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Background

< All SR x-ray absorbers (right)
were designed for 300 mA.

- Front-end and beamline
components were designed for
various current limits between
100 to 300 mA. Thermal analysis
documentation is not readily
available for many components.

- High current runs are on hold.

- Present design criteria are too
conservative.
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Background (contd.)

December 9, 2003

To: R. E. Gerig 3 Division Director, ASD
E. Gluskin Division Director, XFD
From: W. G. Ruzicka /)6 /7 Division Director, AOD

Subject: Request for Engineering Support

AOD has been assigned the responsibility of the oversight of the compliance of critical
components for. safe operation of all the beamlines and front ends. Towards this end we would
like to clearly define and document the operating envelop for all critical components of the
beamlines and the front ends.

We would like to establish for every beamline and front end an envelope for safe operations
based on the following criterion:
- Thermal limitations;

- Radiation limitations;
- Alignment requirements;
- Utility requirements; and
- Mechanical support requirements.

att—the—ri a listed above, we are currenily focusing on the thermal limitations of critical
components (shutters and masks). At this time we would like to start addressing the insertion
device beam nes—and—fron - ICC W s 3 Ol I IOeET s i g OTf ‘cmonaewcc
beamline and front ends, we would subsequently address the bending magnet beamlines and

front ends.

This memo was discussed in an Ops-Directorate meeting and
It was decided to pursue two goals simultaneously.
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Background (contd.)

>

- Goal I: Perform linear elastic finite element (FE) analyses
using existing (highly conservative) design criteria to obtain
upper limit on beam current.

Design criteria:

» Maximum temperature under the beam footprint should
be less than 300 °C (for Glidcop).

» Maximum stress is not to exceed yield stress (300-450
MPa for Glidcop)

» Maximum temperature at the cooling channel wall
ill%ujg) be less than the water boiling temperature (~

< Goal II: Establish more realistic design criteria based on
fatigue tests and nonlinear elastic-plastic finite element
analyses.
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Analysis Method (Goal 1)

>

P4-40 Shutter L5-83 Mask

- Beamline components were
identified by M. Ramanathan.

- 2-D drawings were converted to
Pro/E 3-D models by M. Givens
(DD-ASD).

= 3-D models were transferred to
Ansys in IGES format.

e Linear thermal and structural
analyses were performed by V.
Ravindranath (I1T) for beam
power from Undulator A.

- Effects of assumptions (film
coefficient, power distribution)
were quantified.
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Beamline Components

>
NO. Component Distance from the
Undulator Source
1 L5-83: front-end exit mask for all version 1.2 25.3 m
front ends
2 M4-40: front-end exit mask on version 1.5 25.3 m
front-ends
3 M7-20: front-end exit mask for 4ID 25.3 m
4 M4-30: front-end exit mask 26 m
5 M7-41: beam-line splitter mask for 4ID 26 m
6 M9-30: white beam stop and pink beam mask 30 m
7 P5 Integral Shutter 30 m
8 P4-20: shutter 30 m
9 P4-31: shutter for 4ID 30 m
10 P4-50: shutter 30 m
11 P4-41: shutter for 4ID 60 m
12 K5-50: white beam stop for 4ID 77 m
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Analysis Method — Undulator Power

>
Undulator A !
Parameter Value
Beam current 100 G,
(mA) A ,‘\\‘T{‘\‘\{\\\“\\\g\
Undulator period 3.3 § ﬂfﬂ:o':‘\‘\\\\‘\}}\\\\\\\\m\\\\
length 2 (cm) fﬂl{&%\\\\\\\\\\\\\\‘}&&@%&
Length of 2.4 ﬁ'@";’.“‘;‘\\\‘\\‘\\\\\\\\}}}}{}\\ﬁ\&\\
g . "/’/,7,":N““‘;“\\\\\\\\\‘\\\\\\\\\v}%\‘&‘
undulator (m) i
Minimum gap 11
(mm)
Number of periods 72
Relativistic gamma 13700
Deflection 2.62 =
parameter K o 3
Horizontal beam 0.352 3 3
size o, (mm) 3 3
Vertical beam size 0.018 ?
g, (mm)
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L5-83: Mask

TYPE NUM

L5-83 Beam orientation L5-83 FEA mesh
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Results-Contour plots for L5-83

>

Case | : Uniform heat flux approximation Case Il & lll : Gaussian Heat Flux

NODAL SOLUTION

Distribution

L5-83: Temperature Distribution for

Temperature Contours Temperature Contours Horizontal Deviation
Horizontal Deviation Vertical Deviation - i
Beam Deviation Maximum Difference
temperature
(°C)
Horizontal: 184 /218 18 %
Gaussian/Uniform
Vertical: 195 /212 9 % |
Gaussian/Uniform L5-83: Temperature Distribution for

