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SUMMARY 

The U8.0 Undulator described here is a 55 period, 8 cm period, 4.5 meter long 
insertion device. Designed for the Advanced Light Source (ALS) storage ring at the 
Lawrence Berkeley Laboratory, this insertion device will provide high brightness, 
quasi-monochromatic radiation in the 6 to 1,000 eV energy range.1 

This conceptual design report includes sections on: parameter development, 
spectral performance and accelerator requirements, physics specifications and the 
detailed conceptual design of the magnetic structure, the Insertion Device Magnetic 
Measurement Facility, the support/drive systems, the insertion device control 
system, the vacuum system and installation for the U8.0 undulator. 

Magnetic Backing Beam r structure Support Structure -, 
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1.8 SCOPE 

The purpose of this conceptual design report is to assemble in a single document the 
preliminary design of the U8.0 Undulator. This report describes the establishment 
of the parameters, the performance, the specifications, and the proposed design. 
Adoption of this conceptual design report will provide a baseline design from which 
a detailed design of the U8.0 Undulator can follow. 

Specifically, the sections of this conceptual design report include: 

Section Description 

2.0 PARAMETER DEFINITION AND REVIEW PROCESSES-How 
the U8.0 parameters were established, how they can be changed, 
and the planned review process to insure an acceptable design. 

3.0 INSERTION DEVICE PERFORMANCE-U8.0 Spectral 
performance and accelerator requirements. 

4.0 INSERTION DEVICE SPECIFICATIONS-U8.0 Physics and the 
Magnetic Measurement Facility specifications. 

5.0 INSERTION DEVICE CONCEPTUAL DESIGN-Detailed 
conceptual design descriptions of the subsystems of the U8.0 
undulator. The subsystems include: 

Section Subsystem 

5.1 Design Philosophy 

5.2 Magnetic Structure 

5.3 Insertion Device Magnetic Measurement Facility 

5.4 Support/Drive System 

5.5 Insertion Device Control System 

5.6 Vacuum System 

5.7 Installation 

The detailed description of the Insertion Device Magnetic Measurement Facility, 
Section 5.3, is found in the U5.0 Undulator Conceptual Design Report dated 
November 1989.2 

The estimated cost for the U8.0 Undulator, the Insertion Device Magnetic 
Measurement Facility, and the associated fabrication schedules, are to be found in 
ALS documents.314 



2.0 PARAMETER DEFINITION & REVIEW PROCESSES 

The parameters for the insertion device for the ALS are determined by a broad range 
of requirements that have been evolving since it was first proposed as the Advanced 
Light Source, in 1982. However, there are three major areas that combine to 
establish the ID parameters. These are: 

Spectral requirements-as proposed by the potential users of the ALS; 

Accelerator design-as developed by the ALS Accelerator Physics Group; 

Performance and tolerance limits for the mechanical, magnetic, and 
electrical components-as developed by the ALS Experimental Systems 
Group. 

The last two areas have had considerable input from the ALS Engineering Group. 

2.1 Parameter Changes 

Following the conceptual design review, this document will be updated and will 
establish the baseline U8.0 Undulator design parameters. These parameters will be 
entered into the ALS Parameter List5 to be used for the detailed design of the ALS. 
To change the parameters after this point in the process will require a formal review 
of the proposed changes along with an assessment of the impact the changes will 
have on device performance, cost, and schedules. Parameter changes are initiated by 
submitting a proposed change on an ALS Parameter List/Scope Change 
Authorization Form, submitting it to the Project Office. To be approved, the 
proposed change must be reviewed by the following three groups: Accelerator 
Physics, Experimental Systems, and Engineering. 

2.2 Review Process 

Adoption of this conceptual design report establishes a baseline conceptual design 
for the U8.0 Undulator. The follow on to this conceptual design is the detailed 
design of the various subsystems and the respective final design reviews of these 
subsystems prior to commencing fabrication. 

Of the four major subsystems for the U8.0 Undulator , only the magnetic structure 
will have final design review: 

Magnetic Structure-Periodic Structure Design; 
Magnetic Structure-All other components; 

The support/drive system, the control system, and the vacuum system will be very 
similar to those designed for the U5.0 Undulator. 

The design reviews should occur between 4 and 12 months after acceptance of the 
conceptual design. 



3.0 INSERTION DEVICE PERFORMANCE 

3.1 Spectral Requirements 

The U8.0 Undulator will be the third of a family of insertion devices to be built and 
installed on the ALS. This 55 period, 8 cm period, 4.5 meter long device is designed 
to operate in a range of energies from 6 eV to 1,000 eV, as shown in Fig. 1. The solid 
curves show spectral brightness during commissioning and the dashed-solid show 
spectral brightness for dedicated operation. To cover this range requires operating at 
1.3 T B,ff at minimum gap to reach the lowest energy and the ability to produce a 
high brightness in the lst, 3rd, and 5th harmonics. The former can be accomplished 
by designing a robust magnetic structure, while achieving the latter depends on 
understanding the characteristics of the accelerator and establishing appropriate 
error tolerances for the U8.0 design. 

U8.0 Spectral Brightness n=1,3,5 

Photon Energy (eV) 

FIG. 1. U8.0 Undulator brightness over the usable photon energy range. 

The most stringent requirements on the U8.0 Undulator design come from the goal 
of a high brightness 5th harmonic and storage ring limits on integrated quadrupoles. 
The intensity of the light in a spectral peak from an insertion device is limited by 
the characteristics of the electron beam and the field errors in the device itself. Only 
the error fields perpendicular to the average electron beam axis are considered. 



These field errors can be considered in two separate groups: random and systematic. 
The random errors cause the brightness of a spectral peak to be reduced. The 
reduction in spectral performance associated with a random field error causes light 
to be produced over a broad range of frequencies outside the peak itself. The effect of 
a given set of magnetic field errors on spectral output can be calculated; however, we 
need to set error limits before a device is constructed. 

The relationship between the reduction in spectral brightness and the random field 
errors is shown in Fig. 2.6 This relationship is the result of an analytic calculation 
for a statistical ensemble average. This does not necessarily apply to any single 

- 

device. In the figure, N is the number of undulator periods, o is the rms field error, 
n is the harmonic number, and K is the deflection parameter. FA and GA are two 
functions describing loss of performance and are explained in the reference. If we 
allow a 30% reduction in the peak intensity then the allowable random field error is 
0.35% for U8.0, which becomes the requirement. This limit is similar to that 
observed in other devices. The BL X Wiggler at SSRL and the TOK at NSLS both 
have random magnetic field errors that are similar to this value. 

FIG. 2. Spectral brightness limits. 



Systematic errors in the magnetic field produce a very different type of effect on 
spectral performance. Variations in both field B and in period h produce a chirp in 
the frequency of the light produced. The result is a broadening of the peak, while 
the total power in the peak remains approximately constant. 

The characteristic linewidth for a perfect insertion device is determined by the 
machine characteristics, the number of periods, and the spectral harmonic number. 
Here, we restrict the systematic field errors to a level where their contribution to 
spectral width is equal to the linewidth of the 5th harmonic in a perfect device. 

Several parameters for the insertion device that are determined by user 
requirements are summarized in Table I. These include: I) the rate at which the 
frequency of the emitted light can be changed-which is related to the rate of 
variation in K, B, and gap, and 2) the minimum frequency shift that can be made- 
which is related to the minimum increment in gap that is possible. These two 
parameters are controlled by the limits associated with the requirement to produce a 
usable 5th harmonic. Good spectral performance requires that the steering error be 
small throughout the insertion device. Because of the systematic dipole fields 
observed in other devices, we have established the requirement of having the 
capability of producing local fields of the order of 5 G to provide horizontal steering 
within the device. Two types of tuning will be designed. One will be extendable to 
the full length and the other will be a segmented version to insure a straight 
electron trajectory within the device. 

The variation in K along the insertion device will produce a "chirp" in the 
spectrum, thus, broadening and reducing the height of the peak. Based on a goal of 
a usable 5th harmonic, we allow the variation of K along the device to broaden this 
harmonic by, at most, an amount equal to the characteristic width of the line that 
would exist if the insertion device were perfect and if the machine were operating in 
its normal multibunch mode. Thus, the maximum allowable increase in linewidth 
is 40%. 

TABLE I. Requirement for the ALS insertion device. 

Parameter Value 

Useable harmonics lst, 3rd, & 5th 

Minimum increment of photon energy 1/10 of 5th bandwidth 
-0.04% 

Minimum incremental gap motion l ~ u n  

Minimum time to go from minimum 5 minutes 
to maximum gap (slew) 

Maximum controlled photon energy can rates 1 bandwidth/ second 



3.2 Accelerator Requirements 

The beam in the accelerator is affected in two general ways by the magnetic fields in 
the insertion devices. The first is associated with the fields expected in a perfect 
device and the second with the possible error fields. In addition, the electrons will 
interact with any ions trapped in the combined fields of the electron beam and the 
insertion devices. Each of these items must be addressed in the process of insertion 
device design. 

In a perfect device, the periodic fields produce focusing in the vertical plane of the 
storage ring. For electrons in the core of the beam this focusing requires minor 
adjustments of the strengths of the storage ring quadrupoles. However, this 
focusing causes a break in the natural periodicity of the magnet lattice, which leads 
to a reduction of the dynamic aperture. Further, the higher spatial harmonics 
intrinsic to the perfect device contribute to perturbing forces that limit the 
momentum acceptance of the storage ring. Both these effects lead to a reduction of 
beam lifetime. 

These phenomena have been studied by using tracking codes by the Accelerator 
Systems Group. They concluded that the effects of undulators (operating at their 
maximum fields) on the dynamic aperture of an otherwise perfect machine, were 
substantial. However, the machine acceptance, which determines the gas scattering 
lifetime, was limited by the vacuum chamber gap in the insertion device itself, not 
by the reduction in dynamic aperture. When other imperfections were considered, 
an unexpected phenomenon was observed, causing a reduction in the Touschek 
lifetime. This effect is still under investigation. However, the results to date 
indicate that the resulting beam lifetime, including the effects of both insertion 
devices and the machine imperfections, will be acceptable. 

The fact that the insertion devices have an effect on the machine must be balanced 
against other effects inherent in a real machine. For example, if the field errors in 
the ring accelerator magnets are considered alone, there is a significant decrease in 
the dynamic aperture. The effects of both have been calculated and the expectation 
at present is that insertion devices meeting the proposed specifications will not 
cause noticeable degradation of the dynamic aperture of the ALS beyond that 
produced by other errors. 

