3.1A 8 GEV LINE PERMANENT MAGNETS

The 8 GeV line uses four types of permanent magnets: a gradient dipole (combined

function magnet) used in the normal arc cells, a short dipole used for horizontal bends in the arc

cells, a vertical bend dipole used tdchi the beam down coming out of the Booster, and a

nor m

al

guadrupol e

line optics are discussed @hapter2.4.1.
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Table 3.1A1. Types and numbers of permanent magnets for 8 GeV line.

Type | Description Lruys | Lmac Integrated Number | Spares
(in) (in.) Strength installed
PDD | Horizontal Bend Dipole] 102 97 10.56953 Tm 45 1
PDV | Vertical Bend Dipole 145 140 | 0.8220 Fm 4 1
PGD | Gradient Dipole 161.5| 157.5|0.56953 Tm 65 6
+1.81 T-m/m
PQP | Permanent Quadrupolg 24.75 20 1.481 Fm/m 9 1

bendo

Only one polarity of each type is required, since the bend direction of dipole permanent

magnets is reversed by installing them upsiden.

The focusing action of gradient and

guadrupole magnets is reversed by rotating them 180 degrees about a vertical axis (i.e. switching

the upstream and downstream ends). By convention, the permanent magnets instaeteright

up bend protons to the right, and the horizontally defocussinfigoaation corresponds to

protons entering the label end of quadrupole and gradient magnets.

Permanent Magnet Design

The designs are sbal | ed

Ahybrido

per manent

magnet s

permanent magnet material and the field shape is determined mainly by steel pole pieces.

Strontium ferrite permanent magnet material is used for reasons of stability and cost. A
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representative assembly drawing (in this case the gradient dipole) is giFen :11A-1. The

permanent magnet bricks driveiflinto the pole tips &ém the top and sides

The pole tips are supported by an aluminum spacer which sets the magnetic gap. The
entire assembly is enclosed in a flux return
Abar stocko components are used throughout ra
low carbon steel and the flux return is construction grade (A36) steel. A temperature
compensation alloy which cancels the temperature coefficient of the ferrite is interspersed wi
the permanent magnet material at the top and bottom. In the PDD and PDV dipoles, this

compensator alloy is placed directly inside the magnet gap.

The end fields of the magnets are terminated by Flux Clamp/ End Plate assemblies which
are magnetically connected to the flux return sh8eeFig. 3.1A-2. These prevent the stray
flux from leaking out An aluminum retainer platenmobilizesthe beam tube and protects the
magnetic pole tips from magnetic debris and curiosity seekidrs.end plates amemovable to
allow access to the ends of the pole tips for shimming operatibris.e f | ux return e

past the ends of the pol e t ithpck, soahatthe mechani@an d an

lengtrs of the 8 GeV line permanent magnets &0 | onger than their p
lengths.
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Figure 3.1A-1 - PGD permanent magnet assembly sequence.
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Figure 3.1A-2 - Side view of magnet, showing transition from naked beam pipe to magh
flux return. The beam pipe is held in place by an aluminum retainer plate with slotted
holes which allow for °1cm transverse motion of the beam pipe.Also indicated are the
regions at the ends of the pole tipgvhich are available for shimming the field shape(not
needed for the 8 GeV transfer line magnets) and the ends of the ferrite bricks which are

used to trim the strength of the magnet by adjusting the total amount of magnetic material.

All magnets are designed to fit around an elliptical bgape with inner dimensions
under vacuum of appr ox iThedeam Ipipe has. tH& @bilify o) move 3. 9
transversely®°1cm inside the gradient magnets and quadrupoles, a feature which allows
adjustment of the effective bend strength°t3/%. A transition to a 40

provided on all magnets.

8 GeV Line MagneKey Performancépecifications

Table 3.1A2 contains the basic specificatiior the 8 GeV lingpermanent magnets.
Many of these are design guidelines rather thaplatesperformance specifications. These are

discussed at exhaustive length in Ml Note 150.

Table 3.1A2. Key Design Parameters for Permanent Magnets in 8 GeV line.

Design Lifetime 30 years
20C (68F)to35 C (95 F)

5C (41F)to50 C (120F).