Vertical Deviation

s. Sharma MECHANICAL ENGINEERING GROUP  Advanced

Photon

V. Ravindranath ACCELERATOR SYSTEMS DIVISION Source
10/18/2004 Argonne National Laboratory




Analysis Method — Film Coefficient

>
Temperature vs film coefficient
y = 118.28x°0-1463
g ggg R? = 0.9936
% ~
g 250
L5'83 g o 240
T < 2301 3
Mask é 220 - \
5 210
E 200 T T T
0 0.005 0.01 0.015 0.02 0.025
Film coefficient (Wlmmz“C)
300
. 250 .\\
qu? - \”\ﬂ\.
§ 150 -— MEDSIO2
(=1
Crotch E 100 pp- 431
l_
Absorber 50
0 T T T T T
0 0.5 1 1.5 2 25 3

Convection Film Coefficient (W/cm®™C)

A nominal value of 0.015 W/ mmz2.°C for the film coefficient was used for all thermal
analyses. The effect of cooling efficiency (£ 50%) on peak temperature is not
significant.
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M4-40: Mask

M4-40 Beam orientation M4-40 FEA mesh
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Results-contour plots for M4-40

M4-40: Temperature Contours M4-40: von Mises Stress Contours

Photon

s. Sharma MECHANICAL ENGINEERING GROUP  jhad

V. Ravindranath ACCELERATOR SYSTEMS DIVISION Source
10/18/2004 Argonne National Laboratory




M9-30: Mask

M9-30 M9-30 3-D model

M9-30 Beam orientation M9-30 FEA mesh
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Results-contour plots for M9-30

M9-30: Temperature distribution M9-30: von Mises stress distribution

Photon

s. Sharma MECHANICAL ENGINEERING GROUP  jhad

V. Ravindranath ACCELERATOR SYSTEMS DIVISION Source
10/18/2004 Argonne National Laboratory




M7-40: Mask

M7-40 Beam orientation M7-40 FEA mesh
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Results-contour plots for M7-40

NODAL BOLUTICN ANSYS NODAL SOLUTION ANSYS

AUG 20 2004 AUG 20 2004
STEE=1 qUE =1 4

127 15:01:18
SUB =1 1 15:27:45 TIME=1

TIME=1 7 FEQV (AVE)
TEME (AVE) DME =.138783
REYE=0 SMH =, 021167
SMN =25, 956 aME =240.024
3ME =171.849

: : - ; T 5 3 - | 021167 53,355 106. 689 160,023 213.357
25.956 58,381 90.806 123.231 155, 657 26, GBE 80,022 133,356 186. 69 240.024

42, 168 74,594 107.019 135,444 171.869

) . M7-41 beamline splitter mask
M7-41 beamline splitter mask

M7-40: Temperature Contours M7-40: von Mises stress Contours
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P4-30: Shutter

P4-30 3-D model

P4-30 Beam orientation P4-30 FEA mesh
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Results-contour plots for P4-30

—

ANSYS NODAL SOLUTION
NODAL SOLUTION

Alls 11 2004 ATEP=1

13:16:12 M sUB =1

TIME=1

TIME=1
TEME (AVG) SEQV {AVE)
e
SMN =24, 265 =
gy =120.581 My =174.81

AUG 11 2004
STEP=1 13:15:01

guB =1

26.265 47.224 66,183 B9.142 110,101 027696 36,868 77.709 116,549 155,389

36.743 57,704 78. 663 99. 622 120.581 19.448 58.288 97.129 135,959 174.81
pd4-30 shutter

P4-30: Temperature Contours P4-30: von Mises Stress Contours
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P4-20: Shutter

P4-20 3-D model

ELEMENTS§

v

2.5°

P4-20 Beam orientation P4-20 FEA mesh
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Results-contour plots for P4-20

NODAL SOLUTION ANSYS NODAL SOLUTION ANSYS

Allg 23 2004 AUG 23 2004
STEP=1

13:55:11 STER=1 14:28:59
AUE =1 3UE =1

TIME-1 TIME=1
TEMP (AVG) BEQY [AVG)
REFYHD DME =.254517

SMN =25.6 SMM =, Z279E-03
aME =144,315 amE =183.019

25.6 51.982 768,363 104,744 131.125 (——
38.791 £5.172 91.553 117.934 . ‘ . ‘ ETT 122.013 162,684

pd-20 shutter . 101.677 142,348 183.019

P4-20: Temperature Contours P4-20: von Mises Stress Contours
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P4-40 3-D model

go )’

