


Argonne Naﬁonal Labmatory, with facﬂmes in the states of Ilir k ois and Idaho is
owned by the United States government, and opﬁrated by The Unwelslty of

Chicago under the prov1smns of a contract w1th the Department of Energy.

: : DISCLAIMER
Tms 1epon was, pzc A ed a8 an account of work sp()n%mud by an agmcy of Lhc Umtcd Swes

- mak(,s any Wauamy, cxp;‘cssm 1mpi1u1 or assumes cmy k,gai hablhty or msponmbﬂny for the acwxacy,
] chsdosgd or 1ep1csems

o agulcy Lhueoi Thc views and opmmm of autixm@ priegwd huem d() not nccess,duly stalu or 1eﬂect
‘Lh()su of ihc United States Govu nment of any. agency thercof. -

jRepmdnced from the best avaﬂabie copy.

Avaﬂable to DOE and DOE conuactms from the
Ofﬁce of Scientific and Technical Info;manon
PO. Box 62

Qak Ridge, TN 37831
Prices avaﬂable from (423) 576-8401

Available to the public from the
Nauonal Techmcal Information Service
U.S. Department of Commerce
5285 Port Royal Road
Springfield, VA 22161



Distribution Category: Atomic
Molecular, and Chemical Physics
(UC-411)

EXPERIMENTAL FACILITIES DIVISION
PROGRESS REPORT 1996-97

ANL/APS/TB-30

April 1997

ADVANCED PHOTON SOURCE / ARGONNE NATIONAL LABORATORY

Argonne National Laboratory opsrated by The University of Chicago for the U.S. Depariment of Energy
O under Contract W-31-109-Eng-38






Contents

Background...... ... i 1
Mission of the APS Experimental Facilities Division..............cocoioiivnininiiininini.. 2
APS User Sector Layout .......ooiiiiiiiiiiii i e 2
XED Organization. . ..ottt e e 5
APS USer OPerafions. .. .o.uuiuiuiiiiit ittt et 5
APS User Administrative and Technical SUpport............ooovviiiiiiininiiiinieia i, 5
R&D in Support of User Operations. ......o.v.eeiiiieiri it 8
SRI-CAT L 8
Collaborative Work with APS Users and Other Synchrotron Radiation Facilities ... .. ... 9

0

10 Long-Term Strategic Plan for XFD...... ... |

2 USER OPERATIONS

2.1

2.2

2.3

2.4

IntrodUCHOn . . ... 11
2.1.1 Advanced Photon Source Facility Description.............ccooveeieieieininianani.. 11
2.1.2 APS OPETAtiONS ... ..ttt ittt e e 11
2.1.3 XFD Operations Organization .............o.oiiiiiiiiii i 12
Beamline Technical Description ... .......oooiiviiiiiiiiii e 14
2.2.1 INtrodUCHON. . ...ou ittt e e 14
2.2.2 Operational Aspects of IDS. .. ......cooiiiiiiiiii i 15
2.2.3 The Beamline FE Operation...........c.ooooiiiiiiiiiiiii i 16
2.2.4 Bquipment Protection SYSeIm ... ....oovuviiiiriiiiii i 20
2.2.5 The APS Personnel Safety SYStem ..........o.oooiiiiiiiin e 23
2.2.6 CONIIOLS . ..uit i 26
Operations Performance and Reliability ... 277
2.3.1 Installation STatls .......oooiitii L 27
2.3.2  Operations EXPEIieNCe . .. ...ouvuuuneti ittt 30
2.3.3 Reliability Studies and AnalysiS.........coooviiiiiiiiiiiiii 33
User Operations Interface and SUpport...........oooooiiiiiiiiiiiiiiii 35
2.4.1 Beamline Commissioning ProCess............ooouiiiviniee st 35
2.4.2 User Controls. ... ...oooiiiiiii i 38
2.4.3  Operations Information Distribution ... 38
2.4.4 User Operations SUPPOIT........cout ittt 39
2.4.5 Radiation Shielding and Measurements ................coovioiiiiiiieiiennnn, 40

3 USER ADMINISTRATION AND TECHNICAL SUPPORT

3.1

3.2

3.3

User AdminiStration «.......o.iii i 45
3101 APS USEIS oottt 45
3.1.2  User Administrative FUNCHONS ... 46
User Safety and Tralfling. ......oooouvniient oo e 50
3.2.1 CAT Safety Plans ......o.oiiiii i 50
3.2.2 User Safety Training........cocooiiiiiiiiiii e 51
3.2.3 User Safety Oversight ... ..o 52
User Technical SUPPOIT ......ooiiiiii e e 53
3.3.1 Beamline Designs ...o.ouiiiiiiit i 53
3.3.2 Beamline Design Exchange ..o 56

¥if



3.4

Contents (Cont.)

3.3.3 X-ray Optics Metrology and Fabrication ...................oooooiii 58
3.3.4 Beamiline Controls and Data ACQUISITION ....ovveiitteiinteiiineiiiiiienieiieeann 67
3.3.5 Leveraging of APSFunds ... 72
3.3.6 User Procurements of Standard Components ............covvevivieiiiiiiiiieianne... 72
3.3.7 The Inter-CAT Technical Working Group ..........cevievviiiiiiiiiiiiiiiiiiieinenn. 74
3.3.8 CAT Chats oottt ittt ettt et 75
RETEIENCES ...ttt it e et 75

4 R&D IN SUPPORT OF USER OPERATIONS

4.1

4.2

4.3

4.4

4.5

RAIAtION SOUICES ..ottt ittt ettt ettt et e e e ettt ee et e eneraeiaaenns 77
4.1.1 Magnetic Measurements and Tuning of IDs ..o, 71
4.1.2 Field Quality Achieved ............ocooiiiiiiiiiiiiiiiiiiiiiiiiii 79
4.1.3 ID Control Development ........ooooviiiiiiiiiiiiiiiii i, 79
4.1.4 ID Vacuum-Chamber Development...............oooii 82
4.1.5 S-mm-Aperture ID Vacuum Chamber ... 84
4.1.6 EMW Vacuum Chamber Development.............c.ooiiiiiiiiiiiiiiiin .. 85
4.1.7 Development of a Novel Vacuum Sealing Technique.................ooocniii.. 87
4.1.8 ID Installation and CommisSIONING ......ooevvtiiiiiiiiiiiiiiiiiiiiiiineniinerneenn. 88
4.1.9 Storage Ring Measurements ..........oooviiiiiiiiiiiiiiiiiiiiiiiiiiiiic e 89
4.1.10 Spectral Performance .......c...ooiviiiiiiiiiii i e 90
4.1.11 Computer Codes for Simulation of Synchrotron Radiation......................... 92
4.1.12 XOP: A Graphical User Interface for X-ray Optics Utilities........................ 93
4.1.13 UR: Computer Code for Simulation of Real IDs with Real Beams................ 93
4.1.14 Radiation Exposure of the IDs.............oo 94
4.1.15 Elliptical Multipole Wiggler..........coooiiiiiiiiiiii 99
Beamline Engineering ........ocoiiiiiiiiiiiiiiiiiiiiiiiiiiii i e 100
4.2.1 INroduction.........coiiiiiiiiiiiiiiiii e 100
4.2.2 Performance Review of the Important FE and Beamline Components............ 100
High Heat Load X-1ay OPLiCS . ovvterrierieittieeitteiitteeeietnteertteeaneenanaeieeons 116
4.3.17 INEroduCtion. . ...o.viiiiiiiiiiitii i e 116
4.3.2 Cryogenically Cooled Silicon Monochromators..............c.ocoiicviiviii .. 117
4.3.3 Liquid-Nitrogen Pumps ........cooiii i 121
4.3.4 Water-Cooled Diamond Monochromators ..........ooeviiiiiiiiiininiiiiiinnenn.. 122
4.3.5 C00led MIITOTS .. vttt ettt vt eeeaes 125
4.3.6 Other Work Related to Cooled Optics ......ccoocviiiiiiiiiiiiiiiiiiiiiiiiiiene, 127
4.3.7 The Double-Crystal Monochromator Design ......c...cooviiviiiiiiiiiiinn .. 129
4.3.8 Brilliance/Brightness Measurements........coveuvrtevtiiiiinienteinneiaen.. 130
New Instruments and Techniques. ...ttt 132
4.4.1 INOAUCHION .. c.tittent ittt ettt 132
442 SECOr L...iiitt it e 133
T N 1= o1 0 o 142
N TS o7 10 TR 157
4.4.5 New R&ED INItatiVESs ...o.oovviriiiiniiiiiniiiiiiiiiien it iiieeieaieenenen 164
RELEIENCES ... eoiiiiiiiitiiii i e 164

iv



Contents (Cont.)

5.3 Special Grants for New Collaborative Research .................cooooiiviiiiiiniiininin, 169
5.4 Collaborative Projects with Other Synchrotron Radiation Facilities .........cc.coeuenen.... 170
6 LONG-TERM STRATEGIC PLANS FOR XFD

6.1 INtrOdUCHION. . ..ottt e 173
6.2 Accelerator Improvement Program Plans ................oooooiiviiiiiiniiin e, 174
6.3 Enhancement of APS Performance ..........o..ooviiiiiiiiiiiiinis e 174
6.4 New Collaborative AcCess TeaMS. ... .....ouiiiiiiiii e, 175
6.5 Strategic Plans for Dedicated Beamlines ...............cooviiiiiniiiiiiinnieiiieeaanennn. 175
6.6 Strategic Plan for FEL Undulator Development.............ooooioiivieiiiniiiinainnan ., 182
6.7 LDRD Program in Support of Long-Term Goals .............cocoeviniivininiiinininann., 182

7 APPENDICES

Appendix 1:  Recent Publications by XFD Staff.............ooiiiiiiiiiiiieiiieeenn 185
Appendix 2:  Patents Obtained by XFD Staff ..........oooiiiiiiiiiiii e, 201
Appendix 3:  XFD Primary Web Pages..........cooviviiiiiiiii 202
Appendix 4:  Review Status of APS Collaborative Access Teams as of

January 21, 1907 204
Appendix 5:  Bibliography of Publications Produced for APS USers........coovvvererennn.... 206
Appendix 6:  Conferences and Workshops Held at the APS since 1990........................ 210
Appendix 7:  Outline of the Current APS User Policies and Procedures (3/97) .............. 212
Appendix 8:  Metrology Results of Mirrors Delivered and Characterized to Date.............. 215
Appendix 9:  Invited and Colloquium Talks by XFD Staff.............ccocooeviiinininiinn.. 216



vi



ACIS

ghy]
ALARA

APS
APSUO
ASD

BCM
BCRRT
BM
BPM
BRC

CAMD
CAT
CBT
CC
CCD
CHESS
CLO
CPU
CRP
CVvD

DCM
DI
DOE
DRAM
DSP
DX
DXRL

EMW
EPICS
EPS

ESH

(or ES&H)
ESH-TR
ESRF

ETS

FDR
FEA

Abbreviations

Access Control and Interlock System

Atomic Force Microscope

Accelerator Improvement Program

As Low As Reasonably Achievable
Argonne National Laboratory

Advanced Photon Source

Advanced Photon Source Users Organization

Accelerator Systems Division

Bent-Crystal Monochromator

Beamline Commissioning Readiness Review Team
Bending Magnet

Beam Position Monitor

Beamline Review Committee

Center for Advanced Microstructure and Devices (at Louisiana State University)
Collaborative Access Team

Computer-Based Training

Cold Cathode Gauge

Charge Coupled Device

Cornell High Energy Synchrotron Source

Central Laboratory and Office Building

Central Processing Unit

Collaborative Research Program

Chemical Vapor Deposition

Double-Crystal Monochromator
Deionized Water

Department of Energy

Dynamic Random Access Memory
Digital Signal Processor

Design Exchange

Deep X-ray Lithography

Elliptical Multipole Wiggler
Experimental Physics and Industrial Control System
Equipment Protection System
Environmental, Safety and
Health
ESH Training Section
European Synchrotron Radiation Facility
Equipment Tracking System

Final Design Report

Finite Element Analysis

Front-End Equipment Protection System
Free-Electron Laser

Front End

Front-End Exit Valve

Fixed Mask

First Optics Enclosure

vii



FWHM
GERT

HDF
HVOF

IDL
IG
I0C
IR

ILDDM
LDRD
LOIL

LTP
MOU

NEG
NSLS

OFHC
OPI
OUI

PAR
PDR
PEB
PLC
PMMA
PS1
PS2
PSPCD
PSS

R&D

RGA

SAD
SASE
SAXS
SBPM
SCI
SGM
SPring-8
SRI
SSRL

Fast Valve
Full Width Half Maximum

General Employee Radiation Training

Hierarchical Data Format
High Velocity Oxygen Fuel

Insertion Device
Interactive Data Language
Ion Gauge

Input/Output Controller
Infrared

Laser Doppler Displacement Meter
Laboratory Directed Research & Development
Letter of Intent

Laboratory/Office Module

Long Trace Profiler

Memorandum of Understanding

Nonevaporable Getter
National Synchrotron Light Source

Oxygen Free High Conductivity
Operator Interface
Operator/User Interface

Positron Accumulator Ring

Preliminary Design Review

Program Evaluation Board

Programmable Logic Controller
Polymethylmethacrylate

Photon Shutter 1

Photon Shutter 2

Position Sensitive Photo-conductive Detector
Personnel Safety System

Research & Development
Research Directorate
Radio Frequency
Residual Gas Analyzer

Safety Assessment Document

Self Amplification of Stimulated Emission
Small Angle X-ray Scattering

Smart Photon Beam Position Monitor
System Controller Interface

Spherical Grating Monochromator

Super Photon Ring 8 (in Japan)
Synchrotron Radiation Instrumentation
Stanford Synchrotron Radiation Laboratory
Slow Valve

viii



Transmitting X-ray Beam Position Monitor
Thermal Luminescent Dosimeter

Topo Test Unit

Inter-CAT Technical Working Group

Ultrahigh Vacuum
Uniform Resource Locator
Undulator Radiation
Undulator Spectrum

Work Breakdown Structure
X-ray Beam Position Monitor

Experimental Facilities Division
X-ray Optics Utilities

ix












1.1 Background

This Progress Report summarizes the activi-
ties of the Experimental Facilities Division
(XFD) in support of the users of the
Advanced Photon Source (APS), primarily
focusing on the past year of operations. The
personnel of XFD are proud of their progress
and accomplishments and hope that the reader
will share their dedication and enthusiasm in
supporting the APS users.

Operation of the APS is prominent among
Argonne National Laboratory’s scientific
endeavors. In February 1996, the Office of
Basic Energy Sciences of the U.S. Depart-
ment of Energy (DOE) confirmed the
completion of the construction of the APS
Project. The dedication of the Project
followed on May 1, 1996. In September
1996, the APS began operations as a national
user facility serving the U.S. community of
x-ray researchers from private industry,
academic institutions, and other research
organizations. The start of operations was
about three months ahead of the baseline date
established in 1988.

The responsibility for the construction of the
technical components of the APS Project was
divided between the Accelerator Systems
Division (ASD) and XFD. Throughout the
construction period, the DOE conducted
reviews, using technical consultants, of the
progress of the work. When the construction
phase of the Project was completed, ASD and
XFD took operational responsibilities. The
progress in the operational activities of the
APS 1s now reviewed by appropriate
committees appointed by The University of
Chicago, which operates Argonne National
Laboratory (ANL) for the DOE.

I OVERVIEW

Thirty-five of the forty storage-ring sectors
include both insertion-device radiation sources
and bending-magnet sources. Of these
35 sectors, one sector is dedicated to ASD for
particle beam diagnostics using the radiation
from an undulator source and a bending-
magnet source. The remaining 34 sectors will
be used for research and development (R&D)
work by the APS users.

The APS commissioning goal of extracting
undulator radiation was met by XFD on
August 18, 1995. This permitted the XFD to
measure the particle beam emittance and
the x-y coupling using undulator x-rays.
Successful commissioning of the beamline
radiation sources and front ends demonstrated
the capability of this equipment to operate
at a level commensurate with the technical
performance goals. In addition, successful
“acceptance testing” and beamline safety
reviews demonstrated that the initial comple-
ment of beamlines have been developed and
can be operated safely while meeting technical
specifications.

In the first phase of this project, 20 of these
34 sectors are being instrumented behind the
storage-ring shield wall to deliver undulator or
wiggler radiation, as well as bending-magnet
radiation, to the APS users. During the past
year, XFD personnel have installed and
commissioned insertion devices and beamline
front ends consistent with the APS user
requirements. In addition, the Personnel
Safety Systems on all user experiment stations
have been designed, installed, validated,
commissioned, and operated by XFD
personnel to meet users’ objectives. Many of
the “standard and modular” beamline
components required by the user community
have been designed, constructed, and tested
for their performance by XFD. The design
drawings of all these components are available
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to the user community in electronic format on
the “Design Exchange” established by XFD.

With the construction project completed,
during the past year XFD has enhanced its
mission to prepare fully for facility operation
(which began in September of 1996) and to
increase its support for APS user beamline
operations. Currently, 18 of the 20 undulators
and wigglers required by the APS users have
been installed on the storage ring, 35 of
the 40 beamline front ends have been
installed, and 22 (16 insertion-device and
6 bending-magnet) user beamlines in 16 of the
20 sectors, including 35 experiment stations,
have started commissioning activities. These
beamlines are routinely taking radiation to
both commission instruments, such as mono-
chromators, mirrors, slits, focusing optics,
diffractometers, goniometers, detectors, and
beamline control electronics, and to perform
early research. The XFD has worked hard to
provide x-rays very early in the facility
operations phase for APS users to do
innovative experiments.

1.2 Mission of the APS
Experimental Facilities
Division

The mission of the XFD is consistent with the
vision of the APS to function as a reliable and
preeminent source of synchrotron radiation for
APS users.

XFD believes that we can best serve the APS
users by investing in three important goals:
reliable and successful operation, high-quality
user technical and administrative support, and
innovative R&D in support of user operations.
These goals enable us to go beyond the
traditional role of DOE user facilities to create
an intelligent partnership with our users.

We commit ourselves to an organization that
shares the following principles:

e understanding our users’ operational
goals and striving to exceed their
needs

e providing seamless support to our
users in all areas

e creating a rewarding, enriching, and
collaborative R&D environment for
our staff and the users to facilitate
long-term success of the APS as the
premier user facility in the world

* expanding our worldwide leadership
role in the synchrotron radiation
community

° assuring the safety of APS users,
visitors, and APS/XFD personnel, and
the protection of the environment

e approaching our daily work with
enthusiasm, dedication to users and a
sense of humor

1.3 APS User Sector Layout

In Figure 1.1, the layout of the APS
experiment hall floor and the allocation of
sectors to various Collaborative Access Teams
(CATs) is shown. Each sector consists of two
beamlines, one based on an insertion-device
source and the other based on a bending-
magnet source. The insertion devices in
18 sectors are undulators, one sector has a
conventional wiggler, and the last has an
elliptical multipole wiggler for the production
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Fig. 1.1 APS Collaborative Access Teams by sector and discipline

of circularly polarized x-rays with a capability
to switch the polarization helicity. Some of the
CATs have taken responsibility for more than
one sector. The progress of the CAT beamline
construction and scientific work is evaluated at
regular intervals by the APS Program
Evaluation Board (PEB). The lead institutions
developing the beamlines in each of the
sectors is presented in Table 1.1, which also

indicates the diverse scientific disciplines
and technological applications being addressed
by the CATs. In Figure 1.1, a broad
classification of scientific interests has
been shown. They are (a) condensed matter
physics, chemical science, and material
science, (b) health science, (¢) environmental
science, geoscience, soil science, and
agricultural science, and (d) synchrotron
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Table 1.1 Lead Institutions and Research Areas of the APS Collaborative Access Teams

Collaborative Access Team Lead Imstitution Scientific & Tecknological Applications
Basic Energy Sciences Argonne Materials science; chemistry; atomic physics;

Synchrotron Radiation Center
(BESSRC, Sectors 11 &12)

Biophysics
(Bio, Sector 18)

Center for Real-Time X-Ray Studies
(MHATT, Sector 7)

Complex Materials
(CMC, Sector 9)

Consortium for Advanced Radiation
Sources
(CARS, Sectors 13, 14, &15)

E.I. DuPont de Nemours and Co.-
Northwestern University-Dow
Chemical Co.

(DND, Sector 5)

IBM-MIT-McGill
(IMM, Sector 8)

Industrial Macromolecular
Crystallography Association
(IMCA, Sector 17)

Materials Research
(MR, Sector 10)

Midwest Universities
(U, Sector 6)

Pacific Northwest Consortium
(PNC, Sector 20)

Structural Biology Center
(SBC, Sector 19)

Synchrotron Radiation
Instrumentation
(SRI, Sectors 1, 2, & 3)

University-National
Laboratory-Industry
(UNI, Sectors 33 & 34)

Hlinois Institute of
Technology

Howard University
Exxon Research and
Engineering

The University of
Chicago

Northwestern
University

Massachusetts
Institute of
Technology

Procter and Gamble

University of
Notre Dame

lowa State University
University of
Washington

Argonne

Argonne

University of Illinois

geosciences. Environmental remediation.

Biophysics, improved understanding of the
mechanism of action of enzymes. Industrial enzymes.

Physics; materials science; chemistry. Liquid
crystals; solid-state lasers.

Chemistry of complex materials. Polymers, liquid
crystals, and membranes.

Structural biology; geoscience; chemical, material,
and soil/environmental sciences; improved
understanding of earth and of biological processes at
the molecular level. Environmental remediation;
materials and catalysts; plant fertilizers.

Materials science; polymer chemistry. Technologies

Jor microfabrication and electrodeposition; corrosion
prevention: polymer fibers.

Materials science and physics. Products for high
technology sector.

Structural biology. Designer drugs.

Materials science. Polymers (e.g., for textiles);
environmental remediation; complex chemicals.

Materials science. Synthetic membranes for
biological processes.

Environmental and materials science. Environmental
cleanup; moldable ceramics.

Structural biology. Enzymes and new drugs.
Synchrotron radiation instrumentation and x-ray
physics. Insertion devices and optical elements for

the APS users and other synchrotron x-ray facilities.

Materials science; structural biology. Molecular
sieves for catalysts.




radiation instrumentation. It is in this last area
that XFD has a major commitment. Through
the Synchrotron Radiation Instrumentation
(SRI)-CAT, we support the needs of all the
CATs.

1.4 XFD Organization

The XFD was recently reorganized to meet the
mission of the Division. The three functional
areas of XFD are:

A. User Operations

B. User Administrative and Technical
Support

C. R&D in Support of User Operations

The major objectives of the functional areas
are given in Fig. 1.2 and are described in
more detail in other parts of this document.

The XFD organization structure, shown in
Fig. 1.3, defines various groups by
specialization. This structure guarantees
excellent communication and interaction
across the boundaries of the groups to meet
both the group and XFD objectives. The
groups consist of a Group Leader and
Principal Investigators with well-defined
technical and supervisory responsibilities.

1.5 APS User Operations

User Operations is supported by the Beamline
Operations Group, the Safety Interlocks and
Instrumentation Group, and the Floor
Coordinators. Their main objective is to
assure the highest level of reliability of

1 OVERVIEW

operations of the radiation sources, beamline
components, and Personnel Safety Systems to
support the highest level of productivity from
the APS users.

These groups are responsible for the
installation, commissioning, maintenance,
improvement, and operations of insertion
devices and beamline front ends. In addition,
the groups also perform installation,
commissioning, maintenance, improvement,
and operations of the personnel safety and
mnterlock systems.

These groups also gather data to perform
operations reliability studies and analysis. The
staff performs analysis to evaluate failure
trends and assess reliability. In addition, the
Floor  Coordinators  support  beamline
commissioning and oversight of operational
safety.

1.6 APS User Administrative
and Technical Support

This activity is supported by many groups:
User Administration and Support, User
Technical Interface, X-ray Optics Metrology
and Fabrication, Beamline Controls and Data
Acquisition, and staff involved in the
operations of the Design Exchange. These
groups provide seamless support to the APS
users in all areas. They specifically provide

e Technical support on the experiment
hall floor

e Technical support on instrumentation

e Administrative support including user
safety and training



UOISIAL(T SIUIJIOD] [DIUBULIZAXT 211 JO uonp2Iunsio puondun,y 77 814

3

souljweag oyoadg-anbiuyos | menN 9
510109197 ABI-X MBN G

(1LvD 1HS)senbiuyoe | pue sjuswiniisu| MeN v
sondQ Aei-x peovieeH ybiH ¢

Buussuifug suluieeg Z

$90IN0g uolBIpEY L

SNOILVHIdO d3SN 40 LHOddNS NI dB8H

suonesedQ 100 Justiledxy
sisAjeuy pue seipnig Aljiqeliey [euopeledp g
ssuluesg
[V U0 S$)00lI81U| pue A18jeS |suuosiad “q
Spug U044 suljuwesg pue sl e
:J0 uoneledQ pue swonoidw]
‘oouruUBIURK ‘BUIUCISSILILLOY ‘UonB|eIsu| !

os]

ofiueyoxy ubise( sulwesg

uonisinboy BleQ pue S|04u0n) suljwesg
uonyeouge pue ABojonen sondo Aes-x
Buluiel] pue A1ojesg Josn
uoHeSiUILIPY 189S SdY

oMW

SNOILVYHIdO H3sN 'V

s8101j04 pue Buiuueld
uoljeluswInoo(

pue suonedlignd
$IUNOOJY J8sN
syloMmioN pue Jeindwon
Aejes uopeipey
Avjeg [BlBURD
Aojusauj pue yo
douelul pue 4H 44X

SAILIMNEISNOdSaYH TYNOILONNA

(@dx) NOISIAIG SILINIOVL TVLININIHILXI

~ANMTOO N ©

1 OVERVIEW

1HOddNS NOISIAIA




1 OVERVIEW

JADYD UOYDZIUD L0 UOISIAL(T SIYIIOD,] [DIuauiadys] €7 “S1.q

W 21vg 7 GBAOEAY
J9e-¢  HR®TYd «MM </

16-48-00 SAIVQ 3AULI244T

HOVVEAVM T
NS a SINVIAL T
ANV 'S MOA M PINDT '
DNIGAE T 8] ITH ADIEHS
AN nxe [ak:] SAHINOW L
NYIN L JOVISUINIVA'D  WIZWIONN N NONZARS '3
TORMNDOT T NOWIHISSVATT  AdSdrin L i1SSvd ¥
WITHWSET W nno CUIBMALDVYL 3 WIDDVF W SIAVHL ‘G WAMION ‘0
I D NOUTYHVLANEA D 3TV MyrEL'8 (oSN HOTYBES W NS Y
v A YINTEOL L ONVT T WS T WHYH 'S SLHIBOY 1 (2} N3S1IM W
{2) oNig W NS T (& TINHOX Y WYALNYS O OO Y NIANDH B {9) OLHDITT N
R OUASG 1 NHVTRIUS J443IN W {2 SINDWCOY M ONEA A YOO D AN L
M1 0239 u3rves 9 NOSNHOT D TROMYY 3 DOINWHNIC 9 {9} NOLHDITI W NOSNHOS 'S
BLIMSADE Y 4HONND L HIHUNS Y {2 1w OLLO Y SIT30 Y INIYIWY D SITION
ASYSHNOMA ¥ SMTIOO T SINOHS 9 SUIRIOH W NOSIHHON T onoed 3 SHOM D WINNRD T
NIRALRDEN Y DaVHG T RUSYHS 'S {2 NOISSIN Y FHOOW T DISMONIOND Q ZENOD ¥ WOV D
240 Y NG ' SNASI0BYIUIOMIHOS W YIAN43VH A SO0 3 WDz NYROISS N NYOID 'S
NONSYO Y NOSN3E D SHIDOW'S  ZBONVNHI d WIEN L TG ) NCDINVED M ONTLLLS0 Y
PRI ¢ MYS00SYE 1 SADAVA Y NOSADYR4'Q ALY WYINYE 'S SN a AVENOHD 0
-NOSSY voddve T (B nosTEN D MINTIG NNV [T NOSYIAI Y HENTYEHVD G
prEree—yarvey NFTT O SNOUVHIE M P ARSI O OugY T NROEE T S3TYE ¥
WRONTHIVA Y ¥ICYT 4N0UD Y3AYT1 SN0V HIAQYT SO0UD WAV IN0ND . M3V dNOYD
ADC IR AVZAN L STHR G [ et SHOIMYH P WYMIYNYNYY 7
2 NOUYIIEYS DNIITNIONT SINAZQ NOAUYINIRNMLISN 2 SNOILYHIIO
SIS0 INrIY3E SOUS0 NOUYISNI SWALSAS ¥OO TN INRVIE
1 o } L ]
1Y SAYLS NIRTY
TEOEZD AUVATHORS WIAVA UIINIONT 203r0ud
HOLOBHIC NOISIAG ILVISOSSY
SYHONYY V
ZUB0 Y AHVLTHOTS WIZN 0 391G WIRTY SNOLVHSJO O2X
ASNND T AUVLINOIS BOr'd  ISUNILIS NOLUVIAYVY
AHLSO N AYAIED3S OYHZ ¥ 03 1504
WD D AvizNyas WHINS T A4S TWORHOIL
WHEHON W AVATUDIS N T 34VAS TWIINKORL
00 D ASYLIUDIS 15v3H S5YLS TPONHOAL
Y3IAIW'G  AUVAIUIIS O3 WNVHOUI W HOLYNIGHOOD YD
AQOHYHSId W ‘D0C 1SCd HIPODIOLS 'S HOLVNIGHOOD HS3
NODOIOK 'S BOLGS WOINNOAL VHALS'd W0 NOISING 1SSV
BINVP Y 34VAS WOINKOAL DISNVIUS 3 WO NOISW ISSY
BOLD3EA NOISIAIQ AUVIOOSSY
) YHNIS 'S
H0LI3HI0 NOISIAIG
AONIHS "D
STLMNOVL TWANIWYIIKS




I OVERVIEW

°  Development of user policies and
procedures

¢ Development and maintenance of
electronic  databases to  manage
administrative data on APS users, and
to manage all APS beamline designs
required by the APS wusers and
accessed through the World Wide Web
(or Web) on the Internet.

1.7 R&D in Support of User
Operations

R&D in support of user operations is
primarily supported by the Insertion Device
Group, Beamline Engineering Group, and
X-ray Optics Group. These groups support
the Operations Groups by carrying out any
major maintenance, repairs and upgrades
required to successfully operate the
components behind the shield wall. These
groups also perform R&D to address future
APS operational parameters, such as the “top-
off” mode, 300 mA operation, and unique
radiation sources. They also provide the
highest quality leadership in synchrotron
instrumentation and technique development in
order to support and enhance the APS users’
scientific goals. Some of these activities with
both short- and long-term benefits to the user
community are performed through SRI-CAT.

The experience of the personnel in these
groups is extensive. Their work at the APS
has produced numerous publications and
patents. (See Appendix 1 for recent
publications and Appendix 2 for patents.)