Error fields are introduced by construction tolerances, as well as by the intrinsic 
fields of the insertion devices. The main problem with these field components, as 
far as the storage ring is concerned, is that they change as the undulator field 
changes. Correction elements that compensate for the linear terms are included in 
the machine. However, to compensate for the effects of each scanning device 
simultaneously will require action by the control system. Therefore, specifications 
are developed for the error fields that will have a minimal effect on the storage ring, 
possibly without the necessity for compensation. 



The first and second integrals of the principal field, By, should be zero for all values 
of the gap. Non-zero integrals will lead to an electron beam displacement in the 
insertion device and a net kick. One of the most significant effects of vertical error 
field will be horizontal distortions of the electron orbit at other places around the 
ring. These distortions can be significantly larger than the displacements in the 
device and can have a significant effect on the performance of other insertion 
devices and their experimental beam lines. The limit set on the vertical field 
integral is 100 G cm. 

There will be some horizontal magnetic fields perpendicular to the beam in the 
device due to various errors. These fields are not easily calculable, but their limit 
can be set based on steering requirements at a somewhat higher level, 500 G cm. 
They will be corrected by the ALS steering magnets. 

These values are relatively small, but within the range of measurements that have 
been made for the other devices built and measured by LBL. 

In addition to net dipole fields in the devices, there is the need to assure that off axis 
particles are not focused by integrated fields in the device, and that the beam will not 
be steered incorrectly if it does not pass exactly down the center. These requirements 
establish the limits on the allowable quadrupole, skew quadrupole, and sextupole. 
These are presently set at 50 G cm/cm, 50 G cm/cm, and 50 G cm/cm2, respectively. 

In addition, there is a requirement on the integrated octupole field in the insertion 
device. The goal is to have this value small compared to the octupole in the ring 
magnets, which is 3.6 G/cm*. The value of I G/cm2 has been suggested, but it is not 
clear how to determine or correct this parameter in the insertion device. 

There are questions associated with the commissioning of the machine that affect 
the insertion devices. To achieve a high magnetic field in the devices, it is necessary 
to have the gap as small as possible. We have chosen 1.4 cm (or possibly 1.5 cm, if 
clearing electrodes are required) as the minimum gap, which corresponds to a 
vacuum chamber aperture of 1.0 cm. Because there are uncertainties as to the initial 
operation of the machine, the commissioning process will begin with special 
chambers that will have 2.0 cm vertical apertures. During this early phase, the 
efficacy of clearing electrodes in the insertion device chambers will be tested. These 
tests will determine whether or not clearing electrodes will be included in the 
narrower gap chambers. 



The machine requirements on the insertion device are summarized in Table 11, 
including the vacuum requirement of 10-9 Torr, which is typical of the entire 
machine. 

TABLE 11. Requirements on the ALS insertion devices. 

-- - 

Parameter Limit 

Integrated quadrupole 50 G 

Integrated skew quadruple 50 G 

Integrated sextupole 50 ~ / c r n ~  

Integrated octupole 1 ~ / c m ~  

Required vacuum lo-g  TO^ 



4.0 INSERTION DEVICE SPECIFICATIONS 

4.1 Magnetic Structure 

The U8.0 Undulator will incorporate the hybrid magnetic configuration consisting 
of Nd-Fe-B magnetic blocks and vanadium permendur poles. The hybrid is chosen 
because of several advantages over the pure current sheet equivalent material 
(CSEM) design. 

The field is dominated by the characteristics of the poles, which can be 
made uniform both in size and magnetic performance. 

The errors in magnetic moments of the blocks can be averaged by sorting 
the blocks for the poles. 

Errors in the total magnetic moment of all the blocks on a pole have little 
effect on the electron beam, or the spectrum, because they contribute 
equally to adjacent poles and produce no electron beam steering. 

The peak field at each pole can be tuned by a small amount. 

A higher peak field is achievable. 

4.1.1 Magnetic Structure Requirements 

The engineering tolerances for construction of the U8.0 Undulator for the ALS are 
based on the design performance of the device as installed. Two types of errors affect 
the performance limits in different ways. In the first, the set of random errors 
associated with the characteristics and placement of individual components of the 
insertion device cause a reduction in spectral brightness. In the second, the set of 
systematic variations in gap that broaden the spectral peaks-the allowable 
systematic errors-are related to the quality of the ALS electron beam. 

The effects of the random errors are determined by a set of calculations that are 
based on the hybrid CSEM insertion device theory developed by K. Halbach.7 The 
possible errors, shown in Fig. 3, include vertical motion of a pole, variations in pole 
thickness, non-easy axis fields from the CSEM near the electron beam, and different 
spacings between the two poles and the CSEM block in a half period. In this section, 
we generate the values for the engineering tolerances for U8.0 from the error 
calculations.8~9 The magnitude of each error, mentioned above, which will produce 
a 0.1% variation (o) in the integrated flux crossing the midplane, per single half 
period, is given in Table 111. 



Vertical pole motion 

Pole thickness variation 

Spacing variation between pole 
and CSEM 

Easy axls misorientation 

FIG. 3. Hybrid magnetic structure errors. 

TABLE 111. Summary of individual errors that produce a 0.1% variation (o) in the 
integrated flux across the midplane for the U8.0 magnetic design. 

Error Type Value 

Vertical pole motion 40 P 

Pole thickness 260 P 

Easy axis orientation 0.92 degrees 

Spacing variation between poles and CSEM 145 pm 



One important goal of the design of the U8.0 is to limit the reduction in the spectral 
peaks associated with random errors in the magnetic field to 30%. This decrease in 
performance would be associated with the characteristics of an ensemble of insertion 
devices with random magnetic field errors of about 0.35%. Using 0.35% as the 
allowable random field error, and assuming that all errors add in quadrature, each 
of the errors in Table 111 can be assigned an error tolerance that is a fraction of this 
value. Further, the relative contributions can be adjusted depending on design 
criteria. 

It is necessary, for the purpose of building a device, to discuss the limits in the form 
of mechanical tolerances rather than errors. The relation between an error o and a 
mechanical tolerance can be determined by assuming a uniform distribution of any 
parameter within the tolerance t and requiring that the mean square variation be 
the equivalent to that of a Gaussian. The conclusion is that a tolerance t should be 
about 1.73 times the equivalent error o based on a Gaussian distribution. 

Of the several errors to be considered, there are two-the CSEM centering error and 
the pole width error-that are easy to control. These are addressed first, followed by 
the pole position error, which is determined by machine requirements, and the 
remaining error allowance is used to determine easy axis orientation error in the 
Nd-Fe-B blocks. 

The variation in the spacing between the CSEM and each side of the poles is 
determined by the tolerance buildup of poles, CSEM, and holder. It is possible to 
ascribe a maintainable tolerance of 100 pm to this difference, corresponding to a o of 
60 pm, or 0.04%, which will be combined with the other errors. 

The pole thickness can easily be controlled to 50 pm, which leads to a a of 30 pm or 
0.01 %. 

The error tolerance on vertical pole position is determined by two considerations. 
The first is the limit on quadrupole field in the insertion device. The other is the 
random field error at the midplane. 

Pole tilt can introduce quadrupole fields. The effect of pole tilt on the random field 
error is small, but the maximum allowable quadrupole field limits the relative tilt 
of a pair of poles to 0.24 mrad, or 18 pm over the width of the 8 cm pole. Using this 
same value as the tolerance for the gap variation, the random error contribution 
will be 0.03%. 

There can be errors in pole width. Using an approach similar to the one used with 
pole thickness errors, the pole width tolerance is 100 microns, which contributes 
little to the total error. 

The final major error is associated with misorientation of the easy axis. Having 
determined the other errors, the easy axis orientation error could be allowed to 
reach 3.0 degrees, thus, contributing 0.2% to the error budget. 



The error types, assigned tolerances, and magnetic field error contributions (o) for 
the U8.0 Undulator are summarized in Table IV, 

Table IV. Summary of magnetic tolerances for the U8.0 Undulator. 

Error Type 
Total 
Tolerance Error (%) 

Spacing CSEM to pole 

Pole thickness 

Vertical pole motion (gap) 

Pole width 

Easy axis orientation + 3.0 degree - 0.19 

Total: 0.20 - 

TABLE V. U8.0 insertion device parameters used to establish engineering design. 

Maximum peak field W . 4  cm magnetic gap) 

Effective peak field (Q1.4 cm magnetic gap) 

Period length 

Number of periods 

Number of full field poles 

Entrance sequence 

Overall length 

Pole width 

Pole height 

Pole thickness 

Number of blocks per half-period 
(one side of pole) 

End correction range (By) 

End correction range (Bx) 

Steering coils (short) 

Dipole trim coils (long) 

None 

- 5  hlong 

Steering and trim field strength 



The goal of achieving high brightness beams requires that the insertion device be as 
long as possible, 4.5 m, and have as many full periods as possible. However, it must 
also meet entrance and exit pole requirements. A total of one period is sacrificed to 
provide appropriate steering. 

The final set of parameters for the insertion device conceptual design are given in 
Table V. 

4.1.2 Requirements for CSEM Blocks 

Two types of blocks have been considered for the U8.O insertion device, samarium 
cobalt Sm-Co and neodymium iron boron Nd-Fe-B. The advantage of Sm-Co is its 
high resistance to radiation, whereas Nd-Fe-B is a higher performance material. 
Because the U8.0 can be expected to operate on the ALS for as much as 20 years, it 
was necessary to assess the possible effects of radiation over this period of time on 
these materials. A complete evaluation of this topic for the ALS insertion devices is 
given in a report elsewhere.10 The conclusions are summarized here. 

The expected ionizing radiation in each ALS insertion device, based on the 
assumption that half the beam is lost during each fill in 5 of the insertion devices 
and that there are 1,000 fills of the ALS per year, is only 3 x 106 rads. The limited 
data on Nd-Fe-B suggest that this level of radiation is below the level where there is 
a detectable effect on the material performance. The effect expected from neutron 
radiation during the 20 year life of a device is even less. 

During this study, there was an evaluation of the effect of shielding of the insertion 
device by the vacuum chamber. Both aluminum and stainless steel have been used 
successfully for this type of vacuum chamber. The aluminum chamber is less 
expensive and has better thermal conductivity. However, because the stainless steel 
has a higher density and a higher atomic number Z, it was thought that it might 
provide better shielding. A study using the EGS4 code was carried out at SLAC and 
the results show that there is little difference in this regard between aluminum and 
stainless steel.11 

The CSEM blocks that are used for insertion devices have typically been 
characterized by their three magnetic moments. Because of a the tight requirement 
on the allowable field errors in U8.0, measurements of just these three moments 
may not be adequate. The field errors in devices, such as the TOK at BNL-NSLS and 
the BE X Wiggler at SSRL, show large field variations in the regions between the 
poles, which indicate that the effects of local fields produced by the magnetic 
materials closest to the electron beam can have a significant contribution to the 
error fields. 

