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THE LOS ALAMOS MESON PHYSICS FACILITY HIGH-RESOLUTION-SPECTROMETER 
DIPOLE MAGNETS: A SUMMARY REPORT 

by 

T. Kozlowski, D. G. Madland, R. Rolfe, W. E. Smith, J. E. Spencer, 

N. Tanaka, H. A. Thiessen, P. Varghese, and L. C. Wilkerson 

ABSTRACT 

This report explains the design, fabrication, 
measurement, optimization, and installation of two 
122 metric ton electromagnets for the High Resolu
tion Proton Spectrometer at the Los Alamos Meson 
Physics Facility. These two magnets are the 
principal components of the proton spectrometer, 
which has an energy resolution of ,00 FWHM. Many 
technical problems occurred during fabrication, 
measurement, and optimization, and the majority 
have been successfully solved. We hope that this 
report will help others planning similar projects. 

I. INTRODUCTION 

A. Historical 

This report discusses the High Resolution Spectrometer (HRS) design, 

fabrication, initial assembly, and measurements and modifications required to 

optimize the performance to achieve an overall energy resolution of ^10 full 

width at half maximum (FWHM). The HRS was designed for the Los Alamos Meson 

Physics Facility in the period between August 1968 and March 1971 under the 

guidance of a steering committee representing several nation."1 laboratories and 

universities throughout the United States. The basic optical design was the 

work of Harold Enge and Stanley Kowalski of Deuteron, Inc. The magnetic and 

*HRS Steering Committee: Harry Palevsky, George Igo, Norton Hintz, and Ben 
Zeidman. 

This information was provided by H. A. Enge, Deuteron, Inc., 1969. 
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mechanical design work was performed by the Engineering Department of Lawrence 

Berkeley Laboratory (LBL) with Klaus Halbach as senior scientist and Jack Gunn 

as project engineer. Their work also included the initiation of the procurement 

of the two large dipoles (D) and quadrupole (0) for the QDD spectrometer 

configuration. 

At this stage, the decision was made to complete the engineering and 

construction work using the Los Alamos staff with help from several groups of 

prospective users. The assembly, field mapping, and a variety of tests and 

modifications were begun at Los Alamos in October 1972 and were completed by 

November 197"5 prior to the rigging of the magnets into their frame. This latter 

work was finished by February 1976. The first use of the complete facility was 

in August 1976. A resolution of 80 keV at 800 MeV was obtained by December 1976 

using the full acceptance of the spectrometer. The ultimate resolution of the 

HRS (30-40 keV) has been achieved for short periods of time under certain 

conditions. 

This report concentrates on the period between receipt of the components 

for the first dipole in October 1972 and the demonstration of an energy 

resolution of 10 in December 1976. This was a much longer period than 

originally anticipated because of an underestimation of the significant 

technical difficulties involved in obtaining very high resolving powers 

(e/Se > 2 x 10 in design) with such large magnets (122.4 metric tons per 

dipole) as well as some significant gaps between what is possible in theory and 

what is achievable in practice. Many of the problems we encountered during this 

period are described in the succeeding sections of this report together with our 

solutions. It is hoped that the knowledge and experience developed during this 

period will be of value to others involved in such projects and that the 

ultimate success of the HRS will reward the many people whose efforts went into 

it. 

B. Approach 

When construction of HRS was first discussed, the design goal was a 

resolution better than 100 keV at ROO-MeV incident proton energy. In order to 

design such a spectrometer at reasonable cost, it was necessary to make several 

innovations. First among these was the use of a spectrometer design 

incorporating a quadrupole. Most high-resolution spectrometer designs prior to 

initiation of the HRS project consisted of bending magnets only. Aaong the 

other innovations in the HRS design were the use of the vertical-dispersion, 
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horizontal-scattering, vertical-analysis (VHV) configuration in order to 

minimize the complications of dispersion matching, and the use of computer 

corrections rather than specially shaped detectors to handle the problems 

resulting from a curved focal surface that is not perpendicular to the central 

r a v. 

When the final design was obtained, it was observed that it was possible to 

obtain a resolution of the order of 30 keV at 800 MeV for a heavy target, assum

ing that there were no imperfections in the magnetic fields. We were therefore 

faced with a dilemma since the size (radius of curvature of 3.5 m) was already 

chosen and the budget was sufficient only for a minimum mass (i.e., H magnet) 

design. At this point, Klaus Halbach developed the theory of Hf correction 

windings > that gave the possibility of correcting small, slowly varying 

machining errors. This was an attractive possibility since the size and contour 

of the HRS magnets prevented us from machine grinding the poles. After 

consideration of all the alternatives and testing the VL winding idea on a small 

nrototvpe magnet, a decision was made to go ahead with fabrication of the 

magnets bv machining them on a large vertical boring mill and installing H t 

windings to correct any errors that resulted. 

After the magnets arrived and were assembled at Los Alamos, a program of 

"leasurements was undertaken, both as a shakedown of the magnet hardware and as a 

studv of the imperfections of the magnetic field. During the course of this 

work, it Hecame clear that there were large problems with the magnetic field and 

that the insulation on the Ht correction windings was insufficient to allow 

reliable operation of these windings at the requisite currents. Therefore, in 

the summer of 1975, the two magnets were disassembled and the pole tips were 

hand finished. At this time, the H t windings insulation was replaced. After 

reassembly of the magnets, the best possible job of mechanical shimming was done 

in order to minimize all future additional corrections. 

This information was provided by Klaus Halbach, Lawrence Berkeley Laboratory, 
1070. 
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II. DESIGN REQUIREMENTS 

A. Basic Design Requirements 

The magnetic optics were based on a variety of design goals that, as time 

passed, were continuously refined and unified into a moderately coherent set of 

desirable specifications. As of July 18, 1%9, the stated design goals from the 

HRS Study Group could be condensed to the following; 

1) A 100-keV FWHM system resolution for 800-MeV protons on 2^Mg at 45°, 

?.) A solid angle of 10 msr, which could be compromised to 5 msr if required for 

economic reasons, 

3) A 100-keV resolution for ±2% momentum acceptance and 50 keV for ±0.50% ac

ceptance, 

4) A 3.5-m radius of curvature for 800-MeV protons, i.e., a nominal field of 

14 kG with coils and supplies capable of 20 kG, 

5) An analyzing plane for the spectrometer that is vertical or perpendicular to 

the horizontal scattering plane, 

6) An angular resolution of 2 mrad for scattering angles of 5° or greater, 

7) A spectrometer capable of looking at a 10° scattering angle in the 

laboratory without intercepting any of the beam. 

Obtaining a system that is theoretically capable of fulfilling all of these 

specifications is clearly difficult—primarily due to the very good resolutions 

and large acceptances that were requested. To first order, there were several 

possible configurations that could meet the basic resolution requirements, but 

most were discarded when numerical ray-tracing calculations were carried out 

with the requested large solid angles. 