1.8 SRI-CAT

The SRI-CAT has the principal mission of
developing new and unique forefront
instruments and techniques to advance the use
of synchrotron radiation. The principal
developers of the SRI-CAT are members of
XFD (from the Insertion Device Group,
Beamline Engineering Group, and X-ray
Optics Group), and their primary responsi-
bility is to perform R&D in support of user
operations. Recently, new members have
joined SRI-CAT from Purdue University,
University of Houston, National Institute
of Standards and Technology, Lawrence
Berkeley National Laboratory, Stanford
Synchrotron Radiation Laboratory, Comell
High Energy Synchrotron Source (CHESS),
and many Australian insfitutions managed
by the Australian Nuclear Science and
Technology Organization.

Consistent with the main focus of SRI-CAT to
support the needs of all the CATs, the
following is a list of major accomplishments:

e Design, construction, and operation of
standard and specialized insertion
devices

e Diagnostics of radiation from the
insertion devices

°  Development of high heat load optics

e Design, construction, and testing of
various “‘standard and modular”
beamline components



e Evaluation of the performance of the
EPICS-based beamline control and
data acquisition hardware and software

that will be used by many other CATs

e Initial evaluation and scrutiny of all
beamline commissioning and opera-
tional procedures developed for the
user beamlines by XFD Operations

¢ Evaluation of logic and technical
performance of Personnel Safety
Systems implemented on various
experiment stations of SRI-CAT.

e Evaluation of the shielding perfor-
mance of various XFD-designed
experiment stations

e Testing of all safety procedures
developed to support the APS user
community

Towards the development of unique
synchrotron techniques that are not generally
available at other APS CAT beamlines, some
members of SRI-CAT have defined objectives
for a set of “strategic” instruments. These
mstruments are in an advanced stage of
commissioning, and some are already being
used by members of SRI-CAT to perform
planned research. A short list of accom-
plishments to date is given below:

*  Application of microbeam techniques

e Application of coherence-based tech-
niques

*  Development of 0.5 to 4 keV scientific
capabilities
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e Development of ultrahigh-resolution
inelastic scattering techniques

e Application of nuclear coherent

spectroscopy

The above accomplishments and future plans
of SRI-CAT are discussed in more detail
elsewhere in this document,

1.9 Collaborative Work with
APS Users and Other
Synchrotron Radiation
Facilities

In 1991, XFD established a Collaborative
Research Program (CRP) with potential users
of the APS. In this program, a joint proposal
is made by XFD staff members and interested
APS users to perform R&D on a topic of
general interest to APS users and to which
both collaborating parties can bring their
expertise and institutional resources. This
program has led to many interesting results.
During the past few years, owing to the heavy
work load associated with  beamline
construction, the users have not responded to
calls for CRP proposals. This program will
begin to interest the users again as they finish
commissioning of their beamlines. The APS
users have also developed joint R&D
proposals with XFD staff on problems of
common interest to seek funds from new
sources.

In recent years, the XFD staff has supported
major activities related to construction at
various other synchrotron facilities including
NSLS, BESSY II, HASYLAB, and
SPring-8, reflecting the regard of the world-
wide synchrotron radiation community for the
work performed by XFD staff.
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1.10 Long-Term Sirategic
Plan for XFD

Strategic planning has been performed by
XFD to develop new initiatives to meet future
APS goals (described in Chapter 6).
Considerable R&D is required in order to
prepare the initiatives. Support for such R&D
activities is currently not provided through the
funding obtained from DOE. Hence support is
derived mainly from the Laboratory Directed
Research and Development (LDRD) funds
distributed by the Argonne National
Laboratory Director through a laboratory-wide
competitive process. The XFD LDRD
programs funded for the period 1996-1998
include:

1. CVD Diamond Imaging Detector (97-98)
2. Deep Etch Lithography (96-98)

3. Intensity Fluctuation Spectroscopy (96-
98)
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4. Heterodyne Correlation Spectroscopy (96-
98)

5. Fabry-Perot  Cavity for  Sub-meV

Resolution (97-99)

6. Anomalous Inelastic Scattering with meV
Resolution (97-99)

7. Computational Analysis to Specify the
Requirements of an Undulator to
Demonstrate the SASE Concept and
Prototype Testing (97-99)

XFD also constantly seeks other sources of
funds to support R&D ideas that can either
lead to new capabilities for the users or
support possible new initiatives. Some of
these are discussed in this Progress Report.









2.1 Introduction

2.1.1 Advanced Photon Source
Facility Description

The APS was designed and constructed to
be a major national user facility providing
high-brilliance x-ray beams for users from
academic institutions, national laboratories,
governmental bodies, and industry. The APS
uses recently developed insertion-device
technology and low-emittance particle beam to
produce high-brilliance beams of x-rays.

Figure 2.1 shows a plan view of the APS.
The main feature of the APS facility is the
experiment hall building, an annular structure
with an exterior radius of 191.4 meters,
an inner radius of 164.6 meters, and a height
of 9.8 meters. The building houses the
experiment hall, where x-ray beamlines and
experimental equipment are located, and a
storage ring contained within a concrete
shielding enclosure. Around the periphery of
the experiment hall building are laboratory and
office modules (LOMs), which provide office
and laboratory space for CAT members and
independent investigators performing experi-
ments at the APS. A central laboratory and
office building (CLO) is located at the
northern periphery of the experiment hall
building. The CLO houses the facility staff,
who are responsible for operating and
maintaining the facility and supporting the
experimental program. Adjoining the CLO is
the multifunction wing, providing facilities for
meetings and conferences. Separating the
CLO from the experiment hall building is the
control center, which provides a central
location for controlling the operation of the
facility. To the southeast of the CLO is the
utility building, which provides the electrical
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power, deionized water, and other utilities for
the APS facility.

The storage ring is contained within a concrete
shielding enclosure located at the inner radius
of the experiment hall building. The storage
ring consists of magnets, vacuum systems,
and other equipment necessary to maintain the
circular orbit and energy level of a beam of
positrons that is circulating within the storage
ring. As the positrons are bent around the
circular orbit, they release energy in the form
of x-rays. The x-ray production can be greatly
enhanced by the inclusion of magnetic
insertion devices (IDs) in the storage ring.
Two types of IDs are currently used:
wigglers, which produce very intense x-ray
radiation over a wide range of energies,
and undulators, which yield pseudo-
monochromatic x-ray radiation tunable over a
wide energy range at high brilliance. The
x-rays are transmitted from the storage ring
through beamline front ends (FEs), which
provide a means for confining, defining,
and/or stopping each x-ray beam before it
exits the storage-ring tunnel to the beamline.
The beamlines are located in the experiment
hall, between the outside of the concrete
shielding enclosure and the outer wall of the
experiment hall building. The beamlines
include shielded enclosures, beam transports
containing vacuum systems, optical elements
and experimental instrumentation, and x-ray
detectors.

2.1.2 APS Operations

The Associate Laboratory Director for the

APS is ultimately responsible for the
successful operation of the APS. The day-to-
day responsibilities for operations are

entrusted to two major divisions of the APS,
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Fig. 2.1 Plan view of the Advanced Photon Source

ASD and XFD. The Accelerator Systems
Division has constructed and commissioned
the APS accelerators and has responsibility
to maintain, operate, and improve the
accelerators so as to achieve the highest
possible availability and reliability of beam
for the user community. The Experimental
Facilities Division has constructed and
commissioned all IDs, beamline FEs, and all
beamline safety systems, and has the respon-
sibility to maintain, operate, and improve the
performance of these systems to fully support
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the users’ goals. The principal staff from the
Associate Laboratory Director’s office, as well
as from ASD and XFD, form the Operations
Directorate, which meets every week to
make all major operations decisions and to
determine the operational schedules.

2.1.3 XFD Operations Organization

The XFD Operations Organization is respon-
sible for assuring that the APS effectively



meets the operational needs of the user
community and for assuring that XFD and
user activities conform to the applicable
requirements of the Accelerator Safety
Order, DOE 5480.25.1 The XFD Operations
Organization has participated with ASD in
generating a Final Safety Assessment
Document (SAD),? as required by the DOE
order, which provides an evaluation of the
level of risk, level of consequence, and the
probability of occurrence for the various
hazards found at the facility. The SAD also
defines the operating safety envelope for the
facility. All of the operational activities
conform to the requirements as stated in the
APS Conduct of Operations Manual3 In
support of APS user activities, the XFD
Operations Organization also gathers specific
facility operating requirements, integrates the
requests, determines the operating modes that
are needed to meet the requirements, and
works with the ASD to satisfy the require-
ments. The Operations Organization is under
the direction of an Associate Division Director
for Operations and includes two major groups:
the Beamline Operations Group and the
Interlock Systems and Instrumentation Group,
as well as support staff to aid the group
activities. The XFD Operations organization is
shown in Fig. 1.3 (in Chapter 1).

The Beamline Operations Group is charged

with the responsibility for installing,
operating, and maintaining the IDs, ID
1 Safety of Accelerator Facilities, DOE Order

5480.25, U.S. Department of Energy, Washington,
DC, 1992.

2 Advanced Photon Source Final Safety Assessment
Document, APS-3.1.2.1.0, Argonne National
Laboratory, Argonne, IL, June 1996,

3 Advanced Photon Source Conduct of Operations
Manual, APS-3.1.1.1.0 (Revision 00, Argonne
National Laboratory, Argonne, IL, June 1993.
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vacuum chambers, the beamline FE compo-
nents, and ancillary systems. The group mem-
bers have the vacuum, mechanical, survey and
alignment, and utility distribution expertise
that is needed to keep these components
operating reliably with minimal impact on the
availability of beam time to the users.

The Interlock Systems and Instrumentation
Group is charged with the responsibility for
generating and/or supporting the design,
installation, testing, and maintenance of the
Personnel Safety System (PSS), Equipment
Protection System (EPS), and FE instru-
mentation. This includes any and all documen-
tation, testing, and fieldwork required for
supplying the XFD with high-reliability
systems. Each system consists of numerous
subsystems that are highly reliable and fail-
safe. The PSS is a redundant interlocked
system that monitors personnel access into
beamline enclosures. The EPS is an
interlocked system that reduces the risk of
damage to FE beam transport equipment. The
group 1S organized into three functional
blocks. The Interlock System Design Section
provides interlock systems requirements,
scheduling, budget/cost development and
control, drafting, and project management
support. These systems are designed to
applicable codes, orders, and standards for
such systems. Software is developed in the
Software Development Section under the
Software Development Plan and conforms to
the Laboratory’s Software Quality Assurance
Plan. The hardware function in the Hardware
Design Section relates to the design, systems
requirements, scheduling, budget/cost, draft-
ing, and project management support of FE
mstrumentation.

The support staff consists of engineering
support personnel for quality assurance and
reliability analysis, as well as a radiation
scientist to provide guidance and support to
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the facility and users, especially with regard to
user shielding needs.

2.2 Beamline Technical
Description

2.2.1 Introduction

Generally, an experimental beamline consists
of four functional sections. The first section is
the source of the x-rays, where x-rays are
produced from the circulating positron beam
inside the storage ring. The APS provides the
x-ray radiation from two types of sources: one
is IDs, and the other is bending magnets
(BMs), which are dipole magnets of the
storage ring. The IDs, located in the storage-
ring straight sections, can be further tailored to
provide radiation with specific characteristics
required by each beamline user. The radiation
from the BM source, whose primary function
is to maintain the positron beam in a closed
orbit, 1s a white-radiation source with a critical
energy of 19.5 keV.

The second section, immediately outside the
technical components of the storage ring but
still inside the concrete storage-ring shielding
tunnel, is the beamline FE section. This
section contains safety shutters, photon beam
stops, and other components to coarsely
define the emerging x-ray beam and, if
required, to stop the x-ray beam and provide
adequate radiation protection to areas outside
the concrete shielding tunnel. Each x-ray
source requires an FE, although there are
minor differences between the FEs used with
an ID and those used with a BM source.

The third and fourth sections of the beamline
are located on the experiment hall floor,
outside the storage-ring tunnel. The third
section contains hard x-ray optical elements,
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such as crystal monochromators, filters,
and/or mirrors, which are designed to handle
the power loads and tailor the characteristics
of the photon beam to satisfy the user
requiremnents. Generally, these are contained
in the first optics enclosure (FOE). The fourth
section consists of the experiment stations,
which contain experimental instruments; the
sample under investigation; any additional
optics needed to analyze and characterize the
scattering, absorption, or imaging process;
and the detectors. The beam transports, which
define and shield the beam path between the
various experiment stations, are included as
required. Some of the photon beams are split,
so that each beamline can have multiple branch
lines and numerous experiment stations.

An APS sector includes a beamline based on
an ID and an adjacent BM-based beamline.
The APS provides the x-ray sources and FEs
(sections one and two) for each sector.
Sections three and four are the responsibility
of each CAT, which designs, builds, and
operates the beamlines in its sector(s) with
funds independently obtained from various
funding sources. Each beamline constructed
by the CATs will be unique and will support
the scientific program planned by the CAT.
Similar components may be used in more than
one beamline, but these components will
frequently have different mechanical, opera-
tional, or scientific characteristics appropriate
for the research being conducted on that
particular beamline.

The x-ray beam produced by an ID or a
storage-ring BM and transported through the
beamline FE requires some modification
before it can be used as an experimental tool.
The beam is tailored by optical elements,
located at various positions in the beamline to
support the CAT’s scientific goals. Because
an interaction of the full-energy x-ray beam
with any material, even air, will result in



scattered radiation, the optical elements, as
well as all experimental instruments, are
generally located within shielded enclosures to
prevent access by personnel when the x-ray
beam is on. These are referred to as
experiment stations. To ensure that radiation
levels on the experiment hall floor meet
required safety standards, the vacuum beam
pipe, through which the x-ray beam is
transported, is shielded.

2.2.2 Operational Aspects of IDs

The characteristics of various IDs installed on
the APS storage ring are discussed in detail in
Chapter 4 (section 4.1). When the construc-
tion phase of the project has been completed,
20 IDs will have been installed for providing
x-ray beams to the users. Of these, 18 are
undulators (most with a magnetic period of
3.3 cm), one is a wiggler with a critical energy
of 33 keV, and one is an elliptical multipole
wiggler (EMW) to provide circularly polarized
radiation in the plane of the positron orbit.

A typical ID is C-shaped, open on the side
near the ID vacuum chamber, and closed on
the side near the storage-ring aisle. An end
view of a typical ID is shown in Fig. 2.2. The
ID base is separate from the supports of the
vacuum chamber, allowing an ID to be
removed or installed without affecting the
vacuum chamber and the ultrahigh-vacuum
(UHV) atmosphere within it. The vacuum
chamber can thus be baked out, the vacuum
level certified, and the chamber precisely
aligned to the beam center line prior to ID
installation and alignment.

The ID is supported from its internal frame on
three points by screw jacks. These are used to
level the ID and to uniformly center the gap
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Fig. 2.2 Endview of a typical ID

above and below the vacuum chamber. The
screw jacks are in turn mounted to dovetail
slides, which are used to adjust the horizontal
position of the ID relative to the vacuum
chamber.

The permanent magnets used in IDs are
extremely strong. The support system of each
APS ID maintains very precise alignment
(better than 10 microns over the length of the
undulators) between the upper and lower
magnet arrays (each of which is about 2.5 m
long) and the ID vacuum chamber. The drive
system must overcome the attractive force
between the upper and lower magnet arrays; in
some wigglers this force may approach
15,000 Ibs. The drive system must also
position the magnet arrays such that the gap
between them can be repetitively controlled
with an error of less than 10 microns. The
magnet arrays are routinely closed to gaps of
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1T mm with a chamber slightly thicker than
10 mm between them. The need to position
the magnet arrays as close to the beam as
possible and to avoid breaching the vacuum
chamber necessitates mechanically fail-safe
drive systems. The IDs utilize two inde-
pendent drive systems, one on the upstream
end and one on the downstream end of the
device. This allows the gap between the
magnet arrays to be tapered. Several levels of
safety are also provided by the control system
to provide broader energy bandwidths for
various undulator harmonics required for
specific experiments.

The magnet arrays of the ID sandwich a
specially designed storage-ring  vacuum
chamber (Fig. 2.3). The outside height of
the portion of the vacuum chamber located
within the magnet arrays is as small as
possible to allow the separation between the
magnet arrays to be minimized for the largest
possible magnet field. The wall thickness of
the vacuum chamber has also been mini-
mized. Details are provided in Chapter 4
(section 4.1).

2.2.3 The Beamline FE Operation

The APS beamline FEs are designed to be
standard, with one type (Fig. 2.4) for all
planned IDs (undulators or wigglers) and
another type for all BMs. Depending on the
user needs, the ID FEs can be of windowless
configuration (with the use of differential
vacuum pumps) or of conventional config-
uration with windows. Normal incidence heat
fluxes in the ID FEs at the photon shutter

locations are very high, on the order of

Fig. 2.3 Undulator vacuum chamber cross
section
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450 W/mm? or higher. Designing for these
fluxes and total heat loads of 1015 kW posed
significant engineering and material chal-
lenges. The details of the FE have
been published.

Aacsoy

acsigns

FE Component Descriptions

In the following, we provide a brief descrip-
tion of the FE components.

Storage Ring Exit Valve: This is a UHV all-
metal gate valve that isolates the FE vacuum
from the storage-ring vacuum. This valve
must be open whenever beam is stored in the
storage ring.

X-ray Beam Position Monitor: At the APS,
each beamline FE has two sets of x-ray beam
position monitors (XBPMs) to monitor the
x-ray beam position and angle. The XBPMs
measure photoelectrons generated by the
sensory blades and deduce the beam position
by comparison of the relative signals from the
blades. Compared to the particle beam posi-
tion monitors in the storage ring, the FE
XBPMs have much higher positional sensi-
tivity to the x-ray beam and are more sensitive
to angular motion because they are located far
away from the source.

For the BM, the vertical position of the beam
is critical. The horizontal beam position is not
measured, owing to a typical FE acceptance of
6 milliradian of horizontal span of beam. The
BM XBPMs consist of two molybdenum
blades. The separation of the blades is
precisely measured prior to installation. In the
case of an undulator beamline, the beam size
is small in both the x and y directions, and
hence both the horizontal and vertical
positions can be measured. Because of the

7

2 USER OPERATIONS

high power from the undulator or wiggler
source, chemical vapor deposition (CVD)
diamond blades coated with gold are used as
blades in the XBPMs (four blades each for
undulator FEs and six blades each for wiggler
FEs). All the blades in the XBPM are
mounted on an oxygen-free high-conductivity
(OFHC) copper block wusing ceramic
insulators and are located in UHV. The copper
block is water cooled. There are always two
sets of XBPMs in each FE to measure both
the position and the angle of the beam.

During normal operation of the APS, typical
XBPM signals are of the order of microamps.
The current signals from the XBPM are
brought to a 4/8 channel current amplifier
located on top of the storage-ring tunnel. The
voltage signals (0-10 V) are in turn fed to
display units. The signal is also delivered to
the APS control systems via the RS485
interface protocol.

The FE XBPMs are constantly being
improved as more operational experience is
gained. Some of these details are provided in
Chapter 4 (section 4.2).

Fixed-Mask Assembly: This is the first FE
component to interact with the beam. The
fixed mask may be exposed to the full beam or
part of the beam, and therefore cooling and
material options must be carefully considered
in its design. Each ID FE has two identical
fixed-mask assemblies. Water channels are
machined into the aperture walls and filled
with a porous copper matrix for higher heat
transfer to provide cooling.

The design of the fixed masks for BM FEs is
similar to that for the ID FEs. Three fixed
masks of similar construction are used in each
BM FE.
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Photon Shutters: This component intercepts
the total photon beam to isolate downstream
components from the source. The closing time
for this device is 0.5 sec. Two of these
devices are installed in each FE. In the case of
the ID FE, both devices include a “hockey
stick” shaped copper absorber blade. The first
photon-shutter blade intercepts the beam at a
1.5° grazing angle, and the second photon
shutter blade intercepts the beam at a 2°
grazing angle. The position of these devices
(open or closed) is redundantly indicated by
separate switches for each position. The first
photon shutter is interlocked to close before
the safety shutter closes to prevent a direct
beam hit on the safety shutter. It is also
interlocked to open only after the safety
shutter is opened.

The BM photon shutters are smaller and
simpler than those in an ID FE. Preliminary
tests have indicated that these shutters are

capable of handling the BM radiation from

300 mA of stored beam.

Collimators: The collimators in the FEs
define a line of sight to the source and allow a
cone of beam to pass through. This device
consists of a rectangular vacuum chamber
with conflat flanges on each end surrounded
by lead blocks to absorb scattered x-rays and
bremsstrahlung.

Slow Valve: The slow valve (SV) has the
usual function in a synchrotron FE and is an
all-metal UHV gate valve that seals to isolate
the storage-ring vacuum system from a
vacuum breach in the downstream FE or
user’s beamline. The closing time is
approximately 2 sec. The slow valve is
protected by first closing a photon shutter if a
slow leak is sensed or by dumping the stored
beam in the case of a serious vacuum breach.
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Fast Valve: The fast valve (FV) is positioned
immediately downstream of the slow valve.
This valve closes in approximately 5 msec but
does not provide a UHV seal. It provides a
low-conductance path that stops a shock wave
in the event of a serious vacuum breach
downstream. Triggering this device will also
trigger the slow valve to isolate the upstream
FE and storage-ring vacuum system from the
vacuum breach.

Vacuum Delay Line: Because the BM
beamline diameter is large, to provide some
vacuum delay capability within the BM FEs,
eight baffles with apertures are installed inside
a 2-meter section of the transport pipe
downstream of the fast valve. Such a delay
line is not required in the ID FE because of the
inherent constrictions in the path.

Safety Shutters: Each FE contains two safety
shutters that operate simultaneously; they are
used to absorb bremsstrahlung radiation from
the scattered particle beam. The absorbing
material is UHV-grade tungsten. In the open
position, the safety shutters serve a second
function as a collimator.

The BM safety shutter is of the same design as
the ID safety shutter but with a larger
collimator opening.

Front-End Exit Valve: The FE exit valve
(FEV) is located immediately downstream of
the collimator within the storage-ring shield
wall penetration. The FEV is used to isolate
the FE vacuum from that in the user beamline.

It is pneumatically operated and is controlled
by the FE EPS.

Filters: In wiggler beamlines, FE filters are
used to give thermal and structural protection
to the Be window.



Window: The window is a vacuum separator
located in the FOE just after the FEV; it
separates the beamline vacuum from the FE
vacuuim.

Wiggler beamlines are equipped with double
Be windows after the FEV in the FOE. During
early commissioning, undulator beamlines are
equipped with a special device in the corres-
ponding location. This device (referred to as a
commissioning window) consists of a
pyrolytic graphite foil followed by a water-
cooled limiting-aperture mask. The vacuum is
terminated by two Be windows.

Bending-magnet beamlines, like wiggler
beamlines, are equipped with double Be
windows after the FEV in the FOE.

Differential Vacuum Pump: When a user
needs unattenuated radiation, a window
cannot be used. In such cases, a differential
vacuum pump 1s installed. Using apertures,
pressure differentials of greater than two
orders of magnitude have been obtained. A
delay in excess of 100 msec is achieved when
the downstream pressure is allowed to rise
rapidly from 2.4 x 10-7 Torr to 1 X 10-4 Torr.

FE Vacuum: Because the FEs are directly
coupled to the storage-ring vacuum system,
the upstream FE vacuum requirements equal
those of the storage ring, i.e., a pressure of
I nTorr or less with beam on. Achieving
UHYV conditions requires that hydrocarbons
and contaminants be kept to a minimum.
Information on UHV pressure is monitored
through the use of nude UHV ion gauges, and
higher pressure information is obtained
through the use of convectron gauges. Mass
spectra are also monitored at the downstream
end of the FEs, where a residual gas analyzer
(RGA) is installed.
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The vacuum valve positions are monitored by
the EPS, which also monitors the vacuum
levels upstream and downstream of each
valve. The valves are commanded to close
upon detection of a vacuum leak but only if
they are protected from direct photon radiation
by a photon shutter or an EPS-commanded
stored-beam abort. Vacuum breach tests
performed on FEs (discussed in Chapter 4,
section 4.2) have shown that the FE compo-
nents perform to specifications.

FE Cooling System: Each FE includes two
fixed masks and two photon shutters. These
masks and shutters are capable of handling
large thermal loads. These components are
water cooled. The storage ring consists of two
different closed-loop water systems. One is
used for components made of aluminum, and
the other is for all copper-based components.
The water is deionized with a minimum
resistivity of 3 megohms. The inlet pressure
of the water system is mainfained at about
150 psi, while the return is kept at 40 psi. All
FE components use deionized water.

In the case of ID FEs, the masks and shutters
are made of Glidcop and the water channels
are fitted with copper mesh for efficient heat
transfer. Because of the mesh in these
channels, the pressure drop across each of the
components is significant and is measured
across each unit. The flow rate is measured
for all components.

The pressure drop across a component is
measured by using a transmitter. The trans-
mitter is located outside the storage ring to
minimize the damage due to high radiation
levels. The signals from the transmitter are
4-20 mA current loops. These signals are fed
to interface controllers, which are devices that
read the current signal and display the flow in
inches of water and the pressure in pounds per
square inch. These controllers have alarm set
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points and have level outputs, as well as
RS485 communication capability.

2.2.4 Equipment Protection System

introduction

The APS has overcome a number of design
challenges in engineering the FE and beamline
components so that they will not be damaged
by the thermal loads produced by high power-
density x-rays. Another major goal is to
ensure that the storage-ring vacuum is not
compromised under any vacuum-failure
scenario in the FE or beamline.

The FE Equipment Protection System
(FE-EPS) monitors and controls devices
located in the beamline FEs. Actions taken
depend largely on the severity of the fault,
ranging from merely setting an alarm, to
closing shutters and wvalves, to inhibiting
stored beam. One of the major considerations
driving system design was to limit beam
aborts and thus contribute to higher operating
efficiency of the facility.

Fail-safe principles are incorporated into the
design, and the system will lapse into a
predetermined safe condition (deenergized to
trip) following a failure, including loss of
power, air-pressure drop, drop in water flow,
shorted outputs, and open circuits.

System Overview

Programmable Logic Controllers (PLCs) are
used to handle all system monitoring, control,
troubleshooting, and reporting functions.
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PLCs allow for the design of a very advanced
interlock and control system that can handle a
large number of distributed I/O points. Each
FE is provided with an autonomous EPS that
monitors the following parameters: cooling
water flow and differential pressure, tempera-
ture, vacuum, pneumatic pressure, photon and
safety shutter positions, positions of vacuum
valves, and status of the systems to which the
FE-EPS interfaces. The main FE elements
monitored and controlled by the FE-EPS are
shown schematically in Fig. 2.5.

The Programmable Logic Controllers

A state-of-the-art platform technology Allen-
Bradley processor PLC-5/30 is used. The
PLC performs a complete run-time checksum
on the control algorithm and sets a fault bit if
an invalid checksum is detected. Should this
be the case, the system responds by closing
FE critical devices and aborting the particle
beam.

interfaces

In order to isolate different power systems, all
interfaces between the FE-EPS and other
systems and subsystems are implemented
through relay contacts. These interfaces are
listed in Table 2.1.

Analog Signals

Analog signals are not wired directly to PLC
input modules. Instead, microprocessor-based
process controllers are used. The controllers
accept 4-20 mA current-loop signals from
the differential pressure transducers used to
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Table 2.1 EPS Interfaces and Functions

System

Signal Functions

Personnel Safety

Monitor shutter-open positions
Control of photon shutters

Insertion Device

Monitor gap for “max open” status
Control emergency gap open

Storage Ring Personnel Safety

Monitor shutter-closed positions
Monitor global online/offline

Vacuum System

Monitor SV, FV, CC1, CC2 status
Control SV and FEV
Permit vacuum controller operation in local mode

Beamline Interlocks

Monitor interlock summation signal and request to close FEV
Send FE interlock status, shutter and FEV status

Storage Ring Machine Protection

Control permission to run storage ring RF

measure deionized water parameters and
mV-level signals from the thermocouples. Use
of the process controllers allows us to change
setpoints without altering PLC code and to
locally monitor input values from the
controller front panel. Each system variable
requires its own controller. Controllers are
equipped with an RS485 interface, which is
used for data collection.

Machine Protection System Interface

One of the challenges faced in the design was
the method of protecting the fast vacuum valve
from synchrotron radiation when the valve 1s
triggered to close. The valve closure time is
less than 7 msec. The PLC alone is not fast
enough. The solution is an electronic circuit
that interfaces to the vacuum-valve controller,
PLC, and storage-ring machine protection
system and is capable of aborting storage ring
beam in ~2 msec by interrupting a 1 MHz
unipolar pulse train.
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Vacuum System Controller Interface

A vacuum system controller is capable of
monitoring cold cathode gauges (CC) and
controlling UHV valves. It can successfully
operate as a stand-alone system in a laboratory
setting. However, for this application, its
capabilities are too limited. By integrating the
controller with the PLC, higher system
flexibility was achieved, making the controller
more intelligent and reducing cost.

Reporting

The status information of the FE-EPS is being
incorporated mnto the APS control system,
which is based on EPICS (Experimental
Physics and Industrial Control System).
This will allow monitoring of the interlock
system from the control room and various
other locations via operator interface (OPI)
consoles. The OPI screens can be called up
from authorized X terminals or UNIX work-
stations.



Reporting is through a one-way communi-
cation protocol, from PLC to APS control
system, which allows for displaying EPS
status without concern about corrupting the
PLC input data table. Graphical displays will
include an overall view of the ring and FEs, as
well as zoom-in screens for each interlock
system. Graphical displays of trending and
tabular data of actual values of the transducers
(flow, temperature, etc.) are also being
planned and developed.

Summary

Currently 36 FE-EPSs are instrumented and
operational, and additional systems are being
brought on line on a regular basis. The FE-
EPS on the BM beamline in Sector 1 has been
in operation for ten months. This period has
provided valuable operating experience. For
example, a number of time delays were fine-
tuned, and a 5 sec timer associated with the
water interlocks and beam abort was
programmed in. Prototypes of the systems
have been carefully tested and debugged off-
line. Trips observed were all for “legitimate”
reasons; most were caused by decreases in the
cooling water flow rate to values below the
predetermined range. The systems responded
the way they should, and there appear to have
been no unexplained trips.

2.2.5 The APS Personnel Safety
System

Introduction

The APS is designed to operate a maximum of
70 experimental beamlines concurrently. Each
beamline includes several shielded experiment
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stations. Personnel access into these stations
is controlled during beamline operation via the
APS/XFD PSS. The PSS is an engineered
safety system that interlocks personnel access
to these stations with x-ray beam-off
conditions via beam shutter operation and, if
required, storage-ring operation.