This suggests two approaches. First, the block size should be chosen so that there is a 
single block directly above the electron beam, i.e., there will be an odd number of 
blocks across the pole. We have chosen three blocks for the U8.0 configuration. 
Second, the usual sorting algorithm for the block material, which is typically based 



only on the principal moment alone, should be expanded to include the surface 
fields produced by easy axis orientation errors. 

Studies of the relationship between the surface fields and the easy axis orientation 
errors in some spare blocks from the BL X Wiggler sho,wed little correlation between 
the local surface field and the, presumably equivalent, easy axis moment 
components produced by the easy axis. Therefore, the surface fields of the blocks in 
the U8.0 must be characterized. 

The Nd-Fe-B material used in the blocks must be of high quality. A coercive force, 
H,, greater than 10.6 kOe, is specified. The magnetization must also be linear, to 
120% of Hc [third quadrant] at a temperature of 50 degree C after thermal 
stabilization. 

The block dimensions are determined by a complete magnetic analysis of the 
structure and are developed in Section 5.2.1. However, dimensional tolerances for 
the blocks are determined by: assembly procedures, overall tolerances of the set of 
blocks as they are glued into the pole assembly, and the final assembly of the device. 
These considerations allow a dimensional tolerance of 60 pm for the block 
thickness. 

The variation of the dipole moment of the individual blocks is determined by the 
0.1% standard deviation allowed in the total magnetization on the poles. 

The Nd-Fe-B blocks must also be supplied with appropriate surface preparation for 
good adhesion in the pole/keeper assembly, and to avoid oxidation over the 
expected life of the device. 

4.1.3 Backing Beam Requirements 

The spectral width of the output of an insertion device is determined by the 
following factors: 

- The intrinsic linewidth; 
- The momentum spread of the electron beam; 
- The angular divergence of the electron beam; 
- The systematic variation of K along the insertion device. 

The first of these is determined by the insertion device design. The next two depend 
on the machine and its operating conditions. The last item is determined, to first 
order, by the structural rigidity of the device and the temperature gradients in the 
structure, which lead to gap variations. In this section, we describe the effects of 
each of these items on spectral linewidth, discuss the various ALS operating 
conditions and use these as inputs to establish a limit on the systematic gap 
variation for U8.0. 



The insertion device U8.0 will be 4.5 meters long and will have nominally 55 
periods. One performance goal for U8.0 is to have a usable 5th harmonic. Thus, the 
intrinsic linewidth, in terms of the o of the 5th spectral harmonic of a 55-period 
undulator, is given by: 

where the factor of 2.35 between FWHM and Obi has been included, n=5 is the 
harmonic number and N=55 is the number of periods. This is the width of the line 
produced by a single electron passing through the device. 

Not all the electrons in the ALS have exactly the same momentum. The 
momentum spread of the beam depends on the operating conditions. The values of 
A p / p  or op that can be expected are: 

0.08% multibunch mode 
0.06% multibunch mode (low intensity) 
0.13% single bunch mode 

The most likely operating condition is the multibunch mode, with a A p /p  of 0.08%, 
though one might expect on occasion to operate at the lowest possible momentum 
spread of 0.06% to limit spectral broadening. 

For the multibunch mode ohp = 2op = 0.16%. 

The electron beam angular divergence also affects the linewidth. Electrons that are 
not exactly on axis produce light on axis that is slightly lower in energy than that 
from on axis electrons, which gives a skewed distribution in the spectrum rather 
than a simple Gaussian. This can be seen from the following relation. For small 
angles, 0yc< I 

where h, is the on-axis wavelength. 

Given the distribution of electrons in 8, n(8) , we can calculate the distribution in h, 

The distribution in h can be shown to be a one sided decaying exponential. The 

question is how to extract a reasonable value of 0x0 that can be compared and 



combined with the variations of the other parameters. The approximation used 
1 

here is to first find the value of Ah when n(Ah), and also d B ) ,  is 0.5 and assign of 

this value to ole. 

Thus: 

This expression must be evaluated for two operating conditions. The first is the 
specified beam emittance of 10 nm radians and the second is the intrinsic emittance 
of 4 nm radians that might eventually be achieved. These lead to horizontal 
divergences of 30 and 20 micro radians, respectively. (The ratio between x and y 
emittances is about 10, so we need only address the x emittance here.) 

Since the value of ole is affected by K as well as the beam divergence, there is a range 
of conditions that must be considered. We use two extreme K values, 0 and 10, and 
the two values described above for the divergence. The standard deviations 0x6 for 
the two extreme cases are 0.8% and 0.007%. However, as a reference point for 
further calculations set K = 5 and oe = 3 x 10-5, which gives a ole of 0.03%. 

Combining the three effects: intrinsic linewidth, beam momentum spread and beam 
divergence, there are several possible limits for the effective spectral linewidth okt,t 
produced by an insertion device with no systematic gap variation. These range 
0.22% to about from 0.83%, with the reference or performance value okt,t of 0.22%, 
as given by: 

Finally, we limit the allowable spectral broadening due to a systematic gap, or K 
variation, to this inherent standard deviation determined by the storage ring 
characteristics and the number of periods. The allowable variation in K can be 
determined by the relation 

which, in the limit of large K, becomes 



The standard deviation o~ must be converted into a tolerance, i. e., to the 
maximum and minimum values of K possible. The factor 1.73 is used for the 
conversion and noting that the value of K can range both above and below the 
mean value, the variation in K can be +0.19%. 

This can now be converted into a gap variation by using the following relationship 
between gap and K: 

This gives an allowable gap variation of 96 pm which is most important at 
minimum gap where the magnetic forces are largest. Thus, it imposes a structural 
requirement on the backing beam. 

4.1.4 End Rotators 

Field correction capability will be built into the last two poles at each end of the 
insertion device. The purpose of these corrections is to provide correct entry and 
exit of the electron beam and to allow for a correction of some dipole field error. 
New designs for the end correction have been developed that may allow a single 
setting for all gaps. Nevertheless, some correction is assumed to be necessary in the 
end field tuning and there may be the need for gap dependent adjustment. The 
tuning limit is set here to be equal to 3,400 G cm, which corresponds to about 20% of 
the midplane flux in a single half period. 

4.1.5 Axial Temperature Gradient 

There is an additional limit on the structure associated with the variation in K 
caused by a temperature gradient axially along the insertion device. Since the 
allowable variation in K from this effect must be small compared to the variation 
calculated in Section 4.1.3, and the variation of H in Nd-Fe-B is about 0.12%/ degree 
C, the axial temperature gradient limit is 2 degrees C for both the operation of the 
device in the machine and for the magnetic measurements. 

4.2 Magnetic Measurement Requirements 

Several types of magnetic measurements will be made on the AES insertion devices 
and their components. There are three major types of magnetic measurements that 
are to be performed: determining the magnetic characteristics of the Nb-Fe-B blocks, 



measuring the fields of individual poles at one location at, or near, the pole surface 
along with measuring the fields of the 0.8 m long assembly sections, and mapping 
the fields of the entire device. 

The requirements for each of these will be discussed in detail below. 

4.2.1 Block Measurements 

The principal dipole moment of each Nb-Fe-B block that will be used in the 
insertion device must be measured to an accuracy that will allow subsequent sorting 
into groups of six blocks to produce a standard deviation of 0.1 %, or less for the total 
moment on a single pole. The blocks proposed for the U8.0 Undulator will have a 
volume of 33.3 cm3 and a magnetic moment of about 3.5 x 10-5 Wb-m. 

The rms allowed variation in the energization of the poles is 0.1%. If this is 
conservatively ascribed to, the rms deviation for the six blocks together, then the 
error in determining the quantity must be less, say, half or 0.05%. This leads to an 
allowable error in the measurement of the moment of each block given by: 

Two factors can contribute to this error. The first is the measuring system itself, and 
the second is the temperature at which the block is measured. Moment 
measurements are considerably more accurate than 0.05% so they will contribute 
little to this error. However, the temperature coefficient of Nb-Fe-B, 0.12% per 
degree C, suggests it will be necessary to measure the temperature accurately and 
control it to better than 1 degree C and correct the measured moments for 
temperature. 

The fields seen by the electron beam are affected by easy axis orientation of the blocks 
nearest to the beam. Some Nd-Fe-B blocks left over from the BL X Wiggler were 
measured to correlate block surface fields, measured with the device shown in Fig. 4, 
with the moments of the blocks in directions perpendicular to the easy axis. There 
was little correlation, as shown in Fig. 5, and the surface fields vary considerably 
across the face of individual blocks. This is in part due to the fact that the blocks, as 
received, are apparently made up of two blocks. 

Thus, some block surface field measurements will be required. Integrated surface 
field errors are commensurate with the angle error and must be less than 150 G 
cm.12 The measurement accuracy required is 20 G cm. After some 10% of the U5.0 
blocks are measured for surface field errors and analyzed, it may be possible to 
reduce the number of required surface field measurements to only those blocks 
closest to the electron beam. 



Nd-Fe-B 
Block 

Surface Flux 
Search Coil \ Block Holder 

FIG. 4. "Iron Maiden" used for surface magnetic field measurements. 
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FIG. 5. Surface field versus dipole moment comparison using BLX Wiggler blocks. 



4.2.2 Pole Assembly Section Magnetic Measurement 

Each individual pole assembly for the U8.0 Undulator will be assembled, checked 
mechanically and tested with a Hall probe in a special fixture to determine pole field 
strength. After being qualified by this procedure, the poles will be mounted on an 
aluminum structure to form 0.84 m long assembly sections. Each assembly section 
will be measured with a Hall probe to determine the field By as a function of z.  
Because the field is varying rapidly in y, it will be necessary to hold position 
tolerances in z and y very accurately. The proposed measurement consists of z scans 
at one or more x positions, with about 20 z-values per period. This will allow 
resolution of the 9th spatial field harmonic of By. 

The result is the following requirements for the measurements. 

Number of points per period >20 

Step size ~ 2 . 5  mm 

Field accuracy r t l G  

y position 

z position (assumes interferometer 
monitoring) 

x position (not critical) -25 pm 

Measurements of the assembly sections can be performed with equipment similar to 
that used for the complete device as described below, or with an entirely separate 
system. Compatibility and interchangeability are desirable. The y positioning 
specification is very tight for the assembly sections. Pole assemblies may have to be 
moved to control field errors. 

4.2.3 Requirements For Measurements of the Full Insertion Devices 

The requirements for the magnetic measurement of the full insertion device are 
based on the two requirements discussed in Section 3.0. Namely, the field quality 
must be adequate to produce light of the required quality and intensity, and the 
insertion device must not have an adverse affect on the electron beam in the 
accelerator. These have been translated into allowable field errors that determine 
the requirements for the magnetic measurements. 

