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SUMMARY

The Superbend magnets described herein are bending (dipole) magnets are high-field
superconducting magnets, with nominal peak field OT and on-axis field Zdz =108 T-m.

The superbend magnets will greatly expand the ALS's photon energy range. Three
superbend magnets will replace conventional bends in sectors 4, 8, and 12 of the ALS

- storage ring. They will provide at existing beamport locations six photon fans having a
critical energy of 12 keV for 12 new beamlines.

The conceptual design report includes sections on:

1.0 SCOPE
2.0 PARAMETER DEFINITION AND REVIEW PROCESSES
3.0 ACCELERATOR PHYSICS AND OPERATIONAL ISSUES
4.0 SUPERBEND DIPOLE SPECIFICATIONS
5.0 DIPOLE MAGNETIC MEASURMENTS AND FIDUCIALIZATION
6.0 VACUUM CHAMBER MODIFICATIONS
7.0 CONTROLS
8.0 POWER SUPPLIES
9.0 MAGNET AND CRYOSTAT DIAGNOSTICS

10.0 ACCELERATOR TEST PLANS

11.0 UTILITIES

The cost estimate and associated fabrication schedules for the superbend magnets,

associated quadrupole magnets, power supplies, diagnostics, vacuum chamber
modifications, control system, diagnostics, and installation are found elsewhere.

vii
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1.2

SUPERBENDS PROJECT BASELINE SCOPE

General
This document shall serve to define the core scope of the Superbend Project.

The scope includes the design, test, fabrication and installation of three super
conducting dipole magnets to replace the center bend magnets in sectors 4, 8
and 12. These magnets shall produce a peak field of 6 Tesla which will generate
a 10° bend in the electron beam. The magnets shall be cooled by a cryocooler
and shall utilize Dewars as a back up system. v

The scope includes design, fabrication, testing and installation of 6 QDA magnets
(one on either side of each new super bend magnet) which will replace the defo-
cusing component of the removed center bend magnets.

The scope iﬁcludes the design, procurement and installation of a separate power
supply for each pair of QFA magnets that are immediately upstream and down-
stream of the new super bend magnet.

The scope includes development of a magnet measurement system and per-
forming magnet measurements on the new quadrupoles and the super conduct-
ing dipole magnets.

The scope includes the design, purchase and installatibn of all utilities, controls
and diagnostics necessary to install and operate the above noted equipment.

- Conventional facilities

Provide layout and detail drawings along with all components and modifications
to existing facilities, necessary to provide for the successful installation and op-
eration of 3 Superbend magnets in the ALS SR at sectors 4, 8 & 12. This will in-
clude either modifying or providing new, Roof shielding blocks at each location
along with any facility modifications necessary to provide for 2 new Quadrupole
magnets at each location along with cryogenic components in support of the Su-
perbend cryostat.



1.3

1.3.1

Superconducting dipoles

Preliminary Design

Test cryostat fabrication ,

This is under design and fabrication at Wang NMR — original price was $30,000.
Increases are due to purchase of HTS leads and increased testing time at Wang
NMR.

Cryocooler | purchase

Price of Sumitomo SRDK-415DW is $45,000 (out the door price).

Cryostat .testing

This is the cryogenic system and HTS lead testing that will be done to verify the
suitability of the design for use in the ALS. Wang included 2 weeks of preliminary

testing in their proposal, and it is necessary to perform significantly more testing
than this to make sure we have the cryogenics system in hand.

- Superbend suspension strap test

We feel a long-term creep test is needed to ensure that the magnet remains in
proper position. If creep is a problem, external adjustment may be necessary.
Purchase at least 3 straps, as close as possible to the final configuration for long-
term creep tests. Need to purchase fittings and spherical bearings to accurately
mock up the actual confi iguration. Testing will be constant load (dead weight type
testing would be the best)

HTS leads purchase

We include the purchase of 2 more pair of HTS current leads for additional test-
ing at LBL. These would be to replace items that failed in testing, leads that are
redesigned because of the testing results, or additional leads to look at another
HTS approach

Conceptual redesign effort at Wang NMR

Because of interferences with the ALS vacuum chamber, beamlines and other

_elements, the cryostat and suspension strap design must be modified,. Also,

there is redesign (add fiducials on the cold mass and possible observation ports
in the vacuum vessel) necessitated by the alignment requirements. Another item
under consideration is to allow for rapid magnet readjustment by external adjust-
ers.



1.3.2

Detailed Design
R&D prior to design review

This is for Cryostat test planning, preparation of magnet design document, plan-
ning meetings, etc. '

Test cryostat/leads testing

Testing at Wang and LBL to verify that we understand the heat loads, cooling
capability of the cryocooler, and HTS lead performance.

Reviews & meetings

Extra effort spent in presentation preparation, making presentations, follow-up to
review comments, etc.

Prototype magnet & cryostat design

Engineering effort needed to document the engineering requirements necessary
for procurement to proceed. Areas are magnet, cryogenics, alignment, and
structural.

Prototype liaison

Engineering and designer effort needed to provide technical oversight to Vendor
during the prototype fabrication and vendor testing verification.

Prototype testing
The engineering and designer effort needed to plan, carryout, and document the -

prototype cryogenics and HTS lead testing at LBL. Also, to provide cryogenics
support during the period of magnetic measurements.

Design modifications

The engineering and designer effort needed to translate prototype test resuits
into design requirements changes for the production magnets.

Production liaison

Engineering and designer effort needed to provide technical oversight to Vendor
during the fabrication of the three production magnets and verification of Vendor
testing.



1.3.3

Production testing

The engineering and designer effort needed to plan, carryout, and document the
cryogenics and HTS lead testing of the three production magnets at LBL. Also,

to provide cryogenics support during the period of magnetic measurements.

Magnet installation assistance

The engineering and designer effort needed to assist in the installation of the Su-
perbend magnets. (This is incidental assistance, not the main effort).

External cryogenics design
The engineering and designer effort needed to design, specify, and prepare pro-

curements documentation for the ancillary cryogenic equipment needed to oper-
ate the Superbend magnets in case of cryocooler failure.

External cryogenics liaison

Engineering and designer effort needed to provide technical oversight to Ven-
dor(s) during the fabrication of the cryogenic support hardware purchased in
1.3.4 below. v '
External cryogenics installation oversight

Engineering and designer effort needed to provide technical oversight in the in-

stallation of the cryogenic support equipment purchased in 1.3.4 below.

Magnet/cryostat fabrication

1.3.3.1 Prototype magnet

Magnet & cryostat

We foresee tighter requirements on the Superbend for magnet and yoke fabrica-
tion, alignment, compliance with pressure vessel safety than are allowed for in
the present conceptual design, resulting in an estimated.price of $125,000 for the
prototype. | '

Cryocooler Il

We assume cryostat tests will show the Sumitomo 415 to be adequate for the
Superbend Prototype.- $45,000.



1.3.3.2 Production magnets

1.3.4

1.3.5

Magnet & cryostat

We estimate a price of $125,000 for each production magnet, and assume that 3
production units will be purchased.

Cryocooler lil

We assume that the Sumitomo 415 will be adequate for the Superbend Prototype
- $45,000 each, 3 required. We plan to have 5 cryocoolers, 3 that are in use on
the ALS, one that is being reconditioned at the manufacturer, and one that is a
spare at LBL. '

External cryogenics fabrication

LN Dewars, Piping, and Valves - This is our estimate of the hardware needed to
connect LN to the 3 Superbend locations in case of cryocooler failure. Piping and
valves will be preinstalled with the LN Dewar positioned outside the shielding
blocks. This will allow for rapid connection of LN, and ease of maintenance.

LHe Dewars, Piping, and Valves - This is our estimate of the hardware needed to
connect LHe to the 3 Superbend locations in case of cryocooler failure. Piping
and valves will be preinstalled, with the LHe Dewar positioned outside the
shielding blocks. This will allow for rapid connection of LHe, and ease of mainte-
nance. :

Survey & alignment

Prototype

LBL will need to provide Survey and Alignment personnel to assist Vendor in
getting the magnet in the proper position and correlated with external fiducials on

. the cryostat vessel

Production

LBL will need to provide Survey and Alignment personnel to assist Vendor in
getting each production magnet in the proper position and correlated with exter-
nal fiducials on the cryostat vessel.



1.3.6 Magnet/cryostat testing
1.3.6.1 Prototype magnet
e Area preparation

Test Area Preparation — This is the estimated expense of setting up the area to
.test the Superbend prototype magnet.

¢ Cryogenics testing

This is for the manpower and equipment needed to thoroughly test the prototype
Superbend cryogenic and HTS Leads.

After the tests to characterize the short-term cryogenic and magnetic perform-
ance are completed, the prototype will be subjected to a series of long term cryo-
genic and magnetic measurements tests to make sure the long-term behavior is
understood and suitable for use in the ALS.

e Magnetic measurements _

‘Static magnetic integral multipole measurements will be performed on a total of
four super-bend dipole magnets as a check on performance, to a characterize
individual differences between the four, and to relate magnet fiducials to the
magnetic field. In addition, simple Hall probe and eddy current measurements will
be performed on the first unit. If accelerator physics studies indicate that detailed
3d field maps are required, this activity must be re-scoped.

Integral multipole measurements will use the coil that was used for the SB4 test
magnet. Some software development will be required to prepare the Metrolab
magnetic measurement system for these measurements. Multipole measure-
ments will be used to define the horizontal and vertical integral magnetic center.
A procedure must be developed and fixtures designed and fabricated to relate
the magnetic center to magnet fiducials. Integral multipole measurements will
also be used to define the angular orientation of the dipole field. This will require
purchase of an appropriate instrument to accurately measure the coil angular
orientation relative to level.

Simple Hall probe measurements will provide a profile of B, along the centerline.
These measurements will be done manually with probe placement controlled to
~1 mm.



1.3.6.2 Production magnet testing

1.4

Area preparation

Test Area Preparation — This is the estimated expense of setting up the area to
test the Superbend production magnets. Need struts, etc.

Cryogenics testing

This is the total manpower and equipment needed to thoroughly test each pro-
duction Superbend cryogenic and HTS Leads.

After the tests to characterize the cryogenic and magnetic performance are com-
pleted, as many production magnets as possible will be subjected to a series of
long term cryogenic and magnetic measurements tests to make sure the long-
term behavior is understood and suitable for use in the ALS.

Quadrupoles

The super-bend project will require the construction and installation of six new
quadrupole magnets. These magnets will be based upon the ALS storage ring
QD design, and will utilize existing core laminations and fabrication and assembly
fixtures wherever possible. In addition to fabrication and assembly, the scope of
this activity includes integral muitipole measurements and fiducialization.

The tasks required for completion are itemized below.

e Magnet fabrication and assembly

> Locate and identify existing QD components.
¢ Laminations
e Die
¢ Coil winding fixtures and molds

» Core stacking fixutre

> Assemble drawing package

» Develop fabrication and assembly plan

e Coils
e Cores
e Coil core assembly and wiring

» Procurement(s)/JO(s)



¢ Magnet measurements and fiducialization

» Develop and test data acquisition program
» Design fiducialization procedure

» Design and fabricate fixtures

» Measurements and fiducialization

1.5 Photon Stops

Provide calculations, layout and detail drawings along with all components nec-
essary to replace the existing Storage Ring Photon Stops and blank off flanges
with new components that will be adequate to withstand the increased heat load
from the 6T Superbend magnet at ALS SR at sectors 4, 8 & 12. Develop and im-
plement a plan to provide adequate equipment protection for a beam missteer of
3 mr at the center of the Superbend magnet.

1.6 Power Supplies
1.6.1 Power supply specifications for Superbend magnet

“To accommodate the various ALS beam operation energies, the super conduc-
tive magnet current will increase or decrease over a range of about 240 to 300
Amperes linearly. The maximum current slew rate of this operation is 3A/sec.
The power supply will be designed to operate continuously without a super con-
ductive magnet persistence circuit. A protection circuit will be provided as a part
of the super bend magnet, to discharge the coil energy, in case of the magnet
quenches. This protection circuit is constructed as an integral part of the super
conductive magnet. The power supply design will incorporate internal circuitry to
protect against possible damage to the power supply (or magnet) when AC
power failure occurs unexpectedly. The power supply specifications are given in
chapter 8.

e Power supply control
The existing power supplies at the ALS are controlled with an analog signal of +
10V. The proposed power supplies for the super bend magnets can be controlled
in the same fashion. If however digital control is preferable then this method can
be implemented as required.

e Power supply location

Space is available for instrumentation and power supplies needed for three super
- bend magnet. AC power is available and LCW is available. A preliminary drawing



1.6.2

1.6.3

of the instrumentation rack space is shown on figure 1 (not available on this E-
mail).

Current measurements

The current will be measured with a current transducer of Danfysik type 860R.
The maximum current range of this device is 40 to 600 Amperes in which the ac-
curacy is specified to 50 ppm. The stability is in the order of 1 ppm/°C

Power supplies for QDA and QFA magnets

The power supply requirements on the quadrupoles (QFA and QDA) will be the
same as they are on the existing quadrupoles (QFA & QD) installed at the ALS.
The power supply output voltage and current ranges are 54 Volt for the QFA and
40 Volt for the QDA while the maximum current for both supplies is 130 A. The
stability requirements for these supplies is 1 part in 10,000.

Number of power supplies needed

Power Supply function Number of supplies  Total number of supplies

needed per section needed including spares
Superbend magnet 1 4
QFA 2 8
QFD 2 8

1.7 Controls/diagnostics

Superbend magnetic field

Two Hall probes capable of measuring 6 T field will be installed in or near the
main dipole field of the magnet. The probes will be attached to the cryostat and
will be available during magnetic measurements. Two probes are installed be-
cause of the difficulty and cost associated with replacement of a defective unit
once the cryostat and magnet have been installed in the storage ring. We will
use Group 3, model DTM-151 Teslameters with LPT-141 Hall probes. The
probes are calibrated by GMW Associates (Group 3 representatives) against an
NMR instrument in a uniform field of 6T. Calibration data are contained in an
EPROM installed in the probe connector. The Teslameter will be read by the
control system via the GPIB at 10 readings per second. Superbend power sup-
ply operation may be referred to the measured field instead of the usual control
system magnet current set point. -



Superbend magnet coil temperature

Two cryogenic temperature sensors accurate from 3.5 to 325° K will sense the
superconducting coil temperature. One sensor will be a spare. These sensors
must function in a high magnetic field and some degree of ionizing radiation.
Cernox (Lake Shore) temperature sensors are suitable. The Lake Shore model
218 Temperature Monitor reads up to eight sensors at about 1 Hz. It displays
corrected temperature readings and provides GPIB connection to external com-
puters for external monitoring. In addition, the monitor provides temperature set-
point alarms that will be used to interlock the magnet coil power supply. The in-
tention is to prohibit energizing the magnet coils if they are not in the supercon-
ducting state (at about 11° K or below). These temperature sensors will be fully
evaluated in the test cryostat.

High TC leads

The voltage drop across the high TC leads will be monitored continuously and
archived along with other ALS system data. Ideally, the voltage drop will be zero
if the leads are superconducting. There are two reasons why the voltage drop
may increase. [1] The high temperature end of the HTC leads may warm and
lose superconductivity. [2] The HTC leads may deteriorate over time and re-
quire replacement. Case [1] should not be fatal to the leads although it will result
in lost beam. If the voltage drop exceeds a specified level, the magnet coil power
supply will be shut off to prevent lead destruction. This means we must have an
interlock to disable the power supply, and we must dissipate the stored energy in
the magnet while not inducing a quench or producing excessive power in the
HTC leads. The acceptable time constant for absorption of magnet energy in an
external load is 100 seconds. At this rate the voltage produced across the mag-
net coils will not forward bias the cold diodes in the internal quench protection
circuitry. We assume the HTC leads can be cooled quickly and normal ALS op-
eration resumed.

If the leads have become defective (case [2] ), then the cryostat and magnet will
be replaced.

Cryogenic level sensing

The level of liquid helium in the lower Dewar will be sensed by a commercially
available superconducting helium level monitor (AMI model 135 or equivalent).
The helium level will be monitored in the ALS control system via a GPIB interface
to the instrument. [f the helium level becomes too low, the instrument will sound
an alarm to alert operators.

Liquid nitrogen level will be measured with an AMI model 185 (or equal) cryo-
genic liquid level sensor. These instruments detect liquid level by capacitance
measurement in a cryogenic probe. External monitoring and alarms will be han-
dled as above. We expect some of the nitrogen will be frozen solid. It is not
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known at this time if the probe will continue to function properly in frozen nitro-
gen.

These instruments will be fully evaluated in the test cryostat.

Cryostat pressure

The super insulation in the cryostat will function well only if the cryostat is evacu-
ated. We will install a conventional ion gauge on the cryostat to measure pres-
sure. The heat from the ion gauge filaments must be isolated from the cryostat
via a vacuum pipe to prevent a heat load on the cryopump. A set-point alarm will
alert operators if the cryostat pressure rises or if the ion gauge fails.

Magnet coil voltage

Two leads connected across each superconducting coil will be monitored by the
control system. The extra leads are for redundancy. The voltage across the
coils will normally be zero if the current is not changing. The coil inductance and .
the di/dt will determine any voltage we measure. During ramping conditions or
during a magnet quench the voltage may exceed the dynamic range of control
system digitizers. External circuits will attenuate the voltage to a safe value. It is
not now expected that we will use this voltage for an interlock, but we could trip
the quench prevention circuits if the voltage becomes too high for any reason.
During magnet testing this voltage will be monitored to characterize the magnet
coil inductance in a variety of circumstances. These data could be useful if we
have difficulties with a magnet (for example a shorted turn).

Errant photon beam interlock (EPBI)

The photon beam produced by the Superbend magnets can damage the vacuum
chamber if the electron beam orbit through the magnet is vertically distorted.
Beam position monitors (all ready in place) on both sides of the Superbend will
be used to detect excessive vertical orbit shifts and will cause the stored beam to
be aborted. Special beam position monitor electronics have been designed to
protect the vacuum chamber from missteered insertion device beam. With slight
modifications these electronics will serve as Superbend photon beam interlocks.

Cryostat testing

The ALS electrical engineering group will support the cryostat' test program with
_data acquisition systems and software applications.

11



1.8

Installation
Mechanical Installation

Provide layout and detail drawings along with all components and modifications
to existing facilities, necessary to develop a process to successfully, in situ ma-
chine the Storage Ring Vacuum chambers at sectors 4, 8 & 12 so that the Su-
perbend Cryostat can be properly installed and aligned around the storage ring
chamber.

Provide plans and schedules along with layout and detail drawings as well as
components and modifications to existing facilities, necessary to successfully in-
stall all components associated with 3 Superbend magnets at Storage Ring
Sectors 4, 8 & 12. '

Electrical installation

The electrical installation consists of installing three standard 19” double electri-
cal racks in the Storage Ring Sectors 4, 8, and 12. Overhead wireway and lad-
der tray will be installed to connect these racks to the existing AC power and sig-
nal cable facilities. An electrical cable right of way inside the Storage Ring
shielding will be made by core drilling through the Storage Ring inner concrete
shield wall in sectors 4, 8, and 12 and sawing an 18" wide trench across the
Storage Ring walkway in these three sectors. In addition to the QFA, QDA and
Super Bend magnet power supplies, a number of additional electrical chassis for
power distribution, computer control and equipment protection will be installed in
the 19” racks.

12
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2.1.1

21.2

213

PARAMETER CHANGES AND REVIEW PROCESSES

ALS Project Change Authorization Procedure

Purpose

The purpose of this procedure is to define how the Change Authorization form is
to be completed and to define the limits of the Change Authorization process.

Process

The Change Authorization form can be initiated by anyone on the project who
identifies a change in the scope, schedule or budget that would affect a project
baseline beyond the threshold limits noted below. The completed form must be
approved by the Project Lead Engineer, Project Manager, and Project Leader.
The form is"then given to the Project Coordinator for assignment of a change
number, logging and distribution. ’

~ At the start of the project the Project Lead Engineer, Project Manager, Project

Leader and Project Coordinator will work together with the project team to de-
velop a project core scope document (defining the important deliverables for the
project), project baseline schedule (including milestones) and a project Total Es-
timated Cost (TEC). These items will then be approved by ALS Management
and will define the project baseline against which all changes will be made.

Thresholds

The Change Authorization form must be filled out and apprdved before any of the
following thresholds.are exceeded: ‘ '

1) An increase of $25K or more to any of the WBS level 2 categories.
This increase will be deducted from the approved contingency funds
for the project. _

2) A delay in the completion of any of the baseline milestones greater
than 1 month.

3) Any change to the project core scope document.

4) Any change to the project TEC or to the project completion date must
be approved by ALS Management.

13



| 2.2 Superbend Change Authorization Form

cececed] ) Superbend Project
Change Authorization

ALS Planning and Administration

Change Number:

Change Originated By:

Change Description_

Change Justification

Schedule Change (current and revised milestone dates)
(See Attached)

Budget Change Description

Approvals
Project Lead Engineer ;
R. Schiueter Date
Project Manager _
: J. Krupnick Date
Project Leader
D. Robin Date

cc: A. Paterson
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2.3 Superbend Project Detailed Budget Revisions

. 1.1 Project Management
1.2 Conventional Facilities
1.3 Dipole

1.4 Quadrupoles

1.5 Photon Stops & Blanks
1.6 Power Supplies

17 Contfolé &Diagnostics
1.8 Installation

1.9 Cbntingency

Total

Change Originated By:

Current
Budget ($K)

78

Change Number:

Proposed
Budget ($K)

Change

122

1759

226

193

446

300

200

653

3977

15



2.4 Review processes

Superbend reviews associated with critical project milestones are incorporated
into the master schedule:

o The project team was formed and Superbend kickoff occurred in Septem-
ber 1998.

e A physics review (chair: S. Krinsky) was conducted in December 1998,
validating accelerator physics related Superbend specifications and high-
level dipole strategic design decisions.

¢ A superbend and quadrupole power supply review (chair: R. Keller) was
held April 20, 1999, which validated specifications s for superbend and
quadrupole magnet power supplies so we could proceed with procure-
ment.

e A superbend quadrupole review (chair: J. Tanabe) was held in May 6,
1999. The superbend quadrupole construction/procurement/operation plan
was validated so we could proceed with quadrupole magnet construc—
tion/procurement.

e A pre-prototype procurement superbend magnet review (chairs: R. Scan-
lan and K. Robinson) was held July 7-8 1999. The superbend cost and _
schedule were critiqued and the technical design affirmed in preparation .
for prototype magnet procurement.

e A pre-prototype fabrication superbend dipole deSIgn review of Wang by
LBL was conducted in November 1999. This formed the basis for finaliza-
tion of the design package prior to letting the dipole first article contract.

e A status review will be held in April 2000 to give Lab management a proj-
ect update and assess progress.

e A pre-production procurement superbend magnet review will be held in
the Fall 2000 to assess performance of the prototype superbend dipole
magnet and implications for production units.

e A pre-ALS installation review will be conducted in 2001 to review all 4 Su-
perbend magnets, associated quadrupole, controls, and subsystem per-
formance testlng before installation of Superbends into the ALS storage
ring.
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3.1

3.2

ACCELERATOR PHYSICS AND OPERATIONAL ISSUES

Introduction _ -
In this section we discuss the relevant accelerator physics and operational issues

connected with operating the ALS with superbends in order to motivate the toler-
ances on the superbends. We begin with a description of the storage ring and
how it will be modified to include superbends. Then we discuss the operational
requirements and how they drive the tolerances. We conclude with a summary
table of the tolerances.

Modifying the storage ring to include Superbends

The magnetic lattice of the Advanced Light Source storage ring consists of 12
sectors. An overview of the storage ring is shown in Figure 1. Each of the 12
sectors has a triple bend achromat structure. A typical sector without Superbends
is shown in the top of Figure 2. These sectors will be referred to as normal sec-
tors. The basic idea of the Superbend project is to modify 3 of the 12 sectors in
the ring (4, 8 and 12) to include Superbends. A Superbend sector is shown in the
bottom of Figure 2. These sectors will be referred to as Superbend sectors. -

731
s

Sectors 4, 8§, and 12

Figure 1. Overview of the ALS with with the location of the superbends marked.
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Figure 2. Layout of a normal sector (top) and Superbend sector (bottom). To modify a
normal bend sector to become a superbend sector the second combined function bend,
B2, is removed and replaced with a superbend, SB, and two quadrupoles, QDA1 and
QDA2, :

Nine new magnets

Several steps are taken to modify a normal sector to become a Superbend sec-
tor. The central bend of the triple bend achromat is removed and replaced by a
Superbend and 2 quadrupoles (QDAs). The normal bend that is removed is a

.combined function bend. So in addition to having a dipole field component, the

normal bend has a strong quadrupole field component that the Superbend mag-
net does not have. Ideally we wish to make the lattice functions of the Superbend
sectors identical with the lattice of the normal sectors. In this way we preserve
the 12-fold periodicity in the ring which reduces nonlinear resonance excitation
and improves the dynamics.

The reason that the QDA quadrupoles are placed in the lattice is to compensate
for the missing focusing of the Superbends making the sectors more similar. In
total with all 3 Superbend sectors modified we will have removed 3 normal bend
magnets and installed 3 Superbend magnets and 6 QDA quadrupoles.