Two possible systems that appeared capable of meeting most of the 

requirements based on the ray-tracing simulations were the QDD (footnote p. 1) 

and QQD0QQQD configurations. These are not the only possibilities but, since 

they are good representatives of two basically different approaches, it is worth 

considering them briefly. 

This information was provided by Karl Brown, Stanford Linear Accelerator 
Center, lQBQ* and H. A. Thiessen, Los Alamos National Laboratory, 1969. 
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The latter system was intended to be an absolute energy QD spectrometer 

based on the measurement of particle coordinates at an intermediate image in 

front of the last quadrupole. A significant disadvantage of the QODOOQOD system 

is that it is quite extended so that the cost of the facility becomes 

prohibitive. On the other hand, the costs of the spectrometers themselves were 

considered comparable since their costs resulted primarily from the large di

poles whose magnetic volumes in both cases were comparable. As a result, the 

more compact QDD design was chosen for the HRS. 

The ODD system was the configuration with the fewest components that was 

thought to be capable of giving the desired resolution at an acceptable solid 

angle. Tn this configuration, the function of the quadrupole was essentially 

twofold. Tn the bend plane of the dipoles, the 0 is defocusir.g, which improves 

resolution. This configuration also increases the angular acceptance in the 

nonbend plane for a given dipole gap height when the quadrupole strength is 

adjusted to give a vertical crossover somewhere between the dipoles. Another 

advantage of including at least one quadrupole is that it allows the dynamic 

correction of various types of misalignment errors. Since the bending plane of 

the dipoles is vertical, the minimum angle requirement (item 7) places no signi

ficant burden on the quadrupole design, as it does on the size of the scattering 

chamber. 

The "wedge-angles," angle of the effective field boundary (EFB) with 

respect to the central ray, at the entrance and exit of the dipoles, together 

with the quadrupole excitation strength, can be adjusted to produce point-to-

point optics between the target (object) and detector (image) in the bend plane. 

Simultaneously, point-to-point optics can be produced in the nonbend plane 

between the target and a point midway between the dipoles and parallel-to-point 

between the target and detector. This latter condition implies that, to first 

order, the magnification in the nonbend plane is zero, which is a very useful 

operational constraint. 

Figure 1 shows the final layout arrived at in terms of the usual first- and 

second-order parameters. It is essentially a four-unit instrument consisting of 

one quadrupole, two dipoles, and an intermediate multipole. Through second 

order, the dipoles are nearly reflection symmetric about the intermediate cross

over at the location of the multipole element. Both dipoles have identical 

bending angles of $ = 75° between entrance and exit effective field boundaries 

and identical bending radii of p = 3.5 m. Higher orders in the fringing field 
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contours are not shown in the figure since all curvatures in the EFB of higher 

order than circular were induced by contouring the "nosepieces" of the field 

clamps. The dipoles differ considerably above second order, and the final 

values of these higher order terms also differ significantly from the original 

design, due to correction of an error in the quadrupole ray-tracing code that 

affected third and higher orders. 

Having specified the basic optical configuration generally implies a 

relaxation of some of the initial design requirements due to a fuller 

realization of the various pragmatic problems such as the economic factors. In 

the case of the Onn system, for instance, it was not possible to obtain the 

desired resolution for the stated solid argle, momentum acceptance, and the 

available funding. Also, motion of the effective field boundaries due to 

saturation and overall constriction of th'j uniform field region for fields above 

14 kC led to a somewhat larger bending radius of T.'S m compared to the original 

design value of 3.0 m. This modification allowed the study of reactions such as 

deuteron pickup (p,d) for 800 MeV protons with fields £18 kG, which is about the 

highest field that is of practical value in conventional magnets for high-

resolution experiments such as (p,d) or (p,t). 

B. Mechanical Implications 

Specifying the basic configuration also implies a more detailed set of 

specifications for the design of the individual magnets, including the alignment 

tolerances that must be achievable, the mechanical tolerances required on the 

components of each magnet in order to satisfy the various magnetic criteria 

assumed in the calculations, and so on. From Fig. 1, it is clear that there is 

a large amount of peripheral equipment that also must be accommodated (see 

Fig. 2, which illustrates a sectional view of the HRS facility). While there is 

considerable physics justification for configuring the whole system vertically, 

this complicates the mechanical requirements in several ways. The size of these 

dipole magnets and the desired degree of field uniformity imposed great dif

ficulties in the manufacture, assembly, and installation of the magnets into the 

structure. Rather than sacrificing these desired requirements, it was decided 

to go ahead, but to provide corrective means (discussed in other portions of 

this report) that would permit a reduction in the sizes of some magnet 

components and a slight relaxation of certain machining and assembly tolerances. 
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C. Magnetic Design 

A complete specification of the HRS magnet design is contained in 

Appendix A. A summary of the design parameters, together with the magnetic 

optics specifications, appears in Table I. A schematic of the magnetic design 

is shown in Fig. 1. 
9 

The energy spread of the LAMPF proton beam is of the order of 10 times the 

desi.-fe HRR resolution (see Table 1). Accordingly, an absolute energy 

spectrome_ . configuration would require an extremely wasteful brute-force 

beam-analysis system. Therefore, a momentum-loss spectrometer configuration was 

sought. The basis of the momentum-loss principle is that the desired 

information is the scattering angle and the state of the residual nucleus. If, 

as is the case at 800 MeV, the cross section varies slowly with energy and the 

incident beam energy spread is small (^1%), it is only necessary to determine 

the momentum difference between the incident and outgoing particles. This can 

be accomplished by properly matching the beam to the spectrometer, as shown in 

the following. 

The determination of the state of the residual nucleus is dependent upon 

three variables: the incident momentum, p a; the outgoing momentum, p ; and the 

scattering angle, 6. If the final state of the residual nucleus M differs only 

slightly from the mean value M for which the system is tuned, then p , p , and 

6 will also vary a small amount from their nominal values, denoted by the 

subscript o, and a Taylor-series expansion for the state M is valid. To first 

order this is: 

< - - « . > - £ - ( P . - p » ) + £ - C P c - . > c . ) * ; ? ( » - e J • (i) 
el C 

Since magnets measure 6 = (p - p )/p , we can rewrite Eq. (1) as 

M - Mo - Pao ^ 7 «a + ?co ^ «c + W
 A 9 <2> 

3. C 
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or 

1 °J co 3pc I
 c p C Q 3M/3pc M 36 

From first-order magnetic optics 

X « Rn^ + DS6C - R u D b 6 a + Dg6c , (4) 

where X is the position at the focal plane of the spectrometer, RJJ i6 the 

magnification of the spectrometer, XT is the instantaneous position cf the beam 

on the target, D is the dispersion of the spectrometer, and D, is the beam 

dispersion. R,, and D are properties of the spectrometer and are fixed by the 

design. From Eq. (4) 

c Dg 11 DS a 

S u b s t i t u t i n g Eq. (5) in Eq. ( 3 ) , we find 

fx /pao3M/3Pa RnDA 1 3M 
M ~ M o " Pco-lf-l^ + l r ^ ^ c m ^ - - ^ 1 ) ^ ! +^A6 . (6) 

