
Stephen Joksch
HASYLAB

10:30-11:00 Break

11:00 -11:45 Alternate Thoughts on Hot X-ray Beam Optics
Michael Hart
University of Manchester

11:45 Concluding Remarks (V \ •;; •;* •;;•;.

12:30 Depart ; t .-
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Ivano Abbati
Department di Fisica
Politecnico di Milano
Piazza Leonardo da Vinci 32
20133 Milano
ITALY

Klaus Beckstette
O-Lab Department
Carl-Zeiss-Strasse
7082 Oberkochen
WEST GERMANY

E. Ercan Alp
Advanced Photon Sourcs
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

Michael 0. Bedzyk
CHESS
Cornell Universeity
Wilson Laboratory
Ithaca, NY 14853

Masami Ando
Photon Factory
KEK
National Laboratory for
High Energy Physics

1-1 Oho, Tsukuba
Ibaraki-ken, 305
JAPAN

Lonny Edward Berman
National Synchrotron-Light Source
Brookhaven National Laboratory
Building 725D
Upton, NY 11973

John R. Arthur
Stanford Synchrotron Radiation Laboratory
P.O. Box 4349
Bin 69
Stanford, CA 94305

Donald H. Silderback
CHESS
Cornell University
277 Wilson Laboratory
Ithaca, NY 14853

Kazuo Ashida
Synchrotron Radiation Research Laboratory
Japan Atomic Energy Research Institute
Tokai-Mura, Naka-Gun
Ibaraki 319-11
JAPAN

Allen E. Blaurock
Department of Physical Chemistry
Kraft Technology Center
801 Waukegan Road
Glenview, IL 60025
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Alain Fontaine
LURE - CNRS
Satiment 209 D
91405 Orsay Cedex
FRANCE

Jules Hendrix
European Molecular Biology Laboratory
Notkestrasse 85
2000 Hamburg 52
WEST GERMANY

Andreas Karl Freund
Optics Group
European Synchrotron Radiation Facility
B.P. 220
F-38043 Grenoble Cedex
FRANCE

Richard Hewitt
Exxon
Rte. 22
East Clinton Township
Annandale, NJ 08801

Joseph Georgopouios
Department of Materials

Science & Engineering
Northwestern University
Evanston, IL 60201

Russell Huebner
Advanced Photon Source
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

Michael Hart
Department of Physics
University of Manchester
Manchester M13 9PL
UNITEO KINGDOM

Tsutomu Ishida
Physics Department
Linac Laboratory
Japan Atomic Energy Research Institute
Tokai-Mura, Naka-Gun
Ibaraki-Ken 319-11
JAPAN

Edvard Heiberg
Physics Department
University of Chicago
fGHJ-116
5747 South Ellis Avenue
Chicago, IL 60637

Hitoshi Iwasaki
X-Ray Crystallography Laboratory
The Institute of Physical and

Chemical Research (RIKEN)
Wako-shi
Saitama 351-01
JAPAN
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Federico Boscherini
Laboratori Nazionaii de Frascati
P.O. Box 13
00044 Frascati
ITALY

Hansoo Choi
Advanced Photon Source
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

Christine Brizard
Advanced Photon Source
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

Weiren Chou
Advanced Photon Source
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

Eric L. Brodsky
Synchrotron Radiation Center
University of Wisconsin-Madison
3731 Schneider Orive
Stoughton, WI 53589-3097

Richard Cole
Center for X-Ray Lithography
University of Wisconsin-Madison
3731 Schneider Drive
Stoughton, WI 53539-3097

Dean Chapman
National Synchrotron Light Source
Brookhaven National Laboratory
Building 725D
Upton, NY 11973

Richard S. OiGennaro
Department of Advanced Light Source/

Mechanical Engineering
Lawrence Berkeley Laboratory
Mail Stop 46-161
1 Cyclotron Road
Berkeley, CA 94720

Yanglai Cho
Advanced Photon Source
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