Operating Temperature

Storage Temperature

Humidity 0%-100%
Corrosion Restance All parts resistant, plated, or painted.
Bakeout Compatibility Not needed

Field °0.01% C
DB/B < 0.02%!/yr after first month aging

Temperature  Coefficient of
Time Stability
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Radiation Resistance DB/B < 1% for 1 GigaRad
Shock & Vibration DB/B < 0.05% fromnormal handling

Radiation Activation Comparable to steel/copper magnets

Vertical Aperture (dipole & grad. mag.)| 2 . Bebween the pole tigat X=0)
°1.00 YdBy/By¥/<0.1% (100% tested)
°1.7% aBy/By/<0.2% typ.(not tested)

GoodField Aperture (dipole & grad.)

QuadrupolePole Tip Radius 1.65 XY =({.350irf, same as MI)
MagnetSagitta Zero (straight magnets)
Beam Sagitta Inside Dipole ~1cm (dipoles & grads), 1.5cm (vert ben

°5% (systematic) 5%(random)
°3cm in Z (measured and surveyed)

Field Uniformityin Z

Bend @&nteruncertainty

Field Strength Modificatio possible irange [+3%5%].

Field ShapeModification +/- 5 units (modify end shims)
Magnetic Field in Flux Return <1 Tesla

Termination of End Fields via Flux Clamp / End Plate of Magnets
End Fields <5 Gauss 2.5 cm past end of magnet

Beam Pipe Fixturing allows ° 1cmhoriz. range of motiofgrads)

Survey Fiducials 8 AnestsodO atscorne
Mechanical Rigidity(sag of dipoles < 0.010 dor 25% ,75% supporpoints

Permanent Magnet Material

Type 8 Strontium Ferritel] was chosen as the permahenagnet material because of its
low cost and high stability over time, temperature, and radiation.  Strontium ferrite is the
material of choice in automotive applications and is available at low cost in standard grades and
sizes from multiple vendors. It has documented stability in applications such as NMR magnets
and is commonly used in ion pumps in accelerator applications. MateriatHeotmree major

USvendorswere evaluated amerformed well in the R&D program

We have studiedthe time stattity (field strength vs. timepf a numberof our model
Astability test magnet so mé&math pezial. Mis tdalm isan N MI
consistent with logarithmic aging at approximately 20441 d e c a d e . (ALogarit hmi

that one expects equal increments of aging from 1 year to 10 years, from 10 years to 100 years,
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etc.) This corresponds to 0.06% field change between 10 days and 30 years. Aging at this level,
if it occurs, can be easily accommodated by occasional recenteringgrathent magnets over

the lifetime of the 8 GeV line.

Magnet Assembly

The assembly sequence is as follows (gge3.1A-1). The pole tips are machined from
solid bar stock. The pole tip spacing is set by bolting them down against aluminum pole tip
supports at either edge. Magnetized bricks are then epoxied to the top flux return plates. Strips
of compensator alloy are interspersed between the bricks above and below the pole tips, and
alumi num spacer bars ar e us e dxretuwn pktespaeerthert e t h
lowered (carefully!) onto the pole tip assembly using mechanical fixturing to control the
magnetic forces. The magnet is measured using-adlimt the magnet factory and shimmed by
adding magnetic material at the ends of the pole tips. A steel end plate which terminates the flux

lines is then bolted onto each end of the magnet.

Details of the assembly procedures are given in thelaes/ for each type of magnet

Production drawingf2] of the four magnet types are storadhe Technical Division archives.