We therefore see the necessary condition for the final state to be detected 

at X independent of the incident or final momenta at a fixed angle is that the 

term in parentheses vanish, i.e., 

Rll Db Pao 3 M/ 3P a 

_ii ° - -51 — _ _ i - RATIO . (7) 
De p„„ 3M/3p„ K" 

B rCO rC 
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In Eq. (7), R,, and D are properties of the spectrometer, while the 

momenta and derivatives with respect to momenta are specified by the kinematics 

of the reaction. It is seen then that the beam dispersion, D* , must be varied 

to fulfill the necessary condition for dispersion matching. From Eq. (6) it is 

seen that optimuir resolution is achieved with A6 = 0. Since 3M/80 is a 

monotonically "arying quantity, however, a precise measurement of 6 allows this 

term to be easily handled, not significantly hurting resolution. 

In the design adopted for HRS, higher order terms in the Taylor series were 

.ils.') considered since they provide corrections of the same order of magnitude as 

the design resolution. In detailed studies of resolution, tuning, etc., these 

higher order terms have been included. 

The Quadrupole-Dipole-Multipole-Dipole (QDMD) configuration of magnets was 

chosen for the reasons stated in Section II.A. Originally, the chosen 

configuration was Quadrupole-Dipole-Dipole (QDL-} but a recalculation of higher 

order terms, together with a study of the first field maps obtained on the 

dipoles, led to the design and construction of the intermediate raultipole as a 

corrective element. An additional set of corrective coils, Hf coils, (footnote 

on p. 3) was designed into the yoke side of each pole piece of the two dipoles. 

A prototype HRS-dipole-magnet experimental study indicated that fields 

homogeneous to within a few parts in 10 could be corrected to homogeneities of 

the order of a few parts in 10 by use of the Ht trim coils. 

The VHV arrangement (Table I) of the energy-loss spectrometer stands for 

vertical dispersion, horizontal scattering, and vertical analysis. This choice 

is based upon the considerations that (1) horizontal scattering is mechanically 

convenient because of the difficulties associated with moving massive objects 

about a horizontal axis, and (2) vertical analysis (therefore vertical 

dispersion) and horizontal scattering decouple the measurement of scattering 

angle from momentum, allowing both measurements to be performed independently to 

first order. 

11 



The remaining items O-Q) of the 

are self-explanatorv. These specificat 

anticipated physics experiments on the 

technology could provide. 

Items (10-12) of Table I,together -

magnet design. 

magnetic-optics specifications (Table I) 

ons are a compromise between what the 

HRS dictated and what the current magnet 

dth Fig. 1, constitute the resultant HRS 
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TABLE I 

SUMMARY OF MAC<ETIC-OPTICS SPECIFICATIONS 

AND MACKET PARAMETERS OF THE HRS 

1) VHV e n e r g y - l o s s c o n f i g u r a t i o n . 

2) on*""> (Ouadrupole -Dipo le -Mul t lpo le -Dlpo le ) magnet c o n f i g u r a t i o n . 

3) So l id angle acceptance : 2.6 msr. 

4) Inc ident proton energy range: 200-800 MeV. 

5) Angular r e s o l u t i o n : 0 .8 Brad. 

6 ) Inc ident beam q u a l i t y : 800 MeV • 3 .5 MeV 

1463 MeV/c 1 0 .28? 

7) S c a t t e r i n g angle range: 2 . 5 ° - 10.0° with reduced beam I n t e n s i t y 

and 10° - 170° with bean currents up t o 10 

8) Momentum r e s o l u t i o n : 6p/p " 2 .44 x I0" 5 over an 8-MeV range of 

e x c i t a t i o n and 6p/p - 10 over a 20-MeV range 

of e x c i t a t i o n . 

9) D i s p e r s i o n : <6x/Sp> » !8.244cm/%. 

in) Ouadrupole: HS-OM-O] 

Length - 7 7 . 0 cm (VFB to VFB)* 

Bore radius • 13.17 cm 

Fie ld on pole surface - 5.38535 kG 

11) F i r s t Dipo le : HS-BM-01 

Mean radius of curvature - 350.0 cm 

Gap width - 10.0 cm 

Effective width - 65.0 cm 

F i e l d - 13.93593 kG 

Bending ang le for 1463.275 MeV/c p a r t i c l e -

75° (VTB t o VFB) 

Entrance angle - - 2 0 ° (VFB) 

Exit angle - 25 .75° (VFB) 

Entrance curvature - O.6800 nT1 (VFB) 

Exit curvature « 0.300857142 m"1 (VFB) 

12) Second D i p o l e : HS-BM-02 

Mean radius of curvature - 350.0 en 

Cap width • 10.0 cm 

Effective width - 65.0 cm 

Field - 13.93593 kG 

Bending angle for 1463.275 MeV/c particle -

75° (VFB to VFB) 

Entrance angle - 25.75° (VFB) 

F.xit angle - 25.75° (VFB) 

Entrance curvature • 0.100857142 m~' (VFB) 

Exit curvature - -0.67181727 m"1 (VFB) 

•VFB - Virtual Pield Boundary - Effective Field Boundary. 



D. Mechanical Design 

A compilation of the important engineering design parameters is contained 

in Appendix A: Magnet Design Parameters. Details pertinent to the HRS 

dipoles (design and fabrication of the yokes, poles, coils, vacuum chambers, and 

field clamps as well as overall fabrication and assembly) are described in the 

following subsections. Figure 3 illustrates a model of the completed facility. 

1. Yokes. Each yoke was divided into three azimuthal segments, 

approximately equal in size (see Fig. 4). The total thickness of each yoke 

piece was 55.88 cm (22 in.). Each segment was made of two pieces; the inner 

piece measures 33 cm (13 in.) thick and the outer piece measures 22.86 cm 

(9 in.) thick (see Fig. 5). This arrangement suited the ingot size of the steel 

fabricator and also permitted the contour machining of the two end yoke pieces 

on the inner 33 cm (13 in.), allowing flame cutting of the less critical outer 

22.86-cm (9-in.) portion at these ends. Rolled plate, fully annealed AISI 1010 

steel was used for these yoke pieces, since the typical closed laminar-type 

defect in the rolled plate is more tolerable to magnetic flux lines than the 

open defects found in forgings. Cost was also a factor in this decision. The 

mating faces of these inner and outer pieces were machined, then mated and 

welded together with adequate welds around the periphery to provide relative 

motion constraint. This function then, in effect, is a closed laminar joint 

having little or no effect on flux-line paths. 