Wolfgang Eberhardt
CRSL/LC 232
Exxon Research & Engineering Company
Route 22 East
Annandale, NJ 08801
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Werner H. Jark
Scientific Division
Sincrotrone Trieste
Padriciano 99
34012 Trieste
ITALY

Thomas E. Klippert
Advanced Photon Source
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

Pete Jemian
Department of Materials Science
Northwestern University
2145 Sheridan Road
Evanston, IL 60208

Martin John Knott
Advanced Photon Source
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

Stefan Joksch
Hasylab, F-41
DESY
Notkestrasse 85
0-2000 Hamburg 52
WEST GERMANY

Richard Korszun
Department of Chemistry
University of Wisconsin-Parkside
P.O. Box 2000
Kenosha, MI 53141

Hifoshi Kawata
Photon Factory
'lational Laboratory for High Energy
Physics
1-1 Oho, Tsukuba-shi
Ibaraki-Ken, 305
JAPAN

Jeffrey 8. Kortright
Center for X-ray Optics
Lawrence Berkeley Laboratory
2-400
Berkeley, CA 94720

Ali Khounsary
Advanced Photon Source
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

Robert L. Kustom
Advanced Photon Source
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

522



Tunch M. Kuzay
Materials & Components Technology
Argonne National Laboratory
Building 212
9700 South Cass Avenue
Argonne, IL 60439

Yu twin
Lwin Engineering
602 Executive Drive
Willowbrook, IL 60521

Cristina Lenardi
Scientific Oivision
Sincrotrone Trieste
Padriciano 99
34012 Trieste
ITALY

Gerard Marot
Technical Services
European Synchrotron Radiation Facility
B.P. 220
F-38043 Grenoble Cedex
FRANCE

Arno Lentfer
European Molecular Biology Laboratory
Notkestrasse 85
G-2000 Hamburg 52
WEST GERMANY

Masaru Matsuoka
Cosmic Radiation Laboratory
The Institute of Physical and

Chemical Research (RIKEN)
Hirosawa 2-1, Waico-shi
Saitaraa, 351-01
JAPAN

Neil C. Lien
Baker Manufacturing Company
133 Enterprise Street
Evansville, WI 53536

Tadashi Matsushita
Photon Factory
National Laboratory for

High Energy Physics
1-1 OHO, Tsukuba-shi
Ibaraki-Ken 305
JAPAN

Ronald James Lutha
Argonne Area Office
U.S. department of Energy
Building 201
9800 South Cass Avenue
Argonne, IL 60439

Robert Donald McFarland
MEE-13
Los Alamos National Laboratory
Mail Stop J576
Los Alamos, NM 87545
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Dennis M. Mills
Advanced Photon Source
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

Paul Kevin Murray
Department of Engineering
S.E.R.C.
Oaresbury Laboratory
Harrington WA4 4A0
UNITED KINGDOM

Susan Mini
Materials Science Division
Argonne National Laboratory
Building 223
9700 South Cass Avenue
Argonne, IL 60439

Harold Myron
Division of Educational Programs
Argonne National Laboratory
Building 223
9700 South Cass Avenue
Argonne, IL 60439

Tetsuro Mochizuki
Nuclear Plant Department
NKK Corporation
2-1, Suehiro-cho, Tsurunri-ku
Yokohama 230
JAPAN

David J. Nagel
Naval Research Laboratory
Department of the Navy
Code 4600
Washington, DC 20375-5000

David £. Moncton
Advanced Photon Source
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

Hisanori Ogawa
Nuclear Power Division
Shimizu Corporation
No. 13-16, Mita 3-chome
Minato-ku, Tokyo
JAPAN

Timothy I. Morrison
Department of Physics
Illinois Institute of Technology
3301 South Dearborn Street
Chicago, IL 60616

Harumasa Okabe
Civil Engineering Office
Nikken Sekkei Ltd.
2-11-11 Koraku, Bunkyo-ku
Tokyo 112
JAPAN
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Fumiharu Otsubo
Structural Design Department
Nuclear Power Division
Shimizu Corporation
c/o General Electric Company
P.O. Box 325
Shippingport, PA 15077