To determine the spectral performance of the U8.0 will require a knowledge of the 
local fields to <I G. The limit on the magnetic field integrated along the path of the 
electrons, both to avoid beam deflection and to assure good spectral output, is 100 G 
cm. This also requires measurement of the Iocd fields to I G or better. This type of 
measurement accuracy has been achieved by Hall probes with their output 
integrated later, off-line, or with coils that extend axially for one or more periods. 



The detailed numerical evaluation of these measurements on all ALS insertion 
devices must be done while the device is in the measurement facility to allow for 
adjustment of the end correctors and the possible internal trim coils. This places a 
requirement on the number crunching capability of the computer and workstation 
needed for the facility. 

The ability to measure the fields accurately in an insertion device places tight 
tolerances on the accuracy with which the measuring probes are positioned. The 
strong gradients in the axial direction of the principal field, By, place the most 
stringent requirement on positioning and on the position monitoring system. The 
maximum axial variation of the field is about I G per ym and the average gradient 
is about 0.6 G per ym. Typically, axial positioning tolerances of 2.5 ym have been 
achieved on earlier measurements and are similar to those required here. They are 
also about the limit expected with laser interferometers over 5 meters. 

The requirements for the measurements of the full insertion device are 
summarized in Table VI below and some of the possible scans that will be made are 
listed in Table VII. 

TABLE VI. Magnetic Measurement Requirements for the Full Insertion Device. 

Parameter Value 

Field measurement 

Field accuracy 

Positioning accuracy z 

Positioning accuracy y 

Positioning accuracy x 

Scan capability z 

Scan capability y 

Scan capability x 

Step size x, y, z 

+ 2.5 Tesla 

+ 1 G  

2.5 p 

25 w 
25 w 

from 0.3 cm above the lower 
pole to 0.3 cm below the upper 
pole 

<1 mm-adjustable 

Temperature rtl degree C 

100G on 

1 0  G crn 



TABLE VII. Magnetic Field Scans Required for ALS Insertion Devices. 

1. Longitudinal scans of %, at - 2 mm increments in z, x = 0, y = 0, 
- 3 m < z < + 3 m .  

2. Combined longitudinal and transverse scans of By; Az - 2 mm, 
Ax-2mm,y=0, 4cm<x<4cm, -3m<z<3m.  

3. Combined axial and transverse scans of By; Az = 2 mm, Ax -2 mrn, Ay = 2 rnm, 
-4cm<x<4cm,-1 crn<y<lcm,-15cm+z,<z<15cm+zo. 

4. Longitudinal scans of Bx and BZ; Az = 2 mrn; x = 0, y = 0, -3 m < z < 3m. 

5. Longitudinal scans of single period coil measuring By and &. Signal captured in 
= 2 mm increments, -3 m c z < 3 m. 

4.3 Vacuum System 

The vacuum system specifications for the U8.0 Undulator are driven by storage ring 
requirements. These include: 

4.3.1 Aperture Requirements: 

The clear apertures for the ALS insertion devices for commissioning of the storage 
ring and for dedicated operation are shown in Fig. 6. For commissioning, the beam 
aperture is a 60 mm horizontal by 20 mm vertical ellipse. For dedicated operation, 
the vertical height is reduced to a 10 mm vertical aperture. 

mrn 

Commissionin 

Aperture Aperture 

FIG. 6 .  Insertion device beam apertures for commissioning and dedicated operation. 



4.3.2 Vacuum Requirement: 

The vacuum specification is based on cross-sections for scattering of the electron 
beam by the residual gas and ions in the vacuum chamber [the elastic scattering 
cross-section is 2/3 of the total and the inelastic scattering is the remaining 1/31 and 
leads to a 10-9 Torr vacuum requirement at 1.5 G e V 4 0 0  mA operation after 40 A h 
of operation. 

4.3.3 Diagnostics: 

Beam position monitors are required at both upstream and downstream locations 
on the insertion device vacuum chamber for locating the electron beam. 

4.3.4 Clearing Electrodes: 

Development work on clearing electrodes was initiated for ALS insertion devices, 
but is currently on hold. At present, there are no plans for a clearing electrode to be 
installed in the U8.0 Undulator vacuum chamber. 



5.0 INSERTION DEVICE CONCEPTUAL DESIGN 

The U8.0 Undulator mechanical design is shown in Fig. 7. The major subsystems 
identified are: the magnetic structure, which includes the hybrid pole assemblies 
mounted on pole mounts that are attached to the 4.5 meter long backing beams; the 
support and drive system, which includes the framework for supporting the 
magnetic structure and the mechanism for opening and closing the magnetic gap; 
the vacuum system, which includes a 4.9 meter long vacuum chamber and its 
associated pumping system; and the control system. 

5.1 Design Philosophy 

The approach taken for the initial complement of ALS insertion devices has been 
toward a generic design with the objective of reducing engineering and fabrication 
costs and for easier maintainability. 

Present plans call for the initial complement of insertion devices to include three 4.5 
meter long undulators, two, U5.0s, and a U8.0, and a 2.5 meter long wiggler, W13.6. 
By subsystem, the following commonality exits between these planned devices: 

Magnetic Structure: 

- Scaled undulator magnetic configurations. 
- Similar backing beams for the undulators. 
- Wiggler backing beam is half-length of the undulator 

backing beam 

Support /Drive System: 

- Identical support structures for the undulators. 
- Identical drive systems for all devices. 
- Support structure shortened for the wiggler. 

Control System: 

- Identical control systems for all devices. 

Vacuum System: 

- Similar vacuum chamber configurations for the undulators. 
- Wiggler vacuum chamber similar to undulator but 1/2 length. 
- Identical pumping systems for the undulator vacuum chamber. 
- Similar pumping system for the wiggler. 
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FIG. 7. Proposed U8.0 Undulator design. 



The design, fabrication, testing, and installation of the U8.0 Undulator will take 
advantage of the LBL experience with the BL VI and BL X Wigglers that are now 
operational at SSRL.13,14 

5.2 Magnetic Structure 

The magnetic structure includes the periodic magnetic structure, the end rotators, 
the 4.5 m long backing beams and auxiliary tuning coils. 

5.2.1 Periodic Structure Magnetic Design. 

The periodic magnetic structure consists of Neodymium-Iron-Boron blocks and 
vanadium permendur poles.15 The configuration is conventional with a 
rectangular pole and Nd-Fe-B block array. A half period (h/2) section of the 
structure is shown in Fig. 8. Generally, the principal objective of the design effort is 
to develop a magnetically well behaved structure which yields a high value of Berr 
(as defined below) for mid-plane fields. The design approach utilizes Halbach 3-D 
Hybrid Theory and 2-D modeling with PANDIRA which is a sub-code of the 
POISSON Group of computer codes.16 Here, the configuration was chosen to have 
the same cross-sectional configuration as U5.0 for economy and ease of manufacture 
yet provides the necessary performance. 

FIG. 8. Magnetic Structure-half period configuration. 



5.2.1.1 Calculation of Structure 

PANDIlRA allows convenient 2-D modeling of anisotropic materials. The Nd-Fe-B 
characteristics are defined by the remanent and coercive field intercepts of the linear 
B-H curve along with its easy axis orientation angle. The vanadium permendur is 
described by a non-linear B-H curve which has been developed from measured data 
and is included in the input to PANDIRA. 

2-D models are used to optimize the pole thickness, to provide detailed information 
about magnetic behavior and to provide flux information for the 3-D calculation. 
Vector potentials, which are the fundamental quantities calculated by PANDIRA, 
are used in detailed harmonic analyses and pole face investigations described below. 

The optimum pole thickness is influenced by various parameters including 
saturation behavior of the pole material, operating point of the CSEM and ratio of 
gap to period and spatial harmonics in the magnetic field. All of these geometrical 
and magnetic properties are defined and utilized in the 2-D PANDIRA models 
which are used in the optimization of the pole thickness. For U8.0 this 
optimization process yields a pole thickness of 1.28 cm or pole thickness to CSEM 
thickness ratio of Tpole/Tmem = 0.471. 

The transverse width of the pole is determined by external considerations such as 
constraint of dBy/dx where x is the transverse direction (perpendicular to the beam). 
This dimension is 8.0 cm for U5.0 and is also used for U8.0. The starting point of the 
Nd-Fe-B above the pole face comes from vacuum chamber and measurement 
constraints. 

Application of the 3-D hybrid theory is necessary for the design procedure since 2-D 
assumptions can yield configuration errors greater than 10 %. The 3-D calculation 
separates the flux that enters and leaves the pole into what are called direct or Br 
fluxes and indirect or scalar potential fluxes. The total direct flux for each pole is 
equal in magnitude to the total indirect flux associated with each pole. The direct 
fluxes come from the Nd-Fe-B and set the pole on a certain scalar potential. The 
indirect fluxes result from this scalar potential and are calculated for all surfaces and 
2-D corners of the pole. 

The final dimensions of the struclre come from balancing of the direct and indirect 
fluxes, where overhang dimensions and pole height are manipulated to achieve 
desired performance and minimal volume of Nd-Fe-B. The overhang contributes 
to the direct flux and causes an increase in the scalar potential of the pole. 
Calculations for U5.0 gave an optimum overhang on the sides and top of the 
structure of 1.2 cm. The optimum overhang for U8.0, scaling the U5.0 design, would 
be 1.92 cm. However, for economy, and to maintain similarity with the U5.0, its 
overhang of 1.2 cm is selected. 

Calculations for U5.0 also yielded a pole height of 5.0 cm. The final pole height 
selected, which corresponds to dimension Hpole in Fig. 8, uses 6.0 cm. This increase 
compensates for typical variations in material conditions in the pole and/or the 



CSEM which may cause loss of Beff performance. For U8.0, when scaling the U5.0 
design, a scaled pole height of 9.6 cm is obtained. Again, for ease of manufacture 
and economy, the 6 cm pole height is selected, which combined with the other 
dimensions, gives adequate magnetic performance, and a threshold of 6 eV for 
undulator light. 

5.2.1.2 Harmonic Content of Undulator Fields 

Harmonic content is examined via Fourier analysis of the vector potentials 
calculated in 2-D by POISSON and PANDIRA. The periodic structure is assumed to 
be infinitely long and wide. The y-component of the fields in such a structure can be 
described by : 

where k = 27r/hu, B1 is the amplitude of the fundamental and b2,+1 = Bzm+l/B1 is 
the normalized amplitude of the 2 m + 1 field component. 

The third harmonic (b3) at the mid-plane for the design pole thickness of 1.28 cm is 
11.6% of the fundamental at the design gap of 1.4 cm, and decreases for larger gaps. 
Higher harmonics are negligible (b5<0.36%, b7<0.77%). 