Magneization and Strength Trimming

Ferrite bricks are shipped unmagnetized from the foundry and are magnetized
immediately prior to assembly using a 2 Tesla dipoléne material is purchased in standard
10x40x60 bricks, withfortbes5dofldameeass oan-drohed
fired °0. 06 00 . The di pol e si de bricks and gu
magnetization. The magnetic strengths of the bricks are individoedgsured andhey are
assembled into Akitso each of which contain
design is such that a magnet fully loaded with bricks of nhominal strength is 3~5% stronger than
required. Dummy bricks, fractional bricks and spacers are used to control the total strength of
the #Akitso t o-tobrickrandelatto-lot fvasiationsb r A f& strength trim is
accomplished by adjusting the amount of ferrite at the ends of the magnet, which can take place
by removing the cover plates at thele of the magnets. This trimming operation was performed

in the MP9 magnet factory using a dedicated flip coil system to measure the integrated magnetic
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strength. The acceptance tolerances on the strength measurements were 0.1%, 0.2% and 0.6%
for the dipoles, gradient magnets, and quadrupoles respectively. The strength measurements on
al |l magnets were independently wverified with
Magnet Test Facility (MTF).

The lot #, serial #, measured strength, andallest position of each ferrite brick was
recorded in the travelers for all magnets in the 8 GeV production run. This was done to facilitate
tracking of any strength or drift anomalies which might have loeearredin production due to
nonuniformities or quality control problems in the ferrite. As of yet no such anomalies have been
uncovered, and it is currently felt that this level of documentation is unnecessary for further (e.g.

Recycler) production of these magnets.

Thermal Cycling (freezing) the mpets

The strontium ferrite material can be demagnetized by exposure to low temperatures, due
to the shifting of t hedcuwe ndoger B valugsiwithglecfedsinge e 0 i
temperature. This is a otiene loss which depends only on the lowest temperature to which the
magnet has been exposed. Typical demagnetizations are in the range of 0.C%rat 00% at
-20 C. The degree to which a magnet is demagnetized by a given temperature depends on the
Al oad | ined of t thepositiangpmteetBl carvedhateaclyragion of ferriteis
operating on. It also depends on the pasitd the knee (the coercivity J of the magnetic
material which exhibits significant £0%) lotto-lot variation from the manufacturer. For these
reasons we deci ded t & infafcustenelaié cefrigeratar in thenmagmee t t o
factory prior to final trimming. The refrigerator could process up to 18 magnets overnight.
Magnets were measured prior to freezing, at the end of freezingdiamelyg after they were
removed from the refrigerator, and after they had returned to room temperature. The strength
losses from freezing in production were in the range of 0.1% as expected and no anomalous
strength losses were noteRositive temperature excursions (up to@0were observed to have

no irreversible effects on the magnets.
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Temperature Compensation

The intrinsic temperature coefficieaf the Ferrite materialQ.2% C) is canceled] by
i nterspersi ng a4] between pecfarrisediicks rabowe laiid dbejfor fhe pole tips.
The compensator is an iranckel alloy with a low Curie temperature and therefore a
permeability which depends strongly on temperature. This shunts away flux in a temperature
dependent manner which can be arranged to null out the temperature dependence of the ferrite.
The degree of temperature compensation is linearly related to the amount of compensator
material in the magnet. Thishe degr ee of compentoééeilequined can b
accuracyby adjusting the amount of compensator at the ends of the magnet in a manner similar
to the strength trimming with the ferrite For example, a 2fbld reduction of the temperature
coefficient (from 0.2%I/C to 0.01%/C) requires that the amount of compensator in the magnet

be adjusted correctly to 1 part in 2Dhis was our acceptance specification in production.

The temperature coefficient of all magnets was measured at the MP9 magnet factory
duringthewarrup peri od f ol | owi nmggndt hireadditionr teedempdarey 6 o f
coefficient of ~20% of thenagnetswas verified at MTF using a rotating coil and a positive

temperature excursion produced by heating blankets and an insulating wrap.

The observed variation in the temperature coefficient of the compensatoreaiéyed
from the vendor in production was in the range d%. This made it necessary to iterate the
temperature compensation in production in one of two ways. For the case of the straight dipoles,
the compensator stripsrrdongitudinally in the gap of the magnets and it proved possible to
remove and replace these strips with the magnets fully assembled. Since the typical number of
compensator strips required was ~13 on either side of the gap, it was straightforward to adjust the
amount of compensator to withib% of nominal by adding or removing integer numbers of
strips of compensator. This procedure was found to converge immediately, requiring in most
cases only a single additional cooldown cycle to verify the comapiensof the trimmed

magnets.