Twelve new power supplies
Several issues need to be considered when determining whether the superbends

and quadrupoles should be powered individually or in pairs. From the accelerator
physics standpoint it is desirable to power each of the superbends separately so

18



3.3

3.31

that one has the flexibility to adjust each magnet individually to maintain a good
orbit. As discussed in section 7 small differences in field between the superbends
will result in large orbit distortions.

With regards to the quadrupoles there were several issues that were considered
when choosing the number of power supplies. From the accelerator physics point
of view it is desirable to have the flexibility of adjusting each superbend sector in-
dividually to compensate for focusing differences between the superbends. So at
a minimum one would like 2 power supplies --- one for each QFA pair and one
for each QDA pair in each Superbend sector. Therefore at a minimum there
would be 6 new quadrupole supplies. One also would like the possibility to have
some adjustment on each quadrupole for beam-based alignment. However one
can use shunts for this.

Besides these accelerator physics requirements there are other concerns such
as cost that need to be considered. At present all of the QFAs are powered on 1
supply. We decided that from a cost standpoint we would power the QFAs in
each sector as pairs and install shunts for the beam-based alignment. (In fact we
have already purchased the shunts.) However we decided that we would power
all the QDAs individually. There is not a strong reason to have the QDAs pow-
ered individually or in pairs with shunts. One advantage of powering the QDAs
individually is that would make the QDA power supplies would be identical to the
QD power supplies that already exist. This reduces the number of quadrupole
families.

So in summary each of the Superbends and the QDAs will be powered on indi-
vidual power supplies. When modifying the sectors we will decouple the QFAs in
the Superbend sectors from the QFAs in the normal sectors. In each Superbend
sectors the 2 QFAs will be powered on one supply. So in total we will have 12
new power supplies (3 Superbend, 3 QFA and 6 QDA).

Reference frame and the ideal beam trajectory
Frames of reference

The mechanical design of Superbend magnet is described in Egon Hoyer’s sec-
tion and the three-dimensional fields of the Superbend are described in Clyde
Taylor’s section. As can be seen in these sections the frame of reference that
most naturally lends itself to expressing the fields of the Superbend is the Carte-
sian reference frame. As discussed Clyde Taylor’s section, the Superbends have
a strong integrated sextupole field. This sextupole field can be used to define the
transverse and magnetic center of the magnet. We define the transverse mag-
netic center (both horizontal and vertical) as the location where there is no inte-
grated quadrupole field.
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3.3.2

In accelerator physics one often uses a curvilinear frame of reference that is de-
fined with respect to the ideal beam trajectory. A comparison of the two frames is
shown in Figure 3. In section 4 we describe how the Superbend is modeled with
respect to the different frames of reference

150°¢ S B =s= Normal Bend
100 = Superbend
50 r
;J X X
m
Mo L 4‘
Z
-50 »
h -100 }
150k QDA QDA
-1000 -500 0 500 1000

W [mm]

Figure 3. Reference frames and the ideal trajectory for a particle in a normal sector
(dashed) and one in a Superbend sector (solid).

The ideal beam trajectory

The ideal beam trajectory for a particle in a Superbend sector is shown in Figure
3. In the Superbend sector the design trajectory of the ideal particle passes
through the magnetic center of the upstream (left) QDA quadrupole. When the
‘ideal’ particle arrives at the longitudinal center of the superbend it is also at the
transverse center of the superbend and has been bent by 5 degrees. When the
‘ideal’ particle arrives at the longitudinal center of the superbend it will be 14mm
horizontally outward of the ideal normal dipole trajectory (difference between the
solid and dashed line in Figure 3). When the ‘ideal’ particle arrives at the down-
stream QDA it will have been bent by a total of 10 degrees. The ‘ideal’ particle
then passes through the center of the downstream (right) QDA quadrupole.

The length of the trajectory of an ‘ideal’ particle in a superbend sector is 1.64mm
longer than the trajectory in a normal sector. So for 3 Superbend sectors the orbit
length is about 5 mm longer than the orbit length in the lattice without the Super-
bends. This means that operation with the Superbends will require that the RF
frequency of the machine be approximately 12 KHz lower than the value that we
presently operate with. So in addition to the storage ring both the booster and the
linac will also need to be operated at 12 KHz lower frequency.
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3.5

3.1

Modeling the Superbends

For most of the results that are shown we use a simplified model of the Super-
bend. The model assumes that within the body of the magnet the transverse
fields in the curvilinear coordinates can be expressed in a two-dimensional mul-
tipole field expansion. In this model the assumption is made that within the body
of the magnet there is no variation in the transverse fields with the longitudinal
coordinates. The fringe field of the model is modeled with a hard edge fringe field
whose edges are parallel in the Cartesian reference frame. This model is called
an isomagnetic model.

By using this model we assume that the following two approximations are valid:

1. We can ignore the sigita of the magnet (i.e. assume that the fields with re-
spect to the curvilinear and the Cartesian frames are the same)

2. We can greatly approximate the fringe field (the area where there is a longitu-
dinal variation of the field).

For most issues these approximations are reasonable. Because we are allowed
to make these simplifications in the model we are able to make the same simpli-
fications in the field measurements. This will be discussed in section 3.7.2.4.

The length, L, and dipole strength, B, of the isomagnetic Su‘perbend model is
determined through the following constraints:

1. The total angle of curvature has to be 10 degrees (BL) / (Bp) = (27)/36

2. The integral of the square of B has to be the same for the isomagnetic and
actual magnet.

This results in the following values for L and B:

L=247m
B=354Tat1.5GeVand4.48 T at 1.9 GeV

Constructing the linear lattice
Lattice matching

The goal for matching the magnetic lattice is to minimize the distortion of the lat-
tice functions from the lattice without Superbends. The lattice can be matched in
several ways. We chose a nominal matching scheme which we used for the
tracking calculations. For this nominal lattice we matched the lattice in the fol-
lowing way: 8 constraints are met by adjusting 8 parameters. The constraints and
parameters are shown in Figure 4. The resulting lattice functions for the normal
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and Superbend sectors are shown in Figure 5. Table 1 lists the lattice parame-

ters for this lattice.

CONSTRAINTS (8):

GLOBAL:

2 betatron tunes (v, vy)

2 chromaticities (vi, vy/'),
LOCAL (Center of the straight sec-
tion):

1 horizontal dispersion (nx=0),

3 derivatives —

dispersion and betatron
functions
(mx' =0, ax-—O oy = 0)

| PARAMETERS (8 ‘Families’):

IN THE NORMAL SECTORS:
1 QF
1QD
IN THE SUPERBEND SECTORS:
1QF
1QD
1 QDA
INALL SECTORS:
-1 QFA
1 SF
18D

Figure 4. List of the constraints and parameters that is used to fit the “nominal” lattice.

SUN vermion 18/11/80_70.58.13

]
% im)

1Be 328 482 656

5L

Figure 5. Twiss parameters for the normal and Superbend sectors fitted to zero dlspersmn

in the straight section.
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Figure 6. Twiss parameters for a Superbend sectors fitted to 6 cm of dispersion in the
straight section.

We wish to point out two things about the match. First we did not adjust the QFA
magnets in the Superbend sectors differently than in the normal sectors. There-
fore we may have not realized the optimal condition for the dynamics. Second we
adjusted the dispersion to be zero in the straight section. As we discuss below in
the impact on the parameters, adjusting the dispersion to be slightly positive in
the straight section will reduce the horizontal emittance. To adjust the lattice to
include finite dispersion in the straight sections is realized by slightly adjusting
the quadrupole families. The lattice for a Superbend sector that is adjusted to
have 6 cm of dispersion in the straight section is shown in Figure 6.

The lattice parameters are given in Table 1. As displayed in the table the emit-

- tance and energy spread increase with the introduction of the superbends. By
adjusting the lattice to have positive dispersion in the straight section one can
largely recover the emittance. In concert with the users a study was made look-
ing at the impact on the synchrotron light users from a change in parameters [1].
It should be mentioned that we have operated the storage ring during one ma-
chine studies shift with nonzero dispersion. However there has not been much
experience operating in this mode. More work both theoretical and experimental
needs to be done to see if this mode of operation is acceptable.

No S-Bends 3 S-Bends 3 S-Bends
_(x=0) (x=0) ( x =6cm)
Energy 1.9GeV 1.9 GeV 1.9 GeV
§ 5.5 [nm rad] 13 [nm rad] 7.5 [nm rad]
£ 10.08% 0.10% 0.10%
E /turn 232 KeV 281 KeV 281 KeV

Table 1: Storage ring parameters with no superbends (x=0 ), 3 superbends

( x=0), and 3 superbends (x= 6cm)
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3.6

3.6.1

Operational requirements

Operational requirements of the ALS drive the performance of the superbends.
In a qualitative sense it is important that we:

Provide the desired source brightness and flux for the superbend users
Provide a sufficiently good injection efficiency

Do not degrade the lifetime _

Have sufficiently fast energy ramping

Have sufficiently small orbit motion

oRwN=

These operational needs impact the tolerances on:

The dipole field

Higher-order muitipole field components
Magnet alignment

Magnet ramping speed

Power supply jitter and magnet vibration

aRrONA

One now needs to quantify the above requirements and tolerances. Dipoles such
as the superbends are broadband sources of radiation that are not very sensitive
to the critical field. As a result the requirements on the absolute field are fairly
loose. We have placed the following tolerance on the absolute field: At the loca-
tion of the beam ports (2.6 and 7.4 degrees) the field must be within 5% of the
design field. :

At 1.9 GeV, the field = 4.9 Tesla +/- 5% at 2.6 and 7.4 degrees. |
At 1.5 GeV, the field = 3.9 Tesla +/- 5% at 2.6 and 7.4 degrees.

.Let’s quantify the other operational requirements of the ALS. In order to have no

significant impact on operation it is important that the following requirements be
met.

Injection

In the ALS we inject beam into the machine horizontally displaced from the
stored beam. The separation between the injected and stored beam is measured
by continually injecting beam into the ring and then moving in a beam scraper
until the injection capture rate is impacted. From the position of the scraper one
can measure the amplitude of the oscillation of the injected beam. Typically the
injected beam is approximately 10 mm away from the stored beam. We have
been able to move the stored beam close enough to the injection septum so that
we have injected beam with the scraper in at 7 mm. So for injection it is possible
to capture beams with a 7 mm horizontal aperture (Ideally we would feel more
comfortable with a 10 mm aperture.) Therefore one requirement for injection is

24



3.6.2

3.6.3

3.64

3.6.5

that there be an on-energy dynamic aperture that is larger than 7 mm in order to
capture beam.

Lifetime

Need a “dynamic” momentum acceptance that is greater than 2.0% in order that
there be no reduction in the lifetime at 1.9 GeV. If the “dynamic” momentum ac-
ceptance is greater than 2.0% the total momentum acceptance will be deter-
mined by the rf-bucket (which is 2%) and therefore there will be no reduction in
lifetime due to the Superbends at 1.9 GeV. :

We also require that the total distortion of the horizontal and vertical -fun ction
be less than 5% rms in order not to strongly impact the dynamic aperture. This
requirement on the acceptable value of beta-beating and its impact on lifetime is
less easy to determine than requirement on the momentum acceptance. The
value of 5% is reasonable based upon our experience with the present machine.

Induced orbit distortion

It is desirable to be able to store beam without powering any of the corrector
magnets. In order to comfortably store beam without the correctors turned on we
require that the superbends should not introduce a horizontal orbit distortion of
more than 2 mm atax = 11m and a vertical orbit distortion of more than 0.2 mm
ata y =4m.

Orbit jitter

We require that the horizontal orbit jitter introduced by the superbends be less
than 3 m rms and the vertical orbit jitter be less than 1 m rms for frequencies
>0.01 Hz. This requirement stems from the fact that at present this is the type of
beam motion that we are experiencing at frequencies > 0.01 Hz. We do not want
to make operation with the superbends significantly noisier. We require that the
horizontal orbit jitter introduced by the superbends be less than 20m rms and
the vertical orbit jitter be less than 2 m rms for frequencies < 0.01 Hz. This re-
quirement stems from the fact that we would like to keep the orbit drift down to
1/10" of an rms beam size in both planes. The rms beam sizes are 200 m hori-
zontally and 20 m vertically at 1.5 GeV with 1% coupling.

Energy Ramping

We require that the introduction of the superbends does not greatly increase the
length of the injection cycle :

-
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3.7

3.71

Ideally we would like the possibility of ramping the superbends from 1.5 GeV to
1.9 GeV in 20 seconds in order that they can match the maximum ramping speed
of the normal bend magnets. Note: This is not a hard requirement but a desire in
the event that we try to improve the overall ramping rate.

Tolerances

- From the operational requirements presented in section 6 one can derive some

of the tolerances on the magnet. In particular it is possible to derive the toler-
ances on the following quantities: -

Integrated and Absolute field

Multipole field content

Magnet alignment

Field jitter: power supply jitter and magnet vibration
Ramping speed and magnetic field reproducibility

RN =

Integrated and absolute field

The requirement on the integrated field is that the dipole must bend the beam by
10 degrees. For a given beam energy the integrated field is then determined:

[ Bds = 22 EIGeV] | (1)
36, 03

=0.873 Tm at 1.5 GeV
=1.105 Tm at 1.9 GeV

If the integrated field of one of the magnets is different from the ideal value this
will give rise to a horizontal angular kick which will in turn give rise to both a
change in the horizontal orbit as well as a change in the beam energy. One can
adjust the superbend power supply to get the proper integrated field. We must
insure that we have the precision to set the field of the superbend to within the
specified tolerances.

The angular kick, x, from a bend.whose relative difference in integrated field
from ideal ( BL/BLy) is

0, =X | @
BL,~ 36 -

The resulting change in beam orbitdue to« is

26



NPRLI: ;g)ﬁ 0 s 9 nv,) - L0 | -

where  is the horizontal tune, L, is the orbit length, x(s) is the observation
point, (s) is the beta-function at the observation point, (0) is the beta-function
at the kick point, (s) is the beta-function at the observation point, (0) is the
beta-function at the kick point, and (s) is the phase advance between the kick
point and the observation point.

The resulting change in the beam energy dueto & is

E al,

AE _ 90 (@)

The requirement that is the tightest and drives the tolerance on the setability of
the bend field is the requirement on the beam orbit. We wish to have the ability to
set the bend field so that the contribution to the orbit distortion from all 3 bends
would be no worse than 20 m peak-to-peak in the straight section. If we power
the 4 supplies (the 3 superbends and 1 normal bend) in different random combi-
nations and look at the largest orbit distortion in any straight section we find that
the maximum amplitude is 2.5 times the maximum amplitude generated by any
one superbend. So this means that we can allow one superbend to generate
20/2.5=8.5 m of orbit distortion.

Assuming an x(s) of 8.5 m of orbit distortion one can use equations 7.2 and 7.3
to determine the maximum BL/BL, that can be tolerated. In the case of the ALS
we typically operate with ax g reater or equal to 0.25. The horizontal -
functions at the kick and observation points are

B,(s)=11m
B,(0) =0.8m

We wish to solve for the minimum , w hich gives x(s) = 8.5 microns. The maxi-
mum values of x(s) comes when setting cos (‘PX (s)— m/x) in equation 3. This

gives
0, =4.5urad. | (5)

This tells us that we can allow 4.5 rad of kick. We know that each superbend
bends the beam by 2 /36 = 0.17 radians. Thatgivesa 1/l =4.5x10°/1.7 x10™
= 1/38000 of the bend current at 1.5 GeV. If we wish to specify this as a function
of max current of the supply, which corresponds to an energy of 2.4 GeV, then
we have the requirement that

Al 1
T 60000 | 6)
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This implies that we need at least 16 bit resolution on the bend power supply.

In terms of long term (<0.01 Hz) drift we require the beam be stable to at least
one beam sigma (~20 xm). Therefore for long term stability the requirements on

the power supply is that the relative current change within a fill (up to 12 hours)
be

Al 1
1. 60000 | (7)
We should note here that the machine be running with slow horizontal and verti-
cal orbit feedback. Therefore if the tolerance is not met the orbit feedback will
correct most of the error. However it is best to be in a situation where one does
not have to rely on the feedback system to meet the user requirements.

3.7.2 Multipole content and particle tracking studies

The tolerable magnet multipole content is determined through tracking studies of
the dynamic aperture (both injection and momentum aperture studies). For parti-
cle tracking we used a 6-D symplectic integrator [2]. In the model the magnets
are isomagnetic and the cavity is a thin lens. Realistic physical apertures are in-
cluded (+ 25mm horizontal and + 4mm vertical in the straight section) which
matches those of the real ring. We also included quadrupole field errors that we
typically see in operation — distributed normal quadrupole errors that give rise to
about a 5% rms horizontal and vertical betabeating and distributed skew quad-
rupole errors that give rise to about a 1% emittance coupling.

Initially we included the following multipole content for the superbends.

Tolerance:

Sextupole: Ba/B1=32 x 10* at1 cm
Decapole: Bs/B1=2x10*at1cm

These were the greater of the calculated or measured systematic multipoles for
the SB4 prototype magnet.

For tracking we set the chromaticities to zero and set the tunes to 14.25 hori-
zontally and 8.2 vertically. These tunes were chosen after doing a quick scan of
the tune space.

3.7.2.1. Periodicity breaking and the betatron tunes

In the ALS as in most other 3" generation light sources the main source of non-
linearity are the high field chromatic sextupoles. The focusing between sex-
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tupoles is linear with amplitude. At the sextupoles the particles experience an
nonlinear kick that is quadratic with amplitude.

Most of the 3 generation light sources are designed with a high degree of perio-
dicity. Periodicity helps to suppress nonlinear resonance excitation. The condition
for resonance excitation is

Nyv,+Nyv, =Px(Q (8)

where Ny, N, Q, and P are integers with P being the degree of periodicity of the
lattice. The order of the resonance is |Nx + lNy | One can see that as one in-

creased the degree of periodicity, P, the number of low order resonances de-
creases. Thus having a high degree of periodicity results in a cleaner tunespace.
This can be seen in Figure 7 where we have plotted all allowed resonances up to
5™ order for a lattice with 12-fold periodicity (left) and 3-fold periodicity (right).
Therefore one can guess that including 3 superbends in the lattice and reducing
the periodicity from 12 to 3 will reduce the usable tunespace.

Lattice with 12-fold periodicity ..

Lattice with 3-fold periodicity -

s2r Wafking Point — . 321 Warking Point — 3

8 I L ol I " 1 2
L0} 1405 W 1435 142 1425 143 1435 144 4k s

s L t 1 L i 1 L "

1® 1405 145 418 12 1425 143 438 d TS 1S
v

\Y% X X

Figure 7. All “allowed” resonances up to 5" order for a lattice with 12-fold periodicity (left)
and 3-fold periodicity (right).
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Figure 8. Tunescans for a lattice with 12-fold periodicity and a lattice with 3-fold periodic-
ity. : .
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To choose a working point we performed tunescans with a frequency post proc-
essor. The procedure was the following: First the betatron tunes were set. Then a
particle was launched with an initial offset of 10 mm horizontally and 1 mm verti-
cally and tracked for 1024 turns or until lost. If the particle survives 1024 turns the
frequency post processor computes the fundamental frequencies for that particle.
The procedure is then repeated for many different tunes. In total the machine is
adjusted to 900 tunes (on an evenly spaced grid of 31x31 tunes between x =
14.1to 14.4 and , = 8.1 to 8.4). The results can be seen in Figure 8.

In the case of no superbends one only sees the influence of the 2, -2y = 1 2
resonance. In the case of 3 evenly spaced superbends one sees that there are
more resonances excited. In particular one sees a 4th order resonance, 44 = _
- 67, that is strongly excited and also several coupled resonances which cross at
the , =14.25and , = 8.25. In these regions the motion of large amplitude par-
ticles is chaotic. However even in the case of 3 superbends evenly spaced there
still seems to be large regions in tunespace where it is possible to operate. This
is not true in the case of 3 superbends located asymmetrically around the ring.
In that case the periodicity goes from 3 to 1 and the tunescans were greatly dis-
torted with many missing points.

It is important to mentions that the tuneshift with amplitude is negative in both
planes. Therefore operating with a horizontal tune of 14.25 and a vertical tune of
8.20 allows one to operate safely away from (below) the coupling resonance and
(left) of the fourth order resonance. Based upon the tunescans for the 3 evenly
spaced superbends, a working point was chosen (x = 14.25and = 8.2) for
more detailed tracking studies.

3.7.2.2 Injection studies

‘For injection studies particles were launched on energy at the injection point with
- initial conditions of

(Xx=x, px=0,y=yiand py=0, AE/E=0 and ct= 7 =0)

and tracked without synchrotron oscillations for 512 turns or until lost.

The results with and without superbends is shown in Figure 9. In the figure we
had plotted a dot at both -7 mm and -10 mm. The minimum aperture that we
need for injection is 7 mm. We presently inject with a 10 mm separation between
the stored and injected beam.
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Figure 9. Initial on-energy tracking studies for the lattice without superbend (left) and with
superbends (right). :

The case without Superbends as shown on the left side of the figure the aperture
without errors and physical apertures is slightly greater than 20 mm horizontally.
When we added a physical aperture and errors, the aperture reduces to about
15 mm with for all error seeds. The case with Superbends as shown on the right
side of the figure. With no errors, physical apertures or systematic multipole er-
rors, the horizontal dynamic aperture is about 18mm. If we add systematic mul-
tipole errors the aperture does not change. If we then include both a physical ap-
erture and random quadrupole errors the aperture reduces to 11 mm. So even
though there is a reduction in the dynamic aperture it seems that one can still in-
ject into the lattice with some margin.

We suspected that the reduction in dynamic aperture is a result of having per-
turbed the ring’s natural 12-fold periodicity. This is done in two ways: First we
change the linear phase advance between the existing sextupoles and second
we introduce a “new” sextupole in the lattice. In fact the integrated sextupole
strength is quite large. It is about half the strength of a chromatic sextupole (SF
or SD). In principle both effects (linear perturbation and systematic sextupoles)
can impact the dynamic aperture.

31



Already with these results one can see something that is rather interesting. There
is a reduction in the dynamic aperture of the ideal lattice when comparing no su- -
perbends and with superbends. What is curious was that after that reduction, in-
cluding the systematic sextupole errors did not further impact the dynamic aper-
ture. One might think that placing such a strong sextupole field in a 3-fold sym-
metric pattern around the ring would impact the dynamic aperture. We suspected
the reason there was no significant impact was due to the fact that the super-
bends are located in a region where the g-functions are small in both planes.

In order to test that assumption the following simulation was made. To isolate the
effect of the systematic sextupoles we took an ideal lattice without superbends
and placed an integrated sextupole in the normal bends which would be replaced
by superbends and tracked the lattice. The results are shown in Figure 10. We
find that if we look then at the dynamic aperture with no systematic sextupole as
compared with the aperture with 1 times and 2 times the strengths of the “ex-
pected” systematic sextupole the dynamic aperture remained nearly the same.
This was to say that we could even double the systematic sextupole without
seeing any appreciable change in the aperture.
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15
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Figure 10. Effect if the systematic sextupole distributed in a 3-fold periodic pattern.

As a sanity check we moved the systematic sextuple to 3 outer bends located
periodically around the ring. In these bends the Z-function is large vertically. -

With only 1 times the systematic sextupole strength the dynamic aperture is re-
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duced significantly. So it appears that the fact that the superbends are located in
a region where the g-function is small is the reason that we can tolerate a large

sextupole strength.

Due to the fact that we saw no impact on the dynamic aperture when the sys-
tematic sextupole strength was doubled we decided to repeat the tracking stud-
ies with twice the systematic multipole content and also included some random -
sextupole errors.

The new values for the systematic multipole content that was chosen was
Sextupole: Ba/B1=60 x 10 at 1 cm
Decapole: Bs/B1=2x10%at1cm

and for random errors of
Sextupole: Ba/Bi= +3 x 10™* (peak-to-peak) at 1 cm

The new tracking results with gradient errors can be seen in Figure 14.

There is no significant impact on the dynamic aperture over what was shown with
the smaller multipole errors. :

3.7.2.3 Momentum Aperture Studies

In the ALS the dominant cause of particle loss is through intrabeam or Touschek
scattering. The Touschek scattering process is shown in Figure 11. In the case of
Touschek scattering two particles in the bunch which are undergoing transverse
oscillations collide with each other. One particle looses some momentum and the
other particle gains some momentum. If the amount of momentum gained or lost
is sufficiently small, the motion of the particle will be stable and will slowly damp
down to the center of the bunch. If the momentum gained or lost is too large, the
particle motion can become unstable and/or hit a physical aperture.

Beam direction

______________ >

Figure 11. Touschek scattering process.
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The momentum acceptance, , is determined by the largest amount of momen-
tum that can be gained or lost and the particle will still survive. The Touschek
lifetime is roughly a function of the square of the momentum acceptance and is
given below.

1 1 Ibunch 11
v TT""S E Vbunchcs

where E is the beam energy, lpunch is the electron bunch current, Vpyncn is the vol-
ume of the electron bunch, and &’ is the horizontal divergence of the electron

beam.

The momentum acceptance is determined by one or more of the following three
things:

1. The rf bucket
2. The physical aperture
3. The dynamic aperture

The momentum acceptance is a function of the longitudinal position in the ring
where the scattering occurs and may be limited by different effects. For instance
particles scattered in the straight section where the dispersion function is small
may have a larger momentum.acceptance that is limited by the rf bucket. Parti-
cles scattered in the arcs may have a smaller momentum acceptance that is lim-
ited by the physical or dynamic aperture. This is because particles that scatter in
the arcs where there is a large dispersion function will have large induced trans-
verse motion that may cause them to hit the transverse dynamic or physmal ap-
erture before the rf bucket is reached.