The PSS for each beamline is interfaced
directly with the Accelerator Systems Access
Control and Interlock System (ACIS) to allow
the disabling of storage-ring operation. Each
beamline has a dedicated PSS that is isolated
from all other beamlines to prevent a fault in
one beamline from affecting the PSS of other
beamlines.

Although there are a variety of beamline
designs that reflect the types of experiments
being done at the APS, basic PSS configura-
tion and control functions remain the same. If
required, specialized user control panels are
incorporated into the standard library of PSS
hardware.

The PSS is designed to comply with
accelerator safety standards in DOE orders and
other relevant good practices for accelerator
facilities. Among the requirements derived
from the above criteria, to which the PSS
conforms, some of the more important items
are as follows:

e The system is designed to be fail-safe,
so that common failure modes leave
the PSS in a safe, beam-off state.

e The designs incorporate redundant
protection, ensuring that no single
component or subsystem failure leaves
the PSS in an unsafe condition.
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e Provisions for testing are included, so
the proper component and system
function may be verified.

e Access and egress controls are
incorporated so that personnel are
not exposed to x-ray radiation. These
include emergency shut-off devices,

status signs, search and secure
procedures, and emergency exit
mechanisms.

e A strict configuration control system
protects documentation, circuits and
software against unauthorized and
inadvertent  modification.  Critical
devices are clearly labeled to note that
tampering is strictly forbidden.

PSS Description

The PSS provides system-wide (redundant)
access control by employing two independent
levels of interlock protection, referred to as
chain A and chain B. Reduction of common
cause failures is achieved by the use of these
redundant chains and diversity in the
implementation and functionality of the two
chains. The system is tested every six months
to ensure proper operation.

The PSS protective logic function is imple-
mented in the form of PLCs. A summary of
the PSS functionality is illustrated in
Fig. 2.6. Using different types of PLCs for
each independent chain provides hardware
diversity in the PSS. Diversity of PSS
software is achieved by using a different
language for each chain. Complexity in APS
beamline operating modes is translated to the
PSS logic. Thus, PLCs were chosen as the
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PSS hardware platform because they are
ideally suited to provide complex protective
logic.

The PSS incorporates the following equip-
ment in addition to the PLC hardware:

FE PSS hardware

* Interfaces to the ACIS (for storage-
ring shutdown), FE-EPS, beamline
EPS, and EPICS (for monitoring and
status)

e Interfaces to critical devices that shut
down or mitigate the radiation hazards



e Uninterruptible power supply to
protect against short-term AC power
loss

e Equipment racks, conduit, cable trays
and cables

Beamline PSS hardware
e User panels and status displays

¢ Door position sensors (mechanical and
magnetic)

¢ Door locking mechanism

e Search-and-secure boxes

°  Emergency beam stop

»  Visible and audible warning indicators

¢ Interfaces to critical devices that shut
down or mitigate the radiation hazards

e Equipment racks, conduit, cable trays
and cables

The PSS also provides for external watchdog
timer signals between the two PSS chains. If
this “heartbeat” signal skips a beat, the PSS
will cause a stored-beam abort.

Clearly, the user interface with the PSS
involves only beamline hardware. Beamline
PSS equipment (to which the user needs
access) falls into two categories: user control
panels and station hardware. PSS panels,
such as door access controls, shutter controls,
and mode controls, are in equipment cabinets
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located on the outside of the experiment
stations. These PSS cabinets are locked to
prevent uncontrolled access to wiring, but the
fronts are open to allow operation of the
control panels. These cabinets also contain
PLC V/O hardware for each PSS chain. The
PSS beamline control panels provide the
following user functions:

e alogical visual indication of the beam-
line status

e  beamline shutter control

° the means to switch shutter control
among different stations on a beamline

¢ the means to change PSS beamline
operating modes

¢ the means to reset PSS faults

* the mechanisms to administratively
take stations off-line and bring them
back on-line.

The most used of the PSS control chassis is
the station control panel, a typical layout of
which is shown in Fig. 2.7. This panel is
used to open and close safety shutters and
provide visible feedback regarding the status
of the accelerator, other experiment stations,
and the shutters.

The status display consists of a chain of LED
indicators laid out in a logical fashion consis-
tent with the beamline layout. Lamps are green
if the related devices or systems permit the
beam to be propagated down the beamline and
are red if configured to stop the beam.
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The PSS station hardware provides for emer-
gency beam shutoff and emergency egress. A
station search and secure must be completed
before beam is transported into a station.
During this procedure, the user is forced to
depress PSS search buttons in a predeter-
mined sequence and close the station doors
within a given time period in order for the
PSS to consider the station as secure for
beam. Visual and audible indicators are given
during the search process. The locations and
numbers of search buttons, emergency beam
stop buttons, and door open/close buttons are
determined by internal XFD safety reviews.
At the completion of a successful search, the
safety shutters are activated if the other
interlock conditions are satisfied. Typical PSS
protective logic conditions that need to be
completed before opening the safety shutters
are shown below:

¢  Access doors closed

e Station search and secure completed
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Emergency interlocks complete
e Beamline mode selected
¢ Permits from EPS complete

e APS and user enable keys in a
permissive state

e APS storage-ring shutter permit

complete

2.2.6 Controls

At the APS, all controls are standardized with
EPICS. This system consists of equipment
interfaced to VME-based hardware. The VME
crate, normally called the IOC (input output
controller), talks to the computers via the
ethernet. With EPICS, access to the controls
is available from any computer located on the



same network. This scheme has a great degree
of flexibility.

Because of the flexibility provided by EPICS,
all data are available at any time to anyone
with access to the computer network. There is
a separate subnet with restricted access for all
the control systems. To provide an added
safeguard against unwarranted access to the
10Cs, they are all located on this subnet. With
the location of an EPICS gateway, data from
the control system are provided to other
subnets.

In a typical FE, EPICS can currently only read
and is not allowed to control. All control
actions for the FE have to be performed at
locations on top of the storage ring. All
vacuum pump and gauge controllers are
interfaced with EPICS. The mterface enables
the ion pump current and the vacuum to be
read continuously. All water flow and
pressure systems are also interfaced to EPICS
via the RS485 interface available in the
interface controllers. All data from EPICS are
constantly logged to provide for later analysis
of specific trends. The constant monitoring of
data provides advance warning so that
preemptive action can be taken to avoid
failures.

The XBPM raw voltage signals for the current
amplifier are interfaced to the control system
via an RS485 interface. The normalization of
the raw signals is performed in the IOC. All
signals, both raw and normalized, are
available via EPICS.

The ID control is also implemented with
EPICS. The ID motor controllers are
commanded by EPICS, and the encoders are
used to read the precise position of the device.
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Using the EPICS gateway, added security is
provided for ID control to the specific users of
a particular beamline.

The PSS and FE-EPS operator/user interface
(OUD) is provided for APS facility use. The
remote OUI for PSS and FE-EPS has the
capability to interface with EPICS. User
screens have been developed that graphically
represent the PSS status, and the remote OUI
does not control any PSS functionality.

2.3 Operations Performance
and Reliability

2.3.1 Installation Status

The APS storage-ring design incorporates a
magnetic lattice with 35 5-meter-long straight
sections available for installation of IDs. The
design also incorporates the necessary beam
ports for extracting radiation from 35 of the
40 BMs. With each sector containing an ID
beamline and a BM beamline, the APS can
accommodate a total of 35 sectors. The
funding for the APS Project included the
funds to construct 20 sectors worth of FEs
and IDs available for user research and an
additional sector for particle beam diagnostics
studies by the APS facility. Installation of IDs
and FEs in these sectors is continuing and will
be completed by July 1997. A summary of the
installation status is shown in Table 2.2. The
installation activities are well ahead of the user
beamline construction and have not impeded
the user beamline commissioning schedule.
The remaining 14 IDs and 28 FEs will be built
and installed as future funding becomes
available.
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Table 2.2 Installation and Commissioning Status Summary for User IDs and FEs as of

March 1997
Design
maximum | Planned | Installed | Commissioned Comments
IDs 34 20 17 16 includes 1 wiggler and 1 EMW
1D vacuum chambers 34 20 20 20
ID front ends 34 20 17 16
BM front ends 34 20 19 18

User beamline installation continues at a rapid
pace. Although the installation schedule is
primarily governed by user funding avail-
ability, APS personnel are responsible for
managing the installation contracts of the
experiment stations and beamline utilities. As
of March 1997, 39 experiment stations have
been completed on 22 beamlines. Of these
22 beamlines, all have had x-rays delivered to
at least the FOE. The dates for the start of
commissioning, for each of these beamlines,
are shown in Table 2.3. Another 36 stations
are nearing completion, and another 23 are at
some stage of construction. The current
beamline status is shown in Fig. 2.8. By the
end of calendar year 1997, all 98 currently
planned stations will be completed and all
40 beamlines are expected to be either under
commissioning or in operation. Some of the
beamlines will not be fully implemented with
their full capacity of experiment stations, and
as user funding becomes available, additional
stations will continue to be constructed on the
existing beamlines.

The PSS (as described in section 2.2.5) is the
responsibility of XFD personnel. This
includes the installation, initial system valida-
tion of proper operation, and subsequent
revalidations each time an additional station is
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Table 2.3 Dates of First Commissioning

of APS Beamlines
Beamline Date of First Beam
1-BM 3/26/95
1-ID 8/9/95
2-BM 6/24/96
2-ID 3/26/96
3-ID 1/24/96
5-BM 3/27/96
5-1D 5/22/96
7-ID 8/16/96
8-ID 8/17/96
10-ID 8/8/96
11-ID 1/14/97
12-BM 3/26/96
12-ID 5/20/96
13-BM 9/17/96
13-ID 9/27/96
17-BM 10/14/96
17-1ID 7/5/96
19-BM 6/25/96
19-ID 3/26/96
20-ID 12/18/96
33-1D 7/3/96
35-1D 3/6/97
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added to the beamline, each time the control
software is modified, or at six-month intervals
as required by DOE Order 5480.25. The
number of user stations that have been
instrumented with the PSS is shown in
Fig. 2.9. The figure also shows the number
of revalidations performed and summarizes
the planned future activities.

2.3.2 Operatioris Experience

The storage-ring commissioning was begun
by ASD on the morning of February 20,
1995, at 5:53 a.m., when a 7 GeV particle
beam from the synchrotron was first injected
into the APS storage ring. A period of
installation and storage-ring commissioning
followed. The commissioning consisted of
checking out the operation of various systems,
adjusting the injected beam orbit, and
conducting beam-loss studies. The commis-
sioning activities were limited to night and
early morning hours to avoid interfering with

construction activites. During this early
period of commissioning, adequate radio
frequency (rf) voltage was unavailable for
storing the beam at 7 GeV. Therefore, the
initial stored beam attempts were conducted at
an energy of 45 GeV. On March 25 at
1:55 a.m., the first stored beam of electrons
with a measurable lifetime inside the storage
ring was achieved.

At 7:13 a.m. on Sunday, March 26, 1995, the
first x-rays from a BM source were delivered
down the Sector 1 BM beamline (1-BM) and
into station 1-BM-A (FOE). This major
milestone took place not only during the
centennial of Roentgen’s discovery of x-rays
but also within a day of the 150th anniversary
of his birth. During the subsequent operating
periods, the methodology for measurement of
the station shielding integrity was developed.
The process is described in more detail later.
(See “Shielding Validation of the Experiment
Stations” in section 2.4.5.)
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During July and early August of 1995, the
first ID vacuum chamber and an undulator A
were installed in Sector 1 of the APS storage
ring. The vacuum chamber was an initial-
phase chamber with a vertical aperture of
12 mm and a minimum possible undulator
gap of 14.5 mm. The continued installation of
the rf system had also provided adequate
voltage for storing the beam at the full energy
of 7 GeV. The successful operation of the
storage ring in this configuration delivered the
first undulator beam to the experiment hall
floor of the APS. On August 9, 1995, the
photon shutters in the first ID beamline FE
were opened, and the first undulator beam
was delivered to the FOE on the experiment
hall floor. X-rays from undulator A were
observed on a fluorescent screen.

After measurement of the shielding integrity of
the station, the first experiments looked at the
effect of the undulator on a stored 1 mA
particle beam. Measurements of the closed-
orbit distortion showed that the performance
of the undulator exceeded specifications. The
results were gratifying because they showed
that the undulator fabrication and magnetic
tuning had fully met the magnetic field
tolerances.
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Using electrons, 100 mA of current was
stored for the first time on January 26, 1996.
On July 31, 1996, 100 mA of current was
stored using positrons.

Since that timme, a total of 22 beamlines have
had the first x-rays delivered to at least the
FOE. All beamline work is still at an early
stage, consisting primarily of commissioning
beamline components, such as mono-
chromators, mirrors, detectors, etc. A few of
the stations have conducted scientific research
to demonstrate the potential of the APS.

The operating schedule has been optimized to
provide adequate and effective time for
continuing installation activities, as well as
providing time for accelerator studies and
user beamline commissioning activities. The
storage ring has operated at a 50% duty cycle,
with a nominal 3-week-on and 3-week-off
cycle. Approximately 30% of the operating
time is provided for accelerator studies, with
the remainder used for beamline commis-
sioning. Detailed recordkeeping of operating
data was started in June 1996. Table 2.4
provides information about the user operating
periods (runs) since that time.

Table 2.4 User run statistics

Run designation 96-4 96-5 96-6 96-7 97-1 97-2

Run start date/ | 6/22/96 - | 8/5/96- | 9/17/96 - | 12/10/96 - | 1/7/97 - | 2/25/97 -

end date 717/96 8/19/96 | 10/20/96 | 12/23/96 1/25/97 | 3/9/97

Number of 300.0 324.0 596.0 268.0 376.0 296.0 T =2160.0
scheduled hours

Number of 239.8 201.9 | 456.0 183.0 2648 | 206.0 ¥ = 15515
available hours

Availability 79.9% 623% | 76.5% 68.3% 70.4% | 69.6% % =71.8%
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The normal operating mode for user operation
is to start with the storage ring filled to
100 mA. Under the present storage-ring
operating conditions, the average lifetime at
this current is 15-20 hours. The stored beam
is dumped when the stored current reaches
50 mA. Storage-ring availability has not yet
reached its goal of >90%, with storage-ring
faults (primarily from the rf system) often
causing beam dumps prior to reaching the
50 mA level. This is reflected in the data
shown in Fig. 2.10, which shows the average
number of beam {ills per day. The distribution
of fill duration for each of the runs is shown
in Fig. 2.11. Reliability issues relative to XFD
components are discussed in the next section.
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2.3.3 Reliability Studies and Analysis

Statistical data gathering for the APS
beamlines began during the third quarter of
CY 1996, when an effort was initiated to
monitor the reliability of the operational
systems down to the component level. This
effort is targeted at achieving the following
goals:

e Increase availability of beam time to
the user community

e Minimize failures and prevent their
recurrence

e Predict failures before occurrence

Failures or malfunctions of any equipment
required to directly support or operate the
beamlines, or which is related to personnel or
equipment safety, must be reported and
tracked to resolution. Failures are diagnosed
and followed up by the cognizant individuals
and tracked/analyzed by the quality assurance
reliability engineers.

The data required to achieve the above-
mentioned goals are gathered by two methods:

1. The controls for monitoring the system
performance of the FEs and IDs are
located on top of the storage ring with
an EPICS interface. All vacuum pump
and gauge controllers are interfaced
with EPICS. The interface enables the
ion pump current and the vacuum to be
read continuously. Water flow and
pressure systems are also interfaced to
EPICS.
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All  system/component performance
data from EPICS are constantly logged
and monitored. This facilitates data
gathering and analysis of specific
trends and provides the flexibility
for advance warning on failures.
Problems can then be dealt with in a
proactive manner.

2. The life history of each critical
component 1s maintained in the
equipment tracking system (ETS), a
database system designed to archive
key information on beamline critical
components. Component data can be
entered either electronically with a
scanner or manually with a computer
and keyboard. In the case of a
scanner, unique equipment numbers
are generated using ETS and printed
onto tags in the form of barcodes. The
barcodes are then placed on the
component and scanned into the
computer. If tag mutilation is possible
(due to component bakeout, etc.), the
barcode number is engraved on the
part directly, and the information is
entered manually.

Types of stored information for the compo-
nents include manufacturer name, component
location, drawing number, description, serial
number, purchase order number, delivery
date, warranty, calibration log, repair log,
nonconformance history, and maintenance
log. With this information, the ETS can keep a
complete history of each individual component
from incoming inspection to failure and/or
removal from service. In addition, users can
be notified of maintenance and calibration
requirements of components when applicable.
Hard-copy reports of all data are also available
to make analysis much easier and more useful.
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This database is currently being adapted for
use on the APS facility Web pages. The main
benefit of this exercise is to make the data
more accessible for facility personnel. On the
Web, a complete FE or ID component list will
be available on-screen simply by clicking on
the appropriate sector prompt. A click on a
specific component in the list will cause a
pop-up window to appear with more detailed
information on the component.

Another benefit of adapting ETS to the Web
will be the ability to connect the ETS
database fields with current XFD Operations
Organization Web sites. The XFD Operations
Organization is currently employing a failure
reporting system called “trouble reports” on
the Web. Trouble reports are generated when
any problem arises during normal operations.
Eventually, the information logged in the
trouble reports will be automatically down-
loaded into the repair log for the specific
components in the ETS. Analysis of this
repair data will then be possible and could lead
to failure correlations.

In the future, it will also be possible to have
the ETS determine maintenance schedules for
beam shutdown periods. This could be
performed by tying in the ETS maintenance
information to a scheduling program.

To date, 32 FEs and 17 IDs are in the
operational stage. Failure or malfunction data
have been collected on these systems by XFD
personnel  throughout the construction,
installation, and operation phases. The data
have been organized into two main groups:
(1) critical component rejections during
incoming inspection, and (2) failures after
component installation. Rejections during
incoming inspection are documented via ANL
Nonconformance reports and are also entered
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into the XFD ETS database. Component
anomalies after installation are logged in the
Web-based XFD Operations trouble reporting
system.

Although the operational phase of the APS
beamlines is still at an early stage and the
numbers of failures documented thus far show
no signs of any trends, the failures detected to
date are nonetheless being analyzed. For the
operational analysis, only components that
failed and were either removed from service or
repaired and reinstalled are included.

The graph in Fig. 2.12 shows both the
number of rejections at incoming inspection
and the failures during operations for each
quarter starting with the second quarter of
1996. Rejections at incoming inspection do
not appear after quarter II, 1996, because the
majority of critical components for the FEs
and IDs were already inspected at that time. A
manufacturing problem with the front-end
pressure transmitters led to rejection of 380

units accounting for 41% of the total
rejections.
Failures after installation fall into three

main categories: mechanical, electrical, and
vacuum. Electrical and mechanical failures are
the most prevalent, occurring in devices such
as PSS/EPS modules, encoders, controllers,
and pressure transmitters. To a lesser extent,
vacuum leaks have been recognized on FE
equipment as well.

Analysis of the statistical data gathered from
five beam running cycles indicates the
following:

I. With a total of 1860 hours of running
time, the XFD Operations systems
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contributed to 15.3 hours of downtime
representing less than 1% of the total
downtime. The XFD Operations
contribution to x-ray beam downtime
during the operational cycles from
quarter II, 1996, to quarter I, 1997, is
presented graphically in Fig. 2.13.

The x-ray beam availability for all
systems ranged from 62% (worst
case) to 80% (best case).

It is still too early to detect any trends
in the mean time to failure.
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2.4 User Operations
Interface and Support
2.4.1 Beamline Commissioning

Process

The XFD has instituted a review process
to ensure that the beamlines, which are
constructed, installed, commissioned, and
operated by the CATs, meet the APS facility
safety and operational requirements. The
process includes reviews through the design,
installation, and commissioning phases of the
beamlines. All the CATs go through a
rigorous set of reviews at various stages of the
development of their beamline designs, as
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Fig. 2.13 XFD contribution to beam downtime

described in Chapter 3. Before the CATs
begin installation of beamline components on
the APS experiment hall floor, they have their
installation plans approved by the APS as part
of the CAT Management Plan. The plan
identifies the activities to be carried out on the
APS experiment hall floor, personnel involved
in those activities, responsibilities of the
personnel, hazards associated with the activi-
ties, and required training for the personnel.
As the installation work proceeds, the CATS
begin planning for the commissioning.

The XFD has the responsibility for ensuring
that user commissioning activities comply
with requirements stated in the Accelerator
Safety Order, DOE 5480.25. The order
requires that prior to the start of operations, a
readiness review be conducted. The XFD
has prepared a document entitled Advanced
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Photon  Source Experimental Beamline
Commissioning Readiness Process, which
addresses the process that the APS staff and
the CAT personnel will use in commissioning
the beamlines. The commissioning readiness
review is one of the most critical phases in the
beamline review process. Its objective is 1o
ensure that the staged commissioning of the
beamline can be performed in a safe and
efficient manner. To this end, the process
involves the following steps: (a) defining the
various stages of beamline commissioning and
the commissioning parameters leading to an
operational configuration in each stage;
(b) checkout of beamline components in each
stage; (¢) checkout of the required PSS and
EPS in each stage; (d) defining the required
managerial conirol systems and procedures
and verifying readiness of personnel (both
APS and CAT); (e) verifying assignment of
responsibilities during the commissioning and



verifying that personnel have received
appropriate training for these responsibilities;
(f) identifying the potential hazards and
mitigation methods; and (g) addressing and
resolving any interface issues between the
CAT commissioning requirements and the
facility. To support the validity of the process,
the document provides a set of forms that have
to be completed and validated by APS and
CAT personnel.

The APS is willing to commission a beamline
even if only segments are installed and ready
for commissioning. On the other hand, if the
CAT has installed a complete beamline, it is
prudent that the commissioning be done in
segments. Commissioning a segment of the
beamline at a time spreads the commissioning
burden over a longer period.

A typical staged commissioning scenario for
an ID beamline is presented here as an
illustration:

Stage 1: Commission the FOE (X-ID-A,
where X = sector number). This involves
commissioning of the ID, the FE, the empty
enclosure (X-ID-A, normally the FOE) and
the safety interlocks (PSS) required for the
safe operation of this enclosure. Either a
white-beam stop that is passively safe or a
stop that is interlocked to the PSS to shut
down the FE is included in the enclosure,
depending on the commissioning envelope
and the heat loads to be handled. The CAT
may suggest the location of the beam dump to
reflect a realistic operational configuration of
the enclosure. The actual commissioning
activity for this stage is described in a
procedure; the primary focus here is on
validating the shielding and the functionality
of the safety interlocks. The XFD also
performs photon beam diagnostics during this
period, if necessary. The XFD has the prime
responsibility for this commissioning stage.
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Stage 2: Commission one or more of the
instruments (filters, slits, monochromators,
etc.) in the FOE (X-ID-A). The primary
responsibility for this commissioning stage is
with the CAT. When the instrument receives
the first beam, XFD supports the commis-
sioning and evaluates the radiation surveys
performed by health physics technicians.

Stage 3: Repeat Stage 2, if more instruments
are to be added to the FOE (X-1ID-A).

Stage 4: Commission the next enclosure, an
experiment station (X-ID-B), if it is ready to
receive radiation. This phase is similar to
Stage 1, and the primary responsibility is with
XFD.

Stage 5: Commission instruments in the
experiment station (X-ID-B). This is identical
to the activities described above during
Stages 2 and 3.

In general, additional stages of commissioning
will be similar to Stages 4 and 5. There could
be deviations from the sequence if the
beamline is more complex or if the CAT
desires to commission instruments in more
than one enclosure in a single commissioning
stage. It is also important to point out that in
stages involving the commissioning of an
enclosure (e.g., Stage 1 or 4 above), the
commissioning is performed primarily by the
XFD staff, while the instrument commis-
sioning phases (such as Stages 2, 3, and 5
above) are performed mainly by CAT
personnel under XFD oversight.

The initial planning of the commissioning
stages is done by the CATs and approved by
the APS as a part of the CAT beamline
commissioning readiness review. The readi-
ness review is conducted by a committee (the
Beamline Commissioning Readiness Review
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Team, BCRRT), organized by XFD and
including CAT representation. Prior to intro-
duction of any beam into the beamline, the
BCRRT conducts a visual inspection of the
beamline and reviews the APS-conducted test
of the PSS interlocks. The BCRRT also
develops the beamline operation limits, which
are based on the results of the shielding
verification and defines the conditions under
which the beamline may operate. These
include, but are not limited to, the inclusion of
hard stops on the ID gap, minimum supple-
mental shielding requirements, identification
of beamline zones that may not be modified
without BCRRT approval, etc. The beamline
operation limits provide to the Floor Coordi-
nator the necessary information to effectively
oversee beamline operation.

The APS Experimental Beamline Commis-
stoning Tutorial Workshop, held on May 16,
1995, described the entire process for
commissioning of CAT beamlines. More than
60 representatives from all of the CATs
attended the workshop, which was presented
by XFD staff.

2.4.2 User Conlrols

The x-ray beam is available for users during
periods called User Operations. During User
Operations, once the beam is stored in the
storage ring with the correct orbit, the
operators in the main control room enable the
permit to open shutters. At this point, any
CAT whose beamline is ready to operate can
ask the APS Floor Coordinator to enable the
beamline stations. Once the Floor Coordinator
has enabled a station, the user is granted
control for the FE and the appropriate beam-
line shutters. Currently the shutter opening
and closing is accomplished from any of the
PSS user panels located near each station. The
PSS allows shutter operation only when all
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conditions are satisfied. A system for remote
actuation of shutters is being implemented and
will allow users to open shutters from addi-
tional control locations. When the stored beam
is lost, the permit to open shutters is revoked
by the storage-ring operators.

In the case of ID beamlines, the users have
control of the ID gap during user operation.
The control of the ID is given to the specific
beamline once the beam has been stored and
shutter permit is enabled. Upon beam loss, the
ID control is taken over by storage-ring
operators and all gaps are opened for
injection. Currently the gaps are opened
during injection to minimize possible radiation
damage to the ID magnets. During mature
operation, when all the injection variables
have been stabilized, it is expected that
injection will take place with all gaps closed.
Once injection is complete, the gaps are
returned to their last value before beam loss
and control is turned over to users

2.4.3 Operations Information
Distribution

A major effort is underway to distribute
information to the users in a timely manner.
Owing to the unified nature of the EPICS
control system, thousands of items are
monitored at all times. To avoid confusion,
careful screening is performed and all relevant
information needed for the users’ operations is
appropriately disseminated.

One of the methods being used is the World
Wide Web. All relevant information about the
storage-ring status, vacuum, ID status, FE
status, and beamline status is available
constantly with updates at one- to two-minute
intervals. In addition, users can access data
for any operating period during the past



90 days in the form of a plot or raw data. A
listing of the primary Web pages maintained
by XFD is included in Appendix 3.

An EPICS gateway has been installed to
provide the users with real-time data at data
rates of ~1 Hz. This allows the users to access
the data in real time for direct input into their
data acquisition systems. A high-bandwidth
optical fiber system is being implemented that
will provide a direct communication link to the
users’ control systems at rates exceeding
100 Hz.

A cable TV system with 14-channel capability
is being implemented with TV screens located
along the perimeter corridor of the experiment
hall with expansion capability to the user
beamlines and LOM areas. The information to
be provided will include operation status,
schedule updates, and other information that is
pertinent to the user community. This will
include in situ measurement of beam image
and beam stability.

An on-line Web-based system has been
implemented to report and track problems
occurring with any XFD equipment. This
allows the facility to monitor equipment
performance, but also permits the user to do
correlation studies with possible discrepancies
in the collected data. During User Operation,
when a problem is observed it is immediately
recorded on the Web-based form. The person
who responded to the problem in turn
completes the Web-based trouble report on all
actions taken. The system manager then
reviews the trouble report and closes the
report. Upon review by the system manager,
feedback is given to the originator in the form
of an e-mail.

An on-line Web-based system for work
requests has also been implemented. No work
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can be performed by APS staff on any APS
controlled system or on any beamline without
a properly approved work request. A person
planning to work on any system fills out an
on-line work request form. If the work
includes any components that may have an
impact on user operation at a particular
beamline, the Floor Coordinators, as well as
CAT representatives, are notified of the
pending work in that sector. In addition, the
CATs at the neighboring beamlines are
notified about pending work around their area.
If a CAT has any problem with the proposed
work schedule, the system manager works
with the CAT and rearranges the schedule.
Once the work is completed, the system
manager closes the work request. It should be
pointed out that this system also interacts with
ASD personnel if the work requires ASD
attention.

All work request forms and trouble reports
can be reviewed by any of the users at any
time. There are Web-based search engines to
review these reports.

2.4.4 User Operations Support

The APS Floor Coordinators are members of
the User Technical Interface Group and
provide the day-to-day technical support for
the APS users. In addition to their support
role, the Floor Coordinators provide the
primary APS oversight of beamline opera-
tions. The Floor Coordinators’ offices are
distributed around the experiment hall, with
each Floor Coordinator assigned to the four
sectors that are associated with a specific
LOM. Floor Coordinators familiarize them-
selves with the operation of the beamlines
within their areas of responsibility and have
the authority to suspend operations if they feel
that unsafe conditions may exist. Whenever
the facility is operating or whenever beamlines
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are undergoing significant modification,
a Floor Coordinator will be “on duty”
representing the APS.

The principal responsibilities of the Floor
Coordinators are as follows:

e Act as an interface/coordinator/
expediter between the APS users and
the support services of ANL and the
APS to facilitate user installation and
operation activities. The Floor Coordi-
nators help guide the user through
obtaining the service and help to
ensure that the work meets the user’s
specifications and fulfills the require-
ments of the APS. As users’ needs for
support from ANL have continued to
grow, the Floor Coordinators have
worked with the support organizations
to tailor their services to meet these
needs.

e Work with the APS CATs on the
design, installation, and operation of
beamline facilities to enhance the
safety and the quality of the beamline
installation and operations and to
ensure that APS and ANL require-
ments are met. During the past year, a
major activity of the Floor Coordi-
nators has been to support installa-
tion of beamline utilities. The Floor
Coordinators have processed the
users’ service orders and worked with
the contractors and ANL to set up the
tools that allow users to monitor the
progress of their jobs. Another major
activity during the past year has been
the support provided to the beamline
shielding validation process.

¢ Provide oversight, in the experiment
hall on behalf of the APS, especially
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of safety aspects of the construction,
installation, and operations of APS
user facilities. Whenever x-ray beams
are being used in the experiment hall, a
Floor Coordinator is on duty to over-
see the beamline commissioning and
operational activities. Also, the Floor
Coordinators oversee the beamline
configuration controls and manage the
work permits for systems that are
under configuration control.

e Work with other APS staff members
on the development of user support
facilities, such as the user LOM
machine shops, the liquid-nitrogen
supply tanks, and user-related policies
and procedures.

During the past year, eight Floor Coordinators
have been hired, and their number will
continue to increase to support the growing
number of beamlines and users. The Floor
Coordinator team is being built with personnel
who are experienced in a variety of different
aspects of the construction and operations of
research facilities.