2. Poles. The poles were made of fully annealed AISI 1008 rolled steel 

plate. Each pole had separate end pieces with compound radius contours, 

separable to facilitate the machining of these complex shapes. The end pieces 

were mated with their pole pieces during a stage in machining prior to the final 

face contour machine operation. The outer sides of the poles have eight (8) 

circumferential grooves for the Ht corrective windings. These grooves stop 

short of the ends and have a three-width cross-sectional configuration. The 

outer portion is 1.59 cm (0.625 in.) wide by 5.01 cm (1.972 in.) deep. The 

second step is 1.00 cm (0.394 in.) wide by 1.00 cm (0.394 in.) deep (for the 

wrapped square cross-sectional copper conductor). The bottom step is 0.8 cm 

(0.315 in.) wide by 2.751 cm (1.084 in.) deep (the field homogenizing slot). 

The total thickness of the finished pole is nominally 12.251 cm (4.824 in.) in 

the flat region of the pole tip profile and 12.67 cm (4.987 in.) at the apex of 

the Rogowski5 profile at the inner and outer radius sides. A cross-sectional 

view of the pole piece is shown in Fig. 6. 

14 



i 

*i3W>; > 

Fig. 3. Model of the HRS facility. 

15 



VACUUM CHAMBER-] 

CORRECTING WINDING LEAD SLOTS 

CORRECTING WINDING SLOTS 

COIL 

ELD TERMINATOR 

IELD TERMINATOR COIL SLOT 

Fig. 4. Plan view of HRS dipole magnet. 

16 



-rf 

30 

O 
i-l 
O 
CO 
0) 
I 

en 
n> 
o 

o 
3 
0> 

3 " 
ID 

3C 
7* 
CO 

13 
O 

3 
to 
r> 
3 
(D 

CORRECTING WINDING 
CORRECTING WINDING SLOT 

-STEEL INSERT 
-APERTURE 

POLE TIP 

VACUUM CHAMBER 

COIL 

itoiAzf^ai' ri *-T.*j ~; - y-,,--, tfj»rv •_• 



».MS 

1143 

j SHOT. A-A 

TYPICAL HRS POLE PIECE 

Y - * -

p o u CONTCU* coamwmru u s e 

tOWT 

1 

< 
S 
4 
5 

« 
T 

• 
t 
t * 
M 
10 
I I 

I t 
IS 
14 
I t 

I I 
IT 
I * 
I t 
I t * 

I t t 
t o 
I I 

« 
I S .' 

IT1" 
is 1 

if. 

5£-
H^ 

ftMOCS 

IIT.tlS 
IIT.tlS 
l l t .015 
llt.OtS 
Itl.SSt 
i & . t z t 
• I M S 
• I T S * 
BS.IOS 
• s . K t 

«s.«* 
liS.STt 
1 1 4 I M 

I14ST2 
i ts t i t 
I IS .TM 
M t . U S ' 

«O.STJ: 

n o . i f t 
i k . 4 | M 

!»,<>« 
a;'.** 
* j « I i 
*««•» 
M 1 H 4 

n s t u 
i t s t t i 
IS4 09S 
I M 4 H 
I M 4 N 

• T . f T T 
• T . i T T 

» MCHES 

- O U T 
0 . 0 0 0 
0 . 0 0 0 
0 .S I4 
1411 
S .MT ' 

4.01 C 
» . t f l 
s t y T 

S.»4S 
l * M 
»'.t4T 
I j . t M 

* . t s « 
S t S T 

r S . t s t 
i t s * 

> t » T 
S t ST 
S t M 
» t 4 T 

S t t t 

».«4S 
S t T T 

» . t n 
4 .010 
S.WT 
S4W 

0 S t 4 
0.000 

0 .000 
O t t T 

• (*«-!•*-
• O'O' 

O'BT 
to»of 

4 f l « ' 
I T" 14' 

- I ' l * 
- f 11" 
- • 4 " 0 ' 

• M - O " 

- s'or 
- O^ST" 
- OMf f 

O't 
c r 
o-o-

- c r 
• •»•• 

0*10 ' 
• Q*t-T" 

• »-or 
• • » • • 
• • 4 > t f 
• t * i r 
• I ' M ' 
- I T " 14" 

• « • « 

- t O ' O ' 
0 * » ' 

- t o * * 

POLE CONTOUR 

Fig. 6. Schematic of the cross-sectional view of a pole piece. 
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3. Coils. The main coils are of conventional design except that the end 

"saddles" are complicated by convex or concave radii to approximate the end 

curvatures of the magnets (see Figs. 4, 7, and 8). Each coil has 56 turns of 

1.931-cm (0.760-in.) square copper conductor having a 1.0-cm (0.4-in.) central 

hole for water cooling. The conductor was double wrapped with 0.03-cm-

(10-mil-) thick fiber glass tape and vacuum impregnated with EX-900 formulation 

(inn parts EpiRez 50831, 20 parts EpiRez 505, 5 parts DB-VIII, and 102 parts 

Nadic Methylanhydride). 

4. Vacuum Chambers. The vacuum chambers were designed as vessels having 

four walls sealing the top and bottom on a flat surface machined about the 

periphery of each pole (an assembled chamber, at the IAMPF site, is shown in 

Fig. 9). The sides of this vessel are 2.54-cm-thick stock aluminum and 

approximately 29.85 cm (11.75 in.) high. The inner leg is formed to a radius of 

299.47 cm (117.9 in.) and the outer leg is formed to a 400.56-cm (157.7-in.) 

radius. The ends are formed to a convex and a concave radius to match the ends 

of the pole pieces. A double groove for seal material was machined into both 

top and bottom to provide for the Hycar rubber, elastomeric gasketing, 55-shore 

hardness. Each end had a nozzle extending to clear the coils and field clamps. 

The vessel was made of 6061-T6 aluminum. 

5. Assembly. The assembled configuration is as shown in Figs. 4 and 5. 

Each yoke piece is doweled to the outer leg in two places and to the inner leg 

in one place. These holes were transferred from the yoke pieces to the legs in 

assembly and reamed for interference fit with hardened bushings for 

5.08-cm-(2-in.) diameter dowels. The yoke interface with the back side of the 

pole pieces is recessed to locate the pole pieces. Twelve 3.81-cm (1.5-in.) 

ATST 4130 hardened bolts through the assembly at the yoke-leg interface bind the 

assembly together. Approximately 54 bolts [1.90 cm (0.75 in.)] are used to 

attach and hold a pole piece to its three yoke segments. 