The induced amplitude to lowest order is a function of H5* where H is

H=yn?+2ann +Bn"

In the case where the dispersion function, 7, and its derivatives are adjusted to

zero in the straight section, the H function is zero. The H function is a maximum
and constant between the bends in the arcs. The H function is plotted in Figure
12.
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Figure 12. H function as a function of length along the sector.

The height of the rf bucket provided by the accelerating voltage in the cavity is

v/ Ve
=V whE
- where Vifis the rf-voltage, is the momentum compaction factor, h the harmonic
number and E the nominal beam energy. The rf-bucket for the ALS running at an
energy of 1.9 GeV and with a peak voltage of 1 MV is roughly 2 %. Therefore we

would like to insure that the dynamic and physical aperture do not limit the mo-
mentum acceptance to a level below 2%.

Tracking studies allow us to predict where the where the momentum acceptance
will be limited by the dynamic and physical aperture. In order to determine the
dynamic momentum acceptance we do something artificial in the tracking studies
so that the rf bucket is large enough that it is not the limiting aperture. We in-
crease the cavities rf voltage, Vrf, which increases the bucket height. We also
decrease the cavities rf frequency in direct proportion to the increase in the rf
voltage. By doing this we keep the synchrotron tune constant. '

For momentum apertufe studies, particles were launched off energy at the injec-
tion point with initial conditions of

x=x,px=0,y=1mmandp, =0, E/E= jandct= =0)
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and tracked without synchrotron oscillations for 512 turns or until lost.

For the momentum aperture studies we initially tracked lattices with systematic
mulitipole errors for SB4 only: '

Sextupole: B3/B1=32 x 10 at 1 cm

Decapole: Bs/B;=2x10*at1cm

The results with the initial multipole values can be seen in Figure 13. On the left
on finds the aperture for the lattice with no superbends. On the right is the aper-
ture with superbends. There vertical axis is horizontal amplitude. The horizontal
axis is initial energy offset. Three normal and skew quadrupole error seeds are
shown for each case.
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Figure 13. Initial momentum aperture studies for the lattice without Superbends (left) and
the lattice with Superbends (right). Linear lattice errors and realistic physical apertures are

included in the tracking.

There is also a solid line plotted which gives the induced amplitude as a function
of energy for a particle who is scattered in region 2. The intersection of the solid
line with the aperture gives the “dynamic” momentum acceptance. We find that in
the case without superbends the momentum acceptance is limited at 2.8%. In the
case with superbends the momentum acceptance is limited at 2.4%. So there is
some reduction of the momentum acceptance but at 1.9 GeV the dynamic mo-
mentum acceptance is still larger then that determined by the rf-bucket.

In the second set of tracking we increased the sextupole multipole content and

added a random sextupole error values. The new values for the sextupole was
chosen was
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Sextupole: Ba/B1=60 x 10 +3 x 10* at 1 cm

The results of the tracking are shown in Figure 14. We find that the aperture is
still larger than 2% for all 3 seeds. So this multipole content seems to be reason-
able.
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Figuré 14. Momentum aperture studies for the lattice with 3 superbends with larger sex-
tupole errors.

3.7.2.4 Effect of the full 3-D field map

How good is the isomagnetic model as a representation of the superbend? As
seen in Figure 15, the Superbend fields are far from isomagnetic. There is a
strong variation in field along the length of the orbit. We investigated the impact
of the full 3-D fields on the beam dynamics. This work was done with Etienne
Forest of KEK and Shlomo Caspi. We will outline the procedure and present the
results of that study. '
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Figure 15. The longitudinal field profile for the supérbends.

The first step was to express the field of the magnet in a 3-D field harmonic rep-
resentation. This was done by using a TOSCA model for the magnet and calcu-
lating the fields with the magnet on a cylindrical surface of 1 cm in radius passing
through the transverse center of the magnet. From field points the field was then
fitted to an analytical multipole expansion. The representation for the field was 3-

D field representation of Caspi, Helm, and Laslett [3].

Now having an analytical representation for the field, it was possible to track par-
ticles through the magnet. Tracking was done using the Differential Algebra or
Truncated Power Series Algebra (DA or TPSA) package of Martin Berz in order
to generate a transfer map (Taylor series) through the Superbend around the de-
sign orbit. _ -

Once this transfer map was generated it was symplectified order by order [4].
Next the map was inserted into the tracking code and evaluated implicitly using a
generating function. '

After the lattice was constructed a one-turn map for the ring was constructed and

the tunes and chromaticity were adjusted to be the same as for the isomagnetic
model. Then the fitted model was tracked. The results can be seen in Figure 16.
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The tracking results are for 3 lattices with different linear errors seeds. For each
seed the results are presented for the isomagnetic and 3-D model of the super-
bend. We see that the results are nearly the same. We also saw no significant
difference in the off energy tracking results comparing the isomagnetic model
and the 3-D model of the superbend. Therefore we conclude that the isomagnetic
model for the lattice is sufficient for the tracking. (This may not be too surprising
considering the previous result showing the insensitivity to the strength of the
higher order field multipoles.) We can also conclude that from a dynamics point
of view integrated multipole measurements are adequate for the superbends.
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Figure 16. A comparison of on-energy tracking for a lattice where the superbends have
been modeled using an isomagnetic magnet model versus a full 3-D field map.

So to summarize the tracking results:

1. The reduction in the dynamic aperture is primarily due to the perturbation of
the linear lattice functions reducing the periodicity of the ring from 12 to 3.

2. Higher order multipole components have little impact on the aperture pre-
sumably due to the superbends located in a position of low 2.

3. There is no significant difference in the dynamics between an isomagnetic
model with integrated multipoles and a model with an accurate 3-D repre-
sentation of the fields.

Based upon these results we provide the following tolerances on the sextupole
and higher order integrated multipole fields.
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3.8

Tolerance: |
Sextupole: Ba/B1=60x 10*+3 x 10*at 1 cm
Decapole: Bs/Bi<2x10*at1cm

Alignment
Misalignment of the Superbends generates several effects:

1. A longitudinal misplacement will result in a horizontal orbit distortion.

2. A horizontal misplacement will result in both a horizontal orbit distortion and
vertical -beating (periodicity breaking).

3. A vertical misplacement will result in vertical orbit distortion and coupling.

4. A roll of the magnet will result in vertical orbit distortion.

3.8.1 Longitudinal position of the superbends

One can estimate the effect of a longitudinal magnet position error in the follow-
ing way. Suppose | move the magnet that bends the beam by an angle # by an
amount s. The resulting orbit distortion is just.

ZSin(‘lth)

where «(0) is the horizontal -function at the original location of the bend,

x( s) is the horizontal -function at the new location of the bend, x(s) is the
horizontal phase advance from the original location of the bend to the observa-
tion point, s, x( ) is the horizontal phase advance from the original location of
the bend to the new location of the bend, and x i s the horizontal tune.

Ax(s) =NV BA). ( VB 0y cos{(s) —~1v,) ~ VBB cos (wls) v, ~ v, (A9)) | (@)

If we assume ,(0) approximately equal to (s) and that x(8) i s smallthen
we can rewrite equation (8.1)

axte) = SPLWEL y (ssyin .09~ ) (10)

2sin (nvx) \ *

Lets assume that ,=0.25, =2 /36, (0 )=1.5m, x(s )=0.001. Then if one mag-
net is moved longitudinally by 1mm at ax = 1.5m then at an observation point
where (s)=11m, the maximum x is about 350 m. This means that if all 3
magnets were displaced by up to 1 mm longitudinally the distortion to the hori-
zontal orbit would still be less than 1mm. ThIS seems reasonable considering that
the total error allowed is 2 mm.

40



'3.8.2

3.8.3

Tolerance:

Error in longitudinal position = +1mm from ideal.

Horizontal position of the superbends

A horizontal misplacement of the magnet will result in both a horizontal orbit dis-
tortion as well as horizontal and vertical -beating (periodicity breaking). The re-
quirement that sets the tightest limit on the horizontal location is the requirement
to keep the vertical -beating under 5%.

As mentioned in section 3.1 the superbends will have a strong integrated sex-
tupole field, SI. The transverse magnetic center of the magnet is defined as the
position where the integrated quadrupole field is zero. The design trajectory is
such that when the particle trajectory is bent by 5 degrees the beam is going
through the magnetic center of the dipole.

A variation in the transverse position, x, will result in -beating through variations
in the quadrupole feeddown focusing from each magnet. The quadrupole feed-
down, K, from each magnet is just

Kl =2SIAx ‘ ' (11)
The resulting -beating from one magnet is given as

AB,
B,

where (0) = 1.5m and S/'= 10m™. In order to keep the vertical -beating under
2% from one Superbend the limit on position is 0.5mm. This means that if all 3
magnets were misaligned by less than 0.5mm the total -beating would be under
5%.

~ AKI x B (0) =2 x Ax x SIx B (0) | (12)

Tolerance:

Error in horizontal position = +0.5mm.

Note: This is not an absolute tolerance but a magnet to magnet tolerance.
Vertical position of the superbends

A variation in the vertical placement will result in vertical orbit distortion and cou-

. pling. The requirement that sets the tightest limits on the vertical alignment of the

superbends is the coupling and the requirement to keep the skew quadrupole
feeddown to the level of the other sextupoles in the ring in order not to increase
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3.84

the coupling. The contribution to the coupling from a skew quadrupole, Ki, is pro-
portional to KI x 4/B,B, where x and y are the -functions at the location of the
skew quadrupole. The skew quadrupole component from a sextupole is Ki =
2Sly, where y is the deviation in the orbit to the vertical center as defined by the

sextupole.

We set the tolerance on y such that we keep the quantity Siyy/B B, at the same
level as that of the other sextupoles (see Table 2)[5]. Therefore the vertical mis-
alignment of the magnet should be less than 400 m.

Famity | SIm?) VBB, (m  y(um)  SWEE,

SF 11 2.3 150 0.004
SD 8 4.1 150 0.005
Superbend 10 1.1 400 | 0.0045

Table 2. Comparison of the skew quadrupole feeddown components as a function of verti-
cal beam offset for SF, SD, and the Superbends.

Tolerance:

Error in vertical position = £0.4mm from ideal.

Roll of the superbends

A variation in magnet roll will result in vertical orbit distortion. The tolerance on
the roll is determined by the requirement that the contribution to the vertical orbit
distortion should be less than 200 m at a , of 4 m. The vertical kick y fr om a
10 degree horizontal bending magnet that is rotated by r adians is

0,= 369 | | (13)

The resulting orbit distortion y is then

Ay= GFJ_ ( nvy). - (14)

¥ 2sin (nv )

where (0) is the vertical -function at the Iocatlon of the bend, ((s) is the ver-
tical -function at the observation point, , (s) is the vertical phase advance from
the original location of the bend to the observation point s, and yi s the vertical
tune.
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3.9

3.10

Let us assume that =0.2, , (0)=0.8m, y (s)=4m. By keeping the roll angle to
less than 250 rad insures that the contribution to the vertical orbit distortion
from the roli of all 3 superbends will be less than 200 m.

Tolerance:

Error in roll < #250 rad

Field jitter and vibration tolerance

The objective is to keep the contribution to the orbit motion from all the super-
bends below 3 m rms horizontal and 1 m rms vertical in the frequency range
of (0.01 to 1000 Hz). This puts the following limits on the integrated motion due to
vibration and power supply jitter.

Tolerance:

Longitudinal motion <3 m (rms)
Horizontal motion <5 m (rms)
Vertical motion <5 m (rms)

Rolling motion <2 rad (rms)

Power supply ripple, AI/I, < 1/200,000

ORhON~

These results can be derived from the formulas given is the previous subsec-
tions. '

Energy ramping: speed and magnetic field reproducibility

Presently the ALS operates primarily at 2 electron beam energies: 1.5 GeV and
1.9 GeV. In fact most of the user operation (> 70%) is at 1.9 GeV. At both ener-
gies beam is injected into the storage ring with a beam energy of 1.5 GeV. For
1.9 GeV operation the beam energy is ramped in the storage ring from 1.5 GeV
to 1.9 GeV. After the beam has decayed to about ¥ its initial current, the re-
maining current is ramped down to 1.5 GeV. The ring is topped up to full current
and the beam is ramped back up for users. This process is called the injection
cycle. _ ' ‘

The injection cycle begins when beam is taken away from users (close the pho-
ton shutters) and ends when we give beam back to users (open the photon
shutters).

The full injection process or cycle is shown in Figure 17. The injection cycle takes

about 11 minutes (a little longer if we are operating in 2 bunch mode where there
is a parasitic bunch cleaning step). The process is as follows. First the beam is

43



taken away from users and the insertion device gaps are opened. The beam en-
ergy is then ramped down to 1.5 GeV. After reaching 1.5 GeV the beam current
is topped off from 200 to 400 mA. The beam is then ramped up to 1.9 GeV, the
orbit is corrected. Finally the insertion device gaps are closed and the beam is
given back to users. Of that 11 minutes about 4 minutes is used for energy
ramping (2 minutes to ramp down and 2 minutes to ramp up).

2 ¥ 1 T T T T

Ramp Down Ramp Up
(130)

-
[

Open ID Gaps
L (100)

-
(]

Close ID Gaps
(100)

Inject Beam 200 to 400 mA
(190)

Beam Energy [GeV]

-
N
T
]

-

100 "200 300 400 500 600 700
Time [s]
Figure 17. The injection cycle.

o

3.10.1 The injection cycle

It is important that the length of the injection cycle does not lengthen significantly
when the machine is operating with the superbends. Therefore both the ramping
and filling stages should not lengthen. For a good injection rate both the orbit
needs to be reproducible and the dynamic aperture needs to be large.

Now let’s discuss at the requirements of the superbends during the ramping
stage of injection. Let’s begin the discussion by examining what happens during
the present ramping process. Field measurements correlating field to- power sup-
ply current were made for the dipoles after they were constructed. Presently Su-
perbends ramping is based upon magnet currents (not directly on field). This-in-
volves a lookup table and requires that establish a conditioning state such that
the field-to-current is reproducible.

At present there are 52 main magnet families or power supplies (1 bend, 49
quadrupoles, and 2 sextupole) as well as 164 corrector magnet power supplies
that are ramped. The ramp is divided into a number of steps. At each step mag-
net current set points are sent out to all the power supplies from a high level
control system application. Once the setpoints arrive at the low level local con-
trollers, the power supplies start ramping. Due to limitations in the present control
system, the set points arrive at the local controller only to within 0.1 seconds of
each other. Therefore ramping within each step is only partly synchronized.

Partial synchronization of the ramping results in tune jitter within a step. However
the tune jitter is sufficiently small such that the beam does not get lost (The more
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steps the smaller the tune jitter). Empirically we have found that one requires at
least 180 steps (and sometimes more) to minimize beam loss during the ramp. It
is not desirable to arbitrarily increase the number of steps because this lengthens
ramping times. This is because delays are included in each step to insure that all
magnets have reached their set points. These delays are for the most part inde-
pendent of the step size. At present with 180 steps the machine takes about 2
minutes to ramp from 1.5 GeV to 1.9 GeV. In principle if one could remove the
delays it would be possible to ramp faster. The fastest possible ramping rate is
limited by the storage ring bend power supply. The bends can ramp between 1.5
GeV and 1.9 GeV in only 20 seconds.

There is one major difference between ramping with superbends and ramping
without superbends. Without superbends all the bends are the same and they
are on one power supply. As a result all bends change their field in sync. There-
fore changes in bend field result in changes in beam energy not changes in
beam orbit. However operation with the superbends means that the bends are
decoupled. The mismatches in field will result in orbit errors as well as energy er-
rors (see for example equation 7.3).

During ramping we require that the horizontal orbit shifts should be less than
+2mm in the straight sections where the horizontal -functionis x =11m. If one
wishes to base the ramp upon current and not field as is done in the present
ramping case then one needs to have a good match between the current and
field of both the superbend and the normal bend. This match should be good to
within 0.1% in field in order that the orbit distortion is less than 2 mm.

The map of current to field of the superbend will be determined through magnetic
measurements initially. These measurements will serve as a “first pass” at
matching the integrated dipole field of the superbend with the normal bend. Dur-
ing operation the beam orbit will be used to refine the match. What is important
that relying on lookup tables is that the field as a function of current is reproduci-
ble level of 0.1% or better.

Once we have an accurate lookup table for the superbend and the normal bend,
there still will be orbit motion during the ramp resulting from the ramping of the

“normal and superbends being asynchronous within a step. If the ramp is divided
into Nsteps and one superbend is off by as much as one step the angular kick,
&, would be

_27 1.9 1 .
O W(l B -1_5—)( Nsteps) (15)
So the orbit distortion, x, from one superbend being off by one step would be
Ax(s) = ex Bx(s) N BX(O) (COS(WX(S) _ TCVX)) _ exnx(s)n x(o) (1 6)
2sin (nvx) \ aL,
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where «(0) is the horizontal - function at the location of the bend, «(s) is the
horizontal - function at the observation point, x(s ) is the horizontal phase ad-
vance from the location of the superbend to the observation point s, and x is the
horizontal tune. Lets assume that ,=0.25, « (0)=1.5m, x(s)=11m. If we also
assume that Nsteps = 180 then the maximum orbit distortion from all 3 super-
bends being off by as much as 1 step from the normal bends is 2mm. So from an
orbit distortion point of view 180 steps are adequate.

Therefore if the fields versus current are reproducible and the ramping rate of the
superbends are fast enough we should be able to ramp in the same manner as
we ramp presently with no lengthening in ramping time. If the fields are not re-
producible we have two back up options. The first is to feedback on the orbit
-during the ramp. The second is to control the beam directly on field. We plan to
install 2 Hall probes per superbend to monitor the Superbend field. They will also
be useful for trouble shooting problems.

Itis conceivable that we will need to do an orbit correction at the top and bottom
of the ramp both for users and for injection. Since we only correct the orbit at the
top of the ramp this will add a little bit of time to the injection cycle (possibly as
much as one minute). Since most of the orbit distortion will be generated by the
mismatch of the Superbend one can imagine that the first step in orbit correction
is to correct the orbit just using the superbends. Having a setability of the field of
less than 1/60,000 allows one to correct the part of the orbit distortion coming
from the mismatch of the bends down to the ~20 micron level.

From energy ramping we have the following requirements

1. The slew rates of the superbends should be 3A/s to match the maximum
ramp rate of the normal bends. This is desirable especially if we wish to
speed up the ramp in the future.

2. Fields should be setable at a rate of 10 Hz or greater. (At present the control
system is limited to 10 Hz.)

3. The reproducibility in the field should be better than 0.1% in order to insure
that we can base the ramp solely on current.

4. The magnet-to-magnet shift in the transverse center should be less than 0.5
mm while ramping between 1.5 GeV and 1.9 GeV.
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3.11 Summary of Tolerances

Quantity Tolerance

Driver
Magnetic Field ' '

49T +5% at 1.9 GeV'
3.9T +5% at 1.5 GeV

Field at 2.6° and 7.4° Photon Brightness

Maximum integrated field | B/, > 1.17 Tm Possibility for 2.0 GeV
operation
Integrated multipoles Bl -4 . Dynamic aperture
Sextupole =31<60x10
Bl
i3x10_4 atr=1cm
Blp -4
——<2x1
Octupole and higher Bl <210

(n>3)

BI,=0.8727 Tm £ 0.1% at 1.5 GeV
Bl,=1.1054 Tm £ 0.1% at 1.9 GeV'

Integrated field Horizontal orbit

Absolute Alignment

Longitudinal position 1 mm Horizontal orbit

Horizontal position 0.5 mm* Vertical beta-beating

Vertical position : 0.4 mm Coupling

Roll 250 rad Vertical orbit

Vibration v

Longitudinal motion 3 m for frequencies > 0.01 Hz Fast horizontal motion

Horizontal motion 5 m for frequencies > 0.01 Hz Fast horizontal motion

Vertical motion 5 m for frequencies > 0.01 Hz Fast vertical motion

Rolling motion 2 rad for frequencies > 0.01 Hz Fast vertical motion

Field Jitter “

Fast 1/200,000 for frequencies > 0.01 Fast horizontal motion
Hz

Slow 1/60,000 for frequencies < 0.01 Hz | Slow horizontal motion

Ramping

Slew rate 20 seconds Ramping speed of

normal bends

and normal bends

Difference in integrated
field between superbends

At any step the difference in inte-
grated field between the normal
bends and any superbend should
be better than 0.1%.

Horizontal orbit

*The horizontal position tolerance is not really an absolute tolerance but a magnet-to-

magnet tolerance.
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4.1

4.2

4.3

SUPERBEND DIPOLE SPECIFICATIONS

Introduction

The Superbend Magnet is a high field, short pole length superconducting dipole
magnet with a central peak field of 5.69 T. When three Superbend Magnets are
installed in the ALS, replacing existing gradient magnets, they will provide nomi-
nal 4.97 T source points which will provide synchrotron radiation with a nominal
critical energy of 11.9 keV.

The magnet has a cold iron “C” shaped core driven by two superconducting
racetrack coils. The magnet assembly is installed in a cryostat such that the ver-
tical high field region in the magnet gap penetrates the cryostat cutout, known as
the “mouthpiece”. The mouthpiece is sized so that the cryostat can be inserted
around the existing ALS storage ring vacuum chamber and the high field region
can then be centered on the beam orbit. The cryostat includes, in addition to the
magnet, the coil leads, a helium vessel, a liquid nitrogen vessel/ cold shield, a
cold mass support system, a cryocooler, a quench protection system and magnet
current leads which are housed within the cryostat vacuum vessel. The Super-
bend Magnet installed in the ALS Storage Ring is shown in Figure 1.

Magnet design

The Superbend Magnet design embodies major components that include a mag-
net core, two superconducting coils, two coil current leads, a helium vessel, a lig-
uid nitrogen vessel and shield, a cold mass support system, a cryocooler, a
quench protection system, a cryostat vacuum vessel, an external support system
and field clamps. These major components are shown in Figure 2.

The design requirements and design parameters for the Superbend Magnet are
tabulated below. This is followed by the detailed description of the magnetic de-
sign, magnet core, coil conductor, coil, coil current leads, helium vessel, liquid
nitrogen vessel/ cold shield, cold mass support system, cryocooler, quench pro-
tection system, vacuum vessel, external support system and field clamps.

Requirement parameters
The basic requirements on magnet location and position, field, field conditioning,

field ramping, and field stability that drive the design of the Superbend Magnet
are given here:
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4.3.1 Magnet locations and position

Curved Sectors

Magnets to be replaced

Magnet centerline height above floor
Magnet transverse, longitudinal position

Magnet yaw position

51

4,8,12
sr4 B2, sr8 B2, sr12 B2
1400 m

Same as the replaced magnets with
the electron beam passing through
the Superbend Magnet magnetic
center.

Entrance/exit electron beam trajecto-
ries must match existing gradient
magnet entrance/exit electron beam
trajectories and be symmetric about
the magnet transverse centerline to
provide 10 degrees of trajectory
bend



4.3.2

4.3.3

Magnet pitch and roll

Field requirements

Nominal maximum peak operating field

Nominal operating field at the electron
beam orbit located +/- 2.4 degrees from

the magnet center -
Nominal operating field integral

Maximum peak cycling field (Bmaxc)
Nominal current margin
Conductor critical current

Nominal multipole content @ r= 1 cm
(based on SB4 tests)

Field conditioning requirements

Big loop conditioning

Small loop conditioning
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Nominally level with respect to grav-
ity

5.69 T (dB/dz = 0) with a nominal
maximum operating current of 291 A

497T

1.1053 T m (10 deg. Bend @ 1.9
GeV)

Field achieved when driving the
magnet with 102% of the nominal
maximum operating current

116% (338 A)
338A@8.06 T&4.3degK
B2/B1=7X107* |
B3/B1=32X 10~
B4/B1=1X10"*
B5/B1=2X10"*
B6+.../.B1=<2X10~*

Cycle to maximum peak cycling field
once per week at 3 A/s (B=0to
Bmaxc tO B = 0)

(52 cycles/yr or 1040 cycles/20 yrs)
Cycle at every fill (B1_g gev 1O B1_5 GeV
to B1.ggev)

Every 8 hrs/multibunch operation —
90 % of the time

Every 1.5 hrs/2 bunch operation — -
10% of the time

(1570 cycles/yr or 31,400 cycles/20
yrs)



43.4

4.3.5

Accelerator physics studies

Cumulative field conditioning

Requirements for 20 years

Field ramping requirements
Small loop

Form

Lower current @ B1.5gev

Upper current @ B1.g gev

Maximum average ramping speed
Max. instantaneous ramping speed

Big loop
Form
Starting current
Peak current (Bmaxc)
Maximum ramping sp'eed

Field stability requirements

Short term (< 1 min)

Long term (> 1 m-in)
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Weekly operation

Big loop — 3 cycles/wk

(156 cycles/yr or 3120 cycles/20 yrs)
Small loop — 20 cycles/wk

(1040 cycles/yr or 20800 cy-
cles/20yrs) '

Big Loop — 4,160 cycles
Small loop — 52,200 cycles

Staircase
207 A
291 A
0.8 A/s
3.0 Als

Ramp
0A
297 A
3.0 Als

+/- 3 micron rms max orbit displace-
ment for all frequencies > 0.01 Hz

di/t max 1 :200 000

+/- 20 micron max. orbit displace-
ment

@ 1.5 GeV for all 3 magnets
di/l max 1 : 60 000



4.4
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4.4.2

443

Design Parameters
Magnet core parameters

Magnet core material

Magnet pole gap

Magnet pole height

Magnet pole length (beam direction)
Magnet pole width

Magnet pole lamination thickness
Magnet pole weight (ea.)