2.4.5 Radiation Shielding and
Measurements

Shielding Design Criteria

The APS is a DOE user facility and is subject
to all DOE requirements concerning radiation
safety. For DOE facilities, the primary
document on radiation safety is the U.S. DOE
Radiological Control Manual; Revision 1.4

4 U.S. DOE Radiological Control Manual; Rev. 1.
Primary Report Number: DOE/EH—0256T-Rev. 1.



It is a general document that specifies the
requirements for many aspects of radiation
safety including radiological standards,
conduct of work, radicactive materials,
training, and record keeping. It is required that
new DOE facilities be designed so that the
annual integrated dose equivalent received by
an individual is no more than 500 mrem.

With the assumption of a 2000-hour working
year, this becomes a dose equivalent rate of
0.25 mrem/hr. The value of 0.25 mrem/hr is
the criterion used throughout the APS experi-
ment hall to define the operational safety
envelope. The beamline shielding, inclusive of
the experiment stations, is designed to meet
this criterion. The U.S. DOE Radiological
Control Manual; Revision 1 also requires the
establishment of an ALARA (As Low As
Resonably Achievable) program to guide the
design and operation of every radiation-
producing facility. Implementation of the
ALARA concept is also taken into account in
beamline  design, commissioning, and
operation at the APS.

Shielding Validation of the Experiment
Stations

The Experimental Facilities Division, in
collaboration with Health Physics personnel
from ANL’s Environment, Safety and Health
(ESH) Division, performs the shielding
verification of all the experiment stations. The
CATs are allowed to proceed with beamline
commissioning activity only after the
successful completion of the shielding
verification. When a shielding deficiency is
detected, the CAT is informed immediately,
and activity on the beamline cannot proceed
until the deficiency is mitigated.
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The purpose of the shielding verification of
the APS experiment stations is twofold:

e To confirm that the amount of lead
used in the various panels is of
sufficient thickness.

o To wverify that the joints between
panels, wall/floor and door/floor, etc.,
are radiation tight and do not allow

significant radiation to leave the
enclosure.
The shielding verification is done for

bremsstrahlung, synchrotron radiation, and
neutrons. The methodology of the shielding
verification is to simulate a worst-case
scattering scenario inside the station and to
conduct a radiation survey outside the station.
In order to do this, worst-case scafterers were
designed for each type of radiation.

Bremsstrahlung

Bremsstrahlung produces an electromagnetic
shower when it encounters a target. The
photon converts to an electron-positron pair,
which radiates and, in turn, produces fresh
pairs; the number of particles increases
exponentially with depth in the medium. This
process continues until the particles are below
the bremsstrahlung production threshold, i.e.,
the critical energy of the medium. Then the
particles lose energy by ionization, and the
shower tapers off. The maximum shower
energy occurs at a shower depth of approxi-
mately In(Eo/E;) in radiation length of the
medium, where Eg is the initial energy of the
photons, and E is the critical energy of the
medium. Any medium of approximately this
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thickness simulates the worst-case scattering
scenario for bremsstrahlung from the point of
view of dose considerations downstream of
the scatterer. Table 2.5 shows the depth at
which the maximum shower energy occurs for
some elements of interest. A smaller thickness
of the medium will cause an incomplete
shower development, and a larger thickness
will attenuate the shower energy.

Because of coulomb scattering, the electro-
magnetic shower initiated by bremsstrahlung
also spreads out laterally. The radial depth of
the shower is determined by the radiation
length of the medium and the angular
deflection of the particle per radiation length at
the critical energy. For all materials, this
lateral spread of the shower is of the order of
one Moliere unit, which is approximately
equal to Ry = 21.1(Xo/E¢). Almost 90% of
the shower development takes place within a
radius of one Moliere unit. Therefore the ideal
“worst scatterer” should be of a thickness
corresponding to the shower maximum
~ (approximately 5 to 6 radiation lengths) and
with lateral dimensions of approximately one
Moliere unit. Table 2.5 gives the dimensions
of a worst-case scatterer for bremsstrahlung,

Table 2.5 Results of the “Worst Scatterer”
Calculations for Bremsstrahlung

Transverse

Scattering | Thickness (cm) Dimensions
Material Xo*In(E/Ec) 2Ry
Tungsten 2.5 cm 2.0 cm
Lead 3.8 cm 32 cm
Copper 8.3 cm 3.0 cm
Iron 10.0 cm 32 cm
Silicon 47.7 ¢cm 9.2 cm
Aluminum 44.7 cm 8.2 cm
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one that can be used for the shielding
verification.

The worst-case scatterer for bremsstrahlung is
also a worst-case source and scatterer of
secondary neutrons from bremsstrahlung.

Synchrotron Radiation

Scattering of synchrotron radiation from a
target material is determined by three major
factors:

e incoherent scattering ( Compton) cross
section

¢ photoabsorption cross section
e density of the material

The dimensions of the target for maximum
scattering of synchrotron radiation must be
optimized with all three factors taken into
account. For example, high-Z elements have a
larger incoherent scattering cross section and
also a larger photoabsorption cross section
in the energy range of interest to us
(10-500 keV). Therefore, a thick target of
high-7Z material will have not only good
scattering probability but also considerable
self-absorption. Table 2.6 gives the photo-
absorption cross section and the incoherent
scattering cross section at 100 keV for some
materials of interest and their ratio. This ratio
must be small for a good synchrotron-
radiation scattering material. Table 2.6 shows
that a target of low-Z material a few
millimeters thick (<10 mm), like aluminum, is
a good choice.



Table 2.6 Photon Cross Sections for the
Target Materials at 100 keV

Photon Cross Section
(cml)
(photo- Ratio
Material electric) | (incoherent) | (Gpe/Gincon)

Graphite 0.0014 0.232 0.006
Aluminum 0.049 0.375 0.130
Iron 1.560 1.023 1.525
Copper 2.540 1.129 2.247
Tungsten 74.700 1.854 40.300
Lead 58.300 1.135 51.360
Tungsten is used as the bremsstrahlung

scatterer; it is placed upstream of the station so
that the scattered shower subtends the maxi-
mum solid angle at the back wall of the
experiment station. The locations selected for
the synchrotron scatterers depend on the
configuration of the experiment station. The
beam is scattered simultaneously from two
scatterers, placed at approximately 1/3 and 2/3
of the length of the station. This placement
maximizes the radiation field inside the
station. The radiation survey is carried out by
appropriately calibrated survey equipment for
bremsstrahlung, synchrotron radiation, and
neutrons.

Measurement of Gas Bremsstrahlung
from the ID Beamlines

Bremsstrahlung is produced in the APS
storage ring when the particle beam interacts
with the storage-ring components or with the
residual gas molecules in the storage-ring
vacuum. The interaction of the particles with
the gas molecules occurs continually during
storage-ring operation. Gas bremsstrahlung is
important at the ID straight sections because
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the contributions from each interaction add up
to produce a narrow monodirectional beam
that travels down the beamlines. At the APS,
with long storage-ring-beam straight paths
(15.38 meters), gas bremsstrahlung in the ID
beamlines can be significant.

The bremsstrahlung spectrum and the total
energy radiated in a beamline are measured by
a hermetic lead glass calorimeter. These
measurements were carried out at the FOEs
of the ID beamlines. The undulator was kept
fully open to minimize the synchrotron
radiation  background. The calorimeter
consists of 25 lead glass blocks, each 6 cm X
6 cm X 35 cm in size. Twenty-five phototubes
connected to the lead glass blocks collected the
signal. The bremsstrahlung spectrum and the
total energy radiated were measured as a
function of beam current (20 - 100 mA) at
7.0 GeV particle energy for both electrons
and positrons. The measurements were
repeated at four runs at three different
beamlines (12-ID, 10-ID, 13-ID). During data
collection, six ion gauges continuously
monitored the vacuum in the entire straight
section.

The measured bremsstrahlung spectrum was
fitted to a function that shows an approximate
1/E behavior. The gas bremsstrahlung rate
from the APS undulator-beam straight path of
1538 m is measured as 60 * 2 GeV/
sec/mA/mTorr. This corresponds to a maxi-
mum dose equivalent rate of approximately
4.2 x 104 Sv/hr/nTorr/mA. The analysis also
shows that there is a significant brems-
strahlung contribution from sources other than
the residual gas molecules in the beam straight
path in the storage ring. The maximum
bremsstrahlung energy rate measured in a
beamline is 369 GeV/sec/nTorr/mA, which
corresponds to a dose equivalent rate of
2.18 x 10-3 Sv/hr/nTorr/mA.
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Measurement of Radiation Dose
Received by the IDs

The radiation doses received by the magnetic
structures of the insertion devices were found
to be a few Mrads for each run. Thermal
luminescent dosimeters (TLDs) are inadequate
to measure this high dose. A program was
initiated to use radiochromic films to measure
these doses. Radiochromic films are free-
standing films, 40-50 microns thick, of a
solid-state solution (nylon). These change
color when irradiated, and the dose rates are
estimated from the optical density. The range
of radiation dose these films can read varies
from 10 krad to 100 Mrad.

The radiochromic films were placed at various
locations on each of the IDs before each
storage-ring run. The films were read initially
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before being packed in aluminized mylar
envelopes to shield them from the UV
radiation. A computerized reader was installed
to automate the optical-density reading
process. After each storage-ring run, the films
were collected and read. It was a challenging
task to separate the synchrotron-radiation dose
from the high-energy gamma dose arising
from the particle beam loss at the transition
piece between the storage-ring vacuum
chamber and the ID vacuum chamber. For
this purpose, a multilayer lead stack was
designed with radiochromic films placed
between intermittent layers. This develops the
electromagnetic component of the dose by
showering, while the synchrotron-radiation
component is absorbed in the first few
millimeters of lead. The initial results are very
encouraging. These measurements have been
repeated for the last several runs. The results
are discussed in Chapter 4 (section 4.1).









3.1 User Administration

3.1.1 APS Users

Selection Process

Users of the APS work either as members of
Collaborative Access Teams (CATs) or as
Independent Investigators.

Collaborative Access Teams. The CATs are
selected by means of a comprehensive process
developed in 1989. A prospective CAT
submits a Letter of Intent (LOI), which is
reviewed by the APS Program Evaluation
Board (PEB), a six-member international
scientific advisory body appointed by the
Advanced Photon Source (see Table 3.1). If
the LOI is approved, the prospective CAT is
invited to submit a complete proposal. The
proposal must include a description of the
proposed scientific program, with emphasis
on the need for the unique capabilities of the
APS and the innovative nature of the research
itself. The key personnel must be identified,
and conceptual designs for both a bending-
magnet and an insertion-device beamline must
be presented. Additionally, the proposal must
contain a description of the funding strategy
and an outline of the management structure, as
well as any special requirements for utilities or
other facility or policy issues. The scientific
sections of the proposals are reviewed by
external appointed Scientific Review Panels,
which send their reviews to the PEB. The
PEB then invites the group to make a formal
presentation. When a proposal is approved,
the prospective CAT must submit a detailed
conceptual design report, and a compre-
hensive management plan for APS approval,
and it must document the intent of its funding
agencies or sponsoring institutions to provide
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sufficient funding to complete the beamlines
as originally proposed. When these require-
ments have been satisfied, the APS signs a
Memorandum of Understanding (MOU) with
the CAT and assigns a sector location on the
APS experiment hall floor.

Independent Investigators. CATs select
Independent Investigators by means of
proposal processes developed and managed
by the CATs. Each CAT is required to make a
minimum of 25% of its beam time available to
Independent Investigators, beginning one year
from the time a particular experiment station in
its sector is declared operational.

Current Status

Collaborative Access Teams. To date, the
APS has received 37 LOIs, of which 25 have
been approved by the PEB. Twenty-two
proposals have been received, 15 of which
were approved. Two additional proposals are
expected for review by the PEB in May 1997.
The 15 approved proposals account for
20 sectors and (owing to the recent merger of
two CATs) represent 14 CATs. Memoran-
dums of Understanding have been signed for
19 of these sectors; as soon as sufficient
funding is received for the remaining sector,
another MOU will be signed. Together, these
CATs comprise 828 principal investigators
and support staff from 168 home institutions.

Appendix 4 summarizes the APS reviews and
approvals completed to date for each of the
14 CATs in allocating 20 sectors.

Independent Investigators. At present, none
of the CATs have experiment stations that
have been operational for a year. Independent
Investigator access plans are now being
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Table 3.1 Past and Current APS PEB Members

Name

Jens Als-Nielsen

Howard Birnbaum
Current Chair

Roy Clarke
APSUO Representative

Stephen M. Durbin
APSUO Representative

Alan 1. Goldman
APSUO Representative

Wayne A. Hendrickson

Paul Horn
APSUO Representative

Michael L. Knotek
Past Chair

Denis B. McWhan

Roger Pynn

Jochen R. Schneider

D. Mark Sutton

Kgbenhavns Universitet

University of Hlinois,
Materials Research Laboratory

University of Michigan

Purdue University

Towa State University

Columbia University

IBM

Pacific Northwest Laboratory

Brookhaven National Laboratory

LANSCE,
Los Alamos National Laboratory

HASYLAB

McGill University

1989-1995

1989-present

1993-1994

1991-1993

1994-1995

1989-present

1989-1991

1989-1995

1995-present

1989-present

1995-present

1995-1997

APSUO Representative

developed by the majority of the CATs;
however, these plans have yet to be approved
by the APS.

3.1.2 User Administrative Functions

The APS User Office serves as the initial point
of contact for prospective and incoming APS
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users and handles the following administrative
and support functions: user communication,
user access and orientation, conference/
workshop planning and support, data manage-
ment, and support of user advisory groups.
Administrative functions handled by the XFD
Division Office include user policy develop-
ment, user agreement development, and user
account management.



Communication

Primary means of communication with users
include periodic mass mailings either to the
entire user community or to APS CAT
members; periodic e-mail messages to the user
community or selected subsets (such as APS
User Organization Steering Committee
members, APS Research  Directorate
members, APS users on site, etc.); a periodic
newsletter, CAT Communicator, which is
sent to all APS CAT members and other
selected individuals; and periodic World Wide
Web postings. Other forms of communication
include conference and workshop reports, the
APS User Guide and APS User Safety Guide,
and various technical memos and technical
bulletins. Additionally, an electronic news-
letter is now being developed, and a User
Activity report, describing user science at the
APS, will be produced for the first time in
1997.

To date, the APS has produced 17 issues of
CAT Communicator, 6 Conference Proceed-
ings, 15 Technical Memos or workshop
reports, and 26 Technical Bulletins. (See
Appendix 5 for a bibliography.)

User Access and Orientation

Argonne National Laboratory is a controlled
access facility; consequently, APS users must
have gate passes or APS user badges to enter
the Argonne campus. The APS experiment
hall itself is protected by a Cardkey™ access
system (which should be activated in 1997).
When a user registers with the APS and
completes the core training requirements
(described in the section on “User Safety and
Training”), he or she will be issued an APS
user badge (printed on Cardkey™ stock) that
enables him or her to enter both the Argonne
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campus and the APS experiment hall through
Cardkey™-controlled doors n the
laboratory/office modules. User badges can
also be used for access after normal business
hours and on weekends to the APS central
laboratory/office  building, where  the
stockroom and library are located.

Conferences and Workshops

Conferences and workshops are planned
regularly for the APS user community. User
meetings are held approximately every
18 months. The First Users Meeting for the
APS took place on November 13-14, 1986;
the Eighth Users Meeting for the APS was
held on April 15-17, 1997. Appendix 6 lists
the conferences and workshops held since
1990.

Data Management

Information about APS users is stored in a
relational data-management system developed
by the APS User Office. This database is
currently set up in a client-server configuration
and is used by a number of APS staff
members (including User Office and Division
Office staff, Floor Coordinators, and
procurement and accounting personnel) and
Argonne staff (Conference Services and
Human Resources) needing access to current
APS user information. The Directory module
is used throughout the APS as an electronic
“Rolodex” for user contact information and is
accessible on a “read-only” basis to anyone

with database client software. Additional
modules include CAT Information, User
Accounts, User Agreements, Training,

Registration, Beamline Design Reviews, and
Meeting Registrations. FEach module has
separate read/write access privileges and is
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appropriately password protected. Modules
under development include Program Evalua-
tion Board, APS Users Organization, and
Research Directorate modules, as well as an
Independent Investigator proposal module.
Plans are now being made to transfer the
Directory module to the APS World Wide
Web intranet for wider access.

Support of User Advisory Groups

Administrative support is provided to three
main user-related advisory groups, as well as
several other smaller groups.

The six-member Program Evaluation Board
(which was formerly called the Proposal
Evaluation Board) meets at least annually to
review new Letters of Intent and new
proposals and to conduct annual progress
reviews of existing CATs.

The 18-member APS Research Directorate
(RD) includes APS senior management and
the Director of each APS CAT. The quarterly
meetings of this Directorate are chaired by
Associate Laboratory Director David Moncton
and facilitated by a CAT Director (on a
rotating basis). The primary purpose of the
meetings is to serve as a forum for the
discussion of CAT scientific management
issues. Development of policy is an expected
outcome. APS staff support to the RD
includes the APS User Program Admini-
strator, the APS User Technical Interface, and
the XFD Assistant Director for Policy and
Planning.

The APS User Organization Steering
Committee meets quarterly and serves as a
support, advisory, and advocacy group for the
APS. The Vice-Chair of the User Organization
serves as the Scientific Program Chair for
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User Meetings. The APS User Administrator
serves as the primary APS liaison for this

group.

User Policies and Procedures

The APS User Policies and Procedures is a
comprehensive umbrella document being
developed by XFD with input from other
ANL organizations, the CAT Directors, the
APSUO Steering Committee, and the APS
Program Evaluation Board. Its purpose is to
provide guidelines for all aspects of APS
participation by both CATs and Independent
Investigators and to clarify the roles of the
APS staff and the various user advisory
groups. The outline of the current version is
shown in Appendix 7. As sections of the
document are completed, they are distributed
to the CAT Directors and posted on the Web.

One of the provisions of the MOUs that are
signed by the APS and the CATs is a
statement that the APS and the CAT will
operate in accordance with the APS User
Policies and Procedures.

User Agreements

To comply with the terms of the Prime
Contract between DOE and The University of
Chicago, Argonne National Laboratory (ANL)
must sign formal User Agreements with the
home institutions of all APS users. These
agreements address a number of issues,
including the general types of work users may
do at the APS; payment for reimbursable
expenses; intellectual property rights; liability
and indemnification; ownership and disposi-
tion of property; requirements for approval of
third-party contracts; and ANL’s right to stop
a user’s work if safety rules are violated. In



consultation with ANL’s Legal Department,
DOE, and the user community, XFD has
developed the set of standard APS User
Agreements that are now in use. XFD also
manages the process of identifying the
appropriate type of agreement for each
institution and working with the institutional
contacts to obtain signatures. As of this
writing, APS User Agreements are in place
with 58 institutions, including 28 universities
and non-profit institutions, 17 industrial
firms, 9 U.S. Government-funded labs, and 4
international institutions; another 14 institu-
tions have received APS User Agreements for
signature.

User Accounts

At the APS, as at all DOE User Facilities,
users doing nonproprietary research (that is,
research intended to lead to publication in the
open literature) are not charged for machine
time. However, DOE requires payment for
machine time, on a full cost recovery basis, by
users doing proprietary research; and all users
must reimburse the facility for ancillary
equipment, supplies, and services. The APS
User Account system was developed and
implemented by XFD, in collaboration with
several other ANL organizations, to manage
the reimbursement process. A given user
institution may have any or all of the
following types of APS User Accounts:

Construction accounts are used for certain
categories of capital construction work
performed by ANL employees or ANL
subcontractors, such as utility installation
along the beamlines and the buildout of office
space inside the laboratory/office modules
(LOMs).
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Capital equipment accounts are used for
beamline components (including radiation
enclosures) purchased through or fabricated
by XFD on behalf of a CAT for installation
outside the shield wall.

Operating accounts are used for materials,
supplies, and services. Examples include
telephone service; items from the APS
stockroom; Personnel Safety System installa-
tion; effort charges for employees hired by
XFD and assigned to a CAT to perform
scientific or technical work for the CAT; and
space charges (i.e., building/utility/custodial
charges associated with occupancy of LOMs).

Proprietary accounts are used for proprietary
beam time.

As of this writing, 68 APS User Accounts are
in place, serving 31 user institutions. XFD
works directly with the users to establish these
accounts, monitors the accounts with respect
to dollar limits and expiration dates, and
provides input to ANL’s Accounting Depart-
ment for the preparation of detailed invoices
for all purchases.

We have been able to reduce APS users’
beamline development costs considerably by
including them under the umbrella of ANL’s
current “grandfathering” policy. By virtue of
this policy, construction and capital equipment
purchases by member institutions of existing
CATs are exempt from ANL indirect charges
until the end of FY 1997.

Advance payment is not required on any APS
User Account that is funded with DOE money;
also, as a result of intensive discussions
between XFD staff and DOE-Chicago
officials, advance payment is not required on
operating accounts.
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3.2 User Safety and Training

At the APS, safety is a line management
responsibility that is shared by the CATs. The
following are the basic elements of the
approach used by the APS and the CATs to
create and sustain a safe working environment
for APS users:

e The CATs incorporate appropriate
engineered safeguards into their APS
facilities.

e Each CAT conducts its activities at the
APS in accordance with a written
safety plan developed by the CAT and
approved by the APS.

e Users receive appropriate safety
training for their activities at the APS.

e The APS, ANL, and the CATs
themselves perform safety oversight of
user activities.

The first of these elements is discussed in
“Beamline Designs” (section 3.3.1). The
others are discussed below.

3.2.1 CAT Safety Plans

Each CAT is expected to develop, and
maintain as a “living document,” a safety plan
that reflects the current makeup of the CAT’s
safety program as the CAT organizes itself
and moves through the installation and
commissioning phases and into the operations
phase. The plans are intended to supplement
the ANL Environment, Safety and Health
(ESH) Manual, which is incorporated by
reference, and relevant safety manuals of the
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CAT member institutions. The preliminary
safety plan (which is part of the written
management plan that each prospective CAT
submits as one of the prerequisites for
obtaining a sector assignment) must describe
the CAT’s commitment to safety, the safety
responsibilities assigned to specific indi-
viduals, and the reporting relationships of
these named individuals within the CAT
organization. Before beginning hands-on
work at the APS, each CAT must expand this
write-up into a comprehensive plan that
describes the CAT’s safety policies, organi-
zation, and management practices; identifies
the specific hazards to which its users, and
other individuals in or near its facilities, may
be exposed; and describes how the CAT will
control these hazards. The CAT safety plans
must be approved by the Safety Plan Review
Group, which is composed of XFD staff,
before the CATs can begin the corresponding
activities. Once a CAT’s safety plan is
approved for a particular phase, a fundamental
safety responsibility of the CAT is to conduct
its on-site activities in accordance with that
plan.

The Experimental Facilities Division has
assisted the CATs in the development of their
safety plans by providing a model plan that
can be tailored to reflect each CAT’s activities
and organizational structure. Some of the
topics addressed in detail by the model plan
are the distribution of safety functions within
the CAT organization; chemical, electrical, and
ionizing radiation hazards; power tools;
personal protective equipment; construction
areas; hazardous waste; sealed radioactive
sources; hoisting and rigging; use of LOM
shops; and work-area inspections. This model
plan 1s a living document: the initial version,
issued in October 1993, was followed by an
updated version in August 1995 and supple-
ments in May and June 1996 as needs for
additional guidance were identified.



A key feature of each CAT’s safety plan is the
assignment of specific day-to-day safety
responsibilities to an on-site CAT member,
usually called the CAT Safety Coordinator.
Typically, this individual advises the CAT
Director on safety-related matters; works with
on-site CAT management to ensure that the
CAT’s activities are consistent with its safety
plan; conducts sector-specific and some task-
specific training (see “User Safety Training”
below); and serves as the CAT’s primary
contact with the APS on safety issues.

As of this writing, 14 CATs (covering 19
sectors) have APS-approved safety plans in
place (see Appendix 4). Several of these
CATs are currently expanding the scope of
their plans in anticipation of their formal entry
into the operations phase. In particular, they
are filling in the details of their procedures for
safety reviews of proposed experiments. For
all CATs, this process will incorporate the use
of a standard APS Experiment Safety
Approval Form, which was adapted from the
comparable form wused at the National
Synchrotron Light Source (NSLS). This form
is completed in part by the experimenter, who
describes the materials and equipment to be
used, the known hazards, and the ways in
which these hazards will be mitigated; and in
part by the CAT Director or designee, who
reviews the information, makes recommenda-
tions as needed, and ultimately signs off to
indicate approval. The form must be posted at
the beamline for the duration of the
experiment. A Web-based system for
completion and approval of the form is
currently under testing.

3.2.2 User Safety Training

The responsibility for APS user safety training
is shared by the APS and the CATs. This
training falls into three broad categories:
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“Core” training is required for all APS users
and is administered by the APS User Office.
As of March 10, 1997, 316 APS users have
completed the core training program, which
consists of the following elements:

APS User Orientation: This orientation,
developed and updated as needed by XFD
staff, is now being delivered to newly arrived
APS users in a computer-based training
(CBT) format; the topics covered include the
role of the CAT safety plan, site alarms,
emergency exits, use of 911, dosimeters,

configuration  control, management of
hazardous chemicals, experiment safety
review, and others. Additional safety

information is provided by the APS User
Guide and the pocket-sized APS User Safety
Guide, both prepared by XFD staff; these
booklets are part of the user registration
package and are also posted on the Web. The
CBT itself will be available via the Web in the
future. All incoming users sign a statement
confirming that they have read and understood
both the APS User Guide and the User
Orientation and will follow the guidelines
given there.

General Employee  Radiation Training
(GERT): The GERT training is a general APS
requirement consistent with DOE policy. APS
users who do not have a current GERT card
from another DOE facility must pass a
computer-based GERT exam. They may
prepare for the exam by taking a CBT course
at the APS or via the Web, or by reading a
hard-copy study guide, which is part of the
user registration package.

Generic Personnel Safety System (PSS)
fraining: APS wusers view a videotaped
introduction to the operation of the PSS.

Sector-specific training is also required for all
APS users; it 1s administered by the CATs as a
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face-to-face  orientation/demonstration. To
facilitate this training, XFD has provided a
model checklist of topics to be covered; each
CAT may modify the list as necessary. The
training focuses on communicating specific
information needed to implement the CAT’s
safety plan; examples include locations of
utility shutoffs, chemical storage locations and
practices, procedures for obtaining and
transporting liquid nitrogen, and beamline-
specific operation of the PSS. The CAT signs
off on the checklist and sends a copy to the
APS User Office to verify that each new user
who will be working under its auspices has
completed this training. As of March 10,
1997, the User Office has received signed-off
“sector orientation records” for 97 APS users.

Only APS users who have completed both
core and sector-specific training are given
Cardkey access to the APS.

Task-specific training is the third element of
APS user training. The CATs identify task-
specific training needs for their personnel and
users in accordance with their CAT safety
plans. Qualified CAT staff members may
perform some of this training themselves; two
examples are training users to operate the
hoists in the experiment stations and orienting
experienced machine tool users to the CAT’s
LOM machine shop. Many other task-specific
training needs are met, in whole or in part,
through courses offered by ANL’s ESH
Division; the XFD ES&H Coordinator’s
office handles user enrollments in these
courses. XFD supports the course selection
process both by one-on-one consultation with
users and by maintaining an XFD-developed
computer program that matches available
courses and certifications to planned activities.
XFD has also worked closely with the ESH
Division’s Training Section (ESH-TR) to
tailor courses and course requirements to APS
users’ needs.
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To date, 24 different ESH-TR courses have
counted APS users among their graduates.
Some examples follow, along with the
numbers of APS users who have completed
each course to date:

ESH-119, Pressure Safety Orientation
(18)

ESH-145, Cryogenic Safety (16)

ESH-195, Personal Protective Equipment
a7

ESH-574, Chemical Waste Generator (18)

3.2.3 User Safety Oversight

The responsibility for user safety oversight,
like the responsibility for safety training, is
shared by the APS and the CATs. The APS
Floor Coordinators perform informal day-to-
day safety oversight of user activities, XFD
also has the lead role in formal user safety
oversight, with two programs currently in
place:

Reviews of CAT safety plans: As mentioned
earlier, an XFD committee reviews the CAT
safety plans to ensure that they are adequate
for the upcoming phase of sector development
and operation. The outcome of a typical
review is an acceptance letter with detailed
recommendations for improving the plan as
the CAT implements the activities described
therein.

Inspections of CAT-occupied areas: Periodic
walkthroughs are conducted by the XFD
ES&H Coordinator, with invited participation
by safety specialists from the Fire Protection,
Industrial Hygiene, Health Physics, and



Safety Engineering Sections of the ANL ESH
Division. XFD then provides the CATs with
written recommendations for addressing any
concerns that are identified.

In addition, a procedure for XFD oversight of
the CAT-managed experiment safety review
process is currently under development.

To take advantage of the CATs’ experience in
managing their own safety programs at the
APS, XFD has initiated the formation of three
Safety Oversight Committees within which the
CATs will conduct reciprocal assessments of
each other’s safety programs. Each CAT has
been asked to name a representative to one of
these committees, also known as “mutual
safety assessment groups”; each CAT will
then be reviewed by the others in its group on
a rotating basis. Alternatively, a CAT may
organize its own Safety Oversight Committee
consisting of safety experts from its member
institutions or ANL; the selection of members
for such independent committees is subject to
APS approval.

The CAT Safety Oversight Committees may
adopt a set of model assessment criteria that
have been provided by XFD, or they may
develop their own criteria and obtain XFD
approval. Each CAT will be reviewed at least
annually by its fellow committee members and
will receive a written report (which will be
copied to XFD) identifying action items and a
schedule for completing these actions. The
committees will also be encouraged to make
recommendations to the APS for enhanced
safety support.

To date, 13 CATs (accounting for 16 sectors)
have signed on to participate in mutual safety
assessment groups; XFD is currently working
with one of the three groups to “pilot” the
assessment process.
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3.3 User Technical Support

3.3.1 Beamline Designs

Overview

The CATs are responsible for the design of
their beamlines and their associated
experimental facilities. The APS supports
these efforts through the development of
standardized designs of many beamline
components, working through a design
review process to ensure that the plans meet
applicable standards, and providing incidental
design engineering for conventional construc-
tion. Standard designs are available to the
synchrotron community through the APS
Design Exchange (DX), which is described
below. The formal review process extends
from the conceptual design through prelim-
inary and final beamline designs. The review
process 1s described in detail in the following
sections.

In the first step in a beamline design review,
as part of the proposal process, the CAT
develops a Conceptual Design for the planned
beamline. The Conceptual Design is reviewed
by an Instrumentation Feasibility Study Panel
of the Program Evaluation Board. An
approved Conceptual Design is one of the
prerequisites to assigning a specific APS
sector to a CAT for the construction and
operation of beamlines. Once the proposal has
been approved and a sector has been assigned
to a CAT, the CAT will proceed to develop
detailed beamline designs.