6. Field Clamps. The field clamps are made of 12.7-cm- (5-in.-) thick 

rolled plate, fully annealed, A1SI 1010 steel. They were formed to convex or 

concave radius to parallel the magnet end contour, then again annealed. They 

were machined for a .iunction plane along the long dimension of the vacuum 

chamber extension. The end result was a two-piece field clamp being 12.7 cm 

(5 in.) thick, 76.2 cm (30 in.) high, with length to suit the particular magnet 

end contour. 
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Fig. 7. Typical section view of the fringing-field region of HS-BM-01 and -02 
showing the main components. The symmetric pair, pole-face shim crate 
is located to the left of the end tip. 
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Fig. 8. Schematic top view of the pole, yoke, nose, and clamp for the exit 
of HS-BM-01. 
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Fig. 9. Subassembly of a dipole magnet through the addition of the lower main 
coil and the vacuum chamber. 
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The four-corner attachment mounts provided adjustment of approximately ±3.8 

cm (1.5 in.) from the nominal set position. The two pieces comprising each 

clamp were doweled and bolted together when in the mounted position. Bolt holes 

were provided for the attachment of nose pieces for final fringe field 

adjustment. A radial view of a field clamp is depicted in Fig. 7. 

7. Fabrication Specification. Tolerances were established on all 

components to avoid exceeding the machining capabilities of standard machine 

tool-' and machining practices for pieces of the size being considered. Normal 

steel stock fabrication practices were also employed since they were suitable 

for the job. The mating surfaces of the yoke pieces to the legs and to the 

poles were specified to be flat within 0.008 cm (0.003 in.). The leg surfaces 

were specified to be flat and parallel within 0.008 cm (0.003 in.) and to the 

same height, in pairs, to 0.008 cm (0.003 in.). The back surface of the poles 

was specified to be flat within 0.013 cm (0.005 in.). The deviation from 

theoretical profile on the pole face was restricted to ±0.004 cm (0.0015 in.). 

The most restrictive tolerance (being incompatible with those tolerances 

mentioned above) was that the pole faces be flat and parallel with respect to 

each other in assembly to 0.008 cm (0.003 in.). 

III. FABRICATION AND TEST ASSEMBLY 

A. Steel 

The steel for the yoke and leg pieces was specified as AISI 1010, vacuum 

degassed, hot rolled, and full annealed; for the pole pieces, AISI 1008, vacuum 

degassed, hot rolled, and full annealed. The supplier was Lukens Steel, 

Allentown, Pennsylvania. Excess stock thickness was allowed for nonflatnesss 

and for machining. A chemical analysis was made on each melt and each slab was 

associated with its melt. The AISI specifications was the controls on the 

percent impurities, except that the AISI 1008 for the pole pieces was further 

limited to 0.30 percent silicon.. The steel was 100% ultrasonically inspected, 

and locations and size of all defects exceeding 50% loss of back reflection were 

plotted on the slabs. A rejectable defect was defined as a defect causing more 

than 50% loss of background and having any dimension exceeding one-half of the 

finished plate thickness. Slabs were made to a size that allowed pieces to be 

flame cut from them i-. such a way as to exclude a "pipe" region (the top of the 

ingot containing the late solidifying steel) where the majority of defects are 

found. The pieces were flame cut by the fabricator per drawings, leaving stock 
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where subsequent machining was to be performed and to finish shaping on some 

external noncritical dimensions. 

B. Main Coils 

Since all colls had the same dimensions through the mid regions, differing 

only at the ends, a central form was built with detachable ends. This form was 

attached to a rotation-tilting table to facilitate winding. The copper was 

lightly bead blasted and lightly hand sanded to remove surface oxidation and 

burrs prior to wrapping with the double-layer fiber glass tape. Each joint was 

made as a male-female joint using Stl-Fos silver solder without flux, 

radiographed for full bond and pressure tested at 689.4 KPa (100 psig) of 

nitrogen prior to wrapping and forming. A minimum bend radius was established 

as 6.03 cm (2.375 in.) with distortion, twisting, and keystoning controlled 

during bending. Conductor joints were prohibited in bend regions. Bends were 

again checked for burrs and upsets prior to fiber glass tape wrapping. A 

2.54-cm- (1-in.-) wide, 0.03-cm- (in-mil-) thick fiber glass tape tie was woven 

about the wrapped conductors at 30-cm (12-in.) intervals during forming. Each 

layer was checked with 500-V Megger test, and a 0.63-cm- (0.250-in.) diameter 

ball was blown through the coils in both directions to check collapse or solder 

restriction. 

A 0.32-cm (0.125-in.) ground plane was installed about the wound coil, 

bound lightly with fiber glass tape. The winding form with a top section formed 

the mid region of the vacuum impregnation mold. The ends were cocooned by 

wrapping with 3.8-cm- (1.5-in.-) wide, self-adhering silicon rubber tape. The 

sealed assembly was evacuated to 600 micron of mercury minimum and placed at an 

angle upward in preparation for potting. The EX-900 formulation was admitted at 

the lower end and was evacuated at the top. Temperature was controlled to 

prevent the formulation from setting up. View ports were established to 

ascertain that flow continued up both legs. The coil was then "cured" for 10 

hours at 121°C followed by 4 hours at 126°C to bring the heat distortion 

temperature to 70°C. 

Design of the coil-winding form and end pieces was checked before 

fabrication, and dimensions were checked prior to coil forming. The finished 

coils (shown in place, at LAMPF, in Figs. 9 and 10) were checked by a number of 

templates to determine that dimensions had been met. 
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34 

Fig. 10. Completed assembly of HS-BM-01. Note detail of the support stand and 
termination of the primary coils in saddle configuration. 
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The coil supplier was National Electric Coil Company of Columbus, Ohio. 

C. Vacuum Chambers 

The vacuum chamber box sides and ends were rolled to shape and held to 

dimensions with internal cross bracing during welding. Some weld distortion was 

encountered and the chamber moved out of dimensional tolerance upon release. 

The bracing was reinstalled and the units were held at 350°F for 4 hours in 

order to minimize this distortion. The end flange machining was then performed. 

The final height of the chambers was based upon the distance between pole 

sealing surfaces in the assembly. Measurements of leg thickness and pole 

periphery thickness let us determine this height before assembly. Groove 

dimensions and Hycar rubber protrusion had been determined from prior load-

deflection tests, and the dimensions were based on that region of the curve 

immediately before the rubber began showing an asymptotic rise indicating the 

limit of compressibility. The double rectangular groove was milled into each 

face. Some handwork was required to meet the smoothness requirements. 

The chambers were then assembled (shown in place, at LAMPF, in Fig. 9) with 

Hycar seals between the poles, with spacer blocks between the pole faces. A 

helium leak check was performed with 10 std cm He/sec as the acceptance 

criteria. The supplier for the vacuum chambers was North American Rockwell, Los 

Angeles, California. 