5.2.1.3 Performance Criterion-B,ff 

Mid-plane field performance Beff depends on the operating point of the Nd-Fe-B 
and the pole thickness (Tpole), where B,ff is given by : 

5.2.1.4 Block Sorting 

Block sorting will consist of a principal sorting algorithm as well as secondary 
algorithms to address easy axis orientation errors and surface fields as described in 
section 4.1.2. 

The principal sorting algorithm is designed to arrange blocks into groups of six 
using the criterion of principal dipole moment strength, i.e., main component in 
direction of nominal easy-axis orientation. The objective is to construct groups of 
blocks such that the average dipole moment of the group deviates as little as 
possible from the average for all groups. 

The sorting method consists of several steps of monotonic ordering and pairing of 
blocks and subgroups of blocks. First, an average is established for the entire 
measured population of blocks. Those blocks with the greatest deviation from this 
average are successively removed from the population until a minimum sortable 



group remains. This group consists of a sufficient number of blocks for the 
magnetic structure and any necessary spares. 

The sortable group is monotonically ordered and arranged into pairs such that 
blocks with the largest moment values are paired with those of the smallest 
moment values. These pairs are now monotonically ordered, based on their 
average dipole moments and split into three equal groups consisting of the pairs 
with the lowest, middle and highest average dipole moments. The lowest and 
highest groups of the three are then monotonically ordered and paired to form 
groups of four. 

The groups of four and the remaining pairs are monotonically ordered and selected 
to form groups of six blocks, each of which will be associated with a given pole as in 
Fig. 8. 

Previous experience indicates a reduction in 3.0% deviation from average for the 
3.0% for individual blocks to less than 0.4 % after the first pairing. The expected 
result for the next operation is a reduction from 0.4% to less than 0.1%. 

The next ordering step occurs within each group of six where blocks whose moment 
values deviate most from the average of the group are placed farthest from the 
electron beam. This scheme is subject to modification when minor component 
orientation errors and measured surface field errors are sufficiently large. Final 
ordering within each group will be based on a weighted priority system which 
considers the relative magnitudes of these different errors. 

5.2.2 End Pole Magnetic Design 

To avoid steering perturbations of the beam as it travels through the insertion 
device, it is necessary to control the configuration of the fields at the ends. In 
previous devices this was accomplished with coils located at the ends of the devices. 

Because of concerns about dimensional instability caused by coil heating effects, no 
end coils are used in this design. Instead, the basic end pole design utilizes a system 
of Nd-Fe-B rotors to fine tune the ends of the insertion device. These rotors allow 
precise and convenient adjustment of end fields and their position can be set 
manually or remotely controlled. 

As shown in Fig. 9, there are four rotors at each end of the device, two above the 
horizontal midplane and two below. There is an additional fixed quantity of Nd-Fe- 
B at the location of each rotor. Beginning with the pole after the second rotor the 
structure is periodic with the full quantity of Nd-Fe-B between each pair of poles. 
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FIG. 9. End rotator configuration. 

The pole indexing convention is also given in this figure, with the first up-down 
pole pair as n=O, the second as n=l and so on. The ideal normalized scalar potential 
of each pole is shown on each pole in the figure. The normalization factor is simply 
1 / I Vp I where Vp is the scalar potential of poles in the periodic region of the device. 

As shown, the magnitude of the scalar potential of the first up-down pole pair is 
zero, the second is 1/2 and the third is 1, with appropriately alternating signs. This 
distribution results in zero beam steering and rapid transition to full periodicity. A 
small beam displacement also results but it is of the order of one wiggle amplitude 
and can be neglected. 

The zero scalar potential of the first pole pair is maintained by direct magnetic 
linkage of the upper pole to the lower pole. The scalar potentials of the other poles 
are controlled by their geometry and the amount of Nd-Fe-B between them. 



The excitation which comes from the Nd-Fe-B between poles 0 and 1 is given by the 
excitation due to the fixed material, Ef, and the effective excitation due to the 
material in the rotor, E,. The total effective excitation Et is given by: 

where $ is the angle between the orientation axis of the rotor material and that of 
the fixed material. If we let A1 be the normalized effective excitation from material 
between poles 0 and 1 then Al = Et / Ep where Ep is the excitation from the normal 
amount of material between poles in the periodic region of the insertion device. 

Similarly we let A2 be the normalized effective excitation from material between 
poles 1 and 2. The quantities A1 and A2 can now be used in the development of 
approaches to end tuning. 

5.2.2.1 Steering Minimization Using A1 and A2 

Normal gap dependent end related errors are sufficiently small so that it is 
reasonable to consider a fixed rotor approach to end tuning. Adjustment of pole 
excitation is accomplished by manually varying the orientation of the rotors and 
then locking them in place at their optimum settings. The objective is to determine 
a fixed orientation for all rotors that minimizes the steering errors introduced by the 
end configuration over the entire range of gaps. 

We will see that by using this approach the steering errors can be made so small that 
the corrections can be accomplished by the steering magnets outside the I.D. 

The steering introduced by the end configuration can be written as: 

In this expression, S(g) describes the steering produced by as assembled end 
configuration. The second term on the right hand side of this equation describes the 
contribution to the steering caused by a change of the excitation produced by the 
CSEM between poles 0 and I, and poles I and 2, COF and Co are capacities describing 
flux distributions of excited poles and are accurately known functions of the gap g, 
Wpole is the width of the poles. e is a factor describing the decay of pole potential 
perturbations along the length of the device and is also an accurately known 
function of gap. 

The optimization procedure will be executed as follows: after S(g) has been 
determined experimentally, AA1 and AA2 will be chosen such that the largest 
amount of steering required at any gap will be minimized. After A1 and A2 have 
been adjusted to the new values, the new S(g) will be measured and the same 
optimization will be done again if the largest I S(g) I is still too large. Since we are 



dealing with experimentally determined S(g) and well known functions 
CoF(g)/Co(g) and ~ ( g ) ,  we expect that at most one iteration will be necessary. 

The initial setting of Al and A2 will be determined from an optimization that uses 
for S(g) data obtained from a combination of POISSON runs and analytical 
expressions. Since the theory for calculating S(g) is not quite as accurate as the theory 
for CoF(g)/Co(g) and ~ (g ) ,  the initial values for A1 (=.095) and A2 (=.52) will probably 
not lead exactly to the predicted value I Stat I init=28 G-cm, but that value is a good 
indication, at least to an order of magnitude of what is achievable. At 1.5 GeV, this 
corresponds to a steering error of 5.6 pad ,  small enough to be correctable by a 
steering magnet 54 cm away from the end of the insertion device. 

As previously stated the ideal potential distribution is 0, -1/2, 1, -1 . . . for the upper 
half plane poles with opposite signs for the lower half. Fixed rotor positions result 
in a deviation from this scalar potential distribution given by the function T(g), 
which represents a normalized perturbation amplitude for the scalar potentials of 
the poles for n 2 2. The previously described function ~ ( g )  acts as a decay factor 
which is applied to T. 

The deviation from the normalized scalar potential of pole 2 is T(g). For pole 3 this 
deviation is reduced by the factor E. For pole 4 the reduction factor is E squared. 
Thus, beginning with pole 2 and moving away from the end, the normalized pole 
potentials, V,, are given by: 

V , = ( - l ) " + ~ ~ - ~ r ( ~ )  for n 2 2  

Predicted maximum values for T(g) and E are of the order of 0.1 and 0.5 respectively 
and indicate a small perturbation of the ideal potential distribution which rapidly 
decays to a negligible magnitude beyond one period. 

In the unlikely event that unusually large end-related, gap-dependent errors occur 
in the device, an approach has been developed to vary the rotor position . For this 
approach, the A1 rotors are coupled to a stepping motor and encoder that are linked 
to a programmable control system. The A2 rotors are manually set to minimize the 
necessary adjustment range of the A1 rotors. The gap dependent error contour that 
is determined by actual measurements of the device will determine the positioning 
program for the rotors. This tuning system should allow complete nulling of end 
related steering errors over the entire gap range. 



5.2.2.2 Auxiliary Coils 

Either of the above end tuning methods can be used in conjunction with auxiliary 
dipole coils and steering coils, which are designed to provide fine tuning capability 
along the length of the device. The insertion device structure and end configuration 
are designed for direct incorporation of any combination of the above mentioned 
systems if required by measurements of the final device. 

5.2.3 Periodic Magnetic Structure Mechanical Design 

For the U5.0 undulator, a test pole assembly was built, as shown in Fig. 10, and tested 
to verify magnetic field performance. Measured peak field for the test pole assembly 
at minimum half-gap was 5% higher than predicted by the Halbach 3-D Hybrid 
Theory. Therefore, for the U8.0 undulator, a test pole assembly and associated 
testing is not planned and the peak field performance will be based solely on 
calculations using the Halbach 3-D Hybrid Theory. 

Referring to Figs. 11,12, and 13, the basic building block of the periodic magnetic 
structure is the half period pole assembly, which consists of an aluminum keeper, a 
vanadium permendur pole, and 6 Nd-Fe-B blocks. 

The vanadium permendur poles will be machined, heat treated and then finish 
ground. Each pole will be pinned to its keeper with four stainless steel pins and 
secured with two stainless steel screws. All the pole and keeper assemblies will 
have a final trimming grind on the back of the keeper so that the overall height of 
all these assemblies will be within 25 pm. A simple dowel pin will be provided in 
the back of each keeper, combined with a close keeper thickness tolerance and 
precision spacers, to provide the required half period spacing of each half period 
pole assembly on the pole assembly mount. 

For the U8.0 Undulator, 1,324 full size Nd-Fe-B blocks and 48 smaller Nd-Fe-B blocks 
are required. To account for block breakage, blocks that do not meet specifications, 
incorrectly assembled and damaged pole assemblies, requires the purchase of about 
8% extra blocks or 1,480 blocks total. 

The Nd-Fe-B permanent magnet blocks for U8.0 are to be ordered per LBL 
Specification, M74717 . Key sections in Specification M747 include: 

Magnetic Properties: 

2.1 A nominal coercive force of 10.6 kOe after thermal stabilization - at 
25 O C. 

2.2 A nominal intrinsic induction, that is linear within 2.5% to at least 
120% of the nominal coercive force a t  50°C after thermal stabilization. 
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FIG. 10. U5.0 Undulator test pole assembly. 
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FIG. 11. U8.0 half period pole assembly. 
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FIG. 12. U8.0 magnetic structure configuration. 
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2.4 Blocks thermally stabilized at 60' Centigrade for 3 hours. 