The APS/XFD has created a Beamline Review
Committee (BRC) to review the design and
operation of each beamline. It is composed of
APS scientists and engineers who are familiar
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with beamnline technical requirements and is
chaired by the group leader of the User
Technical Interface Group. Advisors from
other areas of ANL are added as issues are
identified for which adequate expertise does
not exist within the committee.

Beamlines are reviewed to ensure that their
designs (1) are consistent with the proposed
scientific program and (2) satisfy all APS,
ANL, and DOE requirements for safe
operation. The documents developed for the
review are kept on file in the APS User Office
for future reference. In addition, at each
review stage, drawings of the beamline and its
components are filed in the DX, through
which current electronic or paper copies of
beamline layouts can be accessed as needed.
The review process is intended to identify
issues that must be resolved before beamline
installation or commissioning begins.

The BRC reviews the beamline at several
stages: (1) Preliminary Design Review;
(2) Final Design Review; and (3) whenever
significant modifications are to be made that
may affect the safety aspects of the beamline,
such as shielding, additional beamline
sections, etc. Appendix 4 summarizes the
status of these reviews.

Preliminary Design Review

The preliminary design of the beamline
represents completion of approximately 30%
of the design effort for each of the beamline
components. This level of design permits the
CAT to develop cost estimates for the
construction of the beamline, as well as a
realistic timeline for completion of the
construction tasks. Following guidelines
provided by the APS, the CAT prepares a
Preliminary Beamline Design Report (PDR)
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for APS review. The PDR must include the
following elements:

Beamline layout

o Layout of the beamline within the
sector, showing components and
support equipment

¢ Life Safety Code compliant egress
aisles

e Some indication of the plans for
survey and alignment of the beamline
components

Component designs

e Appropriate specification of com-
ponents that are not APS-developed
standard components

e Assurance of compliance with APS
policies, such as the APS vacuum
policy

¢ Description of the optical and shielding
apertures with ray-tracing analysis and
the existence of a reasonable safety
margin for white-beam components

Management issues

= Demonstration of a Work Breakdown
Structure (WBS) with preliminary
costs and schedules

Special operating requirements

e Identification = of any  special
requirements and an evaluation of



compatibility with the installed

conventional facilities
Preliminary safety analysis

e Analysis of the shielding design for
compliance with APS  shielding
standards

¢ Definition of the proposed modes of
beamline operation, together with the
expected requirements of the PSS

e Description of the beamline EPS and
an assurance of compliance with the
APS policy on white-beam beamline
components

e An ozone mitigation plan with a
preliminary analysis of ozone produc-
tion within the beamline

e Identification of and preliminary
mitigation plans for program-specific
hazards, (hazardous gases, radioactive
materials, etc.)

Final Design Review

The next phase of the APS beamline review
process focuses on the Final Beamline Design
Report (FDR), which is submitted when
approximately 90% of the total design effort
has been completed. APS approval of the
CAT’s designs described in the FDR is
required prior to installation of beamline
components in the APS experiment hall. Items
that have a long lead time for design or
procurement may be reviewed separately from
the remainder of the beamline, but enough
information must be provided so that
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reviewers can understand the context in which
these components are to be used. Those
components that are part of the APS standard
component list are not reviewed for their
individual  performance; however, the
components are reviewed in the general
scheme of the total beamline performance.

The review of the PDR focused on the layout
of the beamline as a whole and at a level that
would permit the beamline components to be
designed independently of each other. The
FDR review focuses on aspects of safety,
scheduling, required APS support, and
updating the information provided in the PDR.
The topics to be addressed in the FDR are as
follows:

Layout

e Identification of changes from PDR
layout

e Survey plan, including expected APS
survey and alignment support

e Update of the ray traces provided in
the PDR

Component designs

e Component final designs

e Assurance of compliance with the APS
vacuum policy

Schedule, cost, & WBS

]

Installation schedule with indications
of the expected APS craft support

¢ Survey and alignment schedule
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e Update of the WBS-based schedule
given in the PDR

Safety

e Final PSS requirements

» EPS logic and interface requirements
e Description of final shielding design

s Identification of chemical, electrical,
fire, and other hazards that impact
beamline design, and means to be used
for mitigation.

e Identification of

hazards  (high

biohazards, etc.)

program-specific
powered lasers,

Special operating requirements

e Identification of special conventional-
facilities requirements

3.3.2 Beamline Design Exchange

Overview

At the APS, all the ID front ends are of one
standard type and all the BM front ends are of
a second standard type. Likewise, all the
common components of the beamlines
themselves have been standardized (Kuzay,
1992; Shu et al., 1995), hence the name “APS
standard components.” The standard front-end
and beamline component designs, technical
specifications, and statements of work for
procurement are all housed in a sophisticated
electronic depository called the APS Design
Exchange (DX), a part of the Beamline
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Engineering Group. The choice of standard
components and their designs (which were
prepared by XFD staff) have been reviewed
by an independent commitiee of experts
external to XFD.

The purpose of the DX is to distribute APS
beamline component drawings and related
technical information to the APS user
community. This information is available on
the Internet (or World Wide Web) to
individuals with current passwords. How-
ever, comprehensive information has been
provided with open access to explain to
interested parties the operational features and
access to the DX. Special care has been taken
to make the DX Web site user friendly.
General access to the DX on the Web is
at the URL (uniform resource locator):
<http://dxchange.apsl.anl.gov/>. Access to
DX drawing libraries is password controlled
to assure quality control, security, and
mtellectual property rights.

The majority of APS users (CATs) have
chosen to use APS standard components, or
somewhat modified forms of them to suit their
specific needs, in their beamline designs.
Hence the DX has become a major user
support facility.

In addition to being an electronic copy
depository, the DX has also been the source
for creating both the logical drawing num-
bering system (universally adopted and used
at the Advanced Photon Source Project) and
the standard component naming conventions
for cataloging and indexing these diverse
components in a systematic way. It contains
sophisticated search engines and electronic
data storage and backup systems.

Table 3.2 lists the holdings contained in the
DX.
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Table 3.2 DX Holdings in the Electronic Depository!

{ passwords issued to the DX

Total number of drawings available in the DX General Library in *.dwg format:
Total number of drawings available in the DX General Library in *.dxf format:
Total number of drawings available in the DX General Library in *.gif format:
Total number of zipped libraries available in the DX General Library:

Total number of component catalog pages available in the DX General Library:

Total number of drawings contributed by CATs, available in the DX shared library:2
(The contributing CATs are CARS and IMCA.)

Total number of new and revised drawings uploaded to the DX since Aug. 18, 1995:

188

2455

2455

2455

161

34

95

600

1 This information can be found on the Web at URL:
<http://dxchange.aps1.anl.gov/Login/nph-scanupdate.cgi> (authorized password required).

2 The following CATs have submitted their review drawings to the DX:
BESSRC, CARS, DND, IMCA, IMM, PNC, SBC, SRI, UNI

Usage Statistics

To date, more than 9,000 logins to the DX
have been recorded, and more than 190,000
files have been downloaded.

Hardware and Software

Both the hardware and software for the DX
have been developed in a systematic way since
1991. In 1993, the APS DX was initiated as a
Web server to allow sharing of APS-designed
standard components with CAT members
around the world. The DX was the first Web
server at the APS Project.

In late 1994, the role of the DX was
broadened to include acting as a local server
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for XFD engineering and design personnel. In
addition, special accounts are set up for the
CATs to allow direct uploading to their
individual shared or private libraries.

In January 1996, an Exabyte EXB-10h
Autochanger was purchased. The EXB-10h is
a 14 GB per tape autochanger with 10 tape
slots. A Legato Networker was the choice for
a backup utility. Currently, we have the
capability of handling a total of 45 clients on
different platforms.

Current Activities

In recent months, the DX activities have
shifted to accommodate new requirements of
the users. Less time is spent uploading new
designs to the libraries, and more hours are
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spent assisting CATs planning to install APS-
designed standard beamline components.
Many questions directed to the DX office
address engineering issues, manufacturing
techniques, and the interfacing of drive
systems, encoders, and safety switches, as
well as document and source information. We
believe that our support to the CATs
substantially reduces the learning curves for
individuals who are responsible for installing
beamline components at the APS.

Another beneficial spin-off from the DX is the
relatively  effortless development of an
electronic data storage system. This new
system permits us to centralize our entire file
system of computer-created drawings. When
completed, it will also function as our official
archive for electronic files with practical
quality assurance and search tools in place.
This work is done on a limited part-time basis
with available in-house resources.

3.3.3 X-ray Optics Metrology and
Fabrication

The APS Metrology Laboratory

introduction

Over 50 major mirrors are expected to be
installed and used on the APS beamlines.
These will be used for harmonic rejection,
focusing, power filtering, or beamline
branching. Before being shipped, mirrors are
often evaluated by the vendor, in terms of
figure and finish (i.e., slope error and
roughness), as part of their quality-assurance
process. However, there is a need for an
independent evaluation of the optical surfaces
of mirrors as part of the acceptance criteria
before they are installed and commissioned on
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the beamline; the metrology laboratory at the
APS has been built to fulfill this task. In the
following sections, a basic description of the
meirology instruments is provided together
with a discussion of the surface quality of
mirrors measured to date (also see Bresloff &
Mills, 1996, and Assoufid & Mills, 1997).
Finally, some future developments are
outlined.

The Metrology Laboratory
Environment

The laboratory is located in a class 10,000
cleanroom in the APS experiment hall. Mirror
handling requires special cleanroom garment
and shoe covers, and access to cleanrooms is
restricted when measurements are performed.

To ensure repeatability and accuracy of the
instruments, the room temperature stability is
controlled to better than +/- 0.5 °C and is
regularly monitored. All instruments are
mounted on air tables to minimize the effect of
vibrations, and they have the capability of
handling large and heavy optics up 2 m in
length and 90 kg in weight.

The Metrology Laboratory
Instruments

The laboratory has three different instruments
to evaluate optical surfaces over a range of
spatial periods from a few microns up to
2 meters. These instruments are:

Long Trace Profiler (LTP). The LTP is an
instrument designed to measure slope error
and curvature of optical surfaces up to 2 m
long. It has a sensitivity of 0.1 prad in slope
and 0.5 nm in height and a reproducibility of
better than 0.5 prad rms. Because of its



speed, it offers a rapid and accurate means of
evaluating the performance of a mirror
bending mechanism. A recent adaptation of
the L'TP allows it to measure a surface profile
of a mirror in either the horizontal or vertical
direction. Measurement in the horizontal
direction is often desirable because it
eliminates gravitationally induced figure
distortion. Figure 3.1 shows a photograph of
the LTP system with the high heat load mirror
for the 2-ID beamline being evaluated in the
horizontal position.

TOPO Surface Profiler. The TOPO is a
microscope-based instrument that uses visible-
light (630.3 nm) interferometry to measure
surface roughness on the order of an
angstrom. The optical head of the TOPO
profiler can use either a 3D or 2D detector and
is currently equipped with three objectives:
1.5x, 5%, and 40x. The 3D detector is used
when a profile of a surface area (of a few mm?
depending on the objective) is needed with a
minimum resolvable height of 3 A. The 2D
detector obtains a line scan with a resolution
of 1 A along a line up to a few millimeters
long, depending on the objective (e.g.,
2.05 mm for a 5x objective).

WYKO 6000 Figure Interferometer. The
WYKO-6000 measures the flatness of optical
surfaces interferometrically by a technique
similar to that of the TOPO. It is used for
characterizing optical surfaces up to 6” in
diameter (or large optics at grazing incidence
angles).

All these instruments are currently operational.
Various modifications of the basic systems are
being developed for ease of operation and to
improve handling of large optics.

To enhance the capability of the metrology
laboratory, a fourth instrument, an atomic
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force microscope (AFM), is scheduled to be
installed and commissioned beginning in April
1997. The AFM will be used, for example, to
measure  surface  roughness,  evaluate
diffraction gratings, and measure thin-film
step height. This instrument will be a valuable
tool for better understanding surface
topography on the atomic scale and relating it
to light scattering. In addition, the results can
be used to improve methods for making
optical surfaces.

Surface Quality of Some Mirrors
Measured to Date

In the past two years, more than ten major
beamline mirrors, some up to 1.5 m long, as
well as a variety of smaller optics, have been
evaluated in the APS metrology laboratory.
Most of these mirrors will be used on the APS
beamlines and have been designed and
procured by APS users, including members of
SBC-CAT, SRI-CAT (Yun et al., 1996;
Khounsary & Yun, 1996; Lai et al., 1996;
Randall et al., 1995; and McNulty et al.,
1996), and DND-CAT. Two mirrors have
been designed and are destined for other
facilities in the USA, namely CHESS at
Cornell University, and the Center for
Advanced Microstructure  and  Devices
(CAMD) at Louisiana State University.
Surface microroughnesses ranging from 1 to
10 A and slope errors ranging from 1 to
4 microradians have been characterized and
were found to be consistent with vendors’
measurements. To avoid bias, data from the
vendors were obtained only after all metrology
measurements were completed and analyzed.
Appendix 8 summarizes the results for mirrors
to be used on the APS beamlines. To date,
most of the mirror substrates have been made
of either silicon or Zerodur; the others have
been made of Glidcop and float glass. Most
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surfaces have at least one reflective coating;
platinum and rhodium are typical reflecting
materials. Figures 3.2a and 3.2b show a
typical output from the LTP. The results are
for the 2-ID high heat load mirror (see
Appendix 8), which is the first long mirror to
be evaluated at the metrology laboratory. This
mirror has been installed on Sector 2 and has
performed well. Figure 3.2a shows the slope
error profile (red curve) along with the
corresponding height profile (blue curve)
obtained by averaging five scans on the mirror
center line. Figure 3.2b gives the power
spectral density of the derived average height
profile. The power spectral density is useful
for computing the rms statistics over a selected
spatial frequency bandwidth. This allows one,
for example, to separate “mid-frequency
ripple” from overall surface figure.

Coating Facilities

To help develop reflective optical elements as
well as experimental samples for all the APS
users, we have established three coating
facilities in recent years: (a) a 1.5 m sputter
deposition facility, (b) a small sputter
deposition facility, and (c) an evaporation
facility. These facilities are briefly described
below.

Facility Descriptions

1.5 m Sputter Deposition Facility. This
facility, shown in Figure 3.3, is located in the
deposition lab, on the experiment hall floor
next to Sector 1. The deposition lab is in a
class 10,000 clean room with a gowning room
entrance. The 1.5 m sputter deposition
facility, also referred to as the large deposition
system, consists of four large vacuum
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Fig. 3.2 Example of the LTP output. Shown
are results for the high heat load M1P mirror
for beamline 2-ID: (a) slope error and the
corresponding height profile obtained by
averaging 5 scans along the mirror center
line, (b) power spectral density of the derived
average height profile. The mirror is 1.2 m
long and has a slope error of 2.2 urad rms.
The corresponding rms height is 210 nm,
over a 1100 mm aperture.

chambers, each 16” in diameter and 66” long.
The first chamber next to the clean hood is a
load lock chamber isolated from the other
three chambers by a computer-controlled gate
valve. Three CTI model CT-8 cryopumps and
an Alcatel ADP 81 dry pump provide a base
pressure of < 5 x 10-8 Torr for the system.
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Mirror substrates as large as 150 cm long,
20 cm wide, and 14 cm high can be loaded
into a substrate carrier inside the vacuum
system using guard rails. The substrate can be
outgassed in the load lock chamber using a
UV lamp. The substrate-carrier transport
assembly is driven by a stepper-motor. The
full length of a 1.5 m substrate can be coated
using the transport assembly.

The third vacuum chamber is the deposition
chamber, where four ports on the bottom
along the chamber axis are designed to house
the sputter cathodes. Currently two 3~
diameter ~ magnetron  sputtering  guns
compatible with both DC and RF operations
are deployed. The coating is deposited in an
upward direction with the substrate facing
down. Argon pressure during the deposition
is regulated by a MKS model 250 process
controller, with the cryopump throtiled. A
coating uniformity of better than +5% over a
4” width has been achieved using a rate-
controlling aperture over the target source and
the linear motion of the substrate. Similar
uniformity over an 8” width can be obtained
by using two specially arranged guns.

Small Spuiter Deposition System. This
system has two 3” diameter DC magnetron
sputter guns, located at the bottom of a
9.57 OD, 4’ long vacuum chamber. The
vacuum chamber is pumped by a turbo-
molecular pump and has a base pressure in the
107 Torr range. The system is designed to
handle small substrates up to 4” long and less
than 0.5” thick. The substrate-carrier transport
assembly has a travel distance of ~3 feet. A
uniformity of better than £5% can be obtained
by using shaped apertures over the targets and
the linear motion of the substrate. The argon
pressure during deposition is regulated by
using a throttled valve on the pumping station
and a MKS process controller. The system is

3 USER ADMINISTRATION AND TECHNICAL SUPPORT

63

computer controlled and capable of making
both single and multilayer coatings.

Evaporation Facility. This facility was created
from an existing surface analysis facility,
which is equipped with a Fisons Instruments
CLAM 2 electron energy analyzer, an electron
gun, a surface-cleaning sputter gun, and a
residual gas analyzer. It is an ultrahigh
vacuum system with a base pressure of ~5 x
10-11 Torr. Small sarples (up to 0.875” x
0.625”) can be loaded to a heating/cooling
stage on a XYZ manipulator through a load
lock system. Ports at a lower level (compared
to the analyzer level) on the vacuum chamber
are available and can be used for thin-film
deposition.

Miniature e-beam evaporators and precision-
temperature-controlled thermal evaporators
were invented and made in-house for physical
vapor deposition of thin/ultrathin films. At
present, two evaporators are placed ~20° apart
so that alloy thin films can be made via co-
deposition. A quartz-crystal thickness monitor
is installed to monitor the evaporation rate
before deposition. A third evaporator is
installed in another vacuum port so that a
protective coating can be deposited on the
sample. The composition and uniformity of
alloy films can be analyzed in sifu using Auger
electron spectroscopy. This system is suitable
for MBE-type sample preparation.

Current Activities

With these three facilities, we are capable of
fabricating virtually any kind of physically
deposited thin film/multilayer for the APS
users. To date, we have made over
100 depositions for the users and have
accumulated experience on various thin
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film/multilayer systems. There are five major
applications that require our deposition
system: (1) hard x-ray mirrors, (2) soft x-ray
mirrors, (3) multilayer focusing mirrors,
(4) coatings for x-ray lithography testing, and
(5) other thin-film/ multilayer samples for
scientific research.

Common substrates for x-ray mirrors include
float glass, fused silica, silicon, Glidcop, etc.
Coating materials are typically Au, Pt, Rh, W,
Ni, Cr, Ti, etc. Float glass used as a substrate
has the advantage of a very low cost and
reasonably good flatness. When it is coated
with a glue layer of Cr or Ti, the subsequent
coating of metals, such as Au and Pt, has
good adhesion. Cr (Ti) can form covalent
bonds to the glass by breaking the O-Si bond,
and metallic bonds to other metals.
Satisfactory results have been obtained for a
batch of Au/Cr-coated float glass mirrors that
we made for CARS-CAT. These mirrors are
used for microfocusing of hard x-rays. Using
these mirrors, CARS-CAT has successfully
focused a 60 kV x-ray beam into a 6 X 8 pm?
spot. The gold coating remains intact after
being subjected to hard x-rays, with no
coloring, no clustering, and no cracking. A
56 long Au/Ti-coated mirror on float glass
has also been fabricated for CAMD. It will be
used as a soft x-ray mirror. Successful
cleaning methods have been demonstrated,
which ensure a flat coating comparable to the
substrate flatness.

Multilayer mirrors mostly uvtilize a high Z/low
Z configuration. Common combinations are
W/Si, W/C, and W/BC4. These multilayers
require a good thickness control and a stable
deposition rate. For example, Prof. S. Durbin
from Purdue has requested a W/C multilayer
of 100 pairs of W and C with individual W
and C layer thicknesses of 1.5 nm or less. A
test multilayer of this kind has been fabricated
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recently on a silicon substrate. Other multi-
layers include Ni/C, Ni/Al, PVAL, W/AL etc.
Most of them are still in an experimental stage.
We expect that the need for muitilayer mirrors
will grow substantially as more and more
CATs start beamline commissioning.

Metal coatings are also used in x-ray
lithography experiments. In x-ray lithography,
one needs a conducting layer on the silicon
wafer to put on the photoresist layer. This
conducting layer is later used as a base for
electroplating, after which a pattern is formed
through x-ray lithography. To date the most
common conducting layer we have used is
Au. We have grown Auw/Ti, Au/Cr, Ti, etc.,
on silicon and Be wafers. The Si wafer
substrates worked very well. Currently we are
experimenting on the metal/Be system.

Other coating applications include protective
coatings, laser-mirror coatings, and other
coatings for some special experiments. For
example, by making special masks, we could
make thin film/multilayers with specified
shape and dimensions, which are very useful
for some experimental studies.

On the evaporation front, we are growing
Fe57Snl1% alloy films. These isotopes are
very expensive, and it is not practical to use
sputter deposition. Test samples have been
made on glass and Cr/glass substrates. They
are then coated in situ with Si as a protective
layer. Final samples will be made on Cr-
coated fused silica substrates.

In summary, we have built basic coating
facilities and started serving the APS
community. We are continuing to improve our
capabilities to meet the ever-increasing
demand from our users.



Fabrication Laboratory

The fabrication laboratory manufactures
crystal elements needed for x-ray beamlines at
the APS. The lab is supplied with the
following equipment:

Crystal Cutter (Meyer-Burger TSI21). This
CNC-controlled saw accommodates diamond
blades up to 16” diameter and can move a
crystal along three mutually orthogonal
directions with the travels up to 500 mm (X),
320 mm (Y), and 160 mm (Z). Additionally,
the object (crystal) can be mounted on a rotary
table and/or on a large sine bar.

STRASBOUGH  6DF-1. This lapper/
polisher is set up for coarse lapping of optical
components (up to 127 dia). Slurries contain-
ing lapping compounds with grains of 50 and
then 9 micrometers are used.

HYPREZ (ENGIS Corp. IL). This lapper/
polisher is for fine lapping of optical
components (up to 12”7 dia) with slurries
containing 6 micrometer lapping grains.

STRASBOUGH  6DF-1. This lapper/
polisher is set up for final polishing of optical
components (up to 127 dia.) with slurries
containing 3 to 0.25 micrometer polishing
grains.

Two ovens are available. The first oven is
used for attaching (waxing or glueing) crystals
to substrates/holders used during fabrication
operations. The second one can be employed
for annealing processes.

Two chemical hoods (lengths 8 and 6’) are
available for etching. (They are equipped with
a special drain system.) In practice, one hood

3 USER ADMINISTRATION AND TECHNICAL SUPPORT

65

is predominantly utilized for etching, the other
for work with solvents.

A crystal direct bonding setup consisting of a
small laminar hood, wafer spinner, and fresh
deionized water production line is used for
experiments on silicon-to-silicon  direct
bonding. Wafers of up to 4” diameter can be
placed on the spinner.

During the last year, the fabrication laboratory
has manufactured 47 optical elements for use
by various CATs in monochromators,
analyzers, and interferometers.

X-Ray Laboratory

The objective of the x-ray laboratory is to
support operation of the fabrication laboratory
and activities of other XFD groups that make
use of conventional x-ray generators. The lab
is supplied with the following equipment:

Rigaku X-ray Generator. This Rigaku x-ray
generator produces x-rays in conventional
tubes (typical targets, Cu and Mo; maximum
power about 2 kW). Two horizontal
beamlines (point focus) are available. The
beam emerging from the right port is
collimated and employed for orientation of
ingots or precut crystal pieces. A single-axis,
manually operated diffractometer (Huber 424
goniometer) is used for crystal and detector
rotations about the common vertical axis.
Samples tested with this crystal orienter are
usually fixed to holders that can be mounted
on the crystal cutter table. The orienter is used
frequently.

The beam from the left port is used for work
with a double-axis diffractometer. The
diffractometer is a commercial instrument
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made by Blake Industries, Inc. Only precise
rotation of the sample table is automated and
controlled by computer via EPICS. After
reflection from a monochromator, the x-ray
beam typically has a 2 X 2 mm footprint and is
predominantly used for taking rocking curves.
In the past, the instrument was very often
employed for local testing of samples. It was
also used for testing interferometers and area
detectors.

Spellman X-ray Generator. X-rays are
produced in conventional tubes (typical
targets, Cu and Mo; maximum power about
2kW). Two horizontal beamlines (point
focus) are available. The beam from the left
port can be utilized in an 8 X 9 x §
enclosure attached to the left side of the
generator tower shielding. The enclosure can
be entered through two sliding doors and can
accommodate large size equipment. In the
past, this beam was predominantly used for
testing different kinds of prototype high heat
load monochromator setups that were later
installed at the APS ring.

The beam from the right port is shared by two
types of experiments. A Laue camera may be
installed just next to the beam port, and a
pattern of backscattered reflections from a
crystal can be examined. When the Laue
camera is removed, the primary beam can be
transported through a long vacuum tube to a
separate enclosure. This additional chamber is
primarily used for double-crystal reflection

experiments requiring highly collimated
primary beams.
Rigaku X-ray Generator. This second

Rigaku x-ray generator is a rotating-anode-
type generator with a maximum power of
18 kW. Targets made of copper or
molybdenum can be mounted. Two horizontal
beamlines (point focus) are available. The
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beam from the right port is employed for work
with a triple-axis diffractometer. The diffracto-
meter is a mixture of purchased commercial
units made by Blake Industries, Inc. (mono-
chromator enclosure) and Huber (Two Circle
Goniometer 422 and 511.1 Eulerian Cradle),
and custom elements (coupling between the
monochromator unit and the Huber gonio-
meter, air pads lifting the goniometer, and the
analyzer subassembly). This diffractometer
was recently upgraded and is now routinely
used for reflectivity measurements (so far, for
checking the quality of samples later employed
for experiments at the APS).

The primary beam emerging from the left port
is transported in a long vacuum tube to
another enclosure that surrounds a double-axis
x-ray diffractometer called the Topo Test Unit
(TTU). This station was designed and built
in-house for topographic testing of x-ray
optics elements. The distance between the
source and the diffractometer axis 1 is about
2 m. The primary beam-transport tube ends
about 180 mm upstream from axis 1 (there is
space available for long monochromators) and
serves as a base for an entry slit system and an
additional lead enclosure surrounding the first
crystal.

The diffractometer is mounted on a special
base composed of two separate plates that can
be moved independently along two common,
exactly parallel, precise rails. The so-called
right base plate supports the first crystal table,
while the rest of the diffractometer stays on
the left base plate. The objective of the design
was to build a machine capable of testing (in
some steps) samples of front-face size up to
300 mm x 90 mm. With highly asymmetric
cut monochromator crystals, a typical foot-
print of the monochromatic beam is 80 mm x
90 mm. The take-off (two theta) angle for the
monochromatic beam can be manually
adjusted in the range from 0 to 120 degrees.



The distance between axes 1 and 2 can be
fixed in the range 560 +/- 64 mm.

The axis 2 assembly forms an independent
single-axis diffractometer that can be slightly
lifted up by the air pad. It is equipped with
coarse and fine theta rotations. Motor
resolution for the fine rotation is 0.00008
arcsec, which results in a smooth motion. In
practice, steps of 0.1 arcsec are sufficient for
rocking curve measurements.

Crystals mounted on axes 1 and 2 can be
translated along and rotated about the
reciprocal vector directions and tilted about
horizontal axes normal to the translation
directions.

Two Bicron scintillation detectors are used for
monitoring intensities reflected from mono-
chromator and sample crystals. They can be
translated in the directions normal to the
respective beams. Detector 2 has an entrance
window that is 57 in diameter, which is
sufficient to accept photons from about 4”
diameter samples at a theta Bragg angle close
to 45 degrees. To date, images of Bragg
reflecting samples have been registered on
photographic materials. A film cassette must
be inserted manually.

Most movements of the instrument segments
are motorized and automated under EPICS
software control. Also, rocking curve
measurements and searches for the optimal tilt
angle for the sample are computer controlled.

The TTU is used predominantly for testing
prototype monochromators and single crystals
to be used at the APS. The tests consist of
measuring rocking curves in double-crystal
geometry and taking crystal images, i.e.,
taking topograms. The TTU was also used for
testing  an  interferometer,  multilayer
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structures, and crystals for a customer

unrelated to the APS,

High heat load monochromator testing has
been performed in a few stages. Typically, a
monochromator is first tested “free-standing”
and then mounted into a holder for use with
synchrotron radiation. The mounted crystal is
again tested on the TTU. Usually the first
mount introduces strains, and mounting
screws have to be readjusted. Testing is
repeated (sometimes a few times) until strains
are removed.

During the past year, the TTU has been used
to test 48 optical elements for various CATs.

3.3.4 Beamline Controls and Data
Acquisition

The Experimental Facilities Division has
undertaken the development of standard
beamline software (and related electronic
hardware) to support scientific users of the
APS, in collaboration with and on behalf of
APS CAT developers. The objectives of this
undertaking are to maximize the quality of the
user software that APS developers as a group
can produce; to set minimum standards for
quality and ease of use, on which all APS
users can depend; and to ease the migration of
users and experiments from one APS
beamline to another. The expectations are that
we will address needs common to many APS
users and CAT developers, and that CAT
developers will concentrate on needs unique to
their beamlines and users.

The degree to which the objectives are met
depends in part on the willingness and ability
of CAT developers to implement and extend
XFD-developed software. Developers repre-
senting all APS CATs agreed early on to base
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their beamline software on EPICS, where
feasible, and to collaborate in its development.
This agreement served principally to authorize
XFD’s early commitment to developing
EPICS-based beamline software. Most of the
currtent CAT developers are implementing
XFD software on their beamlines or are
working toward this end.

In return, XFD provides many forms of
technical support to ensure that CAT
developers have access to the tools and
information required to apply and extend our
software effectively: videotaped classes on
EPICS development; workshops on beamline
software; loaner development systems (VME
crate, processor, licenses, etc.); technical
services, such as PROM programming, help
with initial software installation, hardware and
software  troubleshooting, and system/
network-administration  help;  Web-based
documentation of  beamline  software,
electronic hardware, wiring standards, etc.,
for developers; online documentation of
beamline software for users (see Fig. 3.4),
and a documentation kit (in progress) with
which CAT developers can extend our user
documentation to include their own products;
coordination of volume hardware specification
and purchases by the CATs; procurement and
distribution of VxWorks (the real-time
operating system underneath EPICS) licenses;
distribution of EPICS software and of EPICS-
based beamline software; and telephone and
e-mail support.

In addition to developing, collecting,
documenting, maintaining, and distributing
standard beamline software, XFD also

implements beamline software for SRI-CAT
and maintains SRI-CAT’s file server,
computer network, and workstations. This
arrangement helps to ensure that the software
we produce meets users’ needs and is field
tested before it gets distributed to other CATs.
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(It also means that XFD and SRI-CAT
scientists normally perform experiments with
software that is under active development.)