Roy F. Potter
SPIE
Bellingham, HA 98222

Tom Oversluizen
National Synchrotron Light Source
Brookhaven National Laboratory
Building 725D
Upton, NY 11973

Brian G. Rodricks
Advanced Photon Source
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

Philip Pattison
Daresbury Laboratory
Harrington UA4 4AD
UNITED KINGDOM

Michael Rowen
Stanford Synchrotron Radiation Laboratory
Stanford University
P.O. Box 4349
Bin 99
Stanford, CA 94309

William Burling Peatman
Experimental Group
BESSY GmbH
Lentzcailee 100
0-1000 Berlin 33
WEST GERMANY

Tetsuo Saito
Princeton Plasma Physics Laboratory
P.O. Box 451
Princeton, NJ 08543

Alan A. Pitas
Department of Engineering
Baker Manufacturing Company
133 Enterprise Street
Evansville, WI 53536

Wilfried Schildkamp
CHESS
Cornell University
281 Wilson Laboratory
Ithaca, NY 14853-8001
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Qun Shen
CHESS
Cornell University
Wilson Laboratory
Ithaca, NY 14853

Elizabeth M. Stefanski
Advanced Photon Source
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

Gopal Shenoy
Advanced Photon Source
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

Shinichi Suzuki
Nuclear Power Division
Shimizu Corporation
No. 13-16, Mita 3-chcme
Minato-ku, Tokyo
JAPAN

Joseph V. Smith
Center for Advanced Radiation Sources
University of Chicago
5734 South Ellis Avenue
Chicago, IL 60637

Thomas L. Swain
Department of Advanced Light Source/
Mechanical Engineering

Lawrence 3erkeley Laboratory
Mail Stop 46-161
1 Cyclotron Road
Berkeley, CA 94720

Robert Smither
Advanced Photon Source
Argonna National Laboratory
Building 360
9700 South Cass Avenua
Argonne, IL 60439

Lea C. Teng
Advanced Photon Source
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

Peter M. Stefan
National Synchrotron Light Source
Brookhaven national Laboratory
Building 725D
Upton, NY 11973

Peter van Zuylen
Department of Optical Instrumentation
TNO Institute of Applied Physics
Stieltjesweg 1
2628 CK Delft
THE NETHERLANDS
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P. James Viccaro
Advanced Photon Source
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

Cliff Yahnke
Advanced Photon Source
Argonne National Laboratory
Building 360
9700 South Cass Avenue
Argonne, IL 60439

William K. Uarburton
Xray Instrumentation Associates
1300 Mills Street
Menlo Park, CA 94025-3210

Koji Yamada
Synchrotron Radiation Research Laboratory
Japan Atomic Energy Research Institute
Tokai-Mura, Naka-Gun
Ibaraki-Ken 319-11
JAPAN

Tsutomu Watanabe
Atomic Processes Laboratory
The Institute of Physical and

Chemical Research (RIKEN)
2-1 Hirosawa, Wako-shi
Saitama-ken, 351-01
JAPAN

Hideaki Yokcmizo
Department of Physics
Synchrotron Radiation Research Laboratory
Japan Atcaic Energy Research Institute
2-4 Tokai-Mura, Haka-Gun
Ibaraki 319-11
JAPAN

Jeffrey Alan White
CHESS
Cornell University
Wilson Laboratory
Ithaca, NY 14853

Hoydoo You
Materials Science Oivisicn
Argonne National Laboratory
8uilding 223
9700 South Cass Avenue
Argonne, IL 60439

Xingyi Xu
Department of Electrical and

Computer Engineering
University of Wisconsin/Baker
Manufacturing Company

1415 Johnson Orive
Madison, WI 53706

Bradley Paul Youngman
Stanford Synchrotron Radiation Laboratory
Stanford University
Bin 69
Box 4349
Stanford, CA 94309
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Wenbing Yun
Materials Science Division
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9700 South Cass Avenue
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