D. Field Clamps 

The field clamps were made of AISI 1010 hot rolled and annealed steel. 

They were again annealed after forming to a convex or concave radius prior to 

machining. They were machined in such a way as to have a horizontal split line 

along the centerline of magnet, doweled, and bolted to retain that position. 

The clamps were positioned during assembly so that they would travel in and out 

±3.8 cm (1.5 in.) from mid position, remaining centered about the centerline of 

the beam in the "x" and "y" directions within 0.03 cm (0.010 in.). Judicious 

alternation in welding the mounts to the magnet yokes accomplished this. 

Alignment was accomplished and maintained by the use of optical alignment 

instruments. Once positioned and welded, the mounts allowed repeated 

reinstallation without noticeable deviation from the -original alignment. 

The clamps were accurately machined to have four flats of 30.99 cm 

(12.2 in.) length on the side facing each dipole to accept nosepleces in a 

close-fitting metal-to-metal coupling. In this way very little steel had to be 

removed from the 12.7-cm- (5-in.-) thick clamps depicted in Figs. 7 and 8, and a 
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very rigid assembly was obtained. Since the 1.59-cm (0.625-in.) screws passed 

through the clamp and it was movable, the nosepieces could generally be removed 

without removing the clamps from the magnets. The supplier of the field clamps 

was Allis Chalmers, Milwaukee, Wisconsin. 

F.. Nosepieces 

The nosepieces were fabricated at Los Alamos in single pieces from AISI 

1008-rated iron. They were contoured to a pure radius that was concentric with 

the clamp and end-tip radii for the initial assembly. Later, they were 

contoured to have up to fifth-order curvatures with a programmable milling 

machine and were shimmed along the surface nearest the magnet, based on the 

shape of the effective field boundary required by the optics and the existing 

field boundary as determined by magnetic field measurements (see Sees. V-VII). 

Because only one pass on the milling machine was required to obtain the 

necessary higher order curvatures in the field boundary, this was a much cheaper 

and more effective way of obtaining the final result than the originally 

proposed method of using 11 independently adjustable piecewise clamps. This 

approach was abandoned because of costs and the very real possibility of 

saturation that would have varied with the primary excitation current of the 

dipoles. 

F. Dipoles 

Each yoke was divided into three segments, approximately equal in size and 

roughly triangular in shape. Each yoke piece was 55.9 cm (22 in.) thick and was 

made in two pieces, the inner piece being 33.0 cm (13 in.) thick and the outer 

piece 22.9 cm (9 in.) thick. This arrangement suited the ingot size of the 

steel fabricator and also permitted the contour machining of the two end yokes 

on the inner 33.0 cm (13 in.), allowing flame cutting of the less critical outer 

22.9-cm (9-in.) portion at these ends. Rolled plate was used for these yoke 

pieces, as well as all other pieces, because the typical closed laminar defect 

in rolled plate is more tolerable to flux lines than the open defects found in 

forgings. Cost was also a factor in this decision. An ultrasonic inspection 

was performed on all rolled plate, after the mill scale was ground to permit 

suitable transducer coupling. A defect causing 50% or more loss of background 

with any dimension exceeding one-half of the finished thickness was not 

acceptable. 
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The end contour was machined on the 33.0-cm (13 in.) inner piece of each 

yoke. The junction surfaces of the two yoke pieces were machined to cleanup and 

the faces of the two pieces that mated with an adjacent yoke member were 

machined. The inner and outer pieces were then aligned and adequately welded 

together. 

The six yoke pieces were then aligned with their mating yoke pieces, each 

subassembly on opposite sides of the vertical boring mill table to balance the 

loading (see Fig. 11). Two 2.'S4-cm (1-in.) dowel holes w^re machined, and 

dowels were placed at all junction faces to provide future positive assembly 

references. The pole and leg mating surfaces, the outer and inner radius 

surfaces, dowel holes, and through holes were machined or located in assembly 

during this setup. The assemblies were then turned, reassembled, and the outer 

surfaces were machined to be parallel with the inner surfaces. 

The machine (FRORIEP 5-AXIS vertical milling machine) used for most of 

these operations was a tape-controlled rotary table machine capable of turning 

and single tool cutting (see Fig. 12). It also had a milling-machine-type head 

that could be mounted for tape-controlled milling, hole location, and boring. 

All through holes for bolts and dowels were located relative to the optical 

fiducial holes located at the magnet mid-radius intercepts with the 7 5° magnet 

end boundaries. The softness and tearing properties of this soft steel made 

tool design very difficult. Economic material-removal tooling produced a rough 

finish. Tools that produced a suitable finish experienced rapid wear. 

Since the turning mode was not economical, all flat surfaces were milled, 

using the milling attachment with a cutter head holding a large number of 

preground carbide tools. This method resulted in a 17.8-cm (7-in.) wide cut 

lapping the prior cut, with a step of as much as 0.005 cm (0.002 in.) from one 

cut to the other (see Fig. 13). 

The poles were made of rolled plate, annealed AISI 1008 steel, having 

separate end pieces, which were doweled and bolted to the main body of the pole. 

The small end pieces were contour machined to their compound radius shapes and 

then attached to the poles for upper contour machining of the assembly. Again, 

the poles were placed in a counter-balancing position on the machine table. 

Both sides and radii were machined to remove excess stock. The trim coil slots 

were machined into the back side after this surface was finished. This was a 

very time-consuming operation. As the cutter diameter stepped down for the 

deeper, smaller grooves, special mill cutters had to be made for greater shank 
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10 
Fig. 11. Yoke subassembly mounted on tape-controlled vertical boring mill, 

FRORIEP at Rockwell International, Los Angeles, California. 
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Fig. 12. Yoke leg pieces mounted on vertical boring mill, FRORIEP at Rockwell 
International, Los Angeles, California. 



2 ^ ^ ^ . 

S 

cr V '*$ 

Fig. 13. Setup for the 7-in. diameter lapping out on yoke leg pieces. The 
machine shown is a large skin mill at Rockwell International, Los 
Angeles, California. 
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support and strength (see Fig. 14). Grooves were of poor finish, tapered and 

stepped from tool wear. These discrepancies were not detected by inspection and 

resulted in many man-hours' work in hand fitting the steel slot-filler bars in 

assembly. 

The final cut of the profile on the pole face was a single tool operation. 