P4-40 Beam orientation P4-40 FEA mesh
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Results-contour plots for P4-40

NODAL B30LUTION ANSYS HODAL SOLUTTION

AUG 26 2004
3TEP=1 A6 26 2004 3TEP=1

SUE =1 15:39:23 SUE =1 15:46:16
TIME=1 TIME=1

TEMP (AVE) BEQV (AVE)

REYE=0 DMY =.33Z60Z

2MN =Z3.6 EMN =, 5591E-10

aMy =186.438 My =175.167

25.6 61,342 97,083 132,825 168,567 \ ; ; ‘ T ‘ g d ‘
L991E-10 5 T7.832 116,778 133,704
43.471 73.213 114.354 . 43 . 97,315 136.241 175,167

p4-41 shutter pd4-41 shutter

P4-40: Temperature Contours
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P4-50 Shutter

P4-50 Beam orientation P4-50 FEA mesh
S. Sharma MECHANICAL ENGINEERING GROUP S

. Photon /
V. Ravindranath ACCELERATOR SYSTEMS DIVISION Source
10/18/2004 Argonne National Laboratory




Results-contour plots for P4-50

—

HODAL SOLUTION HODAL SOLUTION

~ AUG 11 2004 -~ UG 11 2004
STEP=1 10:20:40 STEP=1 10:12:46
3UB =1 3UB =1

TIME=1 TIME=1

TEMP [AVG) HEQV (AVG)
RAYE=D IME =.119618
aMn =25.772 My =.056353
aMX =136.5 aME =200.663

124,197 . 056953 44,636 B9.215 133.794 178.373
136.5 22,346 f6. 025 111.504 156.084 200. 663
P4-50 shutter P4-50 vonlMizes

P4-50: Temperature Contours P4-50: von Mises Stress Contours
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Results
>
Components Temperature von Mises Channel Wall
(°C) Stess (MPa) Temperature (°C)
Masks
L5-83 front end exit mask 195 378 98
*M4-30 front end exit mask 96 151 55
*M4-40 front end exit mask 178 350 68
*M7-20 front end exit mask 156 274 68
M7-41 beamline splitter mask 172 240 73
M9-30 white beam stop and pink 210 285 80
beam mask
Shutters
P5 Integral Shutter 238 280 95
P4-20 shutter 144 183 84
P4-30 shutter 121 175 57
P4-41 white beam stop 186 175 94
P4-50 shutter 137 201 62
K5-50 white beam stop 175 312 135
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Goal Il: Fatigue Design Criteria
>

Linear elastic Analyses are not useful in determining beam
current limit or for predicting fatigue life.

Thermal stresses are generally compressive.
Tensile stresses cause cracks and fatigue failure.
Temperatures higher than T, will cause yielding.
Compressive plastic deformation will cause tensile c e vield

stresses on unloading (beam off). S Beam off

- A fatigue design committee was appointed:

Professor Michael Gosz (IIT), Yifei Jaski (XFD), Dr.
Saurin Majumdar (ET-ANL)

Sushil Sharma (ASD, Chair), Dr. Lin Zhang (ESRF)
(new members, Carlos Segre, Dean Haeffner ?)

Temperature

Tensile
Stress

S. Sharma MECHANICAL ENGINEERING GROUP Advaced

V. Ravindranath ACCELERATOR SYSTEMS DIVISION Source /
10/18/2004 Anrgonne National Laboratory




Fatigue Tests at ESRF

Glidcop
Samples

Two U42 and one U34 undulators

P =105 W/mm2 (200 mA, 73 % absorption)
Beam size = 4.2mm x 4.2mm

Total absorbed power = 1251 W

Max. Temperature = 604 °C

Test Setup (ME-ASD)
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Fatigue Tests at ESRF — Temperature Cycles

>

=12 ANEYS B.0
Terperature distribotion (at £=120 =) TEE 17 fond
08:30:13
RODAL SOLOTION
TIME=120

Tmas=603.3 ©

B TEMF (AVG]

Tumax=77.8 C BSY3=0
Bow=rGraphic

Paba=1251 W EFACET=1
AVEES=Hat
My -23,33
sk =603, 75
—EERTE
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(] 216.81
[~ 281.303
B 345796
] 410_283
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- 23227

&02.TE9

b=, (2 Wfmm2 T
TWater=2z3 C©

AFPS Glidcop Zample, Pa=105W/mm2, Hx¥=d4.2Zxd.2mm2

Thermal Analysis

Temp=rature verens time

Of the center of spot

440

A sapphire window will allow IR imaging ST
of the beam footprint.