The beamline software developed by XFD is
based on EPICS—a toolkit for building
distributed control systems—which is the
product of a large international collaboration
of developers supporting accelerators (e.g.,
APS, CEBAF, DESY), synchrotron-radiation
beamlines (principally at APS), telescopes
(e.g., Gemini, Keck), and large detectors
(e.g., the Gammasphere, and RHIC’s
Solenoidal Tracker). In addition to developing
software useable by other members of the
EPICS collaboration, XFD developed and
maintains the software-distribution mechanism
for the collaboration. In these ways, we help
to “pay” for the technical support burden
imposed by APS and CAT developers on
other EPICS collaboration members and for
new developments in EPICS of which APS
users are the principal beneficiaries.

Because synchrotron-radiation users and
developers are a minority in the EPICS
collaboration and because some of our users’
needs are atypical of the collaboration as a
whole, it is essential that we find ways to
influence the direction in which EPICS
development proceeds. Recently, a technique
that allows limited reprogramming of a live
control system, for which we had been
lobbying for several years, became a standard
part of EPICS. (The technique was developed
largely by APS ASD with some funding and
much beta-testing support from XFD.
Developers at Los Alamos also made
substantial contributions.) Currently, we are
working to keep two topics near the top of the
collaboration’s agenda: native support for
large arrays, structured data, and data
compression; and development of cross-
platform tools.
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Fig. 3.4 On-line documentation of beamline control software for users
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User’s View of Current Beamline
Software

From a wuser’s viewpoint, EPICS-based
beamline software looks like a collection of
objects (motors, slits, optical tables, scalers,
scans, etc.) any of which can be grabbed and
tweaked, moved, etc., at any time. Associated
with each object is a set of displays, with
varying levels of detail, that run on the
workstations. (A typical display is shown in
the top section of Fig. 3.4.) These displays
contain the object’s fields, the numbers and
character strings that describe its state (e.g., a
motor’s fields include its destination, current
position, speed, name, engineering units,
limits, backlash distance, etc.). Users think in
terms of objects but actually manipulate fields;
nobody cares about the distinction.

There are only three classes of objects/fields a
user has to know about: positioners,
detectors, and links. A positioner is any scalar
quantity that can be written to, and most
beamlines have tens of thousands of them,
though the number of commonly manipulated
positioners per beamline is more like a
thousand. (Most “positioners” don’t actually
move anything physical. The boundaries of a
region of interest in a multichannel-analyzer
spectrum and the gain of a current preamplifier
are typical examples of scannable positioners.)
In principle, all positioners can be scanned,
and all can be the targets of run-time
calculations (see “virtual machines” below).
Commonly scanned positioners have private
scan parameters attached to them, so they can
be scanned by pressing a single button. There
is a distinction between positioners that move
and settle in less than around a millisecond
and those that require many milliseconds or
more to complete a motion, but the distinction
is important only in setting up scans.
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Similarly, a detector is any quantity that can be
read. (Vector-valued detectors currently
require special handling, because EPICS lacks
native support for multidimensional arrays.)
Again there is a distinction important only for
scans between fast detectors such as ADCs
and integrating detectors that require triggering
and signal completion, such as scalers and
multichannel analyzers. A scan is a vector-
valued detector that requires triggering and
signal completion—not fundamentally
different from, say, a multichannel analyzer.

A link is the EPICS name of a positioner or a
detector, coupled with an instruction that tells
linked software what to do. More precisely, a
link is a field into which the user can type the
name of a positioner or detector, but users do
not care about this distinction. Advanced users
build virtual machines at run time using links.
(Novices do this also, but they do not usually
realize they are doing it.) In effect, links and
displays containing them constitute a graphical
programming language for users.

Beamline software is distributed among
workstations and VME processors connected
by a network. This allows an entire beamline
to be controlled and monitored from any
source (local or remote) without recabling.
Most of the controlling software runs
autonomously in the VME crates, while
software tools running on the workstations
merely provide a graphical user interface and
collect cached data. VME crates periodically
store their states to the file server and restore
them during reboots. Usually, they can crash
or be rebooted during an experiment with
minimal or no consequences for the user
(although scans cannot be continued through a
reboot). Workstations can nearly always be
rebooted without affecting the state of an
experiment.



Control of VME-resident software is shared,
so that several independent wusers (and
software tools, such as the diffractometer-
control  program, SPEC) can operate
overlapping sets of beamline equipment. This
allows graphical and command-line user
interfaces to be active simultaneously, both
with full and independent access to beamline
hardware. It also allows a remote user to
collaborate effectively in an experiment.
Currently, collisions between the various
command streams that share control of a
beamline are handled naively. Although
EPICS has a good access-control system, we
have not had time to apply it.

The VME-resident software can be modified,
within limits, at run time. This allows users to
build virtual machines that run autonomously
in the crate. (Examples: the user can slave a
voltage output to an arbitrary function of the
beam current and beam position; the user can
arrange o disable one motor whenever
another motor is moving, is within a specified
range of positions, has hit a software limit,
etc.; the user can implement a theta/2-theta
coordination and scan it as though it were a
simple motor.) The latest version of EPICS
also allows developers to change any motor
assignment at run time (to work around failed
hardware, for example). We have not yet
addressed the user-interface details that will
allow users to do this.

Actual accomplishments in software develop-
ment and support are probably beside the
point of this report, because software is not
the end product here. However, by design,
many of our activities are not obvious in the
user’s view of beamline software presented
thus far (our real accomplishment), but
reviewers should nevertheless know what
we’ve been doing. Here is a list of last year’s
highlights:
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Responded to roughly 5000 requests
for technical support, ranging from
simple requests for vendor information
to installation of EPICS and beamline
software on a CAT’s file server.

Set up and outfitted network-support
and beamline-control labs.

Performed system and network
administration for six beamlines and
related labs.

Installed and configured standard
beamline software in 15 XFD labs and
ten SRI-CAT experiment stations.

Performed extensive trouble shooting
of the Oregon Micro Systems VMESS
step-motor controllers, and loaded
new firmware into 20 boards.

Designed and tested 190 motor-
controller signal-transition boards (135
of these boards are now in service at
APS).

Made many improvements to the data
catcher, the program that displays and
stores scan data.

Developed a data browser for
hierarchical data format (HDF) files,
and investigated HDF performance.
(HDF 1is the standard selected by a
collaboration  including developers
from APS and several neutron-
scattering facilities to underly a
comrnon data-file format.)

Developed Web pages for hardware
technical support, distribution of
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EPICS and beamline software, online
documentation of beamline software,
and an EPICS learning system for
users and developers.

e Hosted beamline-controls workshop
and collaboration meetings, EPICS
users and developers classes, and an
IDL class.

e Developed software support for the
following devices:

— HP laser interferometer

— Moller-Wedel autocollimator

- Laser Doppler angle encoder

— Lakeshore temperature controller

— Various single and double-crystal
monochromators

- Mirrors, slits, and filters

— Various incremental-encoder inter-
faces

— Keithley scanning multimeters

— Multichannel-analyzer regions of
interest

3.3.5 Leveraging of APS Funds

The IDs and FEs for the 20 APS user sectors
that are currently under development represent
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a total investment by the APS of about $50
million. The CATs have leveraged this
investment significantly by raising an
additional $155 million to construct and
instrument the beamlines outside the shield
wall in these sectors. A breakdown of the
CATs’ funding sources is given in Fig. 3.5.
The XFD staff has assisted many of the CATs
in their fundraising efforts by working with
them to develop designs and cost estimates
and by providing information to their program
managers during site visits.

3.3.6 User Procurements of Standard
Components

The APS beamline standard components
designs are available to the APS users through
the Design Exchange, as described earlier. A
library with over 180 components that have
been designed, tested and installed is available
to the users to procure either as they are or
modified to meet the requirements of their
beamline designs. All contracts to procure
components for the APS beamlines were
signed with an option clause that can be
exercised to purchase up to 10 times the
quantity procured within a year from the date
the contract was signed. The following types
of components are available in the DX library:

o  Enclosures:

— First Optics Enclosures
— White Beam Experiment Stations

~ Monochromatic Experiment
Stations
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Other
Contributions™*

16% DOE
45%

14%

NIH/ NIST/ USDA

TOTAL FUNDING = $ 155M

* Funds from States, Foundations, Foreign Countries

Fig. 3.5 Funding sources for APS Collaborative Access Teams

Beamline Transports:

— Shielded Pipes

— Shielded Cabinets

~ Shielded Supports

Collimators

Tables (Support Structures)

Windows

Filters

Slits
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» Integral Shutters

* Beam Position Monitors

*  Photon Masks

A process was initiated by XFD to support the
user procurements and ensure that the
delivered components meet the user’s require-
ments. Once the user beamline design is
reviewed by the XFD Beamline Review
Committee, the procurement process starts.

Users who wish to exercise an option on the
APS designs can view a comprehensive list of
all the various types of components along with
the option price and the time for its delivery
from the vendor. The request is then
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submitted to the User Technical Interface
Office, where it is forwarded to the XFD
Project Engineer. A meeting is then held to
review the user’s requirements. Participants in
the meeting include the cognizant engineer
who designed the component, the installation
coordinator, the purchasing agent, the User
Technical Interface Group Leader, and the
XFD Project Engineer. The responsibilities
carried out by the participants are described in
Fig. 3.6. Once the procurement process starts,
biweekly status reports are issued to the user.

The users have gained the following benefits
through this process.

e The components have been designed,
and prototypes have been built and
tested.

e Trained vendors have been

established.

e Inspection procedures have been well
established,
product.

guaranteeing  quality

UTI Group Leader
Reviews Requirements for

1 Consistency with Design

Reports

User
Submits
Requirements

Biweekly
Status
Reports
P
\_—

XFD Projoct Engineer
Generation of Requests
intemal Coordination

Vendor Interaction
Stalus Reporting
Tracking
QA Oversight

“Quality Control™
Acceptance

Procurement Officer
Contract Negofiation

Pl Fabrication and Detivery

Fig. 3.6 User Procurement Flow Process
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e The process assures the safe operation
of the component and the beamline.

Through the use of the above-mentioned
process, the cost savings to the users was
over 12 million dollars. To date the users have
ordered over 300 standard components
through the APS for a total of 13 million
dollars.

3.3.7 The Inter-CAT Technical
Working Group

The Inter-CAT Technical Working Group
(TWG) was established by the CATs in
September 1994 to facilitate CAT-APS and
CAT-CAT interactions and information
exchange on technical issues, identify
common CAT needs, and promote sharing of
intellectual resources among the CATs. Each
CAT has designated one or more TWG
representatives, who meet on a monthly basis;
generally, 20-30 CAT members attend each
meeting, along with the XFD User Technical
Interface Group Leader. Jim Viccaro (CARS-
CAT) was the first TWG Chair; in January
1997, he was succeeded by the current
co-Chairs, Dean Chapman (Center for
Synchrotron Radiation Research and Instru-
mentation, Illinois Institute of Technology)
and Dean Haeffner (SRI-CAT).

A regular feature of TWG meetings is the
“APS facility update.” Topics presented by
XFD staff as part of these updates have
included the following:

¢ Performance of high heat load optics

° Performance of data acquisition

systems



e Liquid nitrogen distribution options

e Specifying and installing the Personnel
Safety System on experiment stations

e X-ray optics metrology and fabrication
capabilities available to users

e APS vacuum policy

*  APS-supplied equipment and layouts
for User Shops

¢ Using the APS Design Exchange

3.3.8 CAT Chats

In September 1995, XFD initiated a series of
weekly “CAT Chats,” informal Friday
afternoon meetings that give CAT members an
opportunity to present questions and issues
directly to XFD management. The issues
discussed at CAT Chats have covered a wide
range of technical, administrative, safety, and
user service topics. If a question cannot be
answered on the spot, XFD provides an
answer at the following meeting. In addition,
at the beginning of each meeting the XFD
Associate Division Director for Operations
gives an update on the operations schedule,
shielding validation activities, etc., for the
coming week. The updates, questions, and
answers are compiled into weekly minutes,
which are distributed at the subsequent
meeting and posted on the Web. To date,
65 CAT Chats have been held.
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4.1 Radiation Sources

The main objective of the ID effort is to
perform R&D to improve ID performance and
meet new user needs for radiation with special
characteristics and to handle  major
breakdowns of operating IDs.

A strategy for ID development was conceived
in the early years of the APS project: to
develop and build a universal ID that could
provide radiation over a large energy range,
5 to 25 keV, without compromising the record
high brilliance expected from a third-genera-
tion source. In order to achieve this goal,
state-of-the-art techniques and equipment
needed to be developed.

High brilliance could only be delivered if the
magnetics of the ID were properly designed
and were accurately tuned after fabrication.
The precise magnetic tuning, in turn, required
an advanced measurement system.

The wide energy range to be covered by the
ID dictated a high peak magnetic field that
could be varied in a precise and controllable
manner. This led to the need for sophisticated
controls and innovative vacuum systems with
small vertical apertures.

Finally, experimental verification of the design
and fabrication of the ID required a set of
diagnostic equipment capable of measuring the
absolute spectral flux under the conditions of
record high x-ray power density. The results
of these measurements would need to be
compared to theoretical calculations.

The progress in realizing these goals is
recounted in the remainder of this section of
the report.
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4 R&D IN SUPPORT OF USER OPERATIONS

Magnetic Measurements and
Tuning of IDs

It is imperative that APS users be provided
with a stable x-ray beam. Nothing must
perturb the x-ray beam by more than a few
percent of its size and angular divergence.
However, the x-ray beam can be perturbed if
there is a change in the steering of the positron
beam through an undulator. A small change in
the positron beam steering could cause a large
change in the position of the photon beam at
the user’s experiment due to the long distance
between the source and the experiment. If the
magnetic field of an ID is not well tuned,
changes in the ID gap could cause changes in
the positron beam orbit, either through that ID
or through another ID elsewhere on the ring.
In order to allow the users the freedom to
change their ID gaps, the IDs must be very
well tuned magnetically so that they do not
perturb the stored beam orbit and thereby
affect the stability of any user’s x-ray beam.
The specifications for the IDs called for a very
high quality magnetic field, and the insertion-
device vendor more than met these require-
ments. However, the requirements were
determined based on the assumption that there
would be an active local feedback system to
partly compensate for the remaining field
errors. Further refining of the tuning of the
IDs has been carried out in order to reduce or
even eliminate the need for the active local
feedback.

Another goal of tuning the magnetic field of an
undulator is to improve the quality of the
spectrum of emitted photons. Again, the
undulator vendor wmore than met the
demanding requirements, but the phase error
has been further reduced so as to improve the
spectral performance over a wider range of
energies. The phase error does not cause a
large decrease in the first harmonic intensity,
but the amount by which it decreases the
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intensity in a given harmonic increases with
the harmonic number. In fact, it goes as e™P?,
where n is the number of the odd harmonic
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1993). Therefore, the effect of a 5° phase
error on the 5th and 7th harmonics would be
to reduce the intensity to 83% and 69% of the
ideal intensity, respectively.

An essential component of the ability to tune
IDs is the ability to make accurate measure-
ments of their magnetic field. The ID Magnetic
Measurement Facility (Burkel et al., 1993;
Frachon et al.,, 1995) now is equipped with
two magnetic measurement benches, one with
3 m of travel and the other with 6 m of travel.
There is also a laboratory electromagnet and a
prototype APS dipole magnet for calibrating
coils and Hall probes. A variety of probes can
be mounted on either bench so they can map
out the magnetic field in the gap of an ID.
These probes include a number of coils of
various lengths and orientations and Hall
probes. A recent addition to the probes is an
axial Hall probe that is used to measure the
transverse horizontal component of the
magnetic field. Long, stretched-wire-type
rotating coils are also mounted to each bench
so that integrals of the field through an ID can
be measured more directly than with point-by-
point measurements. The reproducibility that
is routinely attained for the first field integral
measurements is better than 0.5 G-cm. Using
a Hall probe, the first field integral
reproducibility is better than 5 G-cm. That the
reproducibility of the measurements also
applies in the long term has been shown by
Hall-probe measurements of an ID that
repeated with an rms difference of 2 G-cm
after a period of one year.

In order to refine the magnetic field, tuning
techniques have been developed. After the
alignment of the magnetic structures has been
checked and adjusted as necessary, the
primary means of tuning the magnetic field is
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shimming. Different sizes, shapes, and
placements of small shims are used to adjust
different aspects of the magnetic field. For
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placed on top of the magnets rather than on the
poles because the magnetic structure was
designed with the magnets recessed by a small
amount compared to the poles. This allows
shims to be placed on the magnets without
affecting the achievable minimum gap. Shims
can be placed along the ID as needed to
straighten the trajectory and to decrease the
phase error, thus helping to ensure a high
quality undulator spectrum (Vasserman,
1696).
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One way in which an ID can affect the stored
beam is if the first or second integral of the
horizontal or vertical component of the field
through the ID is substantial. Therefore, an
important goal in the tuning of an ID is to
minimize these integrals, and to minimize the
change in the integrals as the gap of the ID is
changed. None of the standard planar IDs
have any active correction of the field
mtegrals, so the users rely on this tuning for a
stable beam in the ring despite someone else’s
ID gap being changed. A non-zero first
integral means that the trajectory of a particle
after it has passed through the ID is at an angle
with respect to its incident trajectory. A non-
zero second integral means that the trajectory
i1s offset after passing through the ID. The
second integral is also a measure of the aver-
age trajectory angle inside the ID, so that if it
varies with gap then the angle of the emitted
photon beam will also vary, and the user will
see the beam move as the gap is changed.

Once the trajectory through the ID s
reasonably straight, first and second integral
tuning is accomplished mainly by changing
the configuration at the ends of the ID. A
number of aspects of the end configuration are
used in the tuning, including adjusting the



strength of the end magnets, changing the
height or shape of the last two poles (in ways
that do not affect the vacuum chamber
clearance at minimum gap!), or adding shim
material to the gap faces of the magnets or
between two magnets on the side of a pole.
Each of these changes has its own effect on
the magnetic field integrals, and its own gap
dependence to the effect. With some of the
changes, the size of the effect varies even
between nominally identical IDs, so it may be
difficult to know a priori what will work best.

The IDs are also tuned to minimize their
integrated multipole moments. If the integral
of the field through the ID possesses a
substantial quadrupole, sextupole, or octupole
moment, that could affect the focusing and/or
coupling of the particle beam.

4.1.2 Field Quality Achieved

Tuning techniques have been applied to fine-
tune the magnetic fields of all the IDs. As
more experience has been gained in tuning,
the field quality achieved has improved. Over
the past several shutdowns, installed IDs have
been removed from the storage ring in order to
install an improved design for the maximum
gap hard stop. While the devices have been
out of the ring, further refinement of the field
quality has been carried out. This effort will
continue as techniques improve. Fig. 4.1
shows the total variation of the vertical and
horizontal first and second integrals of the
field over the entire gap range, for the various
IDs as they are now. Fig. 4.2 shows the
phase errors for all of the undulators at a
magnetic gap of 11.5 mm. The integrated
multipoles through the IDs are also of
importance due to the effect they have on the
focusing and coupling in the stored particle
beam. Fig. 4.3 shows the size of the variation
in the normal and skew integrated quadrupole,
sextupole, and octupole moments for the IDs.
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Fig. 4.1 The first and second integrals of the
vertical and horizontal components of the
magnetic field through the IDs are measured
and tuned over the full gap range. The
maximum and minimum values reached by
each integral are determined. This figure
shows the difference between those maximum
and minimum values, for each ID.

Phase error {deg)

Fig. 4.2 The phase error at a gap of
11.5 mm, as measured for all of the
APS undulators.

4.1.3 ID Control Development

Insertion-device control system development
is focused on extending control access to
users, improving ease of use, expanding the
control system to accommodate new types
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Fig. 4.3 The integrated multipole moments
of the magnetic field through the IDs are
measured and tuned over the full gap range.
Maximum and minimum values for each
moment are determined. This figure shows
the difference between those maximum and
minimum values, for each ID.

of IDs and improving system reliability.
Eighteen undulators have been installed in the
storage ring: 16 undulators A, 1 wiggler A,
and 1 elliptical multipole wiggler.

The control of the IDs installed into the
storage ring is integrated into the APS EPICS
computer network with a dedicated IOC for
each straight section. Controlled parameters
include upstream and downstream drive
motors that allow parallel or tapered
positioning of the magnetic structure, linear
absolute encoders for position monitoring,
absolute rotary encoders for redundancy, and
protective limit switches and interlock
circuitry. Operators and users can monitor
status and initiate actions from the control
room or from computers located in offices or
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on beamlines. Security is maintained by the
use of a process variable server that allocates
control according to predefined access tables.

The control system has been designed to
enable users to control the ID on their own
beamline simply and easily without involving
facility operators. To this end, the control
system has been developed to be friendly and
easy to use but to be rugged and completely
self protecting. Users can select a parallel gap
position, a tapered gap position, or a desired
first harmonic energy. The IDs have been
designed and carefully tuned to eliminate any
coupling between beamlines. Tests have
shown that ID gap changes can be made in
any or all sectors simultaneously without
impacting the other users. All possible failure
modes are continuously monitored, and users
are prevented from inadvertently moving the
ID in a manner that could damage the ID or the
storage-ring vacuum system. The IDs are
protected against motor stalls, encoder failure,
excessive taper, and exceeding minimum and
maximum limits. A software limit for commis-
sioning can be set by the Floor Coordinator to
administratively protect against excessive
x-ray power during the commissioning of a
beamline. If a problem should arise, the
system will latch in its current state and a
message will alert a user to the need to notify a
Floor Coordinator to obtain expert assistance.
An automatic log records the status changes
and any errors that occur.

The interface to the ID control is implemented
with the channel access features of EPICS.
Control screens have been provided for users
operating UNIX systems with EPICS
(Fig. 4.4), or alternatively, users are able to
design their own screens using variable names
and descriptions that are readily available
through the XFD Operations home page on
the World Wide Web. CATs are asked to
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ID Control Screen

Taper

Access

Fig. 4.4 EPICS screens available to users for control of undulator A and wiggler A.
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provide a list of computer names and user
names that are to be given access for control
of the ID for their beamline. Only these
authorized persons, Floor Coordinators, and
system maintenance personnel are able to
change gap positions.

The elliptical multipole wiggler (EMW) is a
unique ID that has been installed in Sector 11
of the storage ring for polarized x-ray studies.
In addition to the hybrid permanent magnet
structure, it contains a horizontal field
electromagnet that can alternate polarity at up
to 10 Hz. The EMW control system consists
of the standard controls for the vertical gap
along with controls for the 1000 amp electro-
magnet supply and correcting coil supplies.
The correcting coils are energized through an
arbitrary function generator that allows the
field to be varied so as to reduce the field
integral of the electromagnet at positive and
negative polarity and during the transitions.
EPICS control screens have been generated to
allow the EMW operator to vary all of the
parameters during commissioning, but further
work is required to reduce the controls to the
relevant set for casual users and to simplify
execution.

4.1.4 ID Vacuum-Chamber
Development

A number of considerations in the design of
undulators drive the design of the vacuum
chamber to small gaps. On the other hand,
particle beam transport considerations require
the largest possible aperture. The competing
requirements demand a vacuum chamber
design with minimum chamber wall thickness,
close tolerances for straightness and flatness
to enable precision alignment, as well as
mechanical and thermal stability. In addition, a
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low outgassing rate, achievable manufactur-
ability, low maintenance, and high reliability
are also desirable.

During the last five years, a new approach to
the design and fabrication of extruded
aluminum vacuum chambers for IDs was
developed at the APS (Trakhtenberg et al.,
1996). Versions of the vacuum chamber, with
vertical apertures of 12 mm and 8§ mm, and
lengths of 2.5 meters and 5 meters were
manufactured and tested. Twenty chambers
were installed in the storage ring and
successfully integrated into the APS vacuum
system. All have operated with beam, and 16
have been coupled with IDs.

All of these vacuum chambers have a wall
thickness of 1.0 mm at the beam orbit
position. Figure 4.5 shows a typical cross
section. The chambers are fabricated by
extruding 6063 aluminum alloy to form a tube
with the desired internal shape (a) and
machining the exterior to finish dimensions
(b) and (c). The design utilizes a rigid
strongback that limits deflection of the
chamber under vacuum despite the thin wall.

In order to achieve and control the required
vacuum, the ID vacuum chamber is equipped
with a set of vacuum pumps and vacuum
gauges. The total pumping capacity 1is
achieved by combining two ~5-meter-long
nonevaporable getter (NEG) strips with an
average pumping speed of ~6 l/(sec cm), a
301/sec ion pump, and a 220 lsec lumped
NEG pump in each end box.

In addition to the pumps, the end boxes also
accommodate transition sections, an x-ray
absorber, and vacuum analyzers. The transi-
tion section in the upstream box is a water-
cooled copper block that provides a smooth
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Fig. 4.5 Cross section of the 8 mm ID
chamber. (a) extrusion, (b) after machining,
(c) end geometry showing the locations of
beam position monitors.

transition between the aperture of the ID and
storage-ring vacuum chambers. The transition

block in the downstream box is not water

cooled. Both transition sections must be
installed to avoid impedance mismatches that
would affect the positron beam. The x-ray
absorber is located in the downstream end
box. It prevents the bending-magnet synchro-
tron radiation from penetrating the vacuum
valve. Thermal calculations show, and experi-
ments with installed chambers verify, that
under relatively moderate cooling conditions,
the temperature rise on the surface of the
transition block or on the x-ray absorber does
not exceed 110° C with a 300 mA positron
current in the storage ring and under
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maximum x-ray beam missteering. Figure 4.6
shows the layout of the ID vacuum chamber.

During the last year, 14 aluminum ID vacuum
chambers were installed in the storage ring.
Each chamber was certified at a pressure
below 2 x 10-10 Torr prior to installation, and
vacuum performance of the chambers was
monitored with and without beam present.
Initial installed pressure without beam is
typically 1-5 x 10-10 Torr (Fig. 4.7). Photo-
desorption from synchrotron radiation raises
the pressure during beam operations to about
2 x 109, After several weeks of beam
conditioning, pressures during beam operation
decline to < 1 x 10-9 (Fig. 4.8).

Alignment of the vacuum chamber on its
support is routinely accomplished using
optical techniques to a precision of + 75 um
over the entire surface. This allows minimum
insertion-device pole gaps to be obtained. All
of the installed undulators can achieve a
minimum gap of 10.5 mm while maintaining
clearance from the chamber. At the present
time, the minimum gap of all chambers is
administratively set to 11.0 mm. As more
experience is gained with the ID controls and
the mechanical structure of the gap separation
mechanism, the minimum allowed gap will be
decreased to the mature phase value of
10.5 mm.

Experience elsewhere with stainless steel
chambers and ST707 NEG material suggested
the possibility of levitating dust particles of
ferromagnetic material into the beam aperture
of the ID vacuum chamber during ID
operations. The signature would be a sudden
drop in the lifetime of stored beam due to
collisions with the levitated particle. No
evidence of this effect has been observed at
the APS.
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5.590 m

Fig. 4.6 Layout of the 5 m ID vacuum chamber. (1) ID chamber, (2)(3) stainless steel end box,

(4) bellows, (5) support structure.

ID VC Pressures

Sector Number

1.5 2
Pressure x 10 torr

2.5 .

Fig. 4.7 Typical pressures for ID vacuum
chambers installed in the storage ring.

4.1.5 5-mm-Aperture ID Vacuum
Chamber

The standard 8-mm-aperture chamber with
1 mm wall thickness allows a minimum gap
of 10.5 mm after allowing 0.250 mm on either
side of the chamber for variations in straight-
ness, flatness, and ID pole height variations.
Because the gap separation mechanism of
undulator A is designed to be able to with-
stand the magnetic forces at a minimum gap of
8.5 mm, it is desirable to have a vacuum
chamber that takes full advantage of the
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Fig. 4.8 Effect of beam-induced photo-
desorption on an ID vacuum chamber. The
upper trace is for a newly installed chamber
in Sector 6. The lower trace is for a
previously installed and well-conditioned
chamber in Sector 2. The maximum stored
current was 80 mA.

capabilities of the ID. A 5-mm-aperture
extrusion was designed and fabricated and
successfully machined to the same exacting
tolerances as the standard 8-mm-aperture
chamber. The chamber end geometry was
tapered to 12 mm aperture to enable use of the
standard end box. The chamber was welded,
assembled, certified for vacuum, and



completely prepared for installation into the
storage ring. Current plans call for a test
installation in the storage ring in an
unoccupied sector sometime during late 1997
or early 1998. A decrease in the size of the
NEG pumping channel in this chamber
relative to the standard 8 mm chamber results
in somewhat worse vacuum conductance.
During the test, the positron beam behavior
will be monitored closely to detect any adverse
effect on the beam lifetime or emittance. After
the tests, the chamber will be removed from
the storage ring for reinstallation in a sector
where the full capabilities of the undulator A
are needed.

4.1.6 EMW Vacuum Chamber
Development

As described previously, the EMW utilizes
both a vertically oriented permanent magnetic
field and a horizontally oriented -electro-
magnetic field. The design incorporates a
3100-mm-long stainless-steel vacuum cham-
ber of rectangular cross section, with outer
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dimensions of 69 mm wide by 22 mm high
outer and a wall thickness of 1.2 mm
(Den Hartog et al., 1996). Figure 4.9 shows
the 5m straight-section vacuum chamber
assembly for the EMW. The magnet structures
completely surround the chamber on all four
sides, positioned only 1 mm from the chamber
when in use. This precludes use of an
“antechamber,” as used in the standard
insertion-device vacuum  chamber. The
standard chamber uses electrically activated
NEG strips running the length of the chamber
on the antechamber side for UHV pumping.

Given the constraints of the magnet geometry
and the chamber length, two approaches were
pursued for effective UHV performance. Both
approaches utilize lumped NEG and ion
pumping at either end of the chamber. One
approach uses no additional pumping over the
length of the chamber, relying on thorough
cleaning and baking to minimize surface
outgassing. The other method uses strips of
sintered NEG material in diagonally opposed
corners of the chamber top and bottom. The
NEG material would be activated by heating

3100 mrmr

/@

90

1600

Fig. 4.9 General layout of the APS EMW vacuum chamber: (1) EMW vacuum chamber,
(2) upstream end box with transition section, (3) downstream end box with transition section,
(4) bellows, (5) BPM insert, (6) short storage-ring vacuum chamber.
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the chamber. Both approaches are complicated
by the need to entirely assemble the EMW
magnet structures prior to closure of the
vacuum system. The system used for in situ
heating in either approach must maintain the
permanent magnet structures below 35° C.
Activation of the NEG strips requires heating
the NEG material to at least 250° C.