2.5 The direction of magnetization, easy-axis, to be within rt3 O. 

Mechanical Properties: 

3.1 Block dimensions are 27.068 mm thickness [direction of 
magnetization] x 35.00 mm width x 35.00 mm length. Thickness 
tolerance is 30.030 mm. Width and length tolerances are 2.25 mm. 

Coating Information: 

4.1 Blocks to be suitably coated with a metallic coating, thickness at least 
0.010 mm and not to exceed 0.030 mm, to prevent corrosion in a 25" 
Centigrade - 75% relative humidity environment. 

Packaging: 

6.1 Blocks are to be shipped in foam cubes, 10 cm on a side, to make 
subsequent handling at LBL easier. 

The Nd-Fe-B blocks will be inserted into the pole assembly using a block holder and 
then held in place with a fixture bonding. The adhesive will be cured at room 
temperature. 

The secondary building block of this design will be the assembly section. Half period 
pole assemblies will be mounted onto the pole mounts. The support points for the 
pole mounts will be located to achieve minimum deflection due to the magnetic 
loading on the pole mounts. The length of these mounts is determined by the 
allowable deflection due to the magnetic loading. For those used In the 
U8.O Undulator, the maximum length is approximately 84 cm. The mating surface 
of the pole assembly mount to which the half period pole assemblies are fastened 
will have a flatness of 12 pm. Though shimming is possible, no shimming of the 
half period pole assemblies to the pole assembly mounts is contemplated with the 
specified assembly tolerances. 

5.2.4 End Rotor Mechanical Design 

The conceptual mechanical design for the end rotor system discussed in section 5.2.2 
is shown in Figs. 14 and 15. As previously explained the rotors will either be 
manually adjusted to fixed positions or, if necessary, will be controlled via stepping 
motor and an encoder arrangement. 
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FIG. 14. End rotator mechanical layout. 
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FIG. 15. End rotator drive system. 



The stepping motors will drive the rotors through a gear reducer and coupling 
system. The gear reduction system allows higher angular resolution of rotor 
position as well as reduction of magnetically induced torque on the stepping motor. 
Locking features internal to the stepping motor or external position holding devices 
will maintain rotor position when necessary so that motor heating can be avoided 
when holding torque is required for the rotors. 

An absolute encoder in conjunction with a harmonic drive phase adjustor will be 
used to monitor the position of the rotors. The phase adjustor allows calibration of 
encoder readout to rotor angular orientation. 

The motors, encoders and related hardware are housed in a sheet metal enclosure, 
as shown in Fig. 15 above. This provides a protected, dust-free environment and a 
modular design, which facilitates maintenance and repair of the control units. 

5.2.5 Backing Beam Mechanical Design 

The backing beam, shown in Figs. 7 and 16, will be a skirted-box section design with 
a very rigid moment of inertia to length ratio resulting in minimum deflection due 
to the magnetic load on the backing beam. The backing beam will be a welded steel 
construction. To minimize material creep, the welded backing beam will be stress 
relieved, rough machined, stress relieved again, and final machined. The support 
points for the backing beam will be located to achieve minimum deflection. 

The half period pole assemblies and end pole assemblies will be bolted to the pole 
mounts using a milling machine and assembly holding fixture. As previously 
mentioned, the variation of pole heights from the pole mounts is to be within 
25 pm. Each half period pole assembly will be bolted to the next half period pole 
assembly with precision spacers, and all the half-period pole assemblies will be tied 
together with tie-rods. If required, shimming may be done longitudinally between 
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FIG. 16. Backing beam configuration. 



the half period pole assemblies by exchanging spaces of different thicknesses. Pole- 
to-pole positioning accuracy is to be within 38 pm. The completed assembly sections 
will be bolted to the backing beam using an assembly fixture. The assembly sections 
will be subsequently shimmed so that the pole faces above the support points are 
aligned to a plane within 12 pm. Achieving the pole-to-pole and the assembly 
section alignment tolerances will be done with the aid of a laser interferometer 
system. 

From the allowable systematic gap error of 96 pm, an allowable backing beam 
flatness variation is determined as half of the gap error, or 48 pm. Errors that 
contribute to this backing beam distribution include the backing beam deflection due 
to magnetic load, thermal distortion, assembly section mounting and the drive 
system gap reproducibility (see Section 5.4.2). 

Backing beam deflection calculations, carried out for the U5.0 Undulator magnetic 
loading and scaled for U8.0 Undulator, give the follow results:l8 

Deflection of beam without cutouts 3.5 pm 
Additional deflection due to cutouts 1.3 pm 
Additional deflection due to support location errors 1.1 pm 

Total deflection due to magnetic loading 

Deflections of the beams due to their own weight, provided they are equal, do not 
affect the gap variation. 

Deflections due to a vertical temperature gradient in a backing beam are of more 
concern. These deflections are: 

3.4 pm/O.l degree C at the center of the beam. 

7.8 pm/O.l degree C at either end of the beam. 

To minimize deflections due to vertical thermal gradients will require good vertical 
circulation of the air at the insertion devices. Fortunately, the thermal time 
constant of the backing beams is long-24 hours-compared to a typical photon run 
of 8 hours, and can be increased to 40 hours with the addition of a 1/2 inch of 
Ensolite foam. 

As mentioned previously, assembly section alignment is to be within 12 pm. 

Drive system half-gap reproducibility (see Section 5.4.2) is estimated as 5.5 p m / C  = 

3.9 pm. 

Table VIII shows the error budget for the backing beam. 



TABLE VIII. Backing beam error budget. 

Backing beam deflection due to 
magnetic loading 

Thermal distortion allotment 

Assembly section alignment tolerance 

Drive system half-gap 
reproducibility 

Allowable backing beam flatness 
tolerance 

5.2.6 Auxiliary Tuning 

The approach to correcting local steering errors is to judiciously add either 
permanent magnet or iron shims symmetrically to pole pairs to produce local 
steering fields. Two cylindrical holes are provided in each keeper assembly, close to 
the pole face, which extend to the pole where permanent magnet material, or iron, 
can be positioned. 

As a backup to the shimming method, tuning coils have been designed into the 
magnetic structure in the event that difficulty is encountered in achieving the 
required field performance. Tuning coils envisaged include dipole coils and 
steering coils. As needed, the dipole correcting coils would be a single set of coils or 
multiple sets of coils to provide up to rfi 5 G, at a 2.5 cm gap, of uniform dipole field 
either over an assembly section, or over multiple assembly sections or over the 
length of the undulator. A set of 4 steering coils would provide up to + 5 G, at a 2.5 
cm gap, of steering field either over a 25 cm length. Fig. 12 shows both the dipole 
and steering coil configurations. 

Coil parameters are as follows: 

Parameter Dipole Coil Set Steering - Coil Set 

Field @ a 2.5 cm gap r t 5 G  r t 5 G  

Current 9 A 9 A 

Coil length 87 cm 

Number of Turns /Coil 12 

Number of Coils/ Set 2 

Power/Coil Set 13 W 16 W 

For the U8.0 Undulator, the coils will be designed, but will not be fabricated, unless 
difficulties in field performance require their usage. 



5.3 ID Magnetic Measurement Facility 

5.3.1 Introduction 

Three general types of measurements are needed for insertion devices: 1) block 
measurements for determining the magnetic characteristics of the Nd-Fe-B blocks, 2) 
assembly measurements for measuring fields at, or near, the poles along the 0.84 m 
long assembly sections, and 3) insertion device measurements for mapping the 
fields of the entire device. 

Block measurements will include determining major and minor axes moments, 
and measurements of the surface flux. Insertion device sub-assemblies will be 
measured with Hall probes, and possibly point coils. Full insertion devices will be 
measured with Hall probes, point coils, one period length coils and multiperiod or 
long coils. 

The magnetic measurement equipment required for the above indicated 
measurements is currently under development and is discussed in Section 5.3, "ID 
Magnetic Measurement Facility," in the U5.0 Undulator Conceptual Design ~ e ~ o r t . 2  

5.4 SupportIDrive System 

The support/drive system includes the support structure that provides the 
framework for holding the magnetic structure and drive train and the drive system, 
which will open and close the magnetic gap. The U8.0 Undulator Support/Drive 
System is to be identical to the U5.0 Undulator System. Below is a description of 
that system. 

5.4.1 Support Structure Design 

The support structure is designed to support a maximum magnetic load of 84,000 
lbs, the loading due to a 1.85 T-field, 10 cm wide pole in a 5 m long undulator. The 
support structure design developed is compatible with the storage ring tunnel and 
the adjacent beamlines. It can accommodate the vacuum system and has an 
alignment method and a floor support system. 

The 4-Post configured support structure, Fig. 7, was selected over the C-Frame type 
configuration for the following reasons: 

1. Greater tunnel walkway clearance. 

2. Gap deflection less due to more rigid support structure. 

3. No pole rotation due to symmetrical loading. 

4. Better access for assembly of components. 



The main advantages of a C-Frame-type structure are that it would be open on its 
outer radius which would allow magnetic measurements with an external 
measurement system and allow insertion device installation with the vacuum 
chamber in place. 

The support structure design is shown in Figs. 7,17,18,19, and 20. Building from 
the floor, the support structure will consist of a base onto which four vertical posts 
are mounted. Four horizontal beams that carry the backing beams of the magnetic 
structure will be mounted on these four posts. These four horizontal beams will be 
inserted through the webbing of the backing beams to minimize the overall height 
of the support structure to less than 8 feet. (As previously explained in Section 5.2.7, 
these cutouts in the webbing of the backing beams cause only small additional beam 
deflection.) 

The base will be a welded assembly containing three y-axis leveling mounts for a 
kinematic support system. The x & z axis adjustments will also be provided at each 
leveling mount. This arrangement provides a limited but satisfactory range of 
adjustments for alignment in all six degrees of freedom needed for installation and 
alignment. 

The four vertical posts and four horizontal beams will be bolted to the support 
frame. This modular arrangement allows for ease of fabrication, installation, 
calibration and servicing. 

All subassemblies will be stress-relieved before final machining to minimize 
material creep. 

During assembly, survey fiducials will be placed on the four vertical posts and 
various other surfaces to facilitate installation alignment of the undulator in the 
storage ring. Either optical tooling survey alignment or ALS coordinated surveying 
system will be used for the final alignment. Periodic leveling to accommodate 
ground settling will use the same y-axis leveling mounts. 

A magnetic load compensating spring system will be provided to buck the gap 
dependent magnetic load.19 Looking at Figs. 21,22, and 23, a spring assembly 
consists of several stacks of belleville washers and one helical compression spring 
selected to match the magnetic load to within 20% for a 84,000 pound magnet load. 
For U8.0, the magnetic load is 34,000 pounds. The compensating spring system 
provides the following advantages: 
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FIG. 19. Undulator elevation view. 



FIG. 20. Undulator installed in storage ring. 