Magnet yoke length |

Magnet yoke width

Magnet yoke height

Magnet yoke lamination thickness
Magnet yoke weight

Magnet core weight

Magnet pole tip construction tolerances

Pole height tolerance

Pole width tolerance
Pole length tolerance

Fully annealed AlISI 1010 steel
100.0 mm

67.05 mm

114 mm

180 mm

23.0 mm (0.9055 inch)
36Ibs. |
380 mm

700 mm

820 mm

41.9 mm (1.65 in.)
2779 Ibs.

2851 Ibs.

+/- 0.050 mm
+0.000/-0.50 mm -
+0.000/0.050 mm

Magnet pole tip positional tolerances (with respect to the theoretical mag-

net centerlines)

Direction

Vertical

Radial

Longitudinal

Roll (radial angular)

Pitch (longitudinal angular)

Yaw (pole rotation)
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Tolerance

+/- 0.089 mm (+/- 0.0035 inch)
+/- 0.280 mm (+/- 0.011 inch)
+/- 0.280 mm (+/- 0.011 inch)
+/- 0.99 mrad

+/- 1.56 mrad

+/- 5.59 mrad



4.4.4 Magnet coil conductor parameters

4.4.5

4.4.6

4.4.7

Conductor material
Copper/superconductor ratio
Number of superconductor filaments
Relative resistivity ratio

Conductor size - bare

Conductor size — insulated
Conductor insulation

Magnet coil parameters

Number of turns per layer
Number of layers

Total number of turns

Conductor length (theoretical)/coil

Cu/NbTi

3.0

330

>200

0.9 mm X 1.8 mm

1.00 +/- 0.02 mm X 1.90 +/- 0.02 mm
Formvar

33

70
2309
1725 m

Magnet coil positional tolerances (with respect to the theoretical magnet

centerlines)

Direction

Vertical

Radial

Longitudinal

Roll (radial angular)

Pitch (longitudinal angular)
Yaw (coil rotation)

Magnet coil lead parameters

Number
Manufacturer
Rating -
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Tolerance

+/- 0.368 mm (+/- 0.0145 inch)
+/- 0.635 mm (+/- 0.025 inch)
+/- 0.635 mm (+/- 0.025 inch)
+/- 2.84 mrad

+/- 3.81 mrad

+/- 12.70 mrad

2
American Superconductor, Inc.
350 amps @ 82 K



4.4.8 Liquid helium vessel parameters

Material
Volume
Test pressure

~ Relief valve setting

- 449

4.4.10 Cold mass support system parameters

304L SS
85 liters

30 psia

8 psi gauge

Liquid nitrogen vessel and shield parameters

Material

Volume

Test pressure
Relief valve setting

Number of supports

Strap material

Link material

Support design operational load
Support conditioning load

4.4.11 Cryocooler parameters

Manufacturer

Refrigeration unit model
Cryocooler model

1% stage cooling power

2" stage cooling power
Compressor model

Compressor cooling requirement
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Aluminum
35 liters

30 psia

8 psi gauge

8

S-2 Glass — epoxy composite
304 SS

5910 Ibs.

10,000 Ibs.

Sumitomo
SRDK-415DW
RDK-415DW

45 W@ 50 K
15W@4.2K
CSW-71C

Water - 7 liter/min



4.4.12 Quench protection system parameters

Activation voltage |
Time constant

4.4.13 Instrumentation

Temperature sensors
Sensor type

4.4.14 Vacuum vessel parameters

Material

Height

Length

Radial width

Inner radius mouthpiece vertical gap
Outer radius mouthpiece vertical gap
Test pressure '

Relief valve setting

4.4.15 External support parameters

Number of supports
Configuration
Pitch

4.4.16 Field clamp parameters:

Material
Thickness
Distance from magnet core
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20V
20 sec

8
Cernox

304L SS

1474 mm

648 mm

902 mm

42.2 mm

54.9 mm

15 psia (external), 5 psi (internal)
2 psi gauge ‘

6
LBNL Drawing No. 25F1606
1.058 mm/turn

AlS] 1010 steel
0.75inch
260 mm



4.5 Design Description
4.5.1 Magnetic design
4.5.1.1 Superbend muitipole requirements and mechanical tolerances

This section considers the effects of mechanical position tolerances of the poles
and coils and their affect on the superbend magnetic multipoles. The resulting
multipoles are compared to the requirements for storage ring operation. Table 1
below summarizes. The storage ring requirements.

Table 1. Normalized Multipole Requirements at r=1 cm

|bia;] < 2.5x10*

|bsJa;| < 6.0x10™

Alasas| < 5x10™
 |agas < 6x10°
 Alaglas] < 3x10*

The A symbol indicates a requirement on magnet-to-magnet variation among the
three superbend magnets. '

Calculations of error multipoles corresponding to assembly tolerances are based
upon a list of maximum expected coil and pole position errors, and coil perturba-
tion sensitivity coefficients. The values used for coil and pole positions are based
upon a judgment of achievable tolerances using careful assembly techniques.
The coil perturbation sensitivity coefficients are also used to account for pole
perturbations. We assume that a pole movement produces a qualitatively similar
affect as a coil movement. For example, a small vertical motion of the coilis
similar to a small vertical motion of the pole. Since the contributions to the mul-
tipole components are similar, the same sensitivity coefficients are used for pole
perturbations.

The following tables are compilations of expected position errors and the effects
on multipoles. The sensitivity coefficients, Sy4, etc., are in units of normalized
multipole (x10*) per unit of error (mm or mrad). Multipole components are in units
of 10* at 1 cm.
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Table 2. Expected Skew Dipole

Error Type | Units | Error Value |  Sps(10%) |bsday] (10%)
Pole dy mm - 0.09 --= -~
dx mm 0.28 24.0 6.7
dz mm 0.28 - -
“roll| mrad 0.99 -0.83 0.8
pitch | mrad 1.56 -—- -
yaw | mrad 5.59 - -

- Coil dy mm 0.37 - -—
dx mm 0.64 24.0 15.4
dz| mm 0.64 - -

roll | mrad 2.84 0.83 2.4
pitch mm 3.81 - -
yaw mm 12.70 - ---
Table 3. Expected Skew Quadrupole

Error Type | Units | Error Value |  Sp2(10% |bdla;| (10%)
Pole dy mm 0.09 3.26 0.3
dx mm 0.28 0.01 -—-
dz mm 0.28 --- ---
roll | mrad 0.99 -3.26 3.2
pitch | mrad 1.56 .
yaw | mrad 5.59 -—- -—-
Coil dy mm 0.37 3.26 1.2
dx mm 0.64 0.01 _ 0.1
dz mm 0.64 - ---
roll | mrad 2.84 -3.26 9.3
pitch mm 3.81 - -
yaw mm 12.70 --- -
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Table 4. Expected Normal Quadrupole

Error Type | Units | Error Value | S,2(10%) |azaq] (10%)
Pole dy mm 0.09 - -—-
dx mm 0.28 -3.26 0.9
dz| mm 0.28 - ---
roll | mrad 0.99 0.68 0.7
- pitch | mrad 1.56 - -
yaw | mrad 5.59 - -
Coildy | mm 0.37 --- -
dx mm 0.64 -3.26 2.1
dz mm 0.64 - -
roll | mrad 2.84 0.68 1.9
pitch mm 3.81 -—- -
yaw mm 12.70 - -

Table 5. Expected Normal Sextupole

Error Type | Units | Error Value | S,3(10%) |aslaq] (10%)
Pole dy - mm 0.09 -0.14 -
dx mm 0.28 -0.01 -
dz mm 0.28 - -
roll mrad - 0.99 -0.14 0.1
pitch mrad 1.56 -—- -
yaw mrad 559 -—- ---
Coil dy mm 0.37 -0.14 0.1
dx mm 0.64 -0.01 -
dz mm 0.64 - -
roll mrad 2.84 -0.14 0.4
pitch mm - 3.81 - . -
yaw mm 12.70 -- -
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The multipole component b; can be corrected by adjusting the roll. The compo-
nents azand b, can be corrected by moving the magnet horizontally and verti-
cally, respectively, in the presence of a strong sextupole. A normalized sex-
tupole value of 3x1073, at r = 1 cm was assumed for position adjustment calcula-
tions. This value is based upon magnet analysis and confirmed by magnet
measurements of SB4. Therefore the maximum expected error, and the corre-




sponding required adjustment, should be compared to the adjustment range. Ta-
ble 6 below provides this comparison, where the expected error is calculated by

adding individual components in quadrature and multiplying by V2 to account for
two coils and poles for each magnet. The maximum allowance for adjustment by
moving the full magnet and cryostat relative to the vacuum chamber is shown,
with the additional range for adjusting the magnet inside the vacuum chamber
shown in parentheses. However, internal adjustment will tighten the gap allowed
for super-insulation, potentially reducing its effectiveness. Note that the roll and
vertical (Ay) adjustments are not independent. If the magnet is adjusted for
maximum roll, the vertical range is zero, and vise versa.

Table 6. Total Expected Errors, Required Adjustments

Expected Error | Required Adjustment Al\g?:;?n:‘::n
|bsaq| 24.0 roll = 2.4 mrad +7.3 (9.7) mrad
|boay| 14.0 Ay =2.3 mm +1.5 (2.0) mm
|azlay| 4.3 Ax = 0.7 mm +10 mm
jAas/aq| 0.6 —- —

The results demonstrate that the range allowed for movement of the full cryostat
assembly is sufficient to cancel the skew dipole and normal quadrupole, but not
the skew quadrupole. A roll adjustment of 2.4 mrad will use up 0.5 mm of the
vertical adjustment range, leaving 1.0 mm to adjust for skew quadrupole. The
maximum expected variation in sextupole of 0.6 units is well below the required
limit.

4.5.1.2 Eddy Current Effects

Eddy currents that are induced in any conductive superbend magnet system
component must not exceed values that adversely impact field quality beyond the
limits specified in the summary table of Section 3-11. Furthermore all structural
superbend components must be of sufficient strength to withstand instantaneous
forces and torques generated by these eddy currents.

The maximum slew rate specified in Section 3-10 for the superbends is 3A/s, so
as to match the maximum ramp rate of the normal bends. This corresponds to a

B =600G/s in the superbends.

The eddy current induced per unit length along the arc s of any electrically con-
ducting component in a dipole field B is given by
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I'(s)=oDx B ,
where ois the electrical conductivity of a component of thickness D at horizontal
position x with respect to the magnet's vertical symmetry plane.

The multipole expansion for the field induced from a pair of filaments of current
I at locations zand z* in the gap region of height 24 between the poles of a di-
pole is '

N7 s L Tz
B (2)= Re[b 1;b, =1/ Tanha,a =——. .
@ 2hizo“ n! L 7 2h

Integrating over the entire conductive component gives for the dipole component
of the perturbation field: '

B;_dipole = :2%1—:- ZRe[bO]ODde .

Supper

Field perturbations due to eddy currents in all relevant conductive superbend
system components were calculated via a code utilizing the expression devel-
oped above. The most critical components are the storage ring vacuum cham-
ber, which is closest to the beam axis and the aluminum constraining ring, which,
though farther away from the beam axis, is of a much larger cross-section. Other
conductive components, e.g. the copper plate thermal conductors, the stainless
steel vacuum cryostat, the pole laminations, and the LN shield induce negligible
field perturbations because of either their relatively small cross-section, their
relatively low conductivity, and/or their relatively large distance from the beam
axis.

Eddy currents in the storage ring vacuum chamber with o, = 0.33/ zQcmand

varying thickness of 5-15 cm give rise to field perturbations of magnitude 6 G.
This is 1 part in 10,000 which is an acceptable, though not negligible, perturba-
tion. The sextupole and other higher order components generated are negligible.

Alloy 5083 was chosen for the cold aluminum constraining rings because of its
relatively low conductivity at cryogenic temperatures (o 5o53g4..x = 033/ £L2cm )
relative to other alloys. These rings are much farther (10-18cm) from the beam

axis, however their area (40cm?) is relatively large. They give rise to field pertur-
bations of magnitude 36 G. This is 6 parts in 10,000 which is still below the 0.1%
requirement of Section 3-10.

Magnet core
The magnet requires a “C"-shaped iron core so that the magnet can be installed

around the ALS storage ring vacuum chamber. This “C"-shaped core includes a
‘C”-shaped yoke and two racetrack shaped pole pieces. The nominal yoke di-
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mensions 820 mm (32.28 inches) high, 700 mm (27.56 inches) wide and 380 mm
(14.96 inches) thick. The pole piece plan, race track configuration, is 114 mm
(4.488 inches) along the beam direction and 180 mm (7.087 inches) in the direc-
tion transverse to the beam. The core and pole are laminated with the lamina-
tions normal to the beam direction.

The yoke is laminated with 9 iron plates; material is 2.0 inch thick annealed AlSI
1010 steel plates. The plates are machined to a thickness of 41.9 mm (1.65 inch)
and a flatness of 0.005 inch, each side, prior to yoke fabrication. The pole pieces
are also laminated and made from 1.0 inch annealed AlSI 1010 steel plate, ma-
chined to 23.0 mm thickness (0.9055 inch) and a flatness of 0.001 inch, each
side, prior to pole piece fabrication.

Yoke fabrication starts with the horizontal stacking of the thick plates that are in-
terleaved with 0.003 inch thick S-2 glass cloth that are coated with high thermal
conductivity epoxy coating, Stycast 2850FT and hardener 24LV, and room tem-
perature cured with about 10 psi pressure. Next the parallel surfaces of the
mouth of the C yoke, spacing 234.26 mm (9.223 inches), are machined to a di-
mensional tolerance of +/- 0.002 inch and a parallelism tolerance of 0.001 inch
and the flatness of each surface to 0.001 inch. The four threaded holes for the
two pole tips, the threaded holes for the coil support and the slots for the leads
must be added. After machining the mouth of the yoke, the interlamination shorts
must be removed. Then the slots for the outer bars, that tie the nine laminations
together, are machined along with other required features. Welding of the bars to
the laminations follows. The yoke assembly is shown in Figure 3.

Pole piece fabrication is similar to the yoke fabrication. The plates are stacked
and interleaved with 0.003 inch thick S-2 glass cloth, epoxy coated with a high
thermal conductivity epoxy coating, Stycast 2850FT and LV24 hardener, and the
assembly is cured under about 50 psi pressure. The top and bottom faces of
each pole are machined parallel to 0.001 inch and each face is to be flat to within
0.001 inch. Anticipated pole tip tolerances are given above in the Design Pa-
rameter Section [1]. After machining, the interlamination shorts must be removed.
The pole assembly is shown in Figure 4.

The pole pieces are assembled to the yoke with 2 shoulder bolts each. The pole
pieces are insulated from the magnet yoke with a 0.075 mm (0.003 inch) thick
Kapton sheet. Anticipated pole tip positional tolerances are given in the Design
Parameter Section [2].

After the magnet core is assembled, the pole surface must be referenced to the
fiducials on the sides of the superbend magnet as shown in Figure 3. The esti-
mated accuracy of transferring the pole surface dimensional information to the
side fiducials is given below:
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Figure 4. Superbend pole assembly.

Magnet Core — Magnet Core Fiducial Alignment (measuring) Error

- Longitudinal
Radial
Vertical
Pitch

Roll

Yaw

+/- 0.100 mm
+/- 0.100 mm
+/7 0.100 mm

+/- 0.50 mrad (based on a 400 mm
fiducial spacing)

+/- 0.33 mrad (based on a 600 mm
fiducial spacing) '

+/- 0.50 mrad (based on a 400 mm
fiducial spacing)

When the magnet is energized to full field, the magnetic force pulling the pole tips
together is estimated at 298,752 N (67,286 Ibs) [3]. Under this loading, each
pole tip will deflect 0,10 mm toward the midplane. Resulting stresses in the back
leg of the yoke are 23.8 Mpa (3450 psi) compression and 18.3 Mpa (2660 psi)

tension.
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4.5.3 Magnet Coils
4.5.3.1 Conductor

The conductor material is a copper/superconductor (niobium-titanium alloy) in a
nominal ratio of 3:1 [4]. The relative resistivity ratio (rrr) is specified as >200.
The wire size (bare) is 0.9 mm by 1.8 mm and includes 330 superconductor fila-
ments of 39 micron diameter with the bundle twisted with a 45 mm pitch. With
insulation, Formvar, the conductor size is 1.00 +/- 0.02 mm by 1.90 +/- 0.02 mm.
The required conductor length per coil is 1725 m.

4.5.3.2 Coil

The coil is wound on a 1 mm thick race tracked shaped spool with flanges that
are configured so that the inner tube dimensions of the spool match the pole tip
outline with a 0.005-inch gap all around as shown in Figure 5. Prior to winding
two layers of 0.002-inch of MT Kapton & 0.003-inch mica paper is stuck to the in-
ner tube; that is followed with a layer of 0.0025-inch S-2 glass cloth impregnated
with Stycast 2850FT and LV24 hardener. The flanges are insulated with two lay-
ers of 0.002-inch MT Kapton, next to the copper flange and then 0.003-inch Mica
paper is placed next to the Kapton. Next, the inner lead is dressed into position
and then layer winding starts. Winding is done wet with the Stycast 2850FT and

- LV24 hardener with 33 turns per layer. After completing the winding of a layer a
layer of 0.003-inch thick S-2 glass cloth is laid down. This process is repeated
70 times to complete the coil and the last layer has | less turn so the coil package
ends up being a neat rectangular cross-section. Coil temperature and conductor
resistance are monitored all during the winding to insure that turn-to-turn shorts
do not develop. The outer radius is then insulated with a layer of 0.002-inch
Kapton with 0.0025-inch E glass cloth and impregnated with Stycast 2850FT and
LV24 hardener. The resistance and temperature of the completed coil are
measured and recorded. Coil height 66.35 mm (2.612 +0.000/-0.20 inch) and ra-
dial thickness 80.55 mm (3.171 +0.000/-0.20 inch) are measured.

Because of the high magnetic forces, the coil is contained within a 5083-H321
aluminum structural ring. After the coil winding has been completed, the alumi-
num ring inner dimension is determined from the outer coil profile. The profile is
cut so that a 0.50 mm (0.020-inch) gap is provided all the way around the coil
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4.5.4

when it is inserted into the ring. After coil insertion, the coil is bonded to the alu-
minum ring with 0.003-inch S-2 glass cloth and Stycast 2850FT and LV24 hard-
ener. After completion of bonding, the coil-aluminum ring assembly is voltage
checked, high potted to 1 kV with respect to the conductor.

Coil-aluminum ring assembly installation onto the magnet yoke involves prepar-
ing a gasket which goes between the coil assembly and the yoke, and then
placing the coil-aluminum ring assembly onto the gasket and securing the as-
sembly with 4 insulated bolts. The gasket consists of 3 sheets of 0.005-inch thick
S-2 glass cloth which are bonded together, in place, with high thermal conductiv-
ity epoxy coating, Stycast 2850FT and 24LV hardener. Mold release is applied
to the yoke, pole tip and coil to prevent the gasket from adhering to any of the
parts. The estimated coil positional tolerances are given in the Design Parameter
Section [2].

Coil Current Leads

The Superbend magnet system uses conduction cooled binary current leads, in
which the high temperature section from room temperature to the thermal shield
is pure copper and the lower section from the thermal shield to the supercon-
ducting magnet uses High Temperature Superconductor (HTS). Conduction
cooled leads are a natural choice when cooling is provided by a closed-loop Gif-
ford-McMahon cryocooler since there is no available cold helium gas stream that
could be used to cool the current leads. Conduction cooled leads also have ex-
treme simplicity of operation since a gas flow is not required.

The copper lead is optimized to minimize the heat load to the thermal shield. In
this optimization, the proper length to diameter ratio is selected based on the
temperature-dependent thermal conductivity and temperature-dependent electri-
cal resistivity. For the Superbend, the copper lead is optimized for 320 A, which
strikes a balance between the current at which the Superbend will be operated
most of the time, 290 A, and the critical current, 336 A. Conduction cooled leads
are stable and can be operated above their optimized value with little added heat
input. The heat input to the thermal shield from the copper leads represents the
single largest heat input to the thermal shield. This heat input essential drives the
refrigeration requirement placed on the cryocooler.

The upper end of the copper lead is insulated from the vacuum vessel by means
of a ceramic insulator. To ensure long-term trouble free operation, the vacuum
seal around the insulator must be a metallic seal such as a Conflat. Under condi-
tions of steady-state operation at 290 A the upper end of the lead will be frost-
free because of joule heating. However, in extended periods of standby opera-
tion in which the current is off the leads will frost if they are exposed to atmos-
pheric conditions. Frosting in itself is not a problem, but the cold temperature
could cause the power cable insulation to crack and the melting ice could create
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4.5.5

problems with adjacent electronics. To prevent such problems, a thermostati-
cally controlled heater will be used to keep the lead end at room temperature. A
10 W heater on each lead should be adequate to keep the upper end warm when
the current is off.

To ensure safety, the exposed leads will have an insulating cover to prevent ac-
cidental electrical contact. The ceramic insulator will have a voltage rating of at
least 1000 V dc.

The low temperature end of the copper lead will be thermally anchored to the
thermal shield and electrically connected to the upper end of the HTS section.
The thermal anchor will ensure that the upper end of the HTS section will be less
than 82 K. The thermal anchor will be able to withstand a test voltage of 1000 V
dc for 1 minute in air at room temperature.

The HTS section is a commercially available lead made of BSCCO 2223 tapes in
a silver alloy matrix, encapsulated in a epoxy-fiberglass rod for structural support.
The HTS lead is specified to carry 350A at 82 K, with a heat leak into the 4K coil
of 0.3 mW per pair at 290 A when the upper end is at 82 K. To prevent damage
to the HTS material, low melting point solder such as Woods metal is used for
making connections to the copper lead at the upper end and to the Nb-Ti con-
ductor on the coil end. The connections are also bolted for long-term reliability.

Redundant voltage taps are attached to each end of the HTS section (and the
connections on each end) for HTS lead quench detection. In case an excessive
voltage drop is detected, action will be taken to rapidly drop the current passing
through the leads.

Liquid Helium Vessel

The liquid helium vessel is required to maintain the coil in the superconducting
state when the cryocooler is not operational. In normal operation, i.e. with the
cryocooler operating, no liquid helium is consumed since the required low-
temperature refrigeration is provided entirely by the cryocooler second stage.

With the cryocooler operating, the liquid helium in the vessel is cooled to about
3.5 K with a corresponding vapor pressure of 350 Torr. Because the liquid helium
bath is below atmospheric pressure all valves and fittings that communicate with
the vessel must be leak tight to prevent air from being pumped into the vessel.
An air leak could pose a potential hazard since a plug could form that could pre-
vent the vessel from venting in case of a pressure buildup caused by heating due
to cryocooler shutdown, magnet quench, HTS lead quench, or loss of insulating
and consequent vaporization of the liquid helium bath.
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The liquid helium allows continued operation of the Superbend with an external
supply of cryogenic fluids in case of cryocooler failure. The temperature and
pressure of the liquid helium will rise to 4.3 K, 1.08 atm and refrigeration provided
by utilizing the heat of vaporization. The liquid will be replenished as required
from external storage dewars located outside the ALS Storage Ring shielding
blocks using pre-installed transfer lines which penetrate the shielding. A super-
conducting-type liquid helium level sensor will be used to monitor the liquid level
and operate valves on the storage dewar to automatically maintain the liquid he-
lium at the proper level. A heat exchanger inside the liquid helium vessel ensures
that the superconducting coil is thermally connected to the liquid helium bath and
is thereby maintained at the proper temperature. The expected heat load to the
4K system with the cryocooler inoperative is 3 W, which consumes 4.2 I/hr. Since
the on-board liquid is about 75 liters (90% of the 85 liter minimum vessel capac-
ity), the Superbend will have a running time of 18 hours before an external liquid
helium dewar must be installed and supply of liquid furnished to the liquid helium
vessel. '

The liquid helium vessel is constructed of 304L stainless steel, designed and
manufactured to the intent of the ASME Boiler and pressure Vessel Code, Sec-
tion VIil, Division 1, Appendix 13. The room temperature test pressure is 30
psig, with a relief valve/rupture disc setting of 8 psig. The expected maximum
operating pressure is 1.2 psig.

The liquid helium vessel has two 304L stainless steel penetrations that allow fill-
ing, venting, and level sensing. Each of these penetrations has an outer diameter
of 1 inch with a wall thickness of 0.020 inch. The penetrations are thermally an-
chored to the liquid nitrogen vessel to minimize heat input to the liquid helium
vessel.

Except for the beam aperture region, the liquid helium vessel surfaces that are
exposed to thermal radiation from surfaces of higher temperature are covered
with a minimum of 10 layers of Multilayer Insulation (MLI) to reduce the heat flux
due to thermal radiation. In the beam aperture region a minimum of 5 layers of
MLI are applied. The MLI also limits the heat flux to the liquid helium vessel in
case of accidental loss of insulating vacuum by providing a thermally insulating
layer around the vessel.