As shown in Figure 4.10, the heating system
uses copper plates in contact with the outside
of the vacuum chamber. A total of four plates
is used, covering most of the chamber length
on the top and bottom. A 1kW heater is
mounted to each copper plate. Contact
between the heaters and plates, and between
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Fig. 4.10 Detail of in situ bakeout heaters for EMW vacuum chamber.
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the plates and the chamber, is maintained with
clamps held together with screws. Insulating
boxes encapsulate the heating assembly.
boxes are made of thin stainless steel
and are filled with layers of ceramic fiber
insulation. The insulating boxes are held in
place with thin stainless-steel channels, fixed
to the side boxes with knurled screws. The
entire heating and insulating system can be
installed within the EMW structure after the
magnet assemblies have been retracted.

Thaca
L HCSO

While an acceptable pressure for installation
had been achieved with the NEG-pumped
chamber, it was not clear that the heat-
activated NEG material provided a clear
benefit. Heating the NEG material from the
outside meant that the activated NEGs were
subjected to heavy outgassing from the hot
chamber, reducing their pumping speed and
capacity upon cooling. Thus, the third test
focused on the chamber without NEG
pumping. The cleaned chamber was
assembled, the copper strips were thoroughly
cleaned to remove the sulfide/oxide scale, and
the heating/insulating system was reassem-
bled. The chamber was heated to 150°C. The
heaters were at 225°C and the outside of the
insulating box reached a maximum of 61°C.
With ion pumping and activation of the other
NEGs, a pressure of 1.7 x 1010 Torr was
obtained, better than the level of the NEG-
pumped chamber. This chamber was used for
the EMW installation.

4.1.7 Development of a Novel

Vacuum Sealing Technique

A common feature of the ID vacuum chambers
is the use of bonded aluminum and stainless
steel in bimetallic transitions, which allow the
Jjoining of stainless-steel and aluminum parts.
A roll-bond joint formed with a layer of 304
stainless-steel alloy, a layer of pure aluminum,
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and a layer of 2219 aluminum alloy, provides
a transition from the main chamber body (of
6063 aluminum) to the stainless-steel conflat
flanges.

In the process of vacuum testing these
chambers, several small vacuum leaks were
discovered in the bonds of a few of the
chambers. Twenty-six UHV vacuum cham-
bers were fabricated using these transitions,
twenty-one for use at the APS, four for the
BESSY I project, and one for the ESRF. In
these chambers, this sandwich plate was
utilized for 52 standard end joints and for 24
circular ports for the BESSY II collaboration.
Of the 52 standard end joints, leaks have been
detected in five joints. Of the 24 BESSY II
ports, leaks were detected in six joints.

To repair these leaks and prepare the chambers
for use in an ultrahigh vacuum, high radiation
dose environment, a completely new method
was tested using high velocity oxygen fuel
(HVOF) metal powder spray deposition. An
HVOF system accelerates a powder of the
selected coating material fto supersonic
velocities by injecting the powder into a
combustion chamber and out through a nozzle
with the combustion products. A variety of
coating materials can be used including many
metals and alloys, as well as ceramics. The
high momentum of the particles creates a
deposit with high adhesion, fine grain, and
low porosity. It is these features that
suggested its use for sealing small vacuum
leaks. The desired seal must introduce no
contaminants into the system, particularly
hydrocarbons, must be capable of with-
standing repeated bakeouts at 150°C, and must
be immune to radiation damage from x-rays
and bremsstrahlung.

To test the feasibility of the process, samples
were prepared and sent to vendors to test
different coating processes and materials. One
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of the samples was sealed completely by using
the HVOF process and a Cr3C/NiCr coating,
verifying the potential of the process.

The HVOF process is subject to a great
number of variables including surface
preparation, powder mixture, particle mesh,
feed rates, gas mixture and consumption rates,
spray distance and deposition rate, coating
thickness, number of coatings, substrate
temperature, and environmental conditions,
such as humidity. Each of the ID vacuum
chambers was sprayed under different
conditions, making generalized conclusions
difficult if not impossible without increasing
the number of samples. Results vary from
sealing the leak, to no change, to actually
increasing the size of the leak (probably due to
thermal effects). Given the proper set of
conditions, however, it has been shown that it
is possible to seal vacuum leaks in a manner
that is completely consistent with ultrahigh
vacuum requirements. Further tests are
planned to define the proper parameters.

ID Installation and
Commissioning

4.1.8

The first ID was installed in the storage ring in
August 1995, after the installation of the first
ID vacuum chamber. This first chamber had
an aperture of 12 mm. The very satisfactory
initial tests that were run at the time found that
the effect of moving the undulator gap on the
stored particle beam was smaller than the
requirements—in fact, it was only measurable
above the noise after statistics had been
gathered for many minutes! Harmonics could
be seen clearly in the undulator spectrum to
over 100 keV. The x-ray beam size and
angular divergence were also used to
determine the emittance of the stored particle
beam. These results were reported at the 1995
Synchrotron  Radiation  Instrumentation
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Conference (Cai et al., 1996a, 1996b). The
undulator was subsequently removed from the
storage ring to allow commissioning of the
ring to proceed with the installation of the
smaller (8§ mm) aperture ID vacuum chambers.

In the fall of 1995, installations of IDs on the
8-mm-aperture vacuum chambers began. In
January 1996, there were three IDs installed.
At the end of March 1997, there are a total of
18 IDs installed around the ring (Table 4.1).

Note that there are two undulators installed in
Sector 2. The straight sections are long

Table 4.1 IDs Installed on the Storage

Ring as of March 1997
Period length
Sector ID installed (mm)
1 undulator 33
2 undulator 33
2 undulator 55
3 undulator 27
5 undulator 33
7 undulator 33
8 undulator 33
10 undulator 33
11 elliptical wiggler 160
12 undulator 33
I3 undulator 33
14 wiggler 85
17 undulator 33
18 undulator 33
19 undulator 33
20 undulator 33
33 undulator 33
35 undulator 18




enough to accommodate two of the standard-
length (2.4 meter) IDs. Other sectors may
install a second ID in the future if, for
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would significantly increase their brilliance in
some particular wavelength range. The users
close the gap of whichever undulator they
want to use at that particular time. Some of the
undulators are longer, however, and occupy
the entire straight section, such as the elliptical
wiggler and the 18-mm-period undulator that
1s being used by the APS Diagnostics Group
to monitor beam quality.

Initially, the gap of an ID was moved only by
an ID Group member, only from the Main
Control Room, and only with the full
knowledge of the accelerator physicist who
was operating the storage ring. After the initial
testing of the effect of an ID on the stored
particle beam showed that the effect was
barely measurable, however, permission was
routinely given to change the gap as requested
by the user, without the need to inform the
ring operator. Control of the IDs was then
entrusted to the Floor Coordinators, who
could move the gaps from computer terminals
in their offices on the experimental floor as
requested by the users. More recently, users
are being given the freedom to control the gap
of their ID themselves. As of the run time in
March 1997, users in ten sectors now may
change their ID gap whenever and however
they wish during normal user beam time. For
now, Floor Coordinators still open all ID gaps
before beam injection, then return the gaps to
their previous values once injection is
complete.

4.1.9 Storage Ring Measurements

Careful measurements of the magnetic field of
an ID are made to predict the effect of the ID’s
magnetic field on the stored particle beam.
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The measurements are used to tune the
magnetic field, as described above, to
minimize undesired effects on the stored
beam. The real test of what has been achieved,
however, is to install the ID in the storage ring
and to measure the actual effect it has on the
stored beam. The gap of the ID is cycled
between minimum gap and, typically, 45 mm.
The global beam position feedback in the
storage ring is turned off for these experi-
ments. The variation in the beam position
monitor (BPM) readings between the two
different gaps is recorded for BPMs all around
the ring. Calculations of the closed orbit are
then performed in which a kick is added at the
position of each end of the particular ID being
tested, and the size of the kicks adjusted to fit
the observed closed orbit change. These kicks
are then used to compute the first and second
field integrals. The integrals determined in this
way agree with the first and second integrals
of the magnetic field through the ID as
measured in the APS Magnetic Measurement
Facility.

Another important measurement of the effect
of an ID on the stored beam has also been
carried out. The gap on one ID was moved
through its full range of travel while the
position of the x-ray beam was observed in a
different sector. No movement of the x-ray
beam in the second sector was seen, to a
sensitivity of 4 microradians. Work is in
progress to repeat this measurement with an
even higher sensitivity. Note that this is with
no active local feedback correction on the
particle beam orbit; only global feedback was
in operation.

The motion of the x-ray beam due to changes
of the gap in the ID producing the beam has
also been measured, using a zone plate to
image the beam onto a position-sensitive
detector. The position of the x-ray beam
was found to be constant to within the
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3 microradian sensitivity of that measurement,
again with no local active feedback on the
particle beam.

4.1.10 Spectral Performance

The APS undulator A provides high brilliance
x-ray radiation in the 3.2-45 keV spectral
energy range. In order to characterize the
performance of the undulator, absolute
measurements of the undulator brightness as a
function of angle and energy have been made.
The quality of the undulator magnetic field
may be verified by observing the high order
harmonics of the undulator radiation.
Undulator brightness depends on the particle
beam divergence and energy spread.

These measurements may have to be made
under conditions of high incident beam power
and high incident beam power density. The
experimental setup is schematically shown
in Fig. 4.11. Upstream of the two spectro-
meters, a water-cooled conical pinhole with an
exit diameter of 0.8 mm was used to remove a
substantial fraction of the undulator power
from the beam. Vertical and horizontal water-
cooled slits define the angular acceptance of
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Fig. 4.11 The experimental setup used to
measure the spectrum of x-rays from an
undulator.
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the incident beam. In order to collimate the
bremsstrahlung radiation, a 100-mm-thick
tungsten block with a 5-mm-diameter hole
was placed downstream from the slits. The
pinhole, slits, and the tungsten collimator
were placed in a helium enclosure and were
carefully shielded with lead. Two spectro-
meters were used for absolute flux
measurements. The first uses the scattering
from a gas whose differential cross section is
well known, combined with an energy-
dispersive detector. While the use of an
energy-dispersive  detector can  provide
convenient and fast absolute flux and linear
polarization measurements, in order to obtain
more accurate measurements of the odd
undulator harmonics, it may be necessary to
use a crystal spectrometer. The crystal
spectrometer employs a Si (111) crystal and
an ion chamber detector filled with nitrogen
gas. The single-reflection geometry makes
spectral measurements quite insensitive (o
thermal distortion of the crystal because the
integrated reflectivity of the crystal can be
calculated by dynamical diffraction theory
even in the presence of a moderate thermal
bump. The efficiency of the ion chamber was
determined by calculating the fraction of
x-rays absorbed in a 100 mm active path. The
silicon crystal was characterized using surface
topography and x-ray diffraction and was
found to be a perfect crystal.

A comparison of experimental results versus
calculations for on-axis flux tuning curves for
the first, third, and fifth harmonics of
radiation for undulator A is shown in
Fig. 4.12. An aperture of 150 X 75 pum was
located 28.9 m from the source. The typical
storage-ring current was 40 mA. There are
two calculated curves for the third and fifth
harmonics because of different coupling
constants during the data collection (8.5% for
small undulator gaps and 4.6% for large
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Fig. 4.12 On-axis flux of x-rays from an
undulator as a function of energy. The firsi,
third, and fifth harmonics are shown. The
points are measured results; the lines are the
results of calculations. There are two
calculated curves for the third and fifth
harmonics  because  the  experimental
measurements were made at two different
times when the particle beam parameters
were different.

gaps). Experimental results were normalized
to a beam current of 100.0 mA. The error
bars are + 10%. The discrepancy between the
measurements and the calculations can be
attributed to (1) the magnetic field errors of the
real device, which cause the intensity of the
higher harmonics to be reduced from the ideal,
and (2) the error in the emittance
measurements, which are used for flux
calculations. The anticipated reduction is most
easily obtained by numerical simulations using
the code UR for the practical case of including
the beam emittance, the beam energy spread,
and a finite size aperture.

The APS beam emittance was obtained by
measuring the vertical and horizontal size and
divergence of the undulator x-ray beam.
Undulator radiation passes through a water-
cooled conical pinhole, which reduces the
incident power on the cryogenically cooled
Si(111) crystal. This horizontally deflecting
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St crystal is vacuum sealed between two
150-pm-thick beryllium windows. A gold
zone plate is used to form an image of
the x-ray source. A platinum order sorting
aperture was used to increase the contrast in
the image. An energy-dispersive Si (Li)
detector was located close to the image plane
to measure the x-ray fluorescence generated
from a sharp Ni knife-edge (Ko emission
line) placed in the imaging plane. The beam
size was determined from fluorescence
intensity profiles measured when the knife-
edge was scanned across the beam. The
resulting rms source sizes are 300 = 25 um in
the horizontal direction and 60 = 9 pm in the
vertical. Beam divergence measurements were
performed by scanning a slit across the
undulator beam in the vertical and horizontal
directions, at a monochromator energy that is
on the low energy side of the undulator
harmonic. This energy is chosen because it
substantially reduces the intrinsic undulator
divergence contribution. The beam divergence
was obtained by fitting the measured beam
profile with a calculated one. The fitting gives
the result of 25 + 2.5 uprad for horizontal
divergence and 5.3 = 0.5 urad for vertical.
The corresponding horizontal (x) and vertical
(v) emittances (obtained at a current of 20 mA)
are

e, =7.5£60x10" mrad
and
e, =32+60x 10719 yrad.

The coupling constant ¥, which is the ratio of
the vertical to the horizontal emittance, thus
becomes 4.3 + 1.3%.

The measured on-axis spectral brilliance (solid
line), using the crystal spectrometer, and
calculated on-axis spectral brilliance (dotted
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line) of the undulator radiation from a 7 GeV
electron beam at a gap of 15.8 mm (K=1.61)
are shown in Fig. 4.13. The calculation
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included the measured
vundulator, the electron beam enuttance,
measured at the time of the brilliance measure-
ments, (€x=0.9 nm-rad, ey=0.2 nm-rad), and
the design value for the electron beam energy
spread (0.1%). The error bars are + 18%,
which includes systematic errors for flux and
emittance measurements. As is clearly seen
from the figure, the measurements are in
remarkably good agreement with the calcu-
lation. The quality of the undulator magnetic
field was verified by observing the high order
harmonics of the undulator radiation. More
than thirty harmonics can clearly be seen in
Fig. 4.14, where the measurements performed
at an undulator gap of 11.1 mm are shown
along with the results of calculations that used
the measured magnetic field.
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Fig. 4.13 The on-axis spectral brilliance is
shown. The solid line was measured using
the crystal spectrometer; the dotted line is
from a calculation. The calculation included
the measured field of the undulator, the
measured electron beam emittance, and the
design value for the energy spread.
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Fig. 4.14 The harmonic structure of the
undulator radiation at higher energies.
Harmonics as high as the 30th are clearly
seen.

4.1.11 Computer Codes for Simula-
tion of Synchrotron Radiation

Computer simulations of synchrotron radia-
tion are invaluable for characterization of new
IDs being installed in the storage ring.
Generally, the simulation of the radiation can
be divided into two categories—the first being
simulation of radiation from an ideal device
albeit with a real electron beam, the second
being simulation of the real device with the
real beam. The simulation of real devices with
the real beam is computing intensive but
manageable with today’s high speed work-
stations and personal computers with results
obtained in typically one day of computing
time. Computer codes for both categories have
been developed in collaborative efforts at the
APS, and a few results of these codes will be
presented here.

Quite often it is not enough to have access to a
computer code that, in principle, will solve a
particular need because the code is difficult to
use—either because of poor documentation or
because of the complicated nature of the code.



In this regard, the use of graphical user
mterfaces for entering data and for displaying
results has become important. A suite of
programs for modeling radiation character-
istics of ideal devices (real electron beams)
and the interaction with optical elements has
been developed and assembled into a package
called XOP (x-ray optics utilities) using a
common graphical user interface. This
interface largely simplifies the execution of the
codes and may be run without any prior
knowledge of how to run a particular
program.

4.1.12 XOP: A Graphical User
interface for X-ray Optics
Utilities

The XOP interface contains a suite of
programs of general interest to the synchro-
tron radiation community (Dejus and Sanchez
del Rio, 1996). They are easy to use, fast, and
the results are visualized and analyzed using
the provided plotting interface—all tasks are
performed without leaving the interface. The
programs have been naturally divided into two
general categories (Fig. 4.15a)—computer
codes for generation of synchrotron radiation
properties of undulators, wigglers and
bending magnets, and codes for computation
of optical constants, photon cross sections,
mirror reflectivities, filter transmissions,
crystal diffraction profiles, and multilayer
reflectivities.

The interface, which was written in the IDL
(interactive data language) programming
language, runs on workstations for most
flavors of the UNIX operating system
including Sun Solaris, HP-UNIX and Digital
UNIX. It is also available for PCs running
Windows-95 and Linux. Other operating
systems will be available as demand changes.
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The package is stand alone, no commercial
license is needed, and is available free of
charge to non-profit organizations.

Figures 4.15b and 4.15c¢ show the pop-up
menu (Xus) for the code US (undulator
spectrum) with the accompanying input menu
for entering data and for setting parameters
and options. In this example, the calculation
of the flux spectrum through an aperture was
chosen (size of aperture was chosen to
approximately cover the central cone of
radiation). The results are visualized and
analyzed using the built-in plot interface
Xplot.

The calculated emitted x-ray spatial distri-
bution at select energies (near harmonic
energies) has been verified experimentally.
The single electron radiation pattern shown in
Fig. 4.16a was calculated using the Xus
interface and broadened with the introduction
of the beam emittance of the stored beam.
The broadened profile was successfully
matched with the measured profile near
the third harmonic energy by fitting the size
and divergence parameters of the beam.
Fig. 4.16b shows the result of the best fit and
the measured beam intensity profiles (vertical
only). The code was further verified experi-
mentally by measuring the tuning curves of
the absolute spectral flux for the first
three odd harmonics of radiation (see
section 4.1.10 on spectral performance).

4.1.13 UR: Computer Code for
Simulation of Real IDs with
Real Beams

The computer code UR (undulator radiation)
has proven instrumental when predicting the
spectral performance of the APS insertion
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. Xopwv. 1.2 r#ree s
ace for X Aay Optics Utilit Us:

Fig. 4.15 (a) (upper left) The main menu of XOP with separate buttons for sources and optics
utilities. (b) (upper right) Pop-up menu for the code US (Undulator Spectrum). {(c) Input menu for
the code US.
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Fig. 4.16 (a) (top): Single electron radiation
pattern at 32.8 m near the third harmonic
energy (18.4 keV) for undulator A (K=1.61).
(b) (bottom): Calculated and measured

vertical beam intensity profiles of radiation
at 18.4 keV for undulator A (K=1.61).

device on an absolute level. The computer
code solves numerically the equations of
motion (3-D) for an arbitrary magnetic field
and calculates the radiation field at each time
step as the particles are tracked through the
device. The real beam emittance and beam
energy spread and the actual magnetic field of
the device are typically used in the calculations
(Dejus and Luccio, 1994).

Experimental characterization of undulator A
has been performed not only at low photon
energies but also at high energies (> 50 keV)
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and comparisons of the measured and
calculated spectral flux have been made. The
measured and calculated flux through an
aperture (1
source for an undulator gap setting of
15.5mm (K = 1.63) is shown in Fig. 4.17.
The 11th harmonic is seen at 66 keV, and its
shape and structure has been influenced
largely by the non-perfect magnetic field in
addition to the effect of the beam emittance
and beam energy spread. All three effects
make the high harmonics show a complicated
pattern—it should be noted that the code is
able to predict all harmonics (up to number 29
at 170 keV) including the detailed sub-
structure of the harmonics.

N2 o PRI B | R L SRS SN
X 1 mm) located 35 m from the

4£.1.14 Radiation Exposure of the IDs

NdFeB magnets are known to be sensitive to
radiation damage, and some work has been
done in the past, by others, to determine the
radiation susceptibility of the NdFeB. Much
of the work that has been done, however, is
not directly applicable to ID magnets because
the spectrum of radiation used in the study or
its makeup (e.g., neutrons as opposed to
electrons or photons) is not the same as will
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Fig. 4.17 Comparison of measured and
calculated spectra for undulator A (K=1.63).
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be present in a storage ring. Also, Nd magnet
technology has developed rapidly in recent
years so that the magnet material used in the
APS IDs was not available eight years ago.
The effect of stabilization of the magnets is
unclear, and there may be variation In
radiation sensitivity between magnets from
different vendors as well (see Chavanne et al.,

1996).

There is no doubt, however, that the radiation
exposures received by ID magnets are
sufficient to cause demagnetization. This has
been shown at ESRF by an ID that showed
partial demagnetization after being installed for
a year (see Colomp and Brauer, 1993). The
best estimate for the total dose received by that
IDis 5.1 to 6.8 Mrad at the first magnet. At
the upstream end of the device, about 7% of
the peak field was lost due to demagnetization.

Not all the radiation to which an ID could be
exposed will contribute towards demagnetiza-
tion, however. Experiments have been
reported (Okuda et al.,, 1994) in which
magnets were irradiated with 17 MeV electron
beams and 1.17 MeV 60Co y-rays. Whether
the energy quanta are electrons or photons
probably does not matter, but the energy of
the quanta does make a difference. No
demagnetization was seen after exposure to
280 Mrad of 1.17 MeV v’s, but there was a
9% flux loss for the NdFeB exposed to
260 Mrad of 17 MeV electrons. The
radiation-demagnetized magnets were subse-
quently remagnetized to essentially full
strength.

Clearly, then, one needs to know the spectrum
of radiation to which the magnets are exposed
in order to predict the likelihood of damage.
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An experiment was carried out at the APS to
determine whether the dose rates being
measured at the IDs using film dosimeters and
thermoluminescent dosimeters (TLDs) were
from high or low energy quanta. A
multilayered sandwich of alternating Pb and
film dosimeters was placed so the dosimeters
were approximately 30 mm directly above the
positron beam, as shown in Fig. 4.18. The
dose as a function of depth of Pb was
measured, and the results are shown in
Fig. 4.19a. For comparison, the absorbed
energy as a function of depth in Pb due to a
6.3 GeV cascade is shown in Fig. 4.19b
(data from Bathow et al., 1967). The depth at
which the peak dose occurs is a function of
the energy of the incident quanta. The
similarity between these curves suggests that
7 GeV quanta made up a large fraction of the
incident radiation in the APS test. This
radiation is high enough in energy to
demagnetize the magnets.

+Pb

Dose-depth
experiment

Fig. 4.18  Schematic of part of the
experimental setup used for the dose-depth
experiments. The setup consists of a 16-t0-32
layer sandwich of film dosimeters between
Pb plates.
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Fig. 419 (a) The results of the dose-depth
experiment are shown. Each point is the
reading from one film dosimeter. (b) For
comparison, the published results (Bathow
et al., 1967) of a simulation of the absorbed
energy as a function of depth in Pb due to
incident 6.3 GeV quanta were graphed.

The depth-dose experiment was repeated

during the subsequent run. In that experiment,

the peak dose occurred at a shallower depth,
suggesting that some of the cascade had
already taken place before the radiation
reached the experiment. It may be that the
spectrum of the dose reaching the ID varies
strongly with events or beam characteristics
that are specific to the particular run. More
experiments will be conducted to further
characterize the exposure.

Dose measurements made during the first
running period with IDs installed and with the
smaller gap vacuum chamber alerted us to the
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need to provide some radiation shielding for
the IDs. During much of that run, injection
efficiency was quite low and for long periods
of time beam was being injected even though
it wasn’t being successfully stored. When the
dosimeters were removed and read out, two of
the three installed IDs were found to have
been exposed to extremely high doses. The
response of the TLDs used flattens out at
exposures over about 300 Krad, so it is
difficult to know the actual dose to within a
factor of 2, but it is estimated to have been as
high as 5 Mrad on one ID and 1 Mrad on the
other. The gap on the third ID had been kept
open during the entire run, so its dose was
only 52 Krad on the first pole. However, a
second dosimeter that was placed to measure
what the dose would have been for that ID if it
had been at minimum gap for the entire run
gave an estimated dose of 3 Mrad. The
magnetic field of the undulators that have
received the highest doses was rechecked,
most recently in March 1997, and no
demagnetization was found.

After ihese surprisingly high dose rates and
knowing the experience at ESRF, it was
decided that measures to reduce the exposures
encountered by the installed IDs were
warranted. As a result, IDs are now installed
in the downstream part of the ID straight
section whenever possible, and Pb shielding
is installed in the open space upstream of the
ID.

The Pb shielding that has been installed is
more than 30 radiation lengths thick and
should reduce the radiation levels to some-
thing too small to measure. The measured
effect of the Pb gives us insights into the
spatial distribution of the radiation. Fig. 4.20
shows the dose measured during a 3.5-week
run by film dosimeters laid flat on the upper
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dosimeters that were placed flat on the top or
bottom of a 10-mm-outside-dimension ID
vacuum chamber. Dosimeters were also
placed on the faces of the pole of the ID,
which was kept at 100 mm gap throughout the
3.5-week run. The position of the Pb shielding
upstream of the ID is shown. The dose at the
upstream end of the ID (marked on the
graph) was too small to measure by this
technique (<3000 Rad).

and lower faces of the (10-mm-outside
dimension) vacuum chamber and laid flat on
the pole faces of the ID. This ID was kept at
100 mm gap throughout the run. The position
of the Pb shielding is marked on the graph;

note that it has no effect on the distribution of .

doses measured at the face of the vacuum
chamber, despite the fact that there is no gap
between the Pb shielding and the vacuum
chamber. The Pb does dramatically reduce the
dose at the upstream face of the first pole
where the unshielded doses were highest;
however, that point is not shown on the graph
because the dose there was too small to
measure. The Pb shielding has essentially no
effect on the dose at the downstream end of
the ID. This shows that while there is
radiation traveling through the air above the
vacuum chamber, there is also a non-
negligible amount of radiation that
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will reach the magnets of an ID at closed gap
by traveling through the vacuum chamber. So
although the shielding dramatically reduces the
radiation dose at the upstream end of the ID,
where it would otherwise be highest, it has
essentially no effect on the lower dose levels
at the downstream end.

Another means that is used to reduce the
radiation dose to the magnets is to leave the ID
gaps open when the IDs are not in use and,
more specifically, to open the gaps for
injection. Figure 4.21 shows the total dose
measured during a 6-week running period at
the first poles of each of the installed IDs.
Dosimeters were also mounted immediately
upstream of the first pole of each ID, at the
same distance from the vacuum chamber as
the dosimeter on the first pole would be if the
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Fig. 4.21 Dosimeters were placed on the
upstream face of the first pole of each of the
IDs. There were also dosimeters placed on
the vacuum chamber immediately upstream of
the ID, at the same distance from the particle
beam as the dosimeters on the poles would be
if the ID were at minimum gap. Thus, the
difference between the two bars in each sector
shows the radiation exposure the ID was
spared by not being at closed gap during the
entire run.



ID were at minimum gap. Thus, the difference
in dose rates indicates the amount of dose the
ID was spared by having the gap open when

+ oy ~
the ID was not being used.

While these measures that have been taken to
reduce the exposure of the IDs have been
effective, they are not the final answer. One
reason why is that not all IDs can be protected
by Pb shielding because there isn’t always
enough space for the shielding. Another
reason is that an eventual goal in the operation
of the storage ring is to go to a “top-off” mode
in which small amounts of beam would be
injected frequently so that the beam current
would be kept nearly constant. That way, the
users would have a beam with constant
brilliance. These frequent injections would
need to be carried out with the ID gaps closed.
In order to be confident that this would not be
putting the IDs at risk, a better understanding
of the origin of the dose is needed—it could
be mainly coming from beam that is lost
during injection, it could be a steady dose
from the entire time the beam is operating, or
it could be from particular beam-loss events.
A means of monitoring radiation levels in real
time to better understand the origin of the
radiation is being sought. A better under-
standing of the causes of demagnetization and
the dose at which demagnetization should be
anticipated may allow us to run the storage
ring in the way that best suits all the users,
without risking damage to an ID and the
resulting down time for the user of that ID.

4.1.15 Elliptical Multipole Wiggler

In addition to the standard planar IDs, there is
also an elliptical wiggler installed in the ring
now. This device was built jointly by the APS

99

4 R&D IN SUPPORT OF USER OPERATIONS

and the Budker Institute of Nuclear Physics in
Novosibirsk. It has planar arrays of magnets
and poles to produce the vertical magnetic
field component, just as the standard IDs do.
The weaker horizontal field is produced by
electromagnets. The device has a 16 cm
period. The total number of poles is 36 for the
electromagnets and 37 for the permanent
magnet array. Thirty-two of the poles in each
direction are full field. The user deemed it
important to have an even number of full field
permanent magnet poles so that the spatial
distribution of radiation from the wiggler
would be, in principle, symmetric above and
below the beam axis. An even number of full-
field electromagnet poles was expected to
simplify the tuning of the field, because the
demand for horizontal field quality is higher.
The horizontal electromagnet field is designed
to operate at a frequency of 10 Hz, at a peak
current of 1 kA. This current produces a peak
horizontal field of 997 G, or Ky=1.5. The
peak vertical field is 9826 G at the minimum
gap of 24 mm, for Ky=14.7.

This wiggler is now installed in the storage
ring, and experiments are beginning to
measure the degree of circular polarization
using a magnetic Compton scattering experi-
ment. The experiment is being performed at
47 keV, 65 keV, 86 keV, 115 keV and
150 keV. At each energy, measurements were
done for the following K values : 1.3, 1.0,
0.8 and O (i.e., no horizontal magnetic field
applied). The exception was at 86 keV, where
the polarity was varied. Helicity switching
was observed as expected.
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4.2 Beamline Engineering

4.2.17 Introduction

The objective of the beamline engineering
effort is to design and build all the beamline
FE components and to develop standard
beamline components that would be of use to
all APS CATs. Towards this objective, the
team is built around the following expertise:

» knowledge of heat transfer engineering
to handle high heat flux from IDs on
various mechanical components of the
beamline FEs (described in Chapter 2)
and beamlines,

¢ fabrication of components using
modern composite materials with the
development of suitable bonding,
brazing, and welding technologies,
and

e precision engineering required in
the design of support stages and
manipulators for standard beamline
components and optics.

The design and construction of these
components have now been completed, and
many of the beamline FEs and standard
components are now installed. The details of
this work can be found in various publications
(Kuzay, 1993; Shu & Kuzay, 1994; Shu et
al., 1992a; Shu et al., 1995).

During the past year, major effort has been
devoted to evaluation of the performance of
these mechanical components of the beam-
lines. In addition, we have conducted special
experiments to test the performance limits of
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some of the critical elements of both the
beamline FEs located behind the shield wall of
the storage ring and the user beamlines
installed on the experiment hall floor. The
performance to date of some of these
components and the ongoing R&D in support

of the APS operations are summarized here.

Unless otherwise noted, the material presented
here describes only the ID beamlines, as their
designs are the most challenging and have the
most stringent thermo-structural specifica-
tions.