The compensator situation in the gradient magnets was more complicated. In this design
the compensator runs transversely between the bricks behind the pole tips and cannot be replaced

after assembly of the magnets. The partial disassembly of the magnet necessary to retrim the
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compensation takes approximately two hours and was incompatible with the desired 2
magnets/day production rate. Thus we decided tonxehe compensator strips from a number

of production lots intathe kits for individual magnets. This made the compensator alloy a
uniform and predictable product across a large number of magnets. After some false starts
(apparently due tdifficulties with the reproducibility of the magnet measurement apparatus) this
procedure was successful at reducing the fraction of magnets which had to be reworked to less

than 10% of the total production.

Nonlinearities of Temperature Compensation

The ultimate limit to the temperature range of the compensation technique ystket b
nonlinearities of the oppowy temperature coefficientsThe ferrite material appears to be highly
linear over the relevant temperature range; however, the compensator material tends to become
weaker as it approaches its effective Curie temperature ofC-5Fig. 3.1A-3 indicates the
degree of compensatiothat we are able to achieve @n test magnet using ferrite and

compensator materials from the production (low bidder) vendors.

Temperature Compe nsation Of Permanent Magnets
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Figure 3.1A-3 - Field Strength vs. Temgrature for a Stability Test Magnet using

preproduction samples from theselectedvendors for Compensator Alloy and Ferrite.
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Magnet Sorting and Thermal Coefficients

In production, the amount of compensator was not-tlimed to this accuracy and a
maximum temperature coefficient 60.01% /C was tolerated. Following production, the
measured thermal coefficients of individual magnets were used in the assignment of magnets to
positions along the line. This procedure simultaneously optimized the -@dsedistortion of
the line at three different operating temperatures, and effectively used the betatron phase advance
between magnets to cancel opposing temperature coefficients of the magnets. After sorting, the
calculated horizontal closeathit distortion due to temperature changes ofCl@as less than

0.5mm RMS.

Transient Thermal Effects

A rapid thermal transient (such as can be produced by several hundred watts of heating
tape, or condensation from exposure of a frozen magnet to a warm, humionererit) is
observed to produce a largeestgth transient in the magndsls[ This is believed to be due to a
temporary temperature mismatch between the ferrite and compensator when the magnet is out of
thermal equilibrium. The effect is most pronounced in the straight dipoles where the
compensator is located in the magnet gap and the ferrite is located by the flux return, and can be
as large as ~50 units. The thermal transients which produce these effects are substantially larger
than one expects in tt8GeV line tunnel, and it remains to be seen whether this is an operational

difficulty.

Gradient Magnet (PGD) Design

The basic design of the PGD gradient magnet is shoviang. 3.1A-1. It is a 1.5%G
gradient (combined uncti on) di pol e withh ed d2a@apgapuared (&.
aperture) in the bend direction. Overall din
The weight is 2000 Ib. The magnets are straight and the sagitta of the beam inside a magnet is

1cm. A cross séon of the magnet is shown in Fig. 3.4Aand a field map in Fig. 3.15

A significant design decision made in the
brickso which drive flux into the pole tips |

efficient design than a design without side bricks, since the field strength drops by ~40% when
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they are removed. This allows a compact design to provide the 1.5kG average bend field needed
to follow the 8 GeV line tunnel. The side bricks also providéul$eld shaping at the edges of

the aperture, which reduces the amount of end shimming necessary at the edges of the pole tips.

While the fiside bricko design proved econ
the 8 GeV line field quality requirements, a number of design and production issues arose which
argue against the use of side bricks in higheality storage ring magnets e.g. for the Recycler.

First, the amount of edge field shaping from the side bricks appeared to be underestimated in the
POSSON model of the magnet. The first prototypes of each of the side brick designs showed an
excess of field strength at the edges of the aperture. In order to obtain the optimal field shaping
at the edges, the side bricks had to be moved
the midplane spacers. This reduced the strength of the magnet by a small amount (<2%) which

was well within the range of the strengtimming.
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Figure 3.1A-4 -8 GeV Line Gradient Dipole Permanent Magnet(PGD)

The second difficulty observed with of the side brick design was the megmetgnet
variation in the field shaping from the side bricks. These fluctuations were at the level of a few
x104 t ot al field defect at 10 as described in

due to variations in the relative strength and installed position of the side and top bricks.