Liquid Nitrogen Vessel and Shield

The liquid nitrogen vessel and shield act to limit the heat input to the 4 K compo-
nents by intercepting heat due to radiation and conduction from room tempera-
ture. The conduction heating under normal operation is due to current leads,
magnet supports, instrumentation wires, and helium vessel penetrations. When
the cryocooler is off, there is significant heat input from the cryocooler. In normal
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operation to liquid nitrogen is consumed since the required refrigeration is pro-
vided entirely by the cryocooler first stage.

With the cryocooler operating, the liquid nitrogen is cooled to about 50 K, where it
is a solid with a vapor pressure of about 5 Torr. All valves and fittings must be
leak tight to prevent air from being pumped into the liquid nitrogen vessel. An air
leak could create a hazard if a plug formed which would prevent the vessel from
properly venting due to a pressure increase cause by heating due to a cryocooler
shutdown or loss of insulating vacuum.

The liquid nitrogen vessel allows for continued Superbend operation with external
liquid in case of cryocooler failure. On cryocooler shutdown, the increased heat
load will cause the solid nitrogen to melt and the liquid will rise to a temperature
of 78 K and a pressure of 1.07 atm. The refrigeration is provided by boiling so the
liquid must be replenished from an external storage dewar outside the ALS stor-
age ring shielding using pre-installed transfer lines which penetrate the shielding.
A capacitance-type liquid level gauge is used to monitor the liquid level and op-
erate a supply valve to maintain the liquid at the proper level. The expected heat
load to the liquid nitrogen vessel with the cryocooler off is 90 W, which leads to a
consumption rate of 2 I/hr. Since the initial amount of liquid nitrogen is about 30
liters (90% of the vessel capacity of 35 liters), we can operate for 15 hours before
an external liquid nitrogen source is required to be available.

The vessel is designed and manufactured to the intent of the ASME Boiler and
pressure Vessel Code, Section VIil, Division 1, Appendix 13. The vessel is con-
structed of Aluminum alloy, type 6061 in order to have good thermal conductivity.
The room temperature test pressure is 30 psig with a relief valve/rupture disc
setting of 8 psig.

The vessel has four 304 stainless steel tubular penetrations for filling, venting,
and level sensing, each having an outer diameter of 0.5 inch and a wall thickness
of 0.035 inch. An aluminum-stainless steel transition piece made by explosive
bonding allows the penetrations to be welded to the aluminum alloy vessel.

The liquid nitrogen vessel is thermally connected to an aluminum shield that
completely encloses the 4 K components, including the throat area where the
ALS vacuum chamber passes through the Superbend poles. The thermal shield
is designed to have a peak temperature of 82 K when the cryocooler is inopera-
tive and the Superbend is operated with cryogenic fluids. To minimize the heat
load to the thermal shield, the outer surface of the shield is covered with a mini-
mum of 30 layers of MLI, except in the throat region where 10 layers are used.
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4.5.7 Cold Mass Support

The four degree Kelvin magnet is to be supported in the cryostat vacuum vessel
with 8 straps arranged in a symmetrical configuration as shown in Figure 2.
Each strap is made up of four epoxy-glass hoops, stainless steel end connec
tions and an intermediate section, which intercepts the intermediate cryostat
shield at 50-70 Kelvin, as shown in Figure 6

The epoxy-glass hoops are a WANG Inc. proprietary design; the hoops are
wound from S-2 glass fiber and molded.\ WANG Inc reports that the yield
strength and ultimate strength are nearly the same, 120,000 psi. The elastic
modulus is 10 X 10° psi. To minimize creep, WANG Inc typlcally preloads the
straps to 125% of the maximum working load for 24 hours prior to installation.
The proposed cross section for the strap is 0.500 inches by 0.15 inches.

Strap loading, stress and deflections are summarized in the following table:
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Table 7. Superbend Strap Loading, Deflection and Stress [5]

Condition Nominal Loading ( 1[’2‘ZifgfL,3§gj{;,%,)
Load | Deflection | Load | Deflection | Stress
' (Ibs) | (mils) (Ibs) | (mils)  (psi)
Initial strap load - Installation of| 1840 | 8.6 2300 ]10.8 7660
magnet in cryostat — average
strap load
Strap preload 1070 | 5.0 1340 |6.3 4460
Strap cooldown loading 2270 110.6 2270 110.6 7570
Total strap operational loading | 5180 | 24.2 15910 (277 19700
Strap transport Loading (2g) 3680 3680 12300
Total strap operational loadingH 8860 | ° 9590 31970
transport loading (cryostat cold)
Strap initial load + preload + 6590 7320 24400
transport loading (cryostat :
warm)

The initial strap loading is based on a cold mass weight of 3329 Ibs.
Strap conditioning preload is 10,000 Ibs. (~125% of 7320Ibs).

The weak link of the support strap is the rod end. A rod end was tested and failed
at 18,000 Ibs. For operational loading, this gives a factor of safety of 3; for trans-
porting the Superbend magnet warm, the factor of safety is 2.5.

Cryocooler

The refrigeration for the Superbend magnet system will be provided by a 2-stage
Gifford-McMahon cryocooler manufactured by Sumitomo Heavy Industries. The
unit, model SDR-415, has a specified first stage refrigeration capacity of 45 W at
50K and a specified second stage capacity of 1.5 W at 4.2 K.

The expected Superbend heat loads are summarized in the Table 8 and com-
pared with the specified refrigeration capacity of the Sumitomo cryocooler.

The Sumitomo SRD-415 provides a 240% contingency for 4 K refrigeration,
which promotes a high level of confidence in our ability to maintain the Super-
bend coils in the superconducting state. The 50 K refrigeration, however, has a
much lower level of contingency. A general rule of thumb is to have a 25% con-
tingency on refrigeration capacity to handle heat loads that are higher than ex-
pected because of fabrication tolerances and errors.
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Table 8

Source Heat Load Heat Load

To 50 K (W) To 4 K(W)
Current leads 27.0 0.25
Thermal radiation 6.7 0.03
Magnet support straps 1.1 0.06
Tubes to LN reservoir 1.9 0.00
Tubes to LHe reservoir 0.9 0.06
SS cooldown Tubes 0.8 0.04
Instrumentation wires 0.1 0.001
Total 38.5 0.44
Cryocooler capacity 45 1.5
Contingency (%) 17 240

Two factors are important in assessing whether the Sumitomo SRD-415 cryo-
cooler has sufficient first stage capacity for use in the ALS Superbends. The first
is that the predominant 50 K heat load is due to the current leads. As mentioned
earlier, the leads are conduction cooled so the heat load is known to a rather
high degree of accuracy since it is dependent on well-characterized properties
such as thermal conductivity and electrical resistivity of copper. Thus for the Su-
perbends we probably can tolerate a level of contingency less than the conven-
tional 25%. The second item is that the refrigeration of the first stage may be
conservatively specified. In preliminary tests of the cryocooler [a], and company
pre-shipment acceptance tests [b], we found that a heat load of 45W to stage 1
could be accommodated with the stage heated to approximately 42 K. 1n our
tests a heat load of 60 W could be accommodated by Stage 1. We therefore
judge the Sumitomo SRD-415 to be well suited to the Superbend magnet sys-
tem.

The Sumitomo SRD-415 is UL-approved according to their Standard for Com-
mercial Refrigerators and Freezers [c]. The system consists of a compressor
package, the cold head, and flexible metal tubing connecting them.

The compressor is a scroll-type unit in which oil is injected into the working fluid
(helium gas) for lubrication and cooling. The oil is removed in two stages, a
knockout stage to remove oil droplets and a charcoal adsorber to remove the oil
mist before it is supplied to the remote cold head which is located on the magnet
cryostat. The compressor motor requires 9 kVA of 200 V, 3 phase power. The
maximum recommended flow rate of cooling water is 2.6 gpm with an inlet pres-
sure between 30 and 100 psi. The compressor and ancillary equipment are con-
tained in a rectangular cabinet with dimensions 18" wide, 20" deep, and 27" high.
The weight of the compressor package is 265 Ibs. The manufacturer recom-
mends that LBL replace the charcoal adsorber after 20,000 hrs of operatlon to
prevent contamination of the regenerators.
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The cold head is shown in Figure 7. The cold head refrigerator section, from the
O-ring flange down, must be treated as a cryogenic component in order to utilize
the maximum cooling capability of the cryocooler. The connection areas are
OFHC copper for high thermal conductivity and the material in between them is
austenitic stainless steel to minimize parasitic heat loads. In operation, the he-
lium supply gas pressure ranges from 285 to 340 psig and the return gas pres-
sure ranges from 70 to 85 psig.
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Figure 7. Cold head refrigeration section

Refrigeration is produced in the coldhead by isentropic expansion of the pres-
surized helium. The return pressure is considerably higher than the critical pres-
sure, so no liquid is produced in the cold head. A motor at the room temperature
end of the cold head drives a 2-stage regenerator up and down in synchroniza-
tion with inlet and outlet gas valves. The combination of gas valves and moving
regenerator allows the gas to be cooled by isentropic expansion, exchange heat
with the regenerators, and generate the required refrigeration. The motor drives
the regenerator at a frequency of 1.2 Hz. The cold head can be operated in any
orientation, but a loss of 15% capacity can be expected at the worst orientation.
The manufacturer recommends that the cold head be reconditioned at the factory
every 10,000 hrs to replace the seals in the moving parts.

The flexible metal lines which connect the compressor to the cold head also
function as surge volumes to dampen the pressure pulses caused by the opera-
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tion of the inlet and outlet valves on the cold head. In order to avoid damage, the
flexible metal lines must not be bent to a radius less than 12 inches.

Care must be taken to ensure that the cryocooler be connected to the Superbend
system with a sufficiently high thermal conductivity in order to minimize the tem-
perature drop to the Superbend magnet.

The temperature increase across the connection from the cryocooler first stage
to the Liquid Nitrogen reservoir must be no greater than 6 K. This allows the
thermal shield to be maintained at a temperature of 50K or less which results in a
desirable upper end temperature for the HTS leads and ensures that the heat
load to the 4 K cold mass is within the capability of the cryocooler. In addition to
a sufficient copper cross section in the connection ( his requires that that a suffi-
cient compressive load be placed across the interface and the surface contact
area be enhanced by incorporating a thin indium foil, 0.005 inch thick, or a layer
of Apieson N or Cry-Con grease. The mechanical load should place an interfa-
cial stress on the order of 7 N/mm? (1000 psi) or higher.[e]

Quench Protection System

The Superbend quench protection system consists of passive and active devices
which protect the superconducting coils and the High Temperature Supercon-
ducting (HTS) leads from potentially damaging excessive temperatures. Figure 8
shows the magnet system electrical schematic which includes current leads, su-
perconducting coils, cold protection diodes, and voltage taps. The electrical sig-
nals from the voltage taps are connected to the Quench Protection Monitoring
System which is not shown.

In case of magnet quench, a normal zone is created due to heat input from
sources including: conductor motion, epoxy cracking, cryocooler malfunction, or
beam-related incident. The normal zone grows in volume and develops an in-
creasing internal electrical resistance. The resultant increasing voltage eventually
causes the cold diodes to conduct. This provides a resistive path for the current
and limits the voltage seen by the power supply to less than 30 V. In this ap-
proach, the stored magnetic energy is shared between the coil and the diode, but
most of the energy is absorbed by the coil windings.

The upper and lower coil voltages (pins 3-4 and 5-6) are monitored by the
Quench Detection Monitor and the difference between them is determined. If the
trip level (current value 100 mV) is exceeded, the ac input to the magnet power
supply is turned off and contactor C1 is closed and contactor C2 is opened. This
ensures that current is turned off to the quenched system as fast as possible to
prevent unnecessarily increasing the heat input to the system.
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Figure 8. Magnet system electrical schematic.
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The voltage drop across the HTS leads is available to the monitoring system at
pins 1-2 and 7-8. If either HTS lead voltage drop exceeds the trip level (current
trip value is 10 mV) the ac input to the power supply is removed, contactor C1
closes, and contactor C2 opens. This places approximately 60 volts across the
cold diodes which causes them to conduct. The magnet current will very rapidly
transfer from the external path though the HTS leads to the internal path through
the conducting diodes. This protects the HTS leads from damage. If this action
causes the superbend magnet to quench, the energy dissipation is the same as
for the case of a quenching magnet; some energy absorbed by the diodes, but
most of the energy absorbed by the windings. If the action does not result in a
quench, then the magnet will be discharged by the diodes and the stored mag-
netic energy will be absorbed entirely by the diode assembly.

4.5.10 Instrumentation

A set of diagnostics are provided for interlocks and protection. In addition to the
coil and HTS lead voltage taps mentioned in the section on the Quench Protec-
tion System, voltage taps are provided across the upper and lower coil diode
stacks, the upper and lower 0.05 Q sense resistors, and across the 5 Q balance
resistor. These voltage taps allow one to ensure that the diode system is func-
tioning properly, and to pinpoint the problem if they are not working properly.
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Cernox-type temperature sensors are used to verify that the system is at the
proper temperature. Temperature sensors are installed at 8 locations on each
magnet system:

T1 - cryocooler first stage,

T2 - cryocooler second stage

T3 - warm end of upper coil (positive) HTS lead
T4 - warm end of lower coil (negative) HTS lead
T5 - upper coll

T6 - lower coill

T7 — yoke cooling inlet

T8 — yoke cooling outlet

4.5.11 Vacuum Vessel

The cold mass is to be contained within a 304L stainless steel vacuum vessel as
shown in Figure 9. The nominal wall thickness of the chamber is 1.0 inch and
the mouth plates thicknesses are 0.25 — 0,50 inch thick [6]. The chamber is to be
designed and fabricated in accordance with the ASME Pressure Vessel Code.

INSTRUMENT CONFLAT

£X LNZ TRANSFEZR K VENTS

Tig ﬁ
e (D

CRYECDOLER —
MTE £ 5

RELIEF YALVE 2 —_
VACULM BAUBE PORT  \
BOTH 5:DES

RAPID WARM
FEEDTHI
(FAR S10%)

1 :D/— SGALS

LOvER

Figure 9. Superbend magnet vacuum vessel.
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The following appendages and penetrations are to be provided in the vacuum
vessel:

Description No. Required Size
1. Crane lifting pbints 4 4.0 inch boss with 3/4 — 10 UNC

female thread

2. Strut support points 6 4.0 inch boss with 1 — 8 UNC fe-
male thread
3. Fiducial posts 4 20Q5363D
4. Alignment ports 4 4.0 inch tube 6.0 inch ConFlat
5. Access port 1 TBD
6. Cryocooler port 1 TBD
7. LHe transfer port 1 TBD
8. LHe vent & 1 TBD
instrumentation port
9. LN2 transfer port 1 TBD
10.LN2 vent & 1 TBD -
instrumentation port
11. Instrumentation ports 2 TBD _
12.Field clamp supports 8 4.0 inch round with 3/4 — 10 UNC
_ female thread
13.Hall probe slots 2 machined slot
14.Support strap penetrations 8 4.0 inch O.D. x 2.5 inch 1.D. tube

with a double o-ring cover

The space allocation between the magnet pole tips and the vacuum vessel is
critical. The space budget for the insulation and 50 K shield are shown in the
details of the mouthpiece region in Figure 10 [7].

With an ALS Storage Ring vacuum chamber maximum thickness at the mouth-
piece location of 2.030 inch (2.020 +0.010/-0.030 inch), and the Superbend Mag-
net vacuum vessel mouthpiece minimum outer opening of 2.160 inch, the space
available for installation on either side of the ALS Storage Ring vacuum chamber
is 0.065 inch (1.7 mm). This space is also available for adjustment of the Super-
bend Magnet after installation is complete.

An estimate has been made on possible magnet motion when going from atmos-

pheric pressure and room temperature to vacuum and 4 degree Kelvin:(based on
WANG estimate of motion) which is as follows:
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Figure 10. Vacuum vessel mouthpiece details.
Longitudinal +/- 0.25 mm
Radial +/- 0.25 mm
Vertical +/- 0.25 mm
Pitch +/- 1.25 mrad (based on a 400 mm fiducial spacing)
Roll +/- 0.83 mrad (based on a 600 mm fiducial spacing)
Yaw +/-1.25 mrad (based on a 400 mm fiducial spacing)

The possible motion is much less than the space available for adjustment.
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The vacuum vessel must be fabricated such that the ALS Superbend Vacuum
Chamber Alignment Fixture can be inserted into the mouthpiece and aligned so
that the fixture is posmoned symmetrically about the Superbend Magnet vacuum
chamber gap.

During assembly of the Superbend Magnet, the internal cold mass must then be
positioned (aligned) such that the center of the iron cold mass is coincident with
the defined center of the ALS Superbend Vacuum Chamber Alignment Fixture.
This is to be accomplished with optical tooling viewing the fiducials on the mag-
net yoke and the ALS Superbend Vacuum Chamber Alignment Fixture. Esti-
mated accuracy of this alignment is tabulated below:

Magnet core fiducial — vacuum chamber alignment fixture (measur-
ing) error (at atmospheric pressure and 300 degree K):

Longitudinal +/- 0.100 mm
Radial +/- 0.100 mm
Vertical +/-0.100 mm
Pitch +/- 0.33 mrad (based on a 600 mm fiducial spacing)
Roll +/- 0.25 mrad (based on a 800 mm fiducial spacing)
Yaw +/- 0.25 mrad (based on a 800 mm fiducial spacing)

After the Superbend Magnet internal cold mass is aligned with the ALS Super-
bend Vacuum Chamber Alignment Fixture, then the magnet core fiducial posi-
tions must be transferred to the external fiducials on the Superbend Magnet vac-
uum vessel. Estimated accuracy of transferring the fiducial information is tabu-
lated here:

Magnet core fiducial —Superbend vacuum vessel alignment (meas-
uring) error (at atmospheric pressure and 300 degree K):

Longitudinal +/- 0.100 mm
Radial +/- 0.100 mm
Vertical +/-0.100 mm
Pitch , +/- 0.33 mrad (based on a 600 mm fiducial spacing)
Roll +/- 0.25 mrad (based on a 800 mm fiducial spacing)
Yaw : +/- 0.25 mrad (based on a 800 mm fiducial spacing)

Vacuum vessel deflections were estimated with the vessel under vacuum [8].
The side plates, 1.0-inch thick by 1.47 m by 0.90 m, deflect 1.2 mm which corre-
sponds to a natural frequency of 18.4 Hz. The top plate, 0.75 inch thick by 0.90
m by 0.65 m, deflects 0.25 mm. The mouth piece plates, analyzed as uniform
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0.25 inch thick plates, with maximum lateral dimensions of 0.42 m by 0.57 m,
deflects 1.3 mm. However, the design is now a variable thickness plate, 0.50 inch
thick at the inner radius and tapering down to 0.25 inch at the outer portion of the
chamber, so the actual deflection should be less. "

A modal analysis was carried out with the Superbend Magnet assembled, i.e. the
cold mass was supported via the 8 straps from the vacuum vessel which in turn
was supported by the external strut system from the storage ring girder [9]. Us-
ing the following reference system,; pitch defined as rotation about a radial axis,
roll defined as rotation about a longitudinal (beam direction) axis and yaw defined

- as rotation about a vertical axis, the lowest resonant frequencies are given be-
low:

Superbend Magnet Resonant Frequencies

Mode Freq.‘ (Hz) Action

1 13 pitch of cryostat

2 14 roll of cryostat _

3 15 yaw of core with respect to vacuum vessel

4 17 roll of core with antiroll of vacuum vessel

5 21 pitch of core with respect to vacuum vessel

6 28 vertical motion of cryostat

7 35 bitch of core with anti pitch of vacuum vessel

8 40 roll of core with antiroll of vacuum vessel

9 58 yaw of cryostat

10 74 vertical core motion with opposing Vertical vac-

uum vessel motion
A vibrational analysis was carried out using the above modal analysis and driven
by the following power spectral density (PSD) that represents the ALS Storage
Ring Girder. _

ALS Storage Ring Girder Power Spectral Density

Fréguency Peaks Horizontal PSD (m2/Hz) Vertical PSD (m?/Hz)

6.4 ~ 8xE-14 1xE-15
9.7 1xE—14 3xE-15
12.7 3xE—14 5xE —14
15.3 1xE-17 1xE—-17
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Results are as follows at the 4.2 deg K core — strap connection points (8):

PSD Excitation Radial Vertical Longitudinal Roll

(micron)  (micron) (micron) (microrad)
Vertical 0.06 0.09 0005 033
Horizontal 0.25 0.11 0.01 0.66

The roll motion, for the horizontal PSD, is 1/3 the Superbend Magnet roll toler-
ance. ,

Further analysis was carried out to simulate the cryocooler mounted on the cry-
ostat. The top of the cryostat was driven with a 30 N (7 Ib) load oscillating at 1
Hz to model the displacer motion of the cryocooler. The analysis shows that the
vertical magnet motion is 2.6 microns and the vacuum vessel lid motion is 1.5
micron which corresponds to driving frequencies of 309 Hz and 403 Hz respec-
tively.

4.5.12 External Support

The Superbend Magnet is to be supported with 6 struts from the ALS Sector
Girder as shown in Figure 9. Alignment of the Superbend magnet will be similar
to the alignment of other magnetic elements on an ALS girder. Estimated align-
ment accuracy of the Superbend Magnet Vacuum Vessel to the ALS Net is as
follows:

Cryostat fiducial — ALS storage ring net errors: (achievable align-
ment of cryostat with 6 strut system from the cryostat fiducials to

the ALS storage ring net)

Longitudinal  +/- 0.05 mm

Radial +/- 0.05 mm

Vertical +/- 0.05 mm

Pitch +/- 0.17 mrad (based on a 600 mm fiducial spacing)
Roll +/- 0.13 mrad (based on a 800 mm fiducial spacing)
Yaw +/- 0.13 mrad (based on a 800 mm fiducial spacing)

Since the roll tolerance is 0.17 mrad and the 6 strut system can only achieve +/-
0.13 mrad accuracy, a precision level for roll measurements, with resolution of +/-
0.020 mrad, will be used in its place.
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Figure 11. Superbend magnet field clamp configuration.

4.5.13 Field Clamps

4.6.

Field clamps are required to terminate the field. They are positioned 260 mm
from the magnet yoke. Each field clamp is 0.75 inch thick and weighs 145 Ibs
[10]. The clamps are bolted to the vacuum vessel as is shown in Figure 11.
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5.1

511

DIPOLE MAGNETIC MEASUREMENTS AND FIDUCIALIZATION

A variety of magnetic measurements will be conducted to assure that the super-
bend dipole magnetic field meets the required tolerances for installation into the

ring, and to provide fiducials for proper alignment. The program of measurements

will include conventional integrated multipole measurements, time dependent

measurements of the field fundamental and multipoles during current ramps, and

on-axis field mapping.

Section 1.1 below lists the requirements. Section 1.2 discusses the measure-
ments designed to assure the requirements. Section 1.3 discusses the proce-
dures for locating magnet fiducials relative to the magnetic center.

Field and position tolerances

Integrated multipoles

The following convention is used to represent multipole field components.

5-nfea )]

The _'symbol is used to indicate integrated quantities. The following table lists

multipole requirements.

Table 1. Maximum normalized multipole requirements at r=1 cm

n a,/a Aa,/a, b,/a,

1 1 1x107° 1.7x10*
2 5x10* 6x10™
3 6x10 3x10™ 1x10™
n>3 |1x10* 1x10*

The A symbol indicates a requirement on magnet-to-magnet reproducibility. The
requirement on by corresponds to a magnet roll requirement; Aa corresponds to
a requirement on the transfer function reproducibility. The Aa; requirement is
based upon the #beat tolerance. The a; and Aaz requirements are based upon

simulations.
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5.1.2

5.1.3

5.2

Magnet position

The following table lists the dipole position tolerances along with the driver, or
reason for, the requirement. Due to the presence of a large sextupole component
and the resulting feed-down into the quadrupole due to a position error, the re-
quirements for the quadrupole components listed in Table 1 have their counter
part in Ax and Ay position tolerances. The sextupole feed-down is explained in
detail in Section 1.2.1.3. . .

Table 2. Alignment requirements

Position Tolerance Driver

Longitudinal Az} <1 mm Horizontal orbit distortion
Horizontal |Ax} < 0.5 mm S« beat

Vertical ' |Ay] < 0.4 mm i beat

Roll |Agy| < 170 prad Vertical orbit distortion

Transfer function

The transfer function, T, is the measure of integrated field as a function of input
current.

1
T=1 [B,dz
The requirement on the resolution and repeatability of T, based upon the toler-
able horizontal orbit distortion for storing beam, is

£<1><10'3
T

Magnetic measurements

A variety of magnetic measurements will be performed in order to assess each
super bend dipole relative to the magnet tolerances stated in Section 1.1 above.
Table 3 below summarizes the type of measurements that will be done to ad- -
dress each category of requirement. This will be followed by a description of the
measurement system, and then by a detailed analysis of each type of measure-
ment with an evaluation in terms of the expected resolution and error and the re- .
sulting level of measurement uncertainty relative to the corresponding magnet
tolerance.
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5.21

Table 3. Measurement fype

Requirement Measurement
Integrated Multipoles . Rotating Integral Coll
Transfer Function Rotating Integral Coil
Hysteresis Loop ' Rotating Integral Coil
Horizontal, Vertical Magnetic Center Rotating Integral Coil
Longitudinal Magnetic Center - Hall Probe Scan

Roll Rotating Integral Coil
Field Shape Hall Probe Scan
Calibrate Embedded Hall Probes Rotating Integral Coil

A rotating search coil will be used to measure the integrated fundamental and
integrated multipole values. The integrated quadrupole measurement will be
used to determine the transverse and vertical magnetic center position for fidu-
cialization. The integrated fundamental measurements will also be used to cali-
brate and test repeatability of two Hall probes that will be embedded in the cry-
ostat wall that will be used to provide a field measurement for control feedback
and diagnostics that is independent of current. A Hall probe system will be used
to acquire a field scan along the magnetic axis. This will determine the peak field
and field shape and be used to locate the effective longitudinal magnetic center
for fiducialization.