Be 1 
Was 

levi 
hers 

FIG. 21. Magnetic load compensating spring. 

(10) 125 0.0. X 71 LD. X 6 THICK (mrn) 
Slrdtd (5) u t r  urlrr d pvlW pJR 

30 - 
(8) 125 0.0. X 71 I.D. X 6 THCK (mn) 

(12) 125 0.0. X 71 I.D. X 6 THKW (mn) 

v - ( 6 ) - - d d -  

20- 

LOAD , 
LBS. X 10 

(12) 125 0.0. X 61 ID. X 6 THICK (mn) 
Slrdtod (6) u t r  urlrrd pw~Wp&a 

10 - 
(6) 125 O.D. X 61 I.D. X 6 TtMX (mn) 
srrdud $uin 

0 1 
0 0.1 0.3 0.4 0.5 0.6 0.7 O d  0.6 1 A 

DEFLECTION, In. 
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FIG. 23. Selection of springs for compensating spring unit. 

I. Reduced system friction, which gives better positional response from the 
drive system. 

2. No motor load holding torque required at any magnet gap, which gives 
stationary stability when the null position is reached. Motor current can 
be turned off or reduced to minimize motor heat-up. 

3. Elimination of "lifting" when the magnetic load exceeds the gravitational 
beam weight of the lower backing beam. 

4. Reduced structure compression, which gives better gap reproducibility. 

5.4.2 Mechanical Drive System Design 

The drive system design capabilities include opening the magnetic gap with an 
84,000 lbs magnetic load; a step resolution d.02 pm (based on 1/10 of the 5th 
harmonic of U3.65 undulator); a velocity >2.31 mm/sec (based on a scan rate of 1 
bandwidth/sec for an 11 cm period device). Interfacing with the control electronics 
allows both local and remote control. The magnetic gap range will be 1.4 cm to 21.6 
cm. 

Various aspects of the drive system are shown in Figs. 17, 18, 19,24, and 25. The 
backing beams will be supported by the Transrol roller screws. These roller screws 
are in turn, all connected together with a system of roller chains, sprocket wheels 
and spring-loaded idler sprocket wheels. A gearbox and a stepper motor will drive 
the system. An absolute rotary encoder will be coupled to a Transrol roller screw 
shaft to read the absolute position of the magnet gap. 



FIG. 24. Undulator drive system schematic. 
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FIG. 25. Transrol roller screw layout. 



The roller screws are to be supported on spherical bearings mounted in the support 
structure horizontal members. Four right-handed roller screws on the upper 
section and four left-handed roller screws on the lower section coupled by shaft 
couplings and roller chains and sprocket wheels combine to provide equal but 
opposite vertical motion of the upper and lower backing beams. This system is 
coupled to the gear box by roller chains and sprocket wheels. The stepper motor is 
connected to the gear box by a flexible coupling. 

The drive system has been sized to drive the system under maximum magnetic load 
(minimum gap), even though compensating springs will be used to buck the 
magnetic load (see Section 5.4.1). The roller screw will have a 2 mm pitch. Since 
there will be upper and lower roller screws the total pitch will be 4 mm/revolution. 
The gear box will be a 30:l reduction unit. The stepper motor will have 200 steps per 
revolution. A selection of 10 micro-steps/step by the control electronics for the 
stepper motor will provide 2,000 steps/revolution operation and result in a gap 
resolution of 0.07 pm. At 2000 steps/revolution operation, the motor can easily be 
driven at a velocity to move the gap from full closed to full open in <1 minute. The 
stepper motor will be capable of moving the gap for step scans at the rate of one 
bandwidth/second. For an 11 cm period insertion device, this translates into a 
maximum gap change rate of 2.3/mm/second. 

An absolute encoder is coupled to one roller screw shaft by means of a Flex-E-Gear 
drive with a 4:1.75 step-up ratio. The encoder selected will have a resolution of 
16,384 word counts/revolution. This combination will read out to a resolution of 
<O.lp. A harmonic drive phase adjuster will be used to calibrate the gap to the 
encoder readout. 

Analysis of the proposed drive system design yields the following:20 The gap 
position uncertainty due to stick-slip is < 0.4 pm. Backlash is estimated at 87 gm in 
gap motion, which requires unidirectional scanning and control of the undulator 
gap. With unidirectional scanning, the scan-to-scan gap reproducibility is estimated 
to be within 11 pm. 

Protection for the drive system will be as follows: 

1. Closed-loop control system with preset limits for travel stored in the 
computer program. 

2. Micro-switches for minimum and maximum gap positions hard-wired to 
the control system. 

3. Mechanical stops for minimum and maximum gap positions. 

4. Stepper motor can be stalled at full torque current. 

5. Mechanical drive components are designed to handle full stepper motor 
torque. 

6.  Full load current sensing in the control system for shut down after a 
preset time interval. 



5.5 Insertion Device Control System 

The goal of the insertion device control system (IDCS) is to provide sufficient 
position accuracy, resolution, velocity, and range for the motors and encoders to 
accommodate the full compliment of anticipated insertion devices. If possible this 
should be accomplished using the same hardware and software so as to minimize 
the development effort and maintenance costs. The motor controller should be 
commercially available or assembled with commercially available modules from a 
well based manufacturer. In addition, the IDCS must provide for control and 
monitoring of dipole and steering correction coil power supplies, as well as for gap 
dependent rotator positioning, if needed. 

The IDCS will be integrated into the overall accelerator computer control system. 
The insertion device gap must be capable of being controlled (via request to the 
accelerator control system) and monitored by the experimenter using the generated 
synchrotron radiation. During development the insertion device will be capable of 
being manipulated through the IDCS by a local computer so that the necessary 
control and monitor algorithms can be determined. 

The control system block diagram is shown in Fig. 26. Five intelligent local 
controllers (ILCs), which are part of the several hundred in the accelerator computer 
control system, are used to control the commercial motor controller and monitor 
the absolute position encoders. One ILC coordinates the activities of the other four 
and communicates with either the accelerator control system database or an IBM-PC 
depending on whether the running condition is local or remote. This ILC contains 
the compensation data tables that give the rotator positions and the tuning coil 
settings required for each gap position. 

The commercial motor controllers/indexers interfaced through an RS232 lines to 
the ILCs. Provisions for interfacing limit switches are included in the indexer as 
well as the ability to compensate for backlash and to program acceleration and 
deceleration curves. The indexers can be programmed to microstep the motors with 
as many as 25,000 steps per revolution. With the designed gear ratios 2,000 steps per 
revolution corresponds to about 0.1 pm of gap motion per step. 

Absolute position encoders are used to give accurate return-to-position information 
without the return-to-home required when using incremental position encoders. 
This is very useful in case of temporary power failure. The gap encoder is of the 
rotary type and is connected to the gap lead screw as close as possible to the gap. It 
covers the total range of 20.2 cm with a resolution of 0.1 pm. The accuracy may not 
be this good but should approach the accuracy of 5-10 pm that can be obtained by a 
commercial linear absolute encoder placed across the gap. The rotator absolute 
encoder is also rotary and has an accuracy of 512 counts for the one revolution 
required. 
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FIG. 26. Insertion device control system. 



The compensation coils, if required, would be driven by commercial bi-polar power 
supplies that have standard 0.1% stability and will be connected to the ILCs using 
their on-board digital to analog (DAC) and analog to digital (ADC) converters. 

5.6 Vacuum System 

The vacuum system proposed for the U8.0 Undulator is nearly identical to that 
being designed for the U5.0 Undulator. 

A plan view of the U8.0 undulator vacuum system is shown in Fig. 27. Two 
vacuum chambers are required for ALS operation, one chamber for commissioning 
and one for dedicated operation. The commissioning chamber will have a 2.0 cm 
vertical aperture and a cross section that more closely follows the cross section of the 
storage ring sector chamber. The dedicated operation chamber will have a 
rectangular aperture with 1.0 cm vertical aperture. 

5.6.1 Vacuum Chamber 

The Insertion Device vacuum chamber, as shown in Fig. 27, includes the vacuum 
chamber, six side ports and one top and bottom port near the exit end of the 
chamber for vacuum pumps as described in paragraph 5.6.3. Several smaller ports 
along the side of the chamber will be used for a roughing system, ion gauge and an 
RGA head. There will also be a flange located at the upstream end for insertion of 
NEG pumps and a viewport for possible remote visual inspection of the aperture. 
The above are common features for both the commissioning chamber and the 
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operational chamber. Fig. 28 shows a cross sectional view of each chamber. The 
commissioning chamber will be different from the dedicated operational chamber 
in that the 2.0 cm clear aperture has a profile that more closely follows that of the 
storage ring sector chamber. 

The dedicated operation chamber will have a 1.0 cm clear aperture and slanted 
support ribs to minimize deflection. The slanted ribs are on the ante chamber side 
of the chamber and coincide with the thin windows required for the pole tips of the 
magnetic structure. 

The chambers will be fabricated from aluminum alloy 5083 H321 plates. This 
material was chosen over stainless steel for economy and the fact that there is little 
difference in the radiation dosage to the CSEM material. This alloy is also the same 
material chosen for the storage ring sector chambers so fabrication should benefit 
from fabrication experiences currently under way on the sector chambers. Both 
chambers will be machined to provide a minimum horizontal gap of 21.8 cm, 3.2 cm 
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FIG. 28. Vacuum chamber cross-sections. 



to the inside circumference of the storage ring for the circulating beam aperture and 
18.6 cm to the outside circumference to avoid bending magnet radiation from 
hitting the wall of the vacuum chamber. Both chambers will also have an ante 
chamber along the complete length and to the outside circumference for increased 
conductance for pumping. Most of the unwanted synchrotron radiation will be 
absorbed by the photon stop located at the exit end of the chamber. 

The outside of both chambers will have pockets machined into them for the magnet 
poles to achieve a minimum magnetic gap of 2.4 cm for commissioning and 1.4 cm 
for dedicated operation. The two halves will be welded together in a manner to 
facilitate the easy assembly and welding of all the required ports and to minimize 
warping. 

Deflections and stresses were examined for a generic 1 cm clear aperture vacuum 
chamber.21 The critical area for the vacuum chamber is the area where the 
windows are only 0.75 mm thick and the adjacent wall thickness is only 2.75 mm. 

The 0.75 mm window thickness was selected on the basis of experience with the B1 X 
Wiggler vacuum chamber where the thickness was also 0.75 mm. For U8.0, the 
calculated deflection of the thin window alone is 4 pm. 