The tool edge would bre,ik down approximately linearly as the cut progressed 

across the face, causing aa acceptable profile but uniformly nonparallel with 

the back surface. A schematic of the pole piece cross section is shown in 

Fig. 6. An attempt to set the pole with face down for remachining the back face 

parallel to the tapered profile resulted in greater difficulties. The flat 

region of the profile presents a smaller contact area, there were no bolt holes 

to clamp the piece flat, and the trim coil slots made the piece a less rigid 

structural shape. The end result was that the radial taper was not totally 

removed and thickness of the piece varied, thin at support points and thicker at 

points between supports. This latter problem was not detected until 

measurements were made of the pole gap in assembly. The measurement data showed 

a variation of 0.018 cm (7 mils) in the pole gap. The measurement made was at 

~10-cm (12-in.) intervals in the circumferential direction, at centerline, and 

20 cm (8 in.) either side of centerline radially. It was not clear at that time 

if the machining was at fault or if the assembly method was at fault. 

The test assembly (see Fig. 15) was performed with separate supports rett

ing on two sections of thin concrete slabs. The concrete had a fill dirt 

subbase, and the area was lower than the surrounding area, thereby becoming a 

collector of surface water from frequent rains. Since the assembly area 

perforce had to be accessible to the machining building crane extension, there 

was no alternative. The assembly was short-term unstable and measurements, if 

taken quickly after releveling, were fairly accurate, although an assembly 

levelness of 0.04 cm (0.015 in.) was all that could be achieved. 

The discrepancies detected in the first magnet alerted our resident 

inspector to the problems that would occur in the second magnet. The trim coil 

slots were machined to tolerance on the poles for the second magnet. The pole 

thickness taper and thickness variations were known at this time, but no 

corrective actions were taken. Assembly measurements of the pole gap showed it 

to have a 0.023-cm (9-mil) spread with one end being uniformly smaller than the 

rest of the magnet. Upon disassembly, considerable hand scraping and sanding 

were performed on the mating surface of one yoke at the small gap end. Handwork 
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Fig. 1A. Machining of H trim coil slots on yoke side of pole piece. The 
machine shown xs a vertical boring mill, FRORIEP. 
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Fig. 15. Dipole test assembly at Rockwell International, Los Angeles, California. 



was also performed on the top surface of the vacuum chamber sealing surface to 

bring it within thickness tolerance. 

The supplier for the yoke, poles, and vacuum chambers was North American 

Rockwell, Los Angeles, California. 

TV. ON-SITE ASSEMBLY 

A. Introduction 

Originally, the plan was to use a small area of a building having a 

27.2-metric ton (30-ton) building crane, assemble the magnets there, and move 

them on an air-pad-supported structure to Area C after assembly. We were so far 

behind schedule that we no longer had access to this area, so the decision was 

made to perform the assemblies in Area C, which had no crane. 

The Los Alamos Materials Management Division made arrangements to ship the 

components by tractor-trailer units. The components were offloaded using a 

49.9-metrie-ton (55-ton) mobile crane positioned in Area C. Pieces were 

positioned on stands and on cribbing, with regard to accessibility and priority 

into assembly. 

B. Fhysical Procedure and Operation 

Two assembly stands had been designed and fabricated of structural steel 

members. Additional column-type stands had been fabricated to support 

individual pieces at a convenient working height and for accessibility below. 

Handling fixtures had been made for the handling and rolling of the poles and 

for handling the coils. An assembly procedure was made and followed throughout 

the operation. All pieces except the poles, coils, and vacuum chamber had 

either tapped holes for lifting eyes or lugs welded on for lifting. Pieces were 

handled by the 49.9-metric-ton (55-ton) mobile crane or a 13.6-metric-ton 

(15-ton) hydraulic-boom mobile crane, depending on the size of the piece to be 

handled. All lifts were made via three-legged cable slings with large turn-

buckles for level adjustment. In addition, we had a 22.7-metric-ton (25-ton) 

Hydraset in-line above tht sling to provide a 30-cm (12-in.) slow motion verti

cal travel for final placement of the part. 

C. Implementation 

The lower three yoke pieces were placed onto the assembly stand, located 

with respect to each other by the two 2.54-cm (1-in.) dowels at the mating sur

face, then leveled with shims to within 0.005 cm (0.002 in.) using an optical 

level. The yokes were pulled into intimate contact using 2.54-cm (1-in.) 
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threaded stock through the lifting lug holes, tightening nuts at each end until 

no gap existed between the parts. (See Fig. 16). 

The lower Dole was iaverted on column stands for placement of the trim 

coils. Extensive cleaning *~is performed on all pieces, but especially in these 

grooves (see Fig. 17). The Ht coils were calculated for arc length to bends, 

bent and cut to length, hand polished, hand bent to match the groove radius, 

fiber glass sleeved, epoxy coated, and positioned into the grooves. 

Filler strips for insertion into the groove above the Ht coil were ground 

to groove width minus 0.005 cm (0.002 in.), roll formed to the approximate 

radius, cut to length to clear the Ht coil bend radius, and placed into their 

respective grooves. The strips were ~0.08 cm (0.030 in.) excessive in height. 

These were milled off to flush with the pole back face using an air-driven weld 

bead removal tool. A special holding fixture was made that referenced to the 

pole face and permitted machining to flush with a minimum of undercut (see 

Fig. 18). 

The pole was rotated and placed into the assembly on the three lower yoke 

pieces. Extreme care was taken while threading the trim coil ends through the 

holes in the yokes and also to ascertain that there was no foreign matter be

tween surfaces. Pole tip bolts were placed through the holes in the yoke and 

engaged into the tapped holes in the back side of the pole. These were torqued 

to requirement, and one more of many 600-V, high-potential tests was made on the 

Ht coils. 

Two optical fiducial holes had been machined on the pole face to define the 

beam line exit and entrance. These points were now optically surveyed by jig 

transits at each end, and targets were placed on the floor and on the walls for 

future alignment of the upper pole piece. 

The lower coil was placed with a 0.013-cm- (5-tnil-) thick Mylar sheet 

between it and the yoke pieces. The coil was positioned radially and circuit 

ferentlally via scale measurement. The vacuum chamber was now placed (see 

Fig. 9) and the upper pole was placed immediately to exclude dust. The upper 

pole had been prepared as described for the lower pole. The Hycar had been 

placed in the two grooves top and bottom on the vacuum chamber, lubricated 

lightly with Apiezon L grease. The protrusion of the Hycar was measured by a 

special "go" - "no go" block-type gauge. 
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Fig. 16. Three yoke pieces placed on the assembly stand. 
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Fig. 17. Preparation of the H trim coil slots on the pole piece. 
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Fig. 18. Completed H trim coil assembly showing leads and inserted steel 
filler strips. 



The upper coil was placed and aligned with the lower coil. Standoffs were 

made to be placed at ~30-cm (12-in.) intervals between the coils. These were 

nominally 1.9-cm (0.75-in.) phenolic pieces, 5 cm (2 in.) by 15.2 cm (6 in.), 

faced with 0.64-cm (0.25-in.) neoprene. The neoprene thickness was adjusted by 

layers of 0.08-cm (0.03125 in.) neoprene and 0.013-cm (5-mil) Mylar strips to 

cause 0.04- to 0.05-cm (15- to 20- mils) compression when the upper yokes were 

placed. Adjustable coil restraints mounted on the end yokes were positioned to 

constrain the coil "saddles." The inner and outer legs were positioned into the 

assembly and aligned by the dowels from leg bushings and yoke bushings. 