Magnet measurement system

The magnetic measurement system instrumentation is schematically illustrated in
Figure 1 below. '

PC Data Acquisition System

GPIiB

Magnst

e Tt o N IO & & E .

Figure 1. Magnetic measurement system instrumentation.
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The full system includes rotating integral coil and Hall probe scanning subsys-
tems. The user and instrumentation interface is through a PC-based data acqui-
sition system. The rotating coil subsystem consists of multi-channel coil, de-
scribed in Section 1.2.2 below, a Metrolab dual channel digital integrator to proc-
ess the coil voltage signals and an Applied Geomechanics precision tilt sensor to
provide an absolute angle reference for the coil. The Metrolab integrator interface
to the computer is via GPIB. The tilt sensor signal is read through an A/D board
installed in the computer.

The Hall probe subsystem consists of Group 3 Hall probe and Tesla-meter, and a
simple track to position and locate the probe along the magnetic axis. The Hall
probe system is interfaced to the computer through GPIB.

Auxiliary instrumentation includes analog power supply control, through a D/A”
channel, current transducer monitoring (DCCT) through an A/D channel, a Hall
probe embedded in the cryostat wall, interfaced through GPIB, and a provision
for monitoring of other miscellaneous voltage signals using A/D channels.

Figure 2 shows the rotating coil installation setup. This setup provides a basis for
relating the magnets fiducials to the magnetic center and for checking for vacuum
chamber clearance at the properly aligned location. Fiducialization will be de-
scribed in detail in Section 1.3.

® ® ®
® ®
[ Cryostat—=
£ . ®
Fiducials .
/ ® ®
ﬂ_@ ~_~Mock Chamber
L\" Search Coil ———
Elevation View ' Plan View

Figure 2. Rotating integral coil setup.
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5.2.2 Search coil measurements

The search coil system consists of a 1 m long tangential search coil assembly
with a nominal radius of 1 cm, and a PC-based data acquisition system utilizing
the Metrolab digital integrator for acquiring and processing coil voltages. The coil
assembly includes a set of coils that can be configured for bucked and unbucked
dipole measurements. The unbucked configuration will be used to measure the
integrated fundamental. The bucked configuration will be used to measure higher
order integrated multipoles.

Figure 3 below illustrates the dipole search coil. The primary coil, used for fun-
damental measurements, connects TW1 and TW2. The two bucking coils con-
nect DW1 and DW3, and DW2 and DW4, respectively. The coil geometry is
summarized in the table.

Turns Polarity Angle (deg.) Radius

(cm)
™1 40 + 12.88 1.166
TW2 40 - -12.88 1.170
DW1 6 - 47.75 1.180
DwW2 6 + - -47.87 1.179
DW3 6 + -131.89 1.181
DW4 6 - 131.82 1.178

Figure 3. Rotating integral coil geometry.

The foIIowing'equation is used to represent the relationship between flux, mul-
tipoles and coil geometry.
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Where @(4) is the flux intercepted by the coil array at the angle ¢ relative to its &
= 0 reference. The terms ¢ are sensitivity coefficients that represent the coil ge-
ometry. The terms C are multipole coefficients for the integrated complex poten-
tial, and are related to the field multipoles by the following equation

nc
rO

n

ic, =i(a, +ib,)=

The two radii in the equation, r. and r,are the coil reference radius and multipole
normalization radius, respectively.

Sensitivity coefficients for a coil assembly are calculated from the following equa-
tion

0, =2.,Npj [(cos ng,, - B cosnd,_)+i(sinng,, - 47 sinnd,_ )] ,

where summation subscript ; represents the terms for each coil in the assembly.
The terms in the equation are defined below. :

N; = number of turns.

;= ratio of positive terminal radius to r.

/3 = ratio of negative terminal radius to positive terminal radius.

4+, 4. = angular position of positive and negative terminals, respectively.

5.2.2.1 Fundamental and transfer function measurement

The full-field integrated dipole, required for 1.9 GeV operation, is 1.1 T-m. This
value corresponds to the value z,/r, , therefore ¢, =0.011T-m? at ro = 1 cm. The

unbucked dipole sensitivity o, =i17.86 . So the corresponding signal level is
|@,| = o, = 02 V-s (T-m?).

The Metrolab’s specified resolution and noise level are 0.1 pV-s and 0.3 pV-s,

~ respectively for the appropriate gain settings. To assure transfer function repeat-
ability to 1x1073, we want to resolve signals to 1x10*. Based upon this, we can
measure a signal 100 times smaller before being limited by the integrators reso-
lution and noise level. We must also measure current to determine the transfer
functign. This will be done using a Danfysik DCCT which resolve current to
1x107°. :
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5.2.2.2 Multipole measurements

The required signal resolution is determined by examining the signalé corre-
sponding to the terms in Table 1. So [¢,._,|/|é,|=7|C,|/|C| = (smaller of a, or by in
Table 1). The value for C, corresponds to the 1.9 GeV integrated dipole value of

1.1 T-m2. The values for ; in the table correspond to the bucked coil configura-
tion. All quantities are calculated in the appropriate S| units.

Cn—l

Table 4
" c, o o,|=|o.[C,
1 0.011 0.22 2.4x10°3
2 3.3x10° 34.9 1.2x107°
3 2.2x10° 35.6 7.8x10°
4 2.8x107 62.8 1.7x103
5 2.2x107 94.7 2.1x10°°
6 11.8x107 78.9 1.5x10°
7 1.6x107 91.6 1.4x10°°
8 1.4x107 79.7 1.1x103
9 1.2x107 48.0 5.9x10°

The quantities in the right hand column correspond to signal levels (in V-s) and
should be compared to the resolution and noise specification values of 0.1 pV-s
and 0.3 pV-s. All measurements must be corrected for integrator drift. The drift
must be stable at about the same level as the noise specification over the ap-
proximately 1 second coil revolution time. According to the Metrolab specifica-
tions, the expected drift rate, following offset adjustment, for a gain setting of 200,
appropriate for these measurements, is 0.7 pV. The specified stability is 0.07
uV/°C. This drift rate and stability is more than sufficient for measurements span-
ning several seconds.

5.2.2.3 Time dependent measurements

When boosting the electron energy from 1.5 GeV to 1.9 GeV following injection,
the currents for all magnets are ramped over a period of about one minute. We
must measure the ramp rate dependent transfer function to assure that stored
beam can be maintained during this ramp. We must also measure the ramp de-
pendent multipoles, in particular the quadrupole and sextupole components, to
assure that they remain within the tolerance.

Changes in the fundamental transfer function can be measured using the un-

bucked coil configuration while the coil is in a static position. Alternatively, the
absolute transfer function can be measured using the conventional unbucked coil
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rotation method. Bucked rotating coil measurements will be used to measure
multipoles. Since the coil rotation time will not be sufficiently fast during the ramp,
all data values within a single rotation must be normalized by current.

These measurments must be drift corrected. For the conventional rotating coil
measurements, the drift compensation can be calculated for each revolution,
since the last value repeats the first. No value is repeated during a ramp, so drift
rate must be determined before the ramp is started and after the ramp is com-
plete for comparison. Since these measurements span about a minute, the drift
stability requirement is more challenging than that for the conventional meas-
urements. If the drift stability is as good as specified for the Metrolab, this is suffi-
cient. We can also use the pre-calibrated embedded Hall probes as a cross
check on the drift correction.

5.2.2.4 Transverse and vertical magnetic center determination

The transverse and vertical magnetic center is defined as the center of the sex-
tupole component. This is the location where the quadrupole component is zero.
An apparent quadrupole term appears due to an offset of the magnetic center by
an amount Az in the presence of a sextupole. This can be seen from the follow-
ing equation for the sextupole.

—  —(z+AzY —(Z +2Azz+ AZ
B, =c; » C, 2
A r;

The apparent quadrupole component‘ is

_ AZ _
c,=2—c,.
1]

So the magnetic center offset, AZ = Ax + iAy, is determined from

The tolerances on Ax and Ay are 0.5 mm and 0.4 mm, respectively. The ratio of
¢,/c, must be resolved to 0.008 to insure a resolution of Ay to 0.04 mm. The inte-
grator’'s noise and resolution specification are more than sufficient for this re-
quirement.

The error in locating the magnetic center will be dominated by the mechanical
alignment accuracy that is common to all magnets in the ring. The expected ac-
curacy for transferring coil fiducials to magnet fiducials and for final a magnet
alignment is about 0.05 mm.
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5.2..2.5 Roll measurement

5.2.3

The magnet’s roll about its axis will be determined from

B

¢z=B_'

y

An absolute angular reference will be provided for the measurement by an Ap-
plied Geomechanics model 756 tilt sensor attached directly to the coil. The sen-
sor has a 5 urad resolution. The full strength signal for B, is 0.011 V-s, so if By is
resolved to 1x107 V-s, corresponding to the integrator's specified noise level,
then the roll, will be resolved to 10 prad. Both resolution limitations are small
compared to the 170 prad requirement.

Again, the actual roll accuracy of the magnet when placed in the ring will be lim-
ited by the mechanical alignment accuracy common to placement of all ring,
magnets.

Hall probe measurements

Point field measurements will be taken to provide the on-axis field profile. The
primary purpose is to locate the axial magnetic center for fiducialization. This will
also provide a measurement of the peak field and field values at the effective
photon source locations. A Hall probe calibrated up to 6 T will be used for field
measurements. A manual stage will be used for probe positioning.

5.2.3.1 Axiél field profile and magnetic center

A tolerance of 1 mm has been placed on the longitudinal, or axial, positioning of
the dipole. This is determined from the requirement on the maximum tolerable
horizontal orbit distortion. Let us examine the orbit distortion mechanism in order
to understand the measurement requirements.

The Figure 4 below illustrates the nominal electron trajectory through the magnet,
shown as the solid line, and a perturbed trajectory, shown as the dashed line.
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Figure 4. Electron trajectory distortion.

The electron beam enters the magnet at an angle of +5° relative to the magnet's
axis. It is constrained to bend through 10°, and thus leave at -5°. However, if the
magnetic field profile differs from the nominal profile, the trajectory exit will be
offset from the nominal exit by Ax and Az, where Ax/Az = tan5°. The horizontal or-
bit distortion at this location is perpendicular to.the trajectory and equal to
Azsin5° . Since a field distortion produces the same affect on beam orbit, as an
axial shift of the nominal field, the Az position tolerance must be evaluated in
terms of the shift in trajectory exit position. The axial magnetlc center should be
defined such that this trajectory shift is zero. :

We can represent the trajectory passing through the magnetic field in terms of
the position x(z) and angle x'(2).

x(2)= é [ Ble)s

x(z)= é [ [ B(eweds

The axial field distribution, B(z), will be measured as set of discrete data (2, B)).
Measurement errors, &z or B, will result in an uncertainty in the trajectory, and
thus Az. We can evaluate &z or 4B on the same basis using the following rela-
tionship

dB

B=—=~7%.
v dz -
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5.3

For a discrete set of N measurements at equal intervals over the length /, having
an RMS error of g, the expected trajectory uncertainties, d, and &, are given

by

1 l
&l =—,—
* Bp *JN
12 I
& =—2¢
e Bp3 B f

We need to evaluate &, relative to the specified tolerance on Az. Using the crite-
ria that the measurement uncertainty should be no more than 10% of the toler-
ance

&, < 0.1Aztan5°.

Use the following values to determine the requirements for 5z and 6B: N =50, | =
500 mm, and Bp = 6.3x10” G-mm, corresponding to 1.9 GeV.

OB <24G
xZ<0.1lmm

The evaluation of 4z is based upon an average dB/dz = 240 G/mm. Hall probe
measurements better than 1 G are routine. Probe placement to 0.1 mm can eas-
ily be done with reasonable care.

Magnet fiducialization

Fiducials, consisting of tooling balls placed upon the superbend cryostat, will be
used for placement and alignment of the magnetic center within the ring to the
tolerances specified in Section 1.1. The measurement procedures described in
Section 1.2 will be used to locate the magnetic center relative to the measure-
ment system fixtures. Fiducials attached to the measurement fixture must be lo-
cated relative to the magnet fiducials in order to locate the magnetic center for
magnet placement and alignment.

The search coil fixture will consist of a mock vacuum chamber section that will
center the search coil axis within the vacuum chamber beam aperture. As part of
the measurement procedure, the coil will be moved so that its axis is coincident
with the magnetic center. This will insure that the cryostat will fit around the vac-
uum chamber when it is located within the ring.

‘The fixture for Hall probe scanning system will place the scanning axis on the

same vacuum chamber aperture center. It must also have a fixed z reference
that can be located relative to the magnet fiducials.
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6.1

VACUUM CHAMBER MODIFICATIONS

Storage Ring Vacuum Chamber Machining

The existing storage ring vacuum chamber has sloped machined surfaces that
provide clearance for the existing Gradient magnet pole tips and coil. See figure
1 for an isometric view of a section of vacuum chamber at the central gradient
magnet.

Machined surfaces for
existing gradient magnet
pole tips and coil

Figure 1. Existing Storage Ring Vacuum Chamber

The Superbend magnet will have parallel pole tips spaced at 100mm (3.937in.).
The opening in the cryostat that will fit around the vacuum chamber will have
parallel surfaces 54.8 mm (2.157in.) apart. To provide installation and alignment
clearance for the Superbend, the storage ring vacuum chamber will be machined
to a nominal height of 51.6mm (2.031in.). This will provide a nominal installation
and alignment clearance of 1.6mm (.063in) top and bottom. It is planned that
components will be toleranced so that the minimum space between the storage
ring vacuum chamber and the cryostat will be 1.5mm (.060in). See figure 2.

4.62 mm before machining

Superbend Cryostat [ 4.24 mm minimum after machining

— 1.5 mm minimum space

Storage ring
el

vacuum chamber

=1 cm minimum

Figure 2. Cross-section Storage Ring Vacuum Chamber and Superbend
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Figure 3 shows an isometric view of a section of the storage ring vacuum cham-
ber after machining. The tooling necessary to machine the chamber in place has
been developed. This tooling consists of a milling head mounted on a transverse
slide which is in turn mounted to a rotary table. See figure 4. These components
are mounted to a plate which has 4 legs that provide a means of mounting and
aligning the tooling assembly onto the chamber. The tooling in figure 4, is shown
in the orientation that it would be in to machine the bottom of the chamber. Thick
aluminum plates are clamped onto both sides of the chamber and the above de-
scribed tooling is mounted to these plates. Figure 5 shows the tooling mounted to
the top of the vacuum chamber in sector 4 during the machining of this chamber
in place. The vacuum chamber in sector 4 has been successfully machined. The
dimensions after machining have been recorded on drawing 25D8294. The vac-
uum chambers in sectors 8 and 12 are planned to be machined in February

2000.

27.93 cm radius

R A

Figure 4. Tooling for Machining Storage Ring Vacuum Chamber
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6.2

Figure 5. Machining Sector 4 Storage Ring Vacuum Chamber

Storage Ring Photon Stops

The Photon beam from existing Bend Magnets in the Storage Ring is intercepted
by a combination of Photon Stops and water cooled blank off flanges when there
are no Beam Lines connected to the Storage Ring .The Photon Stops are fabri-
cated from Oxygen Free Copper, Photon Stops 4, 5, and 6 along with a water
cooled flange at the X.3 port will intercept beam from the new Super Bend Mag-
net. See Figure 1. There is a Titanium Sublimination Pump (TSP) at each Pho-
ton stop location. See Figure 2.

Full Width

Stop #5 Existing Full Width
Non-cooled /—Stop #6
Flange
Full Width ~A .
Existing Water
/ —Cooled Flange
'7L‘ \ X2
©

Superbend Magnet

Figure 6. Superbend Full Width Photon Stops — Plan View
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Due to the increased heat load from the
Superbend beam, the following changes
are planned:

Photon Stop 4 Replace with Glidcop,
increase water flow to

1 gpm

Photon Stop 5 Replace with Glidcop,
increase water flow to

1 gpm

Photon Stop 6 Use existing, increase
water flow to 1 gpm

X.3 Blank off Increase water flow to
1 gpm

TSP 4,5&6 Water cool, 1/2 gpm

Figure 7. Photon Stop/TSP Section AA

The described changes to Photon Stops, Blank Flanges and TSP’s have been
shown to be necessary by calculations. See the following Engineering notes:

“Superbend - Photon Stops/Blank Flanges - Thermal and Structural
Analysis,” Engineering Note M7823A.

“Superbend - Photon Stops/Blank Flanges - Reflected Photon Stop Power
on TSP,” Engineering Note M7869.

“Superbend - Photon Stops/Blank Flanges - TSP cooling tests,” Engi-
neering Note M7872.

So that the Photon Beam can exit the Storage Ring and enter a beam line, it is
planned to provide Cut Photon Stops 4, 5 & 6. It is planned that Stops 4 and 5
will be fabricated from Glidcop and Stop 6 will be fabricated from Oxygen Free
Copper. All three stops in each Super Bend Sector will have their water flow in-
creased to 1gpm. It is planned that there will be Flow Switch interlocks on these
water circuits.
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CONTROLS

Controls in this project include:

- Superbend Power Supply Controls

- Superbend Magnet Monitoring

- Superbend Cryosystem &Quench Monitoring
- QFA Quadrupole Controls

- QDA Quadrupole Controls

The controls content of the superbend project includes controls for the new su-
perbend magnet power supplies, diagnostic monitoring for the cryosystems and
magnet, and controls for the new and repowered quadrupole magnet supplies.

Requirements categories
Standard requirements

- Safety, Equipment protection

- Reliability, maintainability

- Readout & control rates

- Ramping not controls-limited

- Compatibility with existing applications
- Utilize off the shelf, Standards

The standard requirements are the ones that the ALS was built with, so we must
follow for compatibility. Safety and Equipment protection must, as always, not be
subject to the potential failures of Controls hardware and software.

The reliability and maintainability of the controls must meet the high needs of the
accelerator. With beam life of 4 hours it is important to avoid interruptions of the
system by any source, and the controls must abide by this. In event of a failure
the time to diagnose and repair shouid be relatively short and it should be possi-
ble for the staff on hand to accomplish the task with minimal coaching from the
development staff (who may be home asleep at the time).

We need to meet the long established 10 hz readout and control rates.

It is important that the ramping rates not be controls limited.

Insofar as meaningful, the new systems should be compatible with the existing
software applications.

Wherever practical commercial hardware and software is to be employed.
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Evolutionary requirements

Using Compact PCI

- Developed for controls expansion, upgrade
- Already in use on Third Harmonic Cavity

Settable Ramping Rate Control
- Existing ramping rates are static

The evolutionary requirements represent a small change from the existing work
we have done. Compact PCI hardware has been developed as an expansion and
upgrade path for legacy controls. This equipment has been installed in the Third
Harmonic Cavity system. Only small changes to this existing design are planned
for this project.

The power supply controls existing in the Legacy Controls have ramp rates that
are relatively static. They can be changed only by reloading software. Smooth
ramping of the machine is difficult because these parameters must be selected
for some average situation (including magnet cycling) and not tailored to the ac-
tual ramp in use. It is planned to make these ramps adjustable on the new sys-
tems in Superbend.

New requirements

Resolution, Setability
-1 part in 60,000

‘Stability and Noise

-1 part in 60,000 long term
-1 part in 200,000 short term

The New requirements imposed by the Superbend Controls are stiff based on the
physics requirements for beam location and stability. This led us to consider a
digital interface to the supplies since routing analog signals of this type between
systems is problematic and might lead to difficulty fixing the source of problems.
With a digital interface it is up to the supply (one vendor) to perform once the
command has been digitally sent.

Power supply review

- Recommended using 18-bit DAC
- Validated our proposal to use embedded controller in supply
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A review of the power supply for the Superbend was held prior to the procure-
ment going to the vendor. Action items from the review included moving to an 18
bit DAC (exceeding our 1:60,000 requirement slightly) and using digital controls
to the supply.

7.2  Superbend supply controls design
-18-bit DAC (existing design)

- Embedded PLC in supply
- Commercial hardware

- Standard Field Bus interface
- DeviceNet (superset of CANBus)

- 10 hz control/readout
50 hz loop, ramping step

The Superbend power supply vendor has an existing 18 bit design that exceeds
our requirements at reasonable cost, we have specified that. They proposed an

- Allen Bradley embedded PLC in the design to implement the required DeviceNet.
We chose DeviceNet after some research and discussion with others in the con-
trols business. The DeviceNet consortium, led by Allen Bradley, has many hun-
dreds of manufacturers, and many products are available. Our choice was not
solely for the Superbend project, as we are seeking standards for access to I/0
for many future projects and DeviceNet appears to meet that need.

The 10 hz readout and control is the standard capability of the ALS control sys-
tem, so we require it here even though the Superbends cannot respond that
quickly.

The 50 hz ramp rate was proposed by an AB engineer and our PLC programmer
indicated this was a typical looping rate for a PLC of this type. The ramp step will
make small cumulative changes to the DAC input according to the ramp rate set
into the control registers. This will facilitate smooth ramping. As other magnet
controls are upgraded they will all have the additional capability to set the ramp
rate dynamically.

7.2.1 Scope of new controls

- DeviceNet

- use commercial hardware and software
- start this early
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7.3

731

- PLC embedded software
- work with vendor, get source code

- Superconducting/Cryo User Interfacing
- alarm issues

To minimize the risk of delay associated with the unknown (to us) DeviceNet
interfacing we are starting this work early (already). We will use commercial
hardware and software for most of this effort, but it will require some software to
interface with our EPICS based controls core. The developer is scheduled for
training and we are proceeding to procure a DeviceNet Bus Analyzer to shorten
our development times. _

The PLC embedded software will be handled by the power supply vendor. They
will supply us with source code but we do not plan to work at that level. We will
work with the vendor to avoid surprises in the delivered system.

The User Interface will consist of a new application for the Superbends that folds
the available controls information into one set of displays. There are many chan-
nels and relating them in a custom display is the most effective way for opera-
tions to work with them. Alarms are under discussion. Temperature trends could
be alarmed since detection precedes beam loss and notification could be used to
take action that could preclude beam loss. :

ALS Superbend controls
Controls scope of work

- Step cPCI I/O card, chassis

- Superbend Power Supply Controls
- Superbend Diagnostic Controls

- Quadrupole Controls

- Control Room Application

- Systems Integration

The scope of controls work in the Superbend project includes work in six areas
shown here. The actual I/O card is a slightly improved model of the one devel-
oped for Controls Expansion and Upgrades that is currently employed in the

Third Harmonic Cavity system. The changes are primarily adding a serial eeprom - -

memory to store calibration information onboard. This work is already underway.
Parts procurement has begun even before the design changes are complete due
to the lead times involved and the small design changes planned.

The superbend power Supply controls will be a joint effort between us and the
power supply vendor. This contract is already out, and we have already begun
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7.4

developing our end of the DeviceNet interface. We expect to work closely with
the vendor as he ramps up the PLC programming.

Superbend diagnostics include standard analog and digital inputs and outputs,
and GPIB I/O. The one new item is the fast data acquisition for cryo monitoring.
A number of channels will be monitored into a circular buffer 1024 in size at 1 to
10 hz. Receipt of a post-trigger will stop the data collection and subsequent
readout will display trends immediately prior to the event.

Quadrupole controls are conventional for the control system but this will be the
first time we have controlled quads with the new control hardware. Some soft-
ware that currently exists on the ILC will have to be converted to run in the cPCI.

A Superbend Control Room Application is planned that will integrate the chan-

nels into coherent operator and engineering displays in the control room. Alarms
are under discussion that would alert operations staff to dangerous trends in the
cryo temperatures long before they endangered the stored beam in the machine.

Systems Integration is an important and significant piece of work that is always
required to effectively commission the hardware and software.

Ramping the (Super) ALS storage ring ~

Ramping is done in small steps, currently 600 are used. These steps are defined
to be small enough that any combination of supplies can be, on either the pre- or
post- step value without losing the beam. There is NO REQUIREMENT for syn-
chronism within the step, only that all supplies are done at the start of the next
step. At the current time (4/00) we are ramping in approximately 50 seconds
across a hybrid of legacy (ILC) and new (IOC).controls without appreciable loss
of beam.

The step rate requirement for the overall control system is 10/second.

The ramp time requirement for Superbend is NOT LONGER than pre-
Superbend. This could be taken as 200 seconds (pre-fab), or 50 seconds (post-
fab).

All new controls are capable of exceeding the 10/second rate (latency typically 2-
10ms). The legacy controls have shared buffers that saturate depending on the
number of updates required on a particular link, which is difficult to accurately
predict, but they are handling the current rate.