The 2.75 mm chamber thickness in the CSEM region is the maximum practical 
thickness allowed by the magnetic design without additionally impacting insertion 
device field performance. The reason is that the magnetic design requires a 1.0 mm 
chamfer for the pole and a 1.0 mm vertical surface for measuring pole longitudinal 
position, which give a minimum setback of the CSEM from the pole of 2.0 mm, and 
with the 0.75 mm window thickness gives a total of 2.75 mm for the chamber 
thickness. 

A deflection analysis of the chamber thickness was carried out for the generic 
undulator vacuum chamber using the following parameters: an 8.0 cm period 
length, a span of 104.5 mm and a chamber wall thickness of 3.75 mm. The resulting 
net chamber wall deflection was 0.15 mm at the beam centerline and was 
maximum, 0.23 mm, at 28 mm from the beam centerline toward the anti-chamber. 
For U8.0 Undulator, the span and wall thickness of the vacuum chamber are the 
same as for the U5.0 Undulator; a 73.5 mm span and a wall thickness of 2.75 mm. 
Since the deflection scales directly with the fourth power of the length and inversely 
with the third power of the thickness for the span deflection, which is the major 
contribution to the total deflection, the span deflection for the U8.0 vacuum 
chamber is by a factor of 1.6. 

For the U8.0 vacuum chamber, as for the U5.0 vacuum chamber, the 73.5 rnm span 
length was achieved by adding slanted ribs to the chamber. This was necessary 
because the maximum stress level in the chamber without the ribs was calculated as 
13,000 psi, which is too close to the design stress of 14,000 psi, 75% of the yield 
strength of 5083 H321 aluminum at 150 degree C, our bakeout temperature. With 
the 73.5 mm span, the maximum stress level is 8,300 psi. 



The following tolerance budget described in Table XI11 was developed for fabrication 
of the vacuum chambers for dedicated operation. 

TABLE XIII. Vacuum chamber tolerance budget. 

Tolerance 

Clear aperture 

Min. window thickness 
2 x 0.75 mm 

Deflection under vacuum load 
and gravity-2 x (0.23 mm) + .08 mm 

Chamber-ID alignment 

Chamber-ID clearance for interlock 

Allowable fabrication chamber 
flatness tolerance 
Minimum magnetic gap: 

Under normal operating conditions, the heat input to the insertion device vacuum 
chamber due to photons striking the top and bottom surfaces of the chamber from 
the last upstream gradient magnet is less than 10 watts.22 

The effect of electron beam vertical missteering (during dedicated operation) was 
examined for the 1.0 cm high aperture vacuum chamber.23 Allowing the chamber 
material to approach 80% of yield, due to thermal stresses, the maximum allowable 
vertical missteering angle is '0.6 mrad, which is acceptable since the projected beam 
would hit the wall of the sector vacuum chamber above--or below-the slot where 
the insertion device beam exits through the slot. 

Clearing Electrode 

Though development of clearing electrodes was started on the U5.0 Undulator, at 
present, there are no plans for installing clearing electrodes in the U8.0 vacuum 
chamber. 

Pumping System Design 

The vacuum pumping system proposed for the U8.0 vacuum chamber was shown 
in Fig. 27. The pumping system consists of six combination 600 l/s titanium 
sublimation and 60 l/s ion pumps of commercial manufacture, which give a net 
pumping speed of 173 l/s each at the anti chamber, and an ALS Absorber pump of 
1450 l/s capacity. The beam aperture pressure distribution for the vacuum chamber 
was estimated after 40 Ampere hours of accumulated electron beam operation using 
a thermal outgassing rate of 10-11 Torr l/s cm2 and a molecular production rate, due 



to photon induced desorbtion, of 10-5 molecules/photon with only photons with 
energies greater than 10 eV considered.2425, The pressure distribution obtained is 
shown in Fig. 29 and is based on 1.9 G e V 4 0 0  mA storage ring operation. The 
average pressure distribution is 3 x 10-10 Torr in the insertion device vacuum , 

chamber beam aperture. For these same operating conditions and only 3 of the 
combination 600 l /s  titanium sublimation and 60 l /s  ion pumps installed the 
estimated average pressure is 1 x 10-9 Torr. An option will also be available to add 
two 3 cm wide by 450 cm long NEG (alloy ST 707) pumping strips, one above the 
midplane and the other below, in the antechamber. With the NEG strips, the ALS 
absorber pump and the 6 combination pumps activated the estimated average 
pressure for these same operating conditions would be 1 x 10 -10 Torr.26 

The pumps are located to provide an even pressure distribution throughout the 
chamber as well as missing support and drive system components. Each pump 
assembly consists of a transition piece from a rectangular port to a round port, a 90 
degree elbow, bellows and the pump. At the exit end of the chamber an ALS TSP 
Absorber pump is located. It consists of a photon stop that absorbs most of the 
unwanted synchrotron radiation directly over a TSP assembly and pumps the 
resulting gas load, which has been directed downward by the photon stop. 

The ALS storage ring vacuum system is configured with seven sector valves that 
allow isolation of the injection straight, the RF straight, and splits the remaining 
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ring into five sections. If necessary, seven more sector valves can be installed to 
allow each insertion device straight and adjacent down-stream arc sector to be 
islolated from the rest of the ring. 

5.6.4 Insertion Device Vacuum Control and Diagnostics 

There will be six 60 l / s  ion pumps with integral sublimation filaments on each 
insertion device. The pumps will be driven and monitored by ion pump 
controllers. These controllers are to be interfaced to the accelerator control system 
via the IEEE-488 bus. The titanium sublimation filaments will be powered by a 
single power supply multiplexed to the six pumps. The frequency and duration of 
sublimation will be learned experimentally and controlled by an ILC. It is expected 
that a few minutes sublimation once a week will be sufficient. If installed, 
activation of the NEG strips would be with the sublimation filament power supply. 
Ion pumps and sublimation filaments on the sector arc chambers will be operated in 
the same fashion. 

Monitoring of the ID vacuum chamber pressure will be accomplished in two ways. 
The ion pump current will be converted to approximate pressure in the local 
display. A voltage commensurate with ion pump current will be supplied to the 
controlling ILC via the bus and will be converted to pressure and presented to the 
operator as a pressure profile along the insertion device. Accurate pressure 
measurements in the UHV range will be accomplished at one of two locations with 
nude ion gauges and an ion gauge controller. This controller measures pressure 
above a milliTorr with a thermocouple vacuum gauge. This allows pressure 
monitoring when the vacuum chamber is being roughed down. An ILC will 
control and monitor the ion gauge controller via the IEEE-488 bus. This monitoring 
technique will be used in the sector arc chambers also. 

5.6.5 Insertion Device Electron Beam Position Monitor (BPM) 

Four button electrodes, similar in design to those in the sector arc chambers, will be 
installed in a symmetrical pattern about the beam centerline at each end of the ID, in 
the adjacent transition sections next to the flanges that connect to the ID vacuum 
chamber, to sense the electron beam. The exact arrangement of buttons will be 
determined for good vertical and horizontal sensitivity. This system should have 
an absolute beam position sensing capability of 30 pm and be capable of sensing 10 
pm relative beam motion. 

5.6.6 Vacuum Chamber and Pumping System Support 

The vacuum chamber and pumping system will be considered as one assembly for 
support purposes. The vacuum chamber will be supported by four legs located near 
the quarter points, two on each side, with the possibility of two more legs at the 
center if measured deflection is more than we can allow. After final installation, the 
chamber must be flat within 0.1 mm. Additional floating support will be provided 



for the six ion pump assemblies so they do not load the vacuum chamber. The 
support system will also be designed to electrically isolate the complete vacuum 
chamber assembly from the support and drive system as well as the magnetic 
structure. 

5.7 Installation 

The undulator will be completely checked-out, all position calibrations adjusted and 
the vacuum chamber and pumping system baked-out before installation. 

5.7.1 Installation Procedure 

Figs. 7 and 19 shows the U8.0 Undulator installed within the ring. A representative 
procedure for its installation will be as follows: 

1. The temperature control housing will be removed. 

2. The undulator, with components removed per item 1 above, will be 
moved by truck to the ALS site and then transported to the storage ring 
crane access area. 

3. The survey team will determine the location of the undulator for the x & 
z-axes. (Surveying will use the previously located survey fiducials on the 
undulator frame for this alignment). The positions of the anchoring 
studs will be located using templates which have the locations of the 
support frame mounting holes. Next, the anchoring studs will be set. 

4. The roof blocks directly over the installation site will be removed. 

5. The vacuum system will be removed from the straight section. 

6.  With the storage ring crane, the undulator will be installed into position 
in the storage ring and bolted to the anchoring studs. (Keying epoxy or 
grout with release agent will be used so that the weight of the undulator 
is evenly distributed on the concrete. The release agent allows for future 
removal.) 

7. The survey crew will then carefully survey the undulator for final 
alignment for all six degrees of freedom. The three leveling mounts will 
be used to make all these final necessary corrections. 

8. Rough vacuum will be applied to the vacuum chamber 



9. Since the vacuum chamber is mounted on electrical isolation pads, it is 
open to ground. A temporary hook up of an automatic stopping circuit 
using the vacuum chamber and ground as the switching device will be 
used to check out whether the vacuum chamber is centered in the 
magnet gap. 

10. The vacuum chamber will be connected to the main ring vacuum 
chamber, pumped down and leak checked. 

11. Electrical wiring and cabling will be routed to the insertion device. 

12. The temperature control housing will be re-installed. 

5.7.2 Local Temperature Control 

It is important that the insertion devices be maintained at a constant temperature 
during a photon run, typically 8 hours duration. A uniform change in temperature 
of the device will cause a shift in the energy spectrum. A vertical temperature 
gradient in the backing beam will cause a broadening of the spectrum. 

With a uniform change in temperature of 1 degree C of an insertion device and 
operating at small gaps, the energy shift will be 0.2%. With the tunnel air 
temperature controlled to +I degree C and the thermal time constant of the 
magnetic structure 24 hours, the maximum temperature change that the magnetic 
structure would experience would be 0.5 degree C in an 8 hour period which would 
result in an energy shift of 0.2% which is acceptable. 

Further broadening of the spectrum will occur if the vertical temperature gradient 
in a backing beam exceeds 0.1 degree C. To prevent a temperature gradient from 
being established in the backing beam requires that the surrounding air be uniform 
in temperature. This is to be accomplished by circulating the air within an insertion 
device enclosure. Air will be moved with muffin fans, located within the 
enclosure. Because there will be some heat generated by the insertion device 
controls and vacuum system, it may be necessary to install ducting and a blower or 
water cooling for heat removal for a device that is generating heat. 

5.7.3 Checkout 

Most of the checkout will already have been done as the various parts are installed. 
The final checkout will retest these again. Verification that the control room signals 
are the same as the local readouts must be made. Temperature control for operation 
must be checked. Finally, the operation will be turned over to ALS operators. 
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