[{4)

Temperatures were monitored with - i x

thermocouples attached at the sides of T
the samples. - o .

a an 160 14an 220 dnn
an 120 ZED am

0
time [=)

APE Glidoop Zample, Pa=105W/mmZ , Hx'V=4. :’J'l - 2mm2
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Fatigue Tests at ESRF - Temperature Cycles

Temperature on the 4 samples [fatigue test)

>

Beam shutter closed

e Termpersiane on e 8 samples fatigee test - Terperstiane an e 4 amiples latigee test)
3 50
5o ] | il L-H‘{L‘TleLl‘:Ili'
Eu’]“]rj!T TI;:{ llllxll:IEI1 Jj‘r "1111""}:]"1"]' f:! f’; E:: .[ 4 i 'J':]J"'-“ r"
E‘“’ ikt il ok E“ e
= an) sample 1 = 2o 1 sample 1
” —— w — ===
Fss = Faa 2338 ‘2.35

‘0,995 1 100 1.01 T.01%
share (x), staried at 1F.08 2004 TdSToFY shrre (), snvu-d‘..e :duamu 1-| .'H'—i'l =10

No change in vacuum pressure after 3,755 cycles.

Peak temperature of ~ 600 °C at the center of beam footprint.
Testing will continue in November for up to 10,000 cycles.

An IR camera will be used for imaging thermal contours.
Surface analysis of the samples will be performed.
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Fatigue Tests: Preliminary Thermal, EIastic—PJastic Analyses

L
=
e
74
N
.
L]
N
.

Temperature Contours Stress — Strain Cycles Plastic Strain vs Time

- Thermal and Elastic-Plastic analyses are being 2 RO e

performed both at APS and ESRF. f_i b T, \

€ “h,

= Strain amplitude can be obtained from strain vs £ :

time graph. 5
- Fatigue life can be estimated by a simplified 0.1 Ll

Coffin-Manson approach: i " raigue Lieime N, 1C L

Ae /2 = g (2N) Fig. 8(a)
Li etal., Metallurgical and Materials Trans. Vol. 31A (10), 2000
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Fatigue Tests — Hold-Time (Stress Relaxation) Effect
>

Compressive Yield Beamii Compressive
Stress f Stress /| Hotd Time
E Beam Off
To!
Temperature Temperature
Tensile Ll Tensile
Stress Stress
Fatigue Test Cycles Operational Cycles

- Hold-time (creep) effect may lead to higher tensile stresses.
- Further testing and analysis will be undertaken to determine this effect.
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Fatigue Tests — Effect of Initial Yield Strength

GLIDCOP Al-15 LOW OXYGEN GRADE ROOM
TEMPERATURE TENSILE TESTS

500 T T T T 400 T T

Strength - MPa (ksi)

400

300

Elongation - %

AS-EXTRUDED

0.083 hr/980°C (0.25 h/980°C)

300
0.25 hr/980°C

200

COARSE GRAINED
(100 hrs/1040°C)

TRUE STRESS (MPa)
0.2% YIELD STRENGTH (MPa)
"~
8
T

COARSE GRAINED
(100 h/1040°C)

100 - T

I | 1 1 | 1 1

300
FINE GRAINED 0 20

i i 1
40 60 80 100
Cold Reduction - %

0 0.056 0.10 0.156 0.20 0.25 0 200 400 600 800

TRUE STRAIN

Fig. 5

TEMPERATURE (°C )

Fig. 20

1000

"Comparison of strain rate: flow stress at 800 °C for the fine-grained, braze cycled
material with coarse-grained, long term (100 hr. at 1040 °C) material, Figure 23,
indicates that the coarse grained material is significantly stronger than the fine

grained material. "

J. ). Stephens et al. SANDS88 — 1351 (1988), pp- 15
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Summary

>

- Thermal analyses of beamline components identified
by M. Ramanathan have been completed.

- Results show that conservative design criteria are met
(with some exceptions, e.g. K5-50) for a beam current
of ~ 140 mA.

- Fatigue tests (ongoing at ESRF) show that a maximum
temperature limit of ~ 600 °C may be acceptable for a
few thousand temperature cycles.

- High current runs of short durations appear to pose
little risk (assuming no damage to Glidcop samples
under fatigue testing at ESRF).

- Further fatigue tests and elastic-plastic analyses are
planned to:

(1) Correlate experimental and analytical data at
different maximum temperatures.

(2) Evaluate the effects of other factors such as stress
relaxation and initial yield stress.
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