Superbend Controls Ramping and Communications - The Superbend power

supplies are to be controlled via DeviceNet. The conversion from ethernet (EP-
ICS CA protocol) to DeviceNet occurs in the Compact PCI chassis, so the la-
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7.6

tency to the power supply includes the 2-10 ms to reach the cPCl chassis, a
couple msec CanBus latency, and then the 50 hz scan time of the power supply
controller dominates the delay budget. The overall estimated latency is 5-30 ms
for the Superbend supply. This can be somewhat mitigated by the ramping soft-
ware sending the bend supply commands first. (Legacy controls take even
longer, so an optimum order is legacy, Suberbend, new controls.)

ALS Superbends diagnostic monitoring

Diagnostics Signal and Bandwidth Specs
10 second 500 hz quench buffer proposed (7/99 review)

The new controls are already used in several applications that require 100 hz
update. One is the Elliptical Polarization Undulator which requires 100 hz inter-
polated updates based on the positions of the Y and Z motions to two pairs of
corrector magnets. The other 100 hz application is power supply ramping and
filtering, implemented on new controlled power supplies including Main Bend,
Main QFA, three Superbend QFAs and six SuperBend QDAs.

The plan for the SuperBend Diagnostic fast monitoring is to utilize this existing
100 hz capability to gather six signals - upper and lower coil voltages, and lead
one and two voltages, with two spares. These will be gathered in a 5 second
deep fifo continuously, and a post-quench trigger will trigger a delayed save to
disk, producing a 5 second data window around the quench.

If it is found that, higher bandwidth is required the Instrumentation group plans to
attach a portable multi-channel system. Additionally, the control system data ac-
quisition could be expanded to higher rates and more channels. The ADCs are
40 khz conversion so each set of four is converting at 10 khz in a cycle. Sampling
these channels at 500 hz would require modest changes in the software.

ALS controls expansion

Significant Controls expansion is required for new projects such as Third Har-
monic Cavities, and the Superbend project. The existing controls (ILC, CMM,
DMM) are difficult to extend significantly - due to unavailability of components,
limitations of the original design and obsolescence of the commercial subsys-
tems (Intel Multibus). Various methods of controls extension have been em-
ployed in the past (VME, EPICS) so interoperation of this hybrid system had
largely been addressed previously. The requirements for the expansion were
chosen to also address the expected replacement of legacy systems at some
future time, therefore the 3U rackspace density requirement was maintained, and
compatible or readily adaptable cable plant as well. The ALS controls cable plant
was required to enter the 3U chassis from the rear for serviceability, while cards
are removable from the front. VME 3U chassis were investigated, and several
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prototypes constructed. /0 density and rear cabling was problematic, and Com-
pact PCl was found to be a better choice due to the availability of more than 220
pins for 1/O to the rear. Commercially available Industry Pack (IP) rear pinout I/O
cards were selected to allow flexibility in 1/0 board selection. IP cards are bus in-
dependent, with carriers available for VME, VXI, ISA, PCl, and other busses. A
search of available I/O boards did not turn up a solution for our combination of
I/0 requirements that fit within the packaging density, so they were fabricated.

The legacy system consists of a 3U chassis that holds up to 6 each ILC modules
(Intelligent Local Controllers), and each of those has four analog inputs and out-
puts, and 3.5 bytes of digital /0. The Analog I/O is 16 bit, monotonic, and has
tight temperature stability and linearity requirements (see spec.). An IP card was
developed by Mike Chin to exceed these requirements for our use. (Mike was
one of the developers of the ILC). Four of these IP |/O cards fit on a cPClI carrier
board, and each has four analog inputs, two analog outputs, and two bytes of
digital /0. A rear transition PCB was developed to bring the signals out to the
rear connectors, and the standard ALS controls connectors were used, with a
small change to a compatible type for the booleans. Due to the size of these
connectors only three rear transition modules will fit in a 3U chassis, but this pro-
vides more I/O than a full ILC chassis (except for serial and GPIB which are be-
ing handled separately).

In a 3U chassis there are 6 slots, one for the CPU, three for the transition mod-
ules. This leaves 2 slots free, however the rear panel space is full so 1/0 for
these slots will be more problematic. Still, we have doubled the analog input ca-
pacity while meeting the analog controls and exceeding the digital 1/O of the ILC
chassis. This more than meets requirements.

The GPIB requirements for expansion are met with a different solution. The origi-
nal ILC has a space for a piggyback module that can be either serial or GPIB. To
handle new GPIB based instruments we employ a GPIB to ethernet adapter
manufactured by HP. This unit was selected due in part to available software and
is employed currently for a number of 1/0 devices including the main frequency
synthesizer.

Serial 1/0 expansion is planned using an IP based octal-serial card. Software is
in planning to support this card. It can be sited in either VME or cPCl, depending
on the available slot proximity. The first use, in sector 11, will be in VME. This
card can be installed on either a front or rear 1/O transition card as needed.

Controls expansion has been developed and tested on a number of systems in-
cluding the Third Harmonic Cavity, the Main Bend, the Main QFA, the three Su-
perBend QFAs, and (very soon) the Superbend QDAs. Ramping performance,
noise and temperature stability are all acceptable and Accelerator Physics has
been satisfied with the upgrade.
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POWER SUPPLIES

8.1  Suberbend power supply requirements and specifications

8.1.1 Description

8.1.1.1 General

The power supply for the ALS super bend magnet requires high stability and re-
peatability performance compared to other existing power supplies at the ALS.
These requirements are spelled out in the specifications. The specifications in-
clude a description of the normal operation and an appendix describing the digital
interface requirements. In addition to regular power supply components, the sup-
ply includes current down circuitry. This circuitry ramps the magnet coil current
down in a controlled fashion when an interlock chain is broken

8.1.1.2 Current ramp down

The Interlock chain consists of two independent circuits. A simplified diagram of
these circuits is shown in the power supply specifications as figure 2. One circuit
is a general interlock chain input circuit to the power supply. A breakage of this
chain, or an AC line power failure results in a slow magnet coil current ramp
down into a 30 milli-Ohm resistor. The rate of this current ramp has a maximum
of ~3A/sec and is determined by the circuit L/R time constant. This time constant
is 100 seconds, based on the calculated coil inductance of 3 Henry. A second
interlock chain circuit is connected to the HTC lead over temperature and over
current detection circuit. When this circuit detects a HTC lead condition that ex-
ceeds a preset threshold value, then a generated output command breaks the
second interlock chain. This disconnect also results in a AC power down condi-
tion to the power supply. The coil current is ramped down into a 200 milli-Ohm
resistor, resulting in a faster ramp down time constant of 15 seconds. In this case
the voltage across the super conductive coil due to the Ldi/dt will exceed the in-
ternal super conductive quench protection circuit voltage and actually diminishes
to the current ramp down time.

8.1.1.3 Magnet current

The Power Supply (PS) will be used to power a super conductive magnet. The

PS is required to deliver a maximum current of 350A into an inductive load. The
current is to be ramped positive or negative causing the PS output voltage to re-
verse in direction. The PS will operate in the first and fourth quadrant. The re-
quired output current is variable from 0 to 300A. The rate at which the current is
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changéd during normal operating conditions is about 1A/sec, while the maximum
rate is 3A/sec. The operating current ramp shape is shown below in Figure 1.

' TYPICAL RAMP RATE
T 300 A 1A/SEC.
MAGNET —
CURRENT :
e A0 A D
TIME
MAGNET
VOLTAGE
0 ............... _-—. .........
TIME —*

Figure 1. The operating current ramp shape and PS voltage is shown verses time.

8.1.1.4 Magnet inductance

The magnet coil inductance is variable and dependent on the magnet current.
The magnet inductance is defined in a dynamic and static region. The dynamic
inductance is present in the magnet current range of a few amps to about 40-50
amps, peaking at an inductance of 7H around 10 amps and dropping rapidly to
3.5H at about 50 Amp. In the static range of 50 to 300A the inductance is practi-
cally a straight line connecting the 3.5H point at 50A to 2.5H at 300A.

8.1.1.5 Magnet current ramp down

In case of a AC power interruption, the power supply current ramps the magnet
current down via a resistor built into the power supply. The magnet coil current is
diverted into the resistor via a relay-contactor. During normal operation, the
maximum allowable current ramp down rate is 3A/sec. The voltage across the
coil (due to -Ldl/dt) at the high current levels, will be no more than 10 Volt. At the
time the current has decayed to a value where the coil inductance is 7H (peak
inductance) the coil voltage is a low value. A second ramp down circuit, shown in
figure 2, with a current ramp down of 20A/sec is activated when a HTC over cur-
rent or over temperature has been detected.
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8.1.1.6 Power supply

The PS unit will be designed as a 6 pulse forced air-cooled, precision power
supply with premium components to ensure excellent overall performance and
high reliability. The units will be designed as a thyristor controlled precision unit
which includes a single power transformer which feeds an individual 6 pulse thy-
ristor bank consisting of six (6) devices arranged in a six phase star configura-
tion. The output will be filtered via a 90 Hz filter to reduce the output ripple. The
“output of the assembly will pass through Zero Flux Current Transformer (ZFCT)
as the current monitoring element to provide 0 to 350 Amperes, 0 to = 15Volts

DC output.

8.1.2 Specifications (apply after a 30 minute warm-up period)

Function
OUTPUT VOLTAGE RANGE
OUTPUT CURRENT RANGE
ACCURACY
REPEATABILITY / SETABILITY

STABILITY or DRIFT

RIPPLE OF OUTPUT CURRENT

LINE REGULATION

LOAD REGULATION

LINEARITY

PROTECTION CIRCUIT REACTION TIME
QUENCH PREVENTION CIRCUIT

SLEW RATE

CURRENT RAMP-DOWN RATE (L/R=100Sec or
15 sec dependent on the cause)

CURRENT RAMP TRACKING ERROR 125-300A
STATIC MAGNET COIL INDUCTANCE
DYNAMIC MAGNET COIL INDUCTANCE
EXTERNAL LINE RESISTANCE

MEAN TIME TO REPAIR (after FAILURE)

MEAN TIME BETWEEN FAILURE

CONSTRUCTION REQUIREMENTS

8.1.3 AC Input

Specification
+/- 15V
0 to 350A
1 partin 1000 FS
1 part in 60,000 FS
1 partin 60,000 FS
1 partin 200,000 FS
1 part in 60,000 FS
1 part in 60,000 FS
<0.1 % of input contro! voltage
<100 milliseconds
Contactor Activated
3A/second
3A/sec or 20A/sec

<0.1% of FS (0.3A)
2.5t0 3.5 Henry
7 Henry
600 micro Ohm
<4 hours down time per failure
5 YEARS

Modular ¢construction

208 Volts +/-10%, 3 Phase, 60 Hertz,
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Comments

Two quadrant supply (1 & 4)

Absolute accuracy of output current
e

The repeatability of the required output current

Time domain from 1 minute to 8 hours (ambient temperature is 22
degree C +/- 5 degree C)
Time domain to 1 minute for high frequencies

Output current dependency on input voltage variation
Output current dependency on load variation

Output current versus input voltage

Time available for the internal PS protection circuit to react

Actives during AC power interruption and HTC lead fault detection

Current regulator (or program) response time

Slow ramp down after power interrupt detection. Fast ramp down after
HTC lead over current or over temperature detection

Error exist as a following offset error during current ramp in the range
from 125A to 300A

The static inductance is present in the current range of 50 to 300 A

The dynamic inductance is present in the current range of a few amps
to about 40-50 amps
Resistance includes the HTC maximum resistance

Pawer supply quality and reliability requirements affects price &
performance

Modular construction for maintainability and reparability considerations



SIMPLIFIED POWER SUPPLY & CURRENT RAMP DOWN CIRCUITS
shown in power-down condition

R2
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R1 =30 mOhm
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AC Power c/o PS R SBEND COIL
= HTS LEAD
. AVAVAY,
POWER SUPPLY
COMPONENTS
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8.1.4

8.1.5

8.1.6

8.1.7

DC output

0 to +/-15 Volts, 0 to 350 Amperes

‘The power supplies will be designed to provide a constant current controlled

output into the load specified in this specification. The output current is
controlled locally with a zero to 10 Volt analog signal, or remotely with a digital
control signal. The output over current trip level shall be adjustable inside the
power supply. This adjustment shall be easily accessible to maintenance
technicians or engineers. The PS will have a current monitor (read-back) with a
range of zero to 10V. This signal will be short circuit proof and isolated from the
PS internal electronics, thus when this monitor signal is shorted or grounded the
PS operation will not be affected. This monitor signal is to be available on the
rear and front panel. In the front panel this monitor signal will be available on a
standard or floating BNC connector.

The unit will be designed to provide an envelope of uncertainty in the flattop of
less than 1 part in 200,000 (5 ppm) encompassing ripple, Periodic And Random
Deviations (PARD) and stability (for Line variance of +/-10% or Load resistance
change of +/-10%) frequencies higher than 0.01666H (period <1 minute). Stabil-
ity of the output current in the range of frequencies less than 0.01666Hz (period
>1 minute) is specified as 1 part in 60000.

Ambient temperature

The power supply as specified will be operating in a controlled environment
where the temperature is 22°C +5°C. The power supply shall perform within the
specifications over this temperature range. The unit will operate without failure
within a temperature range of 10 to 40°C.

Rectifier components

The rectifier components are rated for 100% continuous full load service for a 10
to 40°C ambient, 5-95% relative humidity.

AC power switch

The units will be equipped with an electromagnetic contactor. The electro-
magnetic contactors will be employed to turn the units On/Off locally or remotely.
A three position switch, “Local,” “Remote” or “Off” selects PS control mode. In
the local mode the power supply shall be controlled manually from the front panel
or externally with voltage source of zero to 10V control. The ON/OFF operation
shall be performed with front panel push buttons.
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8.1.8

8.1.9

Main power transformer

All transformers are computer designed to provide optimum performance. The
design of these units will incorporate a single main power transformer
manufactured in the following manner:

Winding Material Splice-free, electrolytically pure copper.

Core Material Low loss, high quality, grain oriented silicon steel
provides good flux transfer and low eddy current
losses.

Insulation Material 220°C class insulation incorporating glass, fiberglass,
and NOMEX insulation.

Process The coils are vacuum impregnated by varnish and

then baked to cure. Varnishing provides additional
electro-mechanical strength and protection from the
operating environment.

All coils are wound for stress distribution under fault conditions to provide
superior mechanical strength.. Thermal switches will be supplied to trip the power
supply off in the event of an overheating condition in the power supply.

Secondary thyristor regulation/rectification

The units will be designed as filtered secondary thyristor 6 puise power supplies .
which feed an output filter. The bandwidth of the current loop is 5SHz and the
corner frequency of the output filter is 90Hz. These characteristics will meet the
300 ppm tracking error specified on the ramp-down .The thyristors will be
operated at extremely conservative values. The unit will enter the Fault state in
the event of an over-temperature condition. Each pair of devices is protected by
a snubber network to limit the voltage transients across the devices. Thermal
switches will be employed to shut the unit off if the thyristors experience an
overheat condition. After an over temperature condition has been detected, the
shut off condition will be latched until the PS has been reset.

8.1.10 Power supply controls

8.1.10.1 Electronic controls

The current measuring device will be a Zero Current Flux Transformer (ZFCT)
and will be used as the current feedback element. The electronics are equipped
with the following features:

116



a) Automatic current control (ACC). Continuous output control, from 0% to
100% of the power supply current rating is provided. Regulation of better
than 5ppm is supplied from 10% to 100% of the power supply current
rating. v

b) Thyristor firing indication. The hard fire gate pulses to the thyristors also
drive LED's mounted next to the gate terminals. This convenient feature is
used as a troubleshooting aid to indicate the presence of gate signals.

8.1.10.2 Electrical controls

The output current level will be set as proposed in this offer via a 0 to 10 Volt
analog signal for use in local control mode, or with a digital control signal for use
in remote control mode. The digital control is specified in the appendix of this
document. The analog signal input is a differential input with a common mode
rejection of at least 90dB. The analog control signal may or may not be
connected to the local common ground or chassis ground.

The additional manual control instrumentation includes local (front panel) analog
Voltmeter and Ammeter as well as ten turn potentiometers for local setting of the
output current and voltage. Additional diagnostic pilot lights are provided for local -
annunciation of power supply status. The unit will be supplied with a current
ramp down (spin down) resistor assembly to allow the magnet to re-generate into
the resistor load in the event of a main power failure or an external interlock
chain disconnect shown in the simplified circuit (figure 2). The unit will be
equipped with contactors such that the input to the power supply is disconnected
from the AC supply lines and the resistor (30 mOhm) assembly is connected
across the PS output terminals upon the loss of power (or interlock chain
breakage). In addition to the power-failure-current-ramp-down resistor, a ramp
down resistor of the value 170 mOhm shall connected in series with the 30
mOhm in case of a HTC lead fault is detected. The ramp down circuits (excluding
the resistors) shall be independent; Two HTC lead interlock input connectors and
contactors shall be installed (with the contact switches connected in series. The
stored energy ((1/2)*I*2*L) in inductance of the super conductive magnet is
~185kJ, based on the value of 3 Henry and a maximum current of about 350 A.
The ramp down resistor R1 duty cycle will be no more than 10%, which means
that the power supply will not be turned back on for 15 minutes, after a power
interrupt has occurred. A PS internal timer shall be installed to prevent the PS to
be turned back on within this 15 minute resistor cool down period. The ramp
down resistor R2 duty cycle is 1% or less, no internal watchdog timer is required
for this duty cycle factor.
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8.1.10.3 Digital monitor & indicators

In addition to the standard, supplied by the manufacturer, a number of digital
monitor channels and interlock chain connectors are required as well as front
panel light indicators. These are shown below:

Function Digital data link FP LED indicator Comments
Power Supply Ready YES YES
Power Supply ON/OFF YES YES -
Transformer Temperature monitor YES -
SCR temperature monitor . YES
AC over current YES
DC over current YES
Ground fault detector YES
Door interlock YES If applicable
Interlock chain detector . YES 2 RP connectors

8.1.11 Sound level

Less than 75 dB at full load measured on an "A" weighted scale, three feet from

equipment.

8.1.12 PS construction

The DC output terminals will terminate inside the enclosure. The AC input power
and DC current output terminals, mounted inside the power supply, shall be
accessible with a removable panel for installation, maintenance or repair service.
Lifting lugs or crane hooks, connected to the structures frame, shall be provided.

The output terminals shall not be grounded and not connected to the control

electronics common.

All 208 V or 110 V line power wiring shall be kept separate from the lower voltage

" wiring.

The exterior of the cabinet shall be painted with a good grade of paint of color
Federal Standard Color number 23578 (beige). All external meters, connectors
and breakers shall be labeled according to their function with black silkscreen

lettering.

‘The PS shall be manufactured according to the standards published in and
defined by the American National Standards Institute (ANSI), The National
Electrical Manufactures Association (NEMA) and the Institute of the Electrical
and Electronic Engineers (IEEE).
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A nameplate with the following information shall be attached to the front of
the PS:

Manufactures Name

Serial number

Date of Manufacture

LBNL specification number
KVA rating

Input AC Voltage

Output DC Voltage

Output DC Current

Weight

8.1.13 Air cooling

Air-cooled units use totally enclosed ball bearing motors to drive shrouded fan
blades, delivering a maximum volume of air over the heat sinks and transformer.
An internal sub-panel separates electrical control components such as
contactors, relays and electronics from the air stream. The resistor assembly will
be rated for convection cooling. Overheating detection devices shall turn off the
PS when component overheating occurs.

8.1.14 Safety & interlock

The PS shall be constructed in accordance to industry safety standards. Interlock
connectors (Burndy type) shall be provided on the rear panel to provide for three
external PS interlock capability. One connector shall be labeled “slow ramp down
interlock”, while a second pair of connectors shall be labeled “fast ramp down
Interlock” The interlock circuit shall require an external relay contact closure that,
when closed, will allow AC line power to be connected to the PS. The operational
interlock chain voltage shall be in the range of +12V to +24V.

8.1.15 Testing & documentation

The power supply will be designed to provide the highest in reliability and
production. The units will adhere to the ISO 9001 certification and will employ the
standards outlined and required by ISO 9001 in the production of these units.
Complete testing documentation will be supplied and LBNL will be advised of the
testing milestones to allow for witnessing of said tests if desired.

The testing procedure for these units will be submitted by the manufacturer prior

‘to commencing the testing for LBNL’s review. The manufacturing facility will be
open for review during the entire scope of the project for LBNL inspections and
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witness testing. At LBNL the unit may be tested into an inductive load or a resis-
tive load. The load condition is predetermined with a jumper connection on the
regulator board to ensure the regulator to be stable under both load conditions.
This connection will be clearly marked.

Operating & Instruction manuals will be supplied which will include the installation
instructions, performance parameters, maintenance procedures, spare parts list
and circuit diagrams. All PS components mounted on printed circuit boards,
components mounted individual and modules shall be labeled, corresponding
with the parts on the drawings and spare part lists for easy troubleshooting and
maintenance. All cables and cable harness shall be labeled. One set of drawings
and manuals will be provided as hard copies and one set on 3.5 inch floppy disks
of which the format is acceptable to the Lawrence Berkeley National Laboratory.

The documentation shall include:

Installation instructions

Theory of operation

Recommended test procedures ’

Signal waveforms time diagrams for testing troubleshooting purposes
Routine maintenance schedules

Data sheets of crucial unorthodox parts

Data sheets of the semi conductors used

Factory test procedures and results

Acceptance tests: The unit(s) will be shipped after having been completely
tested in accordance with the requirements and specification of this document.

8.1.16 Superbend power supply controls specifications

The current control digital to analog converter shall meet the following specifica-
. tions:

18 bits precision

0.5 LSB linearity

monotonic to 18 bit level

settle to % LSB within 50uS

0.25 ppm per degree C (Temperature controlled unit)

The analog monitor of actual power supply current (from DCCT signal) shall
meet: :

16 bits precision
monotonic to 16 bit level
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0.01% maximum nohlinearity
5 ppm per degree C temperature stability

The interface between the control system and the power supply shall meet: :

DeviceNet 2.0 specifications

The parameters of the interface shall include (details below):

current control register
current ramp rate control register
maximum current limit control register

DAC input readout register :
actual current readout register (from DCCT ADC)

supply ON boolean control
supply OFF boolean control
supply RESET boolean control
supply REBOOT boolean control

supply READY boolean monitor
supply ON boolean monitor
supply REMOTE boolean monitor
supply RAMPING boolean monitor

supply ERROR CODE multibit boolean monitor
other miscellaneous supply status boolean, multibit, etc. monitors...as
available

Control rates and throughput

The control interface will be cycled at up to 10 Hz. A cycle is to include:
read status booleans
read DAC input
read actual current
set ramp rate limit
set current
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Interface P_LC characteristics

The interface PLC is to scan inputs and outputs and perform control com-
putations at 50 Hz. The timing of this loop is to be consistent within 10%
due to the ramping rate control requirement.

Ramping is implemented by the power supply PLC. At each iteration
through the control loop it calculates the new DAC output based on the
previous setting, the desired setting, the ramp rate limit, and the maximum
current limits, apply the result to the DAC.

A watchdog reset is to be generated by hardware if rounds not completed
on schedule. This will cause power supply shutdown and controller reset
and will leave a code in the error register that indicates a watchdog time-
out occurred.

Documented PLC source code in machine-readable format and on paper
is to be included in the deliverable.
. Safety issues
The power supply can only energize when:
1. .the supply is READY (all subsystems ready including external in-
terlock inputs). '
2. a supply ON boolean control command is received (if it fails to en-

ergize at this moment, or trips off for any reason, it can not come .
back on without a RESET and a new ON command).

When the supply trips off it requires RESET before becoming READY

again, either via the interface or via a front panel RESET button.
Miscellany

There must be no date dependence for correct operation. Any dates used

in the system must include a four-digit year, and algorithms must be cor-

rect for 1999-2100 period.

This specification is the controls part of the complete Power Supply Speci-
fication. :
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8.1.17 Superbend control parameters details

The interface parameters are a combination of booleans and multibit val-
ues up to 18 bits in precision. Due to the values exceeding 16 bits in size,
32 bits were chosen for all values for consistency. These may be signed
or unsigned (vendor choice) but should be consistent (and all should be
signed and all should be unsigned).

Due to the control loop performance, the status booleans should be
grouped such that they can be read efficiently with a minimum of network
transactions.

The reading and writing of the parameters is specified from the network
perspective.

Interface parameters detailed (DeviceNet application object attributes)
Current control register

32 bit
readable and writable (from network perspective)
power-on default: 0

The current control register is et by the main control system to the
final current desired of the main power supply. The supply will ramp
to this current (subject to the constraints of ramp rate and maximum
current). This value can be changed while ramping is in progress,
affecting the next 50 Hz ramping computation.

Current ramp rate control register

32 bit
readable and writable
power-on default: 0

The current ramp rate control register set the maximum change in
the current control DAC input that the controller may make during
each 50 Hz update cycle. This value may be changed during
ramping, affecting the next 50 Hz ramping computation.
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Maximum current limit control register

32 bit
readable and writable
power-on default: 0

The maximum current limit control register sets the maximum value
that will be allowed to the current control DAC input. Requested
values greater than the maximum will result in the maximum value.

DAC input readout register

32 bit
readable
power-on default: 0

The DAC input readout indicates the actual value the DAC is con-
~verting to analog.
Actual current readout register

32 bit
readable

Reads actual current reported by ADC from the DCCT.