The final difficulty with the side brick design is that the observed multipoles exhibited
some temperatureegendence (a fraction of a unit per degree[&) This is due to the
compensator being interspersed with the top bricks but not the side bricks, with the result that

the field shaping from the side bricks is temperature dependent.
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Figure 3.1A-5 - POISSON Field Map of PDG Gradient Dipole

Dipole Magnet (PDD and PDV) Design

The two straight dipoles PDD and PDRie identical in cross secti@md differ in length
and integrated strengthA cross section of the magnet is showrig. 3.1A6, and a field map
in Fig. 3.1A7. The PDD (a.-BRowbl efi DDiupdleed or AHori zo
provides the same 20mrad bend as the gradient magnet in a shorter package due to the higher
2.3kG bend field. This higher strength is achieved by stacking the ferrite bricks two deep behind
the poles and at the sides of the magritis shorter length provided a substantial amount of
free space in the lattice to allow for the installation of additional correctors, instrumentation, etc.
a a | ater dat e. The PDV magnets ( a.ldngea. nVe
versions of the PDD which are mounted on their sides to provide the bends in the vertical drop

region of the 8 GeV line.

The PDD and PD\bend dipolesave a completelitat pole tipfabricated from a single

piece of Blancharground bar stock. No edge shims are needed on the poleofgrevide
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adequate field qualitpecause of the field shaping provided by the side bricks. répresented

a significant costavings over a custom ground pole profile.
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Figure 3.1A-6 - 8 GeV Line Dipole (PDD and PDV) Cross Section

A significant design choice fathe PDD and PDV dipoles was th@acement of the
compensator material at the edges of the magnet gap region. (The compensator alloy is
interspersed with the ferrite bricks behind the pole tips in the gradient magnet, as well as
subsequent Recycler prototype magnets). The advantages of the gap compensator are 1) the
design is more magneticaléfficient since none of thierrite space behind the pole tip is wasted,

2) l ess total compensat or igap ofure endgnes and 8)ghei t o
compensator strips run longitudinally and can be replaced and the compensation adjusted after
assembly of the magnet. The disadvantage of the gap compensator is a slight sensitivity of the
field shape to both compensator placement and temperature. Both effects are at the level of a few
Aunitso in extreme cas ¢he 8 GaVvntdnsfdr hine snagaetsebut a d e g

undesirable for the Recycler storage ring magnets.
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Figure 3.1A-7. POISSON Field Map of PDD and PDV Dipoles

Permanent Magnet Quadrupole Design

Nine permanent magnet quads are used in the FODO cells of the reverse bend section of
the 8 GeV Line. The pole tip radanungector s 1. 6
guadrupolesThe magnetic (pole tip) | enrastedlindluding2 00 ar
flux clamp end plates) B 4 . Bhe integrated gradient is [1.481n1/m).

The quadrupole (Fig. 3.18) hasa hybrid design analogous thegradientdipole. The
field shaping is provided by machined steel pole tips and the field is driven by strontium ferrite
bricks. = Temperature compensation of the ferrite is provided by interspersing strips of
compensator all oy between the bricks along t
construction is used throughout. The pole tips are supported at the ends by pinning agd bolti
into stainless steel support pl at e. A steel

clampd end plates are used to terminate the f
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The magneticstrengtls of the poletips in the magnet are trimmed by placingriable
number of steel washers in the corners of the mdggtehdeachpole tip This trimming takes
pl ace using a ARogowski Coil 06 to meaefielde t he
shape(mainly the systematic 3@ole from the magnet endsgn then be trimmedut by adding

steelwashergo boltsatthe ends of the pole tips.

Figure 3.1A-8. Cross section of 8 GeV Quadrupole Magnet.

Magnetic Measuremenitgield Strength

Several types of field strength measurements were performed on the 8 GeV line magnets.

In the MP9 magnet factory the strength trim and temperature compensation trim were performed
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