4.2.2 Performance Review of the
Important FE and Beamline
Components

Vacuum Breach Tests in APS
Beamline FEs

Measurement of the propagation of a pressure
front under simulated FE vacuum-breach
conditions has shown that the engineering of
the apertures in the beamline FEs provides
adequate vacuum delay to protect the storage-
ring vacuum. The data for the ID beamline
FEs were taken on the ID FE prototype (1:1
scale) (Liu et al., 1995); while the data for the
BM beamline FEs were collected on 3-BM
during operations.

In performing the vacuum-breach tests on the
FE prototype, the simulation represented an
equivalent of a 6 mm hole to the atmosphere in
a l-mm-thick window. Four ion gauges (IG1-
IG4) were placed in the FE for measurement
(see Fig. 4.22). Under such a severe vacuum
breach, the pressure wave took 48 ms to reach
IG1, 80 ms to IG2, and 110 ms to IG3
(Fig. 4.22a). Because the fast valve closed in
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(a) Time (in ms) for the pressure wave to
reach the ion gauges. (b) Schematic of the
location of the ion gauges (IG1-1G4).

6.7 ms, IG4 never experienced the pressure
wave. Thus even with a large vacuum breach
in a typical ID beamline, the FE has up to
50 ms delay time for proper closure of the
vacuum valves to isolate the strickened FE
from the storage-ring vacuum.

To date the only in situ FE vacuum-breach
incident under real user beam operation
conditions occurred on beamline 5-ID, which
had a windowless configuration. As the result
of a miscalculated beam steering request, the
undulator radiation beam struck a bellows,
which caused substantial outgassing and
damage to the bellows. The resulting deteri-
oration in the vacuum was sensed by the cold
cathode gauge, which initiated proper EPS
actions by closing the FE valves and isolating
the FE. The FE recovered normally through
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subsequent pumping after the damaged

bellows were replaced.

In situ vacuum-breach tests on the 3-BM FE
were conducted in a fashion similar to those
done on the ID FE prototype. To summarize,
in the worst-case leak tests, a shock wave was
generated by bleeding nitrogen into the FE at
50 psi for 3 seconds. The ion gauge by the
safety shutter registered a 60 ms time delay,
and the ion gauge by the first photon shutter
(PS1) registered 120 ms delay time (vacuum
valve closure was disabled). The measured
vacuum delays are certainly long enough to
activate the FE vacuum valves and in turn
protect the vacuum conditions in the storage
ring.

Photon shutter tests

The ID FE components have been designed to
handle radiation beams from 2.4-m-long
undulators when the storage ring is operated
with a maximum of 100 mA of particle beam.
In the FE, the most challenging components to
design are the photon shutters. A series of
tests were arranged to assess the performance
limits of the user-operated photon shutter,
PS2, at highest available stored beam
currents. Because the maximum stored beam
current is 100 mA during current operations,
to simulate higher current operations, the
incident angle of undulator beam with respect
to the PS2 surface was increased to deliver
higher heat flux on the shutter blade.

The beam defining mask associated with the
windowless configuration of the FE allowed a
full 5.3 kW of power from the undulator (gap
of 11 mm and stored beam current of 100 mA)
to impinge on the photon shutter during these
tests. In order to increase the heat flux on the
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shutter blade (located at 26 m from the source
in this experiment), the blade was tilted to
6.75° with respect to the undulator beam. This
generated a measured power of 4.3 kW at
100 mA or a maximum heat flux density of
27.5 W/mm? on the shutter surface.

The maximum temperature registered on the
blade at a depth of 2 mm and approximately at
the center of the beam footprint was about
340°C. While on the sides of the blade,
temperatures of 90 and 70°C were measured.
The measured 340°C inside the shutter blade
corresponds to a 460°C surface temperature.
The maximum measured flow enthalpy, as
shown in Fig. 4.23, indicates that during the
tests the power absorbed by the shutter is
4.1 kW at 11 mm gap and at 97 mA current
(or 4.3 kW at 100 mA). This represents about
70% of the 5.3 kW full power from the beam
at 11 mm gap and at 100 mA. These
measurements agree closely with the pretest
analysis using a finite element analysis code
(ANSYS).

17-1D-A Photon Shutter 2 Experiment
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Fig. 4.23 Power absorbed by PS2 based on
fluid enthalpy rise.
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It is interesting to evaluate the performance of
PS2 under its normal operational conditions,
viz., its location at 20.1 m with a inclination
angle of 2°. The power density handled in this
configuration is about 13 W/mm?2, which is
well below the maximum power handled in
the tests at 27.5 W/mm?2.

The maximum current limit for the operation
of PS2 can also be extrapolated from these
studies. Figure 4.24 shows that the experi-
mentally deduced 460°C surface temperature is
reached at about 190 mA beam current af
11 mm gap and with PS2 located at 20.1 m
from the source. The analysis showed that the
coolant wall had reached 210°C, which would

The max. surface temperature of PS2 vs, positron bearn current (mA),
when Undulator A gap slze = 11 mm

when placed 26 m from the iD, and 6.75 degrees incident angle
e when placed 20 m from the 1D, and 2 degrees incident angle
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Fig. 4.24 Maximum surface temperature of
PS2 versus positron beam current (with
undulator A gap size = 11 mm). Solid line -
PS2 is 26 m from the ID at an incident angle
of 6.75°. Dotted line - PS2 is 20 m from the
ID at an incident angle of 2°.



induce severe boiling. The shutter surface
and/or the Glidcop/OFHC copper interface are
most likely to experience fatigue under these
operating conditions because of extremely
high localized thermal stresses. The shutter
can tolerate such conditions on a transient or
infrequent basis but not on an operational
design basis. At about 150 mA, the coolant
wall temperature will be about 170°C, a value
beyond the saturation temperature of the
coolant water at the prevailing pressures. This
sets the limit for PS2 operation to be
about 150-160 mA stored beam current with

undulator A at a gap of 11 mm.

Photon shutter 1, with its longer mesh length
and, thus, much higher pressure drop, will
incur boiling of the coolant even at lower
stored beam currents. Fortunately, PSI
operational requirements do not demand
prolonged exposure to the undulator power
densities.

The need for further research into designing
FE components that can handle undulator
beams with currents higher than 150 mA is
critical and will be the focus during the next
few years.

Commissioning Filter and Window
Assembly for the APS ID Beamlines

Although the APS undulator FEs are designed
for windowless operation, a special window
assembly is used during the commissioning
phase of the beamlines until sufficient
operational experience is gained with the
powerful beam from undulator A. This
assembly is called a “commissioning
window.” Due to the high total power and
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power density, the filter/window assembly
was designed to guarantee longevity and good
performance (Kuzay et al., 1996; Shu &
Kuzay, 1996). A schematic of the commis-
stoning window is shown in Fig. 4.25. It
consists of a 300-um-thick filter block (made
of graphite), a water-cooled fixed mask (made
of Glidcop), a multifunctional diamond disk
(made of 160-um-thick chemical vapor
deposition [CVD] diamond), and a set of
windows (made of 250-pm-thick beryllium).
The four blocks of the assembly, which are
individually water cooled, are made to be
discrete blocks aligned and fastened together
instead of an integrated unit. This will allow
separation of the fixed mask with its CVD
diamond disk so that it can be eventually used
on FEs in a windowless configuration with a
differential pump. The CVD diamond disk is
160 um thick and 25 mm in diameter and
works as power filter to protect the Be
window. It can also act as a contamination
barrier to stop backstreaming of heavy
hydrocarbons upstream from the beamline
side if wused in conjunction with the
windowless configuration.

Wi-91 FRIER L5~83 FIXED MASK ¥1-93 Be WNDOW W1-84 Be WINDOW
0.3 mm GRAPHITE ond 0,16 mm CVD DIAMOND TBPM 0.25 mm Be 0.25 mm Be
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Fig. 4.25 Schematic of the commissioning
window assembly for ID beamlines
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For the users, the beam throughput of the
commissioning window is of utmost interest.
Photon transmission calculations indicate
excellent transmission of radiation above
about 6 keV.

Although, the commissioning windows are
currently used on many undulator beamlines,
only a limited amount of detailed testing has
been performed. The studies have focused on
the temperature measurements at the graphite
filter and diamond disk with an infrared (IR)
camera. These measurements are done at
different undulator gaps and different stored
particle beam currents. The measurements
have been compared in detail with the
analytical predictions. In Table 4.2, a
measured set has been compared with
calculations using different values for effective
thermal conductivity.

It is seen from the table that agreement
between the measured and predicted values is
rather good. However measurements taken the
same way about six months later showed
much higher temperatures. At closed gap and

98 mA, a surface temperature higher than
1400°C was indicated by the IR camera. The
pyrolitic graphite filter was subsequently
removed and examined under microscope,
which revealed a number of planar cracks in
the filter around the beam footprint area that
could reduce the conductive heat transfer
process. Further investigations are planned in
the coming year.

X-ray Beam Position Monitors

The design of the x-ray beam position
monitors (XBPMs) at a third-generation
synchrotron source is quite challenging. They
must withstand the high thermal load (up to
600 watts/mm?) and be able to achieve
submicron spatial resolution while maintaining
their stability. Both analytical and experi-
mental results proved that CVD diamond is a
good choice for the APS high heat load
XBPM blade material because of its superior
thermophysical properties, such as high
thermal conductivity, low thermal expansion

Table 4.2 Highly Oriented Pyrolitic Graphite Filter Temperature Data
Measured for Various Undulator Gaps and Stored Beam Currents
(The measurements are compared with the calculations.)

Calculated
Temperature in °C Measured
Undulator Gap Stored Current (effective conductivity Temperature
{mm) mA in W/mK) in °C
11.2 92.4 792 (2.1) 785
12 94.1 776 (2.0) 779
13 94.6 695 (2.1) /715 (2.0) 702
14 95.2 605 (2.25) 605
15 95.7 550 2.1) 545
16 96.3 463 (2.25) 468
17 96.8 400 (2.25) 400
18 97.4 346 (2.25) 337
20 97.7 233
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coefficient, and good mechanical strength and
stiffness under heating. Since 1991, an
extensive metal-coated CVD-diamond-based
XBPM program has been continuing at the
APS (Shu et al., 1992b; Shu et al., 1994; Shu
& Kuzay, 1996; Patent Nos. 5,387,795 &

5,404,014).

At the APS, each beamline FE has two
photoemission-type XBPMs to monitor the
x-ray beam position and the angle (Kuzay,
1993; Shu & Kuzay, 1994). For an undulator
FE, the present XBPM head assembly design
is shown schematically in Fig. 4.26a. The
first XBPM has four CVD diamond blades
placed vertically in pairs. The downstream
XBPM has four blades also, however, here
both the vertical and horizontal blades are
placed singly, and the horizontal blades are
slightly tilted (Fig. 4.26b). This configuration
eliminates the blade shadowing problem and
somewhat mitigates the contamination of the
second XBPM horizontal signal from the
BM radiation. In the BM FEs, the XBPM is
much simpler, consisting of only two
vertical blades. A complete XBPM assembly
comprises three parts, the mounting post, the
stage assembly, and the blade head assembly.
The error sum from these parts should meet
the total error budget of < = 1 um in position
and <+0.14 mrad in the angle of the particle
beam. Both the first and second XBPM are
located upstream of the user photon shutter
(PS2), so they are functional whether the user
shutter is open or closed (Kuzay, 1993).

The XBPM monitor has the capability to apply
a bias voltage. However, the test results show
that a zero bias is acceptable and has the
advantage of reducing the thermal resistance
caused by the bias insulator. The geometrical
configuration of the APS XBPM provides a
low noise environment for photoelectron
current output. The XBPM was sensitive
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Fig. 4.26  Schematic of the XBPM head
assemblies for undulator FEs, (a) first
XBPM (b) second XBPM

enough to read out the photoemission signal
(about 0.6 nA) from a BM source while the
APS storage ring had only a 24 pA electron
beam stored (during early commissioning
of the storage ring in 1995). The major
advantage of the XBPM is its high positioning
sensitivity. Also, compared to the particle-
beam position monitors in the storage ring, the
FE XBPMs have much higher sensitivity to
the x-ray beam angular motion simply because
they are located farther from the source

The stability of the XBPM support and the
motion stages is an important consideration in
the overall error budget for the XBPM. The
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XBPM main assembly is supported by a
precision stage atop a mounting post. The
post is a steel tube, filled with sand, and
thermally insulated on the outside by ceramic
cloth. This post design is very resilient to
short-term temperature fluctuations (Kuzay,
1993). The XBPM stage assembly consists of
stepping-motor-driven  vertical, horizontal,
and rotational stages. Because the commer-
cially available vertical stages could not meet
our specifications, we developed an in-house
stage assembly. Test measurements using a
laser Doppler displacement meter (LDDM)
proved that the vertical stage attained a
resolution of <0.2 um with 1 pm repeatability
under a 200 Ib load (Barraza et al., 1994).
Preliminary in sifu vibration tests show that
the XBPM main assembly maintains less than
0.1 pwm rms vibration displacement level with
the cooling water on.

The optimized geometric design for the blades
helped reduce the BM contamination. For
instance, on the first XBPM on the APS 1-ID
FE, the BM contamination has been deter-
mined to be about 10% of the signal from the
2.4 m undulator A with a 15.8 mm magnet
gap. Work at other synchrotron radiation
sources has shown that contamination signals
caused by the BM-emitted radiation is a major
problem (Mulhaupt, 1995; Warwick et al.,
1995). Problems are exacerbated for the
XBPM when the undulators operate with
different gaps, because the percentage level of
the contamination will be variable. The regular
XBPM calibration process can only provide
signal correction for one set of conditions.
During normal operations, the IDs function at
varying storage ring currents, particle orbits,
and undulator gaps. To offset the XBPM
sensitivity to such operational variables, a
newer XBPM system has been designed and a
prototype built and tested for the APS.
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Smart Photon Beam Position
Monitor

This new XBPM system has an intelligent
signal processor, which provides a self-
calibration function to serve as a noise and
contamination signal rejecter to improve the
system sensitivity and reliability (Shu &
Kuzay, 1996).

The new XBPM
includes:

system configuration

e a pair of photoelectron emission-style
beam position monitors using CVD
diamond blades for undulator beamline

FEs
e a set of photoelectron current
preamplifiers

e a preamplifier auto-ranging controller
and digitizer

e a digital signal processor (DSP) with
EEPROM database and ID source
setup input interface for normalization

* asystem controller with motor driver
and encoder interface for XBPM
calibration processes

This new system, the so-called smart photon
beam position monitor (SBPM), has a built in
EEPROM memory that is large enough to
“remember” a complete calibration database
covering all of the possible operating
conditions. During the calibration mode, the
monitor system controller initializes a series of
automatic scan motions for the XBPM with



different ID setup information and records
them into the EEPROM database array. With
the XBPM operating, the system corrects the
normalized output according to the undulator
setup information and the calibration database.
So that, with this novel system, the XBPM is
always calibrated.

The heart of the smart system is a DSP
TMS320c40 from Texas Instruments, Inc.,
which is a floating-point processor designed
specifically for digital parallel processing and
real-time embedded applications.

As a part of the SBPM system, a high
performance preamplifier with an intelligent
controller and digitizer has been designed and
manufactured.

The analog part of the system is a modular,
multichannel current preamplifier developed
with ITHACO. The 19” rack chassis accom-
modates eight preamplifier channels; the
ninth slot is for the APS-designed Z-180
microprocessor-based controller/digitizer. The
preamplifier with controller has self-
calibration and auto-ranging capabilities. The
24-bit parallel digital output includes a 16-bit
A/D signal with a 10 ps conversion time and
8-bit data transform information, such as
amplifier gain selection, channel word and
end of conversion. The preamplifier system
provides 104 V/A to 1010 V/A auto-ranging
gain control in decade steps and a DC 300 Hz
bandwidth.

Recent additions to the above electronics are a
DSP and a system controller interface (SCI)
to include an EEPROM chip, a central
processing unit (CPU), and D/A converter.
The SCI receives the data on the ring
current, ID magnet gap, and the ID source
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characteristics. The normalized data from the
XBPM are written on the EEPROM in a series
of rapidly scanned calibration runs. (See
Fig. 4.27 for a schematic of the smart XBPM
electronics.) Therefore a good data bank is
created in the EEPROM for the correct beam
center at varying gap, current, and undulator
characteristics. This allows the XBPM to have
memory for changing conditions. Currently
we have an SBPM installed on SRI-CAT
Sectors 1, 2, and 3. However only the one on
the 1-ID FE has been thoroughly calibrated to
date. The other two are expected to be fully
calibrated by this summer.

The most recent data for beam position and
beam angle from the ID FE XBPMs with and
without the DSP correction are summarized in
Table 4.3. All data were taken on the 1-ID FE
as the undulator A gap was varied from
11 mm to 30 mm.

An examination of the data in the table shows
that the DSP correction has improved very
significantly the apparent x-ray position
measured by the XBPMs as the undulator gap
is varied from 11 mm to 30 mm. As for the
beam angle, the vertical angle indication of
280 microradians was reduced to a few
microradians with the DSP corrections. The
horizontal angle indication of a total of
600 microradians was also reduced to nearly
zero. These are dramatic improvements and
prove the power and the utility of the smart
XBPM.

Further improvements in this system are
needed if the signals from XBPM are to be
used in the feedback system of the storage
ring. This work will be continued in the
coming year, while DSPs will be implemented
on the beamlines in operation.
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Fig. 4.27 Schematic of the electronics for the smart XBPM

Table 4.3 Improvements Obtained with
DSP in XBPM Calibrations (all data
taken on I-ID). Apparent x-ray beam
position and angle measurements, with and
without DSP, for varying undulator gaps from
11 mm to 30 mm (the actual positron beam
being stable).

Calibration A in Calibration A in

position angle
vertical horizontal vertical horizontal

{lm) (Hm) (prad) (prad)
XPBMI1 1300 100
With DSP 12 30
XBPM2 325 2400
With DSP 19 42
Without DSP 275 600
With DSP 6 8
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Transmitting XBPM integrated
with beamline windows

It would be useful if the synchrotron beamline
window could also provide the information on
the position of the beam. With this in mind, a
transmitting x-ray beam position monitor was
designed. The advantages of such a window
will be numerous for commissioning the
storage ring, FE, and beamline instruments.

In these initial studies, such a device was
incorporated in the commissioning window. A
CVD diamond filter, which is a 25.4-mm-
diameter disk mounted on the downstream
side of a fixed mask (FM3), was also
designed as a transmitting x-ray beam position



monitor (ITBPM) (Shu & Kuzay, 1994). The
monitor blade of the TBPM is mounted
perpendicular to the x-ray beam, and the blade

ste B~y vvvoatnl s aties o PRPRS AP |

with its low-Z metal coaung is dcmgucu SO
that most of the x-ray beam is transmitted
through the blade (Warwick et al., 1995). In
this design, the 160-pm-thick CVD-diamond
disk is coated in a pattern that forms four
electronically isolated aluminum quadrants.
The thickness of the aluminum coating is
about 0.2 pm. The photoelectron emission
signal is collected by a terminal interface disk,
which is made from thin alumina and is coated
with silver. This design concept provides the
possibility of integrating the filter with TBPM
functions. The beam position measurements
made with a prototype of TBPM included in
the commissioning window have been very
instructive; the TBPM provides diagnostics
capabilities during the FE commissioning,
steering of particle beam orbit in the storage
ring, and smart XBPM calibration. Further
work will be carried out during the coming
year to fully develop the system.

White-Beam Slits for ID Beamlines

Most of the ID beamlines contain a set of
white-beam slits upstream of the first optical
element. The major challenges in designing
the white-beam slits for an ID beamline are the
following:

e ability to handle high heat flux from
the undulator or wiggler beam

e high precision and geometric stability
requirements

¢ minimization of the downstream

scattered x-rays
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e minimization of the slit-edge fuzziness
for hard x-rays

To  meet these challenging  design
requirements, several different types of
grazing-incidence knife-edge slit assemblies
have been designed and manufactured. A
knife-edge slit has minimum downstream
x-ray scattering if the normal incident surface
of the slit blade is facing the beam (see
Fig. 4.28). Unfortunately, it is very difficult
to design such a simple slit block because of
the thermal load and high heat flux on the slit
from the ID beam. To solve this problem, we
turned the slit front surface around the Y axis
(in Fig. 4.28) by an angle so that the x-ray
beam will impinge on the slit front surface
with a grazing incident angle 6 as shown in
Fig. 4.29. To keep the same real recess angle
o, the grazing-incidence knife-edge block will
have a back-cutting angle [ such that:

tan o = In (1/1000)/1.

It is important to study the knife-edge
fuzziness for a hard x-ray slit to determine an
optimized real recess angle. If we define the
ratio of output to input photon flux /Iy equal

\RECESS ANGLE

Fig. 4.28 Schematic of slit blade facing the
beam
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BEAM

CUTING ANGLE

REAL RECESS ANGLE - 0.5 °
GRAZING INCIDENCE ANGLE - 2.5 *

BACK CUTTING ANGLE ~ 9.48 °

Fig. 4.29 Rotated slit blade so x-ray beam
impinges on the slit front surface

to or less than 0.001 as the edge of the slit
fuzzy area, we will have:

t = In (1/1000)/p

and, w = txtan o,

where o is the real recess angle, t is the depth
to stop the beam (to 1/1000), and w is the
knife-edge fuzziness (1/1000 definition).

Table 4.4 summarizes some characteristics of
the white-beam slits designed and built for the
APS user beamlines. All these slits have been
installed on various SRI-CAT beamlines.

Although initial indications are such that they
may have met specifications, more quantitative
data will be obtained during the coming year.

Integral Shutters

An integral shutter is a device that integrates
a white-beam stop, monochromatic-beam
(mono-beam) shutters, a safety stop, and a
collimator into one assembly to save space and
to contribute to a fail-safe personnel protection
system. The major function of this shutter is
to deliver either the white-radiation beam or a
monochromatic beam, as desired by the user,
and it is usually located between the FOE (A)
and a white-beam station (B). It is one of the
more popular standard components and is
found in most user beamlines at the APS. The
integral shutters are designed to operate in
white-beam mode or mono-beam mode
(Chang et al., 1995), as shown schematically
in Fig. 4.30. In the mono-beam mode,
the double-crystal monochromator (DCM)
diffracts the beam, which is then transported
to a B station. If somehow the DCM fails, the
defaulted white beam is stopped by the white-
beam photon shutter and the safety shutter. In
the white-beam mode, the beam is transported
to the B station.

Table 4.4 The Standard Slits for White-Beam ID Sources

Source Max. Optical Aperture Motion Resolution Knife Edge
L1-20 Wiggler/Undulator 48 mm (H) x 8.2 mm (V) 0.5 mm (H) x 0.2 mm (V) Yes
1L.5-20 Undulator 7 mm (H) x 7 mm (V) 0.2 mm (H) x 0.2 mm (V) Yes
L5-80 Undulator 45mm H) x45mm (V) 0.1 mm#H) x 0.1 mm (V) Yes
L.5-90 Undulator 4.5mm H) x 4.5 mm (V) 10mm (H) x 10 mm (V) No
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White—beom mode

Fig. 4.30 Schematic arrangement of a typical
integral shutter at the APS. (1) DCM, (2) P4,
(3) FOE, (4) white-beam station, (5) P5, and
(6) mono-beam hutch

Integral shutters P4 and P6 have movable
stops that can stop white beam during the
mono-beam mode or can allow white beam to
pass during white-beam mode. Users of P4 or
P6 can use either white beam or mono beam to
perform their experiments. Integral shutters
P5 and P7 have fixed stops that always stop
the white beam and are for users who need
only mono beam to conduct their experiments.
Integral shutter P8 has redundant mono-beam
shutters and is typically used in a mono-beam
station. Integral shutter P9 has redundant
pink-beam shutters, which stop both x-rays
and bremsstrahlung. Other shutters with
similar functions but different specifications
are not discussed here.

With regard to safety, each mode of operation
1s secured by locking certain devices in their
up or down positions by Kirk-key interlocks.
The first mono-beam shutter and the second
mono-beam shutter are interlocked to close
simultaneously to provide redundant protec-
tion. In case of power failure or air failure,
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vacuum force and gravity force will close the
mono-beam shutters so that they are fail-safe.
There are four mechanical limit switches on
each actuator to provide redundant signals for
both the up and down positions for the safety
interlock systems.

All the integral shutters mentioned above are
operational and functional up to 100 mA
operation. Of course, all the integral shutters
for the BM beamlines are designed to be
operated at the full power of 300 mA. All of
these units have been operating with no
problems. The critical element is the photon
shutter, which is constructed the same way as
the FE photon shutter. Because they are
usually located farther downstream in the
beamline, their thermo-mechanical exposure is
not as severe as that for the FE shutters.

Optical Tables and Stages

Optical support systems have been success-
fully implemented at the APS (Barraza et al.,
1994; Barraza et al., 1995; Patent
No. 5,526,903). The modular designs of the
positioning stages have made it possible to
quickly and effectively configure different
systems, including standard optical table
assemblies, mirror support and positioning
systems, and other custom systems designed
for experiment stations. The detailed drawings
and technical specifications of all these stages
are available on the DX.

The performance evaluation of these systems
1s undertaken using a LDDM with a measure-
ment resolution of 10 nm. As an example, the
T4-54 vertical stage was evaluated for repeat-
ability, accuracy, resolution, and straightness
of trajectory. This was designed as part of a
complex horizontally deflecting mirror system
in which in-vacuum 5-degree-of-freedom
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motions are performed externally to the
vacuum chamber (Barraza et al., 1995). This
stage exhibits a 10 to 12 um accuracy error

PR |

across the travel range.

Beamline Deionized Water
Production/Distribution System

The high heat load components for the ID
beamline FEs and various components of the
beamlines use porous copper-mesh inserts in
the flow channels to enhance the cooling
performance in these units. The porous copper
mesh 1s brazed into the cooling channels in
most cases. It is vital that deionized (DI)
cooling water, used to take the heat from such
components, guard against biofouling,
corrosion, and galvanic actions. As a policy,
the FE DI water source cannot be used to
supply cooling water to components of user
beamlines in which compatible material
selections for components cannot be strictly
regulated. Consequently, the high heat load
beamline components (white-beam  slits,
photon shutters of integral shutters, fixed
masks in the commissioning window and on
the differential pump) are supplied DI cooling
water from separate, isolated systems, which
are specified and maintained by the CAT.

The DI water production/distribution system
was designed to support the needs of a user
beamline based upon the following criteria:

e Deliver 70 gpm of DI water to the
sector at 140 psi pressure

e Produce high-quality DI  water

(3-12 Mohm/cm)

* Operate continuously with minimal
maintenance
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e Be compact and able to fit through the
38 1/2” x 45 1/2” access opening into
the mezzanine area where the system

A3 3

will be installed

» Be delivered fully assembled to
minimize assembly and installation
time

e Be easy to use and control

The DI water production/distribution system is
compact and skid mounted, and ties into a
sector’s supply and return main headers for
distribution to the various beamlines in the
sector. A separate portable skid houses the
two mixed bed resin canisters that continu-
ously polish a slip stream of the main system
flow to maintain the system water quality. The
polishing loop also contains an ultraviolet
sterilizer unit and ultrafine filtration to keep the
water free of bacteria. Water is supplied from
and returned to a large 100 gallon poly-
ethylene tank, which houses the system heat
exchanger. The water level in the tank is
automatically maintained via level controls.
Both the technical specifications and the
servicing procedures are available from the
APS DX on the Web. The system is now used
by most of the CATs.

Bonding and Material Studies

An important research area that has a major
impact on many of the designed components
is related to bonding, brazing and welding
techniques to join a variety of materials
including composites. The required equipment
includes ovens, quick-heat-up quick-quench
vacuum furnaces for general purpose brazing
(see Fig. 4.31), chemical hoods for etching,
cleaning and surface preparation, microscopy,
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Fig. 4.31 The fast vacuum furnace heating and cooling facility is unique in the world. It is
specially designed for components with high aspect ratio geometry, which is typical for high heat
load components associated with large synchrotrons and third-generation light sources.

polishing and imaging facilities for metallo-
graphic and metallurgical studies. Unique
expertise has been developed in the areas of
Glidcop and tungsten bonding. Some of the
fixed masks and photon shutters made out of
Glidcop, and the tungsten slits have been
brazed/bonded using these facilities. Unique
capabilities developed in brazing Glidcop to
Glidcop, Glidcop to OFHC copper, and
Glidcop to stainless steel constitute an
alternative to explosive bonding. These
capabilities have benefited ASD, APS users,
vendors, and other synchrotron facilities. One
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case in point is the fixed masks and photon
shutters fabricated for SPring-8 ID beamlines.

The photon shutters and fixed masks are the
components exposed to the highest heat load.
The shutters are needed to stop the beam and
are fabricated from high purity, high
conductivity, OFHC copper with a GlidCop
plate brazed or explosion bonded to the OFHC
copper. The fixed masks collimate the beam
and protect downstream components and
beamline piping from misaligned high energy
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beams that might otherwise impinge on these
surfaces (Shu et al., 1992a, 1992c). The ID
fixed masks are made of GlidCop.

GlidCop is often used in applications in which
the component manufacturing process uses
high temperatures, such as brazing and glass-
to-metal sealing. GlidCop is dispersion-
strengthened OFHC copper made by powder
metallurgy techniques. GlidCop AL-15 is
99.7 weight percent copper (99.3% by
volume) and 0.3 weight percent aluminum
oxide (0.7% by volume). GlidCop annealed
for 1 hour at 600°C has a yield strength of
400 MPa (58 KSI). The yield strength of
copper-zirconium annealed at 600°C s
100 MPa (15 KSI), and that of OFHC copper
is less than 50 MPa (7 KSI) (Samal, 1992;
Samal & Nadkarni, 1984). GlidCop has 90%
the thermal conductivity of OFHC copper,
retains its strength after high temperature
brazing, and has tensile strengths ranging
from 380 to 700 MPa.

GlidCop has a pinned, fine-grained texture,
which gives it high strength and resistance to
softening at high temperatures. The pinning
occurs due to the AlpO3 submicron particles in
the GlidCop. A fast-cycle vacuum braze
technology has been developed to use readily
available, low-cost, silver-based alloys and to
fabricate complex geometries while mini-
mizing the diffusion. A quick braze cycle also
minimizes alloying and dissolution that can
degrade the quality of the joint.

Copper-to-GlidCop ~ brazing has  other
complications. GlidCop components are
adversely affected if the temperatures are more
than 20°C above the melt temperature of the
braze and if the melt cycle time is more than a
few minutes. Expertise in brazing GlidCop
with silver-based alloys has been beneficial in
many ways. Stainless steel can be brazed to
GlidCop by using a thermal process similar to
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that of brazing mesh or porous media into
GlidCop. The advantage of this is that
stainless-steel vacuum flanges can be brazed
to GlidCop.

A photon shutter prototype has been laser
tested at a power density of more than
70 watts/mm? for 7,000 cycles without
failure of the GlidCop b<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>