Supply ON boolean control
control strobe
writable
power-on default: OFF
~The supply on control sets supply ON mode and requested current
to zero if all conditions are met.
Supply OFF boolean control
control strobe
writable

power-on default: OFF

Clears supply ON mode, setting supply to OFF.
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8.2

Supply RESET boolean control

control strobe

writable

clears error status bits (if conditions have been corrected)
returns supply to READY state (if conditions have been corrected)

Supply REBOOT boolean control

control strobe

writable

returns supply and controller to power ON sequence

Supply READY boolean monitor

readable

true indicates supply subsystems and external interlock inputs are
all ready to turn on '

Supply ON boolean monitor

readable

true indicates supply is ON and ramping or delivering the requested

current

QFA and QDA power supplies

item QFA QDA »
Required current stability (+/-) 0.01% or 1 part in 10,000 | (+/-) 0.01% or 1 part in 10,000
Feedback element Resistor ’ Resistor v
External current sense DCCT DCCT
Output voltage & current 35V, 550A 55V, 130A
Power supply connections 2 magnets per PS 1 magnet per PS
Number of PS to be ordered 4 6
Preliminary quotation $31,000 $13,000
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8.3.1 Sector 4 layout
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8.3.2 Sector 8 layout
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8.3.3 Sector 12 layout
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9.1

MAGNET AND CRYOSTAT DIAGNOSTICS

Superbend magnet reliability is critically important to the successful operation of
the Advanced Light Source. Accordingly, several diagnostic systems are in-
stalled in the magnet cryostat to monitor Superbend system performance, to
warn of potential problems, and to aid in diagnosis of a faulty cryostat or magnet.

Quench Management

Superbend magnet coil and high temperature superconductor (HTS) lead
quenches are expected to occur rarely. If a coil does quench during high current
operation, its stored energy must be safely dissipated, and coil voltages must be
limited to non-destructive levels. Vendor supplied voltage clamps internal to the
cryostat limit coil voltage to about 30 V per coil. Several silicon diodes in series
establish the clamping level. At room temperature the voltage required to for-
ward bias a silicon diode into conduction is about 0.7 V. At 4° K this voltage rises
to approximately 5 V. In normal circumstances the magnet power supply cannot
deliver sufficient voltage to forward bias the cold diodes, so no current is ex-
pected to flow in the diodes as the magnet is charged and discharged. However,
during a quench coil voltage will rise above the clamp potential and cause sub-
stantial current to flow in the diodes. This current flow heats the diode junctions,
and as they are heated, their forward voltage drop falls to less than 1 volt each.
This is an avalanche condition that will disable a Superbend magnet for many
hours before it can be cooled and operated again.

The HTS leads bridge the thermal gap between the 4° K coils and the 70° K
power supply input leads. Normally the voltage drop across these leads is much
less than 1 mV at full current. If the HTS leads become normal, the magnet cur-
rent will destroy them if it is not quickly shut off. '

Quench detection electronics external to the cryostat monitor voltages developed
across the coils and HTS leads. If the difference between coil voltages exceeds
approximately 1 volt, a quench is assumed to be in progress and the power sup-
ply is shut down. If voltage across an HTS lead exceeds approximately 1 mV,
the lead is assumed to be going normal, and the power supply is shut down. In
addition to turning off the power supply, the quench detection electronics control
switches in the power supply. These switches insert resistors in the magnet cur-
rent path providing a load for energy discharge. Additional voltage monitors
across the clamp diodes and resistors permit monitoring of quench protection cir-
cuit current.

The quench detection electronics are critically important and must be as fail-safe

as possible. To insure that the voltage monitor circuit path is continuous, a small
bias voltage is applied to each monitor wire. if a cryostat lead should fail or if the
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9.2

cable connecting the quench detection electronics to the cryostat should be dis-
connected, the power supply will be disabled.

See Fig. 1 for a simplified diagram of the power supply, magnet, and quench
detection electronics. Table 1 explains the various quench scenarios and normal
magnet energy management. '

Magnet Field Monitoring

Two Hall probes capable of measuring 6 T fields are installed in each cryostat.
The function of the probes is to provide an absolute field reading, which is scaled
to the maximum field in the center of the magnet. The field reading is used
rather than the magnet current for the operating set point because of the effects
of magnet field hysteresis and remnant field.

The probes are mounted in a machined groove in the outer cryostat wall. Two
probes are used for redundancy since removal of a cryostat for probe replace-
ment is not desirable. Each probe has a sensitive area of 1 x 0.05 mm. The
probes are not positioned in the area of maximum field. They are under the
magnet pole tip in a field of 4.5 T at 1.9 GeV. The probe is a Group 3 model
MPT-141 which is connected to the Group 3 DTM-151 Teslameter. Absolute ac-
curacy of the magnet field reading is + 0.01% of the reading plus 0.006% of full
scale at 25° C. Resolution is 2 4T to the accelerator control system. The data

rate is 10 Hz via the IEEE 488 bus. Temperature stability of the probe is + 10
ppm of the reading per °C maximum. The temperature in the storage ring tunnel
is very tightly controlled, so the probe temperature coefficient does not contribute
a significant error.

R2 ' Cryostat
AAA
bl B AAJ
K2 HTS
o
Kt f—— |
3
| | ‘
R1 :E Quench Internal
- Power 9 interfocks Quench
Supply ) Protect

HTS

AAN
\Ad

Figure 1 Magnet quench circuits. Contactors shown in normal, running positions.
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9.4

9.5

Condition Power Shunt Series di/dt Magnet
Supply Switch K1 | Switch K2 Quench

Superbend Off Off Close No change | -3A/sec No

AC Power Loss Off Close No change | -3A/sec No

HTS Quench Off Close Open -20A/sec | Yes

SB Quench Off Close Open - -20A/sec | Yes

SB Coil Temp. Off Close No change | -3A/sec No

HTS Temp. Off Close No change | -3A/sec No

Compressor Off | No change | Open No change | NA No

Crash Off Off Close No change | -3A/sec No

Cryostat Pressure | On Open No change | NA No

Table 1. Quench scenarios.

Magnet Temperature

Several Lakeshore Cernox temperature sensors are attached to the magnet
core, HTS leads, and the cold cryostat components. Cernox sensors are used
because of low sensitivity to ionizing radiation and magnetic field. Redundant
sensors on the core indicate the temperature of the superconducting magnet
coils. The sensors are biased and read out by a Lakeshore model 218 scanner.
This instrument has adjustable set points for relay actuation. The Superbend
magnet power supply is interlocked with magnet temperature via the scanner re-
lays. The interlock set point is 4 °K. The power supply may not be operated un-
less the magnet coils are in a superconducting state.

HTS Lead Temperature

The upper (warmer) ends of the HTC leads are monitored with Cernox tempera-
ture sensors identical to those near the coils. The sensor scanner interlock re-
lays are set to trip at 80 °K. These relays are in the magnet power supply exter-
nal interlock chain and will trip the power supply off if the leads become too
warm.

Magnet Coil Voltage Monitor

Normally the magnet coil voltage is zero, even with full current. If the current is
changed, a voltage is developed,

14

coil —

_rdi
L%

where L is the coil inductance. By carefully controlling the current rate of change
and measuring the instantaneous coil voltage one may obtain a measure of dy-
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9.7

9.8

9.9

namic coil inductance. If a coil develops shorted turns, this measurement will be
useful in diagnosis.

Cryogenic Level Measurement

American Magnetic Inc. cryogenic level sensors are installed in the cryostat. The
LN sensor is a capacitance-based measuring device. The LHe sensor is super-
conducting. An AMI model 186 Liquid Level Instrument measures the level of LN
and controls filling valves. The AMI model 136 Liquid Helium Level Controller
measures the superconducting probe resistance and also controls filling valves.
Both instruments are connected to the accelerator control system for data collec-
tion. '

Errant Photon Beam Protection

The powerful photon beam created in the Superbend magnets is hazardous to
the vacuum chamber when the beam orbit is vertically offset by more than 3 milli-
radians from the mean orbit. Electron beam position monitors (BPM) approxi-
mately 2 meter on both sides of the magnets continuously monitor horizontal
and vertical beam position. Interlock electronics trip the accelerator RF off,
aborting the electron beam if the vertical beam position changes by more than 1
mm in either. BPM. This interlock is automatically activated when stored beam
exceeds 200 mA average current.

Cryostat Pressure Monitoring

An ion gauge pressure monitor continuously monitors cryostat pressure. If the
pressure rises above 1 e-4 Torr, the ion gauge controller trips off creating an
alarm.

Cryostat Heaters

Two 5 W (100 V, 0.05 A) resistive heaters are installed on the cryogenic cooler.
They are periodically used to heat the cooler as a method to prolong its life.
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10.2

10.3

ACCELERATOR TEST PLANS

Introduction

For the accelerator physics test the goal is to minimize the commissioning

and subsequent “teething” time that the users experience after the
Superbends are installed. Therefore it is important to identify and attempt
to study as many of the possible issues prior to installation as possible. In
this section we discuss the accelerator physics studies that we expect to
perform in preparation for operation of the ALS with Superbends. First we
will discuss the installation plan. Next we will outline the issues that we
wish to test. Finally we will discuss the detailed test plan.

Installation plan

There will be two major shutdowns of the machine in preparation for
Superbends. The first will occur in February and March of 2000 and the
second will occur in mid 2001.

Except for the Superbend magnets that will be installed in the 2001
shutdown, many of the other systems will already be installed in the 1999
shutdown or in two-day shutdowns in between the major shutdowns:

The QDA quadrupoles will be installed.

The QFA quadrupoles surrounding the Superbends will be
decoupled by adding new power supplies and moved.to the new
control system.

. The 18 remaining QFA quadrupoles will be powered on the old
supply but will be moved to the new system
. The normal bending magnets will be moved to the new control
. system '
. New BPM buttons and electronics surrounding the Superbends will
be installed.

Accelerator physics concerns

What are the concerns when operating with the Superbends? In general
operation with the Superbends will be more complicated than present
operation. In particular

. The bends will be decoupled which can give rise to larger orbit

motion and distortion. We are particularly concerned with the
impact on injection, ramping and orbit stability (See section 3).

133



o We will have more “knobs” to adjust. There will be 3 additional bend
power supplies and 9 more quadrupole power supplies

o Periodicity breaking will reduce the stable operational region in tune
space. We are particularly concerned with the impact on injection,
ramping, and lifetime (See section 3).

o We have limited experience operating the machine with nonzero
dispersion in the straight section. We would like to experimentally
quantify the impact on emittance, lifetime, injection and ramping.

. The BPM system maybe necessary to detect and abort missteered
beam in the Superbends. We have yet to use the BPM interlock
system during operation.

We can only know the “actual” effects of the Superbends for certain after
they have been installed (such as the effects on orbit jitter and whether the
control system performs sufficiently well). However many of the other
issues can be tested earlier.

10.4 Accelerator physics tests (prior to commissioning)
10.4.1 Stability of the normal bend magnetic field

As mentioned in section 3 the field jitter in the normal bend needs to be
sufficiently small in order to have acceptably small orbit jitter. The
tolerance on the field jitter for the normal bends is the same as that for the
Superbends, which is 1 part in 160,000 at 1.9 GeV. There was a concern
that the normal bend power supply, which was specified at 1 part in
50,000 would not be sufficiently good.

In order to determine if we had sufficiently small field jitter, a measurement
was made of the power supply [1]. The actual field jitter (especially at high
frequencies) would be less than the power supply jitter due to induced
eddy currents in the beam chamber. So the power supply jitter
measurement was considered a conservative number. The measured
power supply jitter from 0.01 to 100 Hz was +/- 0.0056 Amps at 900 Amps
(Bend current is about 900 Amps at 1.9 GeV) or 1 part in 161,000 which
was much better than the specifications and sufficiently good for
Superbend operation.

10.4.2 Reproducibility of the norma_l bend
As mentioned in section 3 it is important for ramping between 1.9 and 1.5

GeV that the bend field is reproducible to 1 part in 1000. If the
reproducibility is worse than this it is difficult to ramp the magnets based
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solely upon a lookup table and one has to use another scheme - possibly
use field measurements or orbit feedback. :

With all bends on one power supply (the condition without Superbends)
non-reproducibility in field results in changes in beam energy but not
changes in orbit. So one method to measure the field reproducibility would
be to measure the reproducibility in beam energy from fill to fill. '

The beam energy is measured in the machine to very high precision (2 x
107°) through resonant depolarization [2]. This technique relies on the
following principle: The electron beam tends to naturally become polarized
over time due to the emission of synchrotron radiation in the bends. The
Moller or intrabeam scattering cross section is a function of the degree of
polarization of the beam. Thus when the beam becomes depolarized there
is a change in the lifetime. This change in lifetime can be more than 10%.
By resonantly driving the beam transversely at different frequencies and
precisely determining at which frequency the beam becomes depolarized,
allows one to determine the energy of the beam (since the spin precession
frequency only depends on the beam energy). '

In the experiment the beam was depolarized using the transverse
feedback kickers and both the lifetime as well as count rates in beam loss
monitors were measured to detect the precise driving frequency at which
the beam became depolarized. The relative energy change

e <2x10° filltofill
e <5x10° within a day
e <2x10* within a week

These changes are small compared with 102 that is required for
Superbend operation.

10.4.3 Hysteresis loop for the normal bend

In order that the orbit excursions are sufficiently small during ramping it is
important to know precisely the current to field transfer function for the
normal bends so that they can be matched to the Superbends. For the
final operation this match will probably be done empirically by ramping the
beam and adjusting the Superbend fields to minimize the orbit distortion.
However it is important to have a good first guess for the map before
hand.

Extending the energy measurement method in section 11.3 measuring the

energy of the beam at different points along the ramp we hope that it is
possible to map out the hysterisis curve rather precisely.
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10.4.4 Ramping with the new control system

As discussed in section 3, energy ramping in with the Superbends will
become more complicated than without Superbends. In addition to the
larger number of families and the decoupling of the dipoles the ALS will be
in the middle of moving to a new control system (see section 7). In the
February 2000 shutdown, 5 power supplies will be moved from the old to
the new control system — Normal Bends (1), QFAs (4). Shortly after the
shutdown the 6 QDA'’s will be connected and controlled by the new control
system. The rest of the magnets will remain on the old control system.
With the exception of the 6 QDA power supplies (which can be switched
off during operation), the new control system has to immediately work in
concert with the old control system if we are to ramp the machine and run
at 1.9 GeV for users. It should be noted that the new control system has
already been used to control the third harmonic cavities.

Therefore the initial tests of the new control system with beam will occur
just following storage ring startup after the February shutdown. There will
be more than a week scheduled for startup. It is important that we know
within a time span of 4 or 5 days that we can inject, store and ramp the
beam with the new control system in place. If we encounter problems at
that time we will still have enough time to switch back to the old control
system and to come back for users.

Due the fact that QDAs are not an integral part of operation, we can
always commission them at our leisure during accelerator physics shifts in
2000.

Thus in 2000 we will have experience running the machine with many of
the magnet families of magnets on the new control system. The only
remaining magnet families to be commissioned will be the Superbends.

10.4.5 Characterizing the zero dispersion lattice with 3 fold periodicity

One of the issues of concern is the impact on the dynamics reducing the
storage ring’s natural 12-fold periodicity down to 3. It is possible to use the
new QFA and QDA families to artificially perturb the ring’s natural 12-fold
periodicity to approximate what operation will be when running with the
Superbends. We will initially need to determine through modeling how the
quadrupole fields need to be adjusted to best approximate the conditions
with the Superbends.

One method for determining this is to start with a Superbend lattice and

compute a response matrix. Then one takes a lattice without Superbends
and adjusts the QDA and QFA quadrupoles in such a way as to minimize
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the difference in response matrices between the lattice without
Superbends and the lattice with Superbends. This is one possible method.
There are certainly other ways to adjust the magnets.

After choosing some values for the quadrupoles one needs to see how
well this artificial case actually approximates the nonlinear dynamics case
with Superbends. A good way to compare the dynamics is through
simulated frequency map analysis [3]. By numerically generating and
comparing frequency maps of a lattice with and without Superbends one
sees the generation of resonances and can determine how well the two
will actually compare. Hopefully it is possible to end up with a model
whose dynamics is similar to the Superbends.

Up to this point all the work has been done on paper. Now it is possible to
simulate operation with the Superbends on the ALS. The first experiments
would involve adjusting the quadrupoles to the desired values, checking
that one has actually gotten the proper values through response matrix
characterization [4], and experimentally measuring a frequency map and
comparing it to the model frequency mapi5].

One can then make other tests of the machine performance. The
horizontal aperture can be measured. This is important for injection and
we can determine what kind of margin exists. We can ramp the machine
with these detuned quadrupoles and see how difficult it is. We can try to
characterize the impact on lifetime and dynamic momentum acceptance
and see whether the results are in agreement with predictions. We can
also observe the possible impacts if insertion devices further perturb the
periodicity. '

10.4.6 Characterizing machine performance with nonzero dispersion

One interesting possibility is to operate the ALS with some finite positive
dispersion in the straight sections in order to reduce the emittance and
dispersion in the arcs. As discussed in section 3 operating with finite
dispersion reduces the horizontal emittance (close to a factor of 2). It is
important to characterize the performance of the machine in that
operational mode. We need to look at the reduction in emittance and the
impact on injection and lifetime. Also with the new power supplies it is
possible to see if there is an impact when the periodicity is perturbed.

10.4.7 Betatron tune feed forward compensation for the insertion devices

As mentioned in Section 3, the stable operational region in tunespace will
be reduced when operating with the Superbends. Presently we experience
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large tuneshifts when the insertion devices move. This is already
undesirable since tune changes translate into beam size changes as the
tune moves closer or further from the linear coupling resonance. These
tune changes may become more serious with the Superbends because
the reduced operational region in tunespace.

There is a known relation between gap and tune change for each insertion
device. Since the total tune change will be sum of the tune change from
each of the insertion devices one can calculate the total tune change by
knowing only the gap changes. So one can read the gap positions,
determine the tune change and adjust quadrupole magnets to
compensate the tune. This is called tune feed forward compensation.

There are two possible difficulties with feedforward compensation. The
first is that the quadrupoles can cause orbit changes in addition to tune
changes. If the quadrupoles move slow enough the orbit changes will be
compensated with the global orbit feedback system that was
commissioned in 1999. So this problem may not be too serious.

The second possible problem has to do with tune drifts. It may be possible
that over a long 1.5 GeV run where the quadrupoles are frequently
adjusted up and down the tunes slowly drift away. Since we are feeding
forward on the tunes and not feeding back, we would not take care of this.
(Because the present tune measurement system perturbs the beam it is
not desirable to measure the tunes during normal user operation.) This is
something that can be tested in a physics shift by artificially moving the
insertion devices very quickly over wide ranges and feeding forward on
the tunes. We can see how much the tunes move. If necessary the
development of a new tune measurement schemes will be sped up to
enable tune feedback.

We should commission a tune compensation feed forward system prior to
the Superbends being installed in the storage ring.

10.4.8 Preparation for difficulties establishing stored beams

When the Superbends are first turned on it may be difficult to capture the
beam. This was the case when the storage ring first turned on. It will be
important to gain additional practice with the turn-by-turn beam position
monitors (FADs) which are in the ring in the event that we have trouble.
We may want to artificially put in errors in the machine and see if we can
diagnose them with the FADs in the event that there is trouble.
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10.4.9 Preparation for accurate alignment of the orbit

The ideal orbit of the beam will pass through the center of the QFA and
QDA quadrupoles both on the upstream and downstream sides of the
Superbends. Therefore it is necessary to determine the position of the
center of the QFA and QDA quadrupoles. This is done through beam-
based alignment of the QFA and QDA magnets. For beam-based
alignment of the QFAs we need to finish commissioning of the QFA
shunts. Each QDA quadrupole can be individually adjusted so there is no
need for shunts for beam-based alignment. In doing this we will be able to
put the beam through the center of the QFAs and QDAs in the Superbend
sectors simultaneously and determine the best position for the orbit in the
Superbends.

10.4.10Test the Superbend EPBI system

It is most likely that we will require the BPMs surrounding the Superbends
to limit the maximum excursion of the beam to prevent excessive heating
of the beam chamber. Therefore we will need to test the beam abort
system when using the BPMs surrounding the Superbends. This can only
be done after the new buttons and electronics are installed.
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UTILITIES

11.1 Utilities - General

The primary access route for utilities associated with the Superbend storage ring
modifications is shown in Figure 1. Magnet power cables, signal cables, and the
cryocooler compressor lines will enter the storage ring through 6 inch diameter
holes drilled through the storage ring inner radius shielding wall at each Super-
bend sector. The utilities will then lay in a 24-inch wide by 6-inch high tray near
the shielding roof. Magnet power cabling will be routed from the tray to the mag-
nets on the outer radius side of the electron beam center line to avoid blocking
lines of sight for survey and alignment. The holes through the inner radius
shielding wall will be located to avoid the internal re-bar and spaced at least 24
inches from any pin location on the inner radius shielding wall. The tray will span
the distance between the inner and outer shielding walls and be supported at the
ends only, so that the shielding roof can be removed without disturbing the utili-
ties in the tray. The trays will be positioned approximately 24 inches down stream
from the Superbend and will have dividers separating the magnet leads, low volt-
age control wiring and the lines from the cryocooler compressor.
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Figure 1. Storage Ring Cross-section at Superbend Magnet
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A 33-inch diameter hole will be drilled through the existing roof shielding to pro-
vide access to the connections on the top of the Superbend cryostat. The roof
shielding block will have a reinforcement frame around the 33-inch diameter hole
" to provide adequate strength to the roof shielding block as drilling the 33-inch di-
ameter hole will cut through existing internal re-bar. There will be a removable
spacer on top of the reinforcement frame to provide space for cryogenic transfer
lines to exit the storage ring. There will be a Concrete Plug over this hole to pro-

vide adequate radiation shielding. See Figure 1.

11.2 Utilities - Quadrupoles QFA

QDA 1

QDA2

Cryo Transfer Lines - 1.0" O.D.

SB
QFA———

==\,

B BB 6

Superbend

////////////////

Number of : Cable Cur-|Cable Volt-
Magnet conductors in Conductor Caple 0.D.| Cable Cable rent Rating | age Rat-
cable gauge inches Type Ibsfft. Amps ingVolts
QFA1 & QFA2 3 #3/0 1.45 TC 1.988 - 600 600
QDA1 & QDA2 2 #2/0 1.09 TC 0.810 130 600
SB 2 #1/0 1.26 TC 1.144 | 350 600

Figure 2. Cross-section through Superbend Utilities Tray

The two existing Quadrupoles, QFA1 and QFA2, at each Superbend sector will
be removed from the existing series wiring of all storage ring QFAs. The existing
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11.3

11.4

11.5

wiring will be jumpered at each Superbend sector to remove these two quad-
rupoles and to leave the remaining storage ring QFA Quadrupoles in series.
QFA1 and QFA2, at each Superbend sector, will be wired in series to a single
power supply. See Figure 2.

The power supply for these two QFA Quadrupoles will be located in a rack inside
the inner radius shielding wall of the Storage ring. The conductors from power
supply to Quadrupoles will enter the storage ring through 6-inch diameter holes
drilled through the storage ring inner radius shielding wall. See Figures1 & 2.

Utilities - Quadrupoles QDA

The two new Quadrupoles, QDA1 énd QDAZ2, at each Superbend sector will
each be powered by a separate power supply. See Figure 2.

The power supplies for these two QDA Quadrupoles will be located in a rack in-
side the inner radius shielding wall of the Storage ring. The conductors from
power supply to Quadrupoles will enter the storage ring through 6-inch diameter
holes drilled through the storage ring inner radius shielding wall. See Figure1.

Utilities - Superbend

Each Superbend Magnet, will be powered by a separate power supply. See Fig-
ure 2. The existing gradient magnets will be removed from the series wiring of all
gradient magnets and the existing cables will be jumpered to preserve the series
wiring of the remaining gradient magnets.

The power supplies for the Superbend Magnets will be located in a rack inside
the inner radius shielding wall of the Storage ring. The conductors from power
supply to Quadrupoles will enter the storage ring through 6-inch diameter holes
drilled through the storage ring inner radius shielding wall. See Figures1 & 2.

Utilities - Cryogenic

Each Superbend Magnet will be cooled by a cryocooler. The compressor for the
cryocooler will be located inside the inner radius shielding wall of the Storage
ring. The supply and return compressor lines to the cryocooler will enter the stor-
age ring through 6 inch diameter holes drilled through the storage ring inner ra-
dius shielding wall. See Figures1 & 2.

Each Superbend Magnet will be capable of being rapidly cooled by use of liquid

Helium and liquid Nitrogen. Each magnet will also be capable of running on liquid
cryogens in the event of cryocooler failure. The Helium and Nitrogen transfer
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11.6

lines will be routed from the top of the cryostat, through the new 33-inch diameter
hole in the shielding roof and to appropriate dewars on top of the roof shielding.
See Figure 1. Bayonet type connections will be used at the Cryostat to transfer
line interface so that the transfer lines and the main roof shielding block can be
removed without warming of the cryostat or loss of insulating vacuum.

Utilities - Miscellaneous

Control and signal wiring will enter the storage ring through 6-inch diameter holes
drilled through the storage ring inner radius shielding wall. See Figure1.

Control and signal wiring include: Hall probe signals, Cryostat heater signal wir-
ing, Interlock wiring, and cryostat ion gauge wiring.
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