Phenolic shims were then custom fitted between the coils and leg surfaces over 

~75% of the area to provide coil constraint in these directions. 

The upper pole was aligned with the lower pole using the machined fiducials 

at each end of the upper pole and the floor and wall fiducials placed earlier. 

The upper yoke pieces were threaded over the upper pole trim coils and 

positioned by the yoke-to-leg dowels and the yoke-to-yoke dowels (see Fig. 19). 

Again, extreme care was taken to avoid foreign particles between the surfaces. 

The upper pole was rechecked optically for alignment, and pole bolts and through 

bolts were installed and torqued to specifications. A 600-V, high-potential 

test was performed on the Ht coils to test for grounding. A helium leak test 

was performed on the vacuum chamber and the buffer region between seals. 

Throughout the assembly, mating surfaces were cleaned and checked for burrs 

and upsets. All steel surfaces external to the vacuum were oiled with heavy 

vacuum oil. Steel surfaces within the vacuum chamber were cleaned with alcohol 

and given a light coating of Hi-Vac oil. A completed dipole assembly is shown 

in Fig. 10. 

V. MAGNET OPERATION AND INITIAL MEASUREMENTS 

During the period of magnet studies and field measurements all of the power 

supply and field measurement control and diagnostic hardware was interfaced via 

CAMAC to a Digital Equipment Corporation PDP-9 computer. (See Fig. 20). 

A. Magnet Excitation 

Each dipole is powered by its own Transrex SCR power supply with a maximum 

output of 2000 A at 200 V. The output of the supply has been measured to be 

stable to a part in 10 over a period of several hours. The output current is 

monitored by a transductor circuit that produces a 1-volt output for a power 

supply current of 2000 A. The current is controlled by two 20-turn precision 
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Fig. 19. Lowering of center upper yoke block onto dipole subassembly. 
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potentiometers (one for fine and one for coarse control) driven by stepping 

motors requiring 400 pulses per revolution. In practice, the coarse control was 

adequate for most applications. 

As a diagnostic tool to monitor eddy-current effects, a 2000-turn coil 

(2.70 cm long by 1.2.7 cm diam.) was imbedded in the yoke steel near the main 

coils, with its axis parallel to the direction of the main field. In this re

gion of the yoke, near the main coils, the eddy currents produced during excita

tion tend to reinforce the main field. This coil thus provides an eddy-current 

monitor since, when the main coil current stops changing the field, change as 

monitored by the coil is proportional to the change in eddy currents, i.e., to 

the decay of the eddy currents. It is possible to use this coil to help 

determine the optimum rates for setting the magnets. Ideally, one would like to 

set the field so that everywhere in the magnet the final field value is reached 

monotonically so as to minimize hysteresis effects. 

The particular algorithm used most of the time for setting the dipoles is 

as follows. The main current was rapidly brought up to saturation (19 kG) at 

200 to 400 A/min. The current was held at this value for 1 min, then brought 

down at a rapid rate (200 to 400 A/min) until the field, as measured by the coil 

described above, reached a predetermined value of a few hundred gauss above the 

final value desired. Note that at this point in time the field measured by the 

coil was in large part made up of the reinforcing field from the eddy currents. 

From then on the main current was changed only to keep the field measured at the 

coil constant. That is, as the eddy currents decayed, the main current was 

changed to compensate for the field change that would have occurred from the 

decay of the eddy currents. As a consequence, the time dependence of the main 

current was an exponential fall-off reflecting the decay of the eddy current. 

In this way, when the main field finally reached the predetermined value, the 

eddy currents were effectively zero. At this time, the main field was brought 

to the final value desired by changing the current at a very slow rate of 1 or 2 

A/min, often using an NMR probe (Fig. 21) to monitor the main field. This 

setting algorithm was implemented on the PDP-9 control system by putting the 

coil output into an integrator and using the integrator output in a feedback 

loop to control the power supply current. 
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Fig. 21. NMR drive mechanisms for the spectrometer magnets. 
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At low fields (4 kG to 10 kG) a different algorithm was often used. This 

algorithm was to run the current up to a value twice that of the final value at 

a rate of 100 A/min and then to immediately bring the current down to the final 

value at the same rate. This method was found to increase the average field 

uniformity by almost a factor of 2 over that achieved by the previous algorithm. 

This method, in effect, uses eddy-current effects in the pole edges to tailor 

the field shape. 

These field-setting methods were found to give reproducible results to a 

few parts in 10 . However, after a catastrophic field change, such as when the 

main coil current has been "dumped," it was found necessary to "cycle" the 

magnet between zero current and saturation about three times before previous 

field shapes were reproducible. 

R. Magnetic Field Mapping 

The midplane field of the magnets was measured by "point coils," 3886 turns 

of number 40 wire with a dimension of 1.18 cm in diam. and 0.84 cm in height 

(see Fig. 22). Each coil was directly connected by about 80 feet of tightly 

twisted pair wire to its own LAMPF-designed precision integrator that was multi

plexed via mercury-wetted reed relays to a digital voltmeter interfaced to the 

PDP-9 CAMAC system. The coil-integrator system had typical drift nonlinearities 

of a few parts in 10 . 

Primarily because of the unavailability of sufficient numbers of 

integrators, only six coils could be read out at one time. They were located in 

an aluminum block with 2.54-cm (1-in.) separations between coil centers. The 

coils were attached to an aluminum cart that was pulled through the magnet gap 

by a stepping motor with a stainless steel cable. The cart was accurately 

Fig. 22. Point coil used for magnetic field measurements. 
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guided through the magnet by wheels that moved in a machined groove on the pole 

face. The azimuthal position of the cart was measurable to an accuracy of 

±0.01 cm (4 mil) by measuring the voltage across a single-turn potentiometer 

coupled to a wheel that rolled on the pole face. The potentiometer was cali

brated dynamically by bringing the cart up against reference stops at each end 

of the magnet. These were a known distance apart. 

In order to measure the field across the useful gap region it was necessary 

to make five scans, moving the six-coil block to a different radial position 

each time. T.n the end the field was measured at 26 different radial positions 

with approximately 2.54-cm (1-in.) separations. Since the cart could not move 

into the fringe field region (it had to remain on the pole face), the coil block 

was mounted on arms extending out from the body of the cart. Since the block 

._ouid be on only one side of the cart at one time, it was necessary to map each 

az:°mu\:ral half of a magnet separately and to combine the two maps later. 

,.n the uniform-field region, the coils were calibrated by reference to two 

W R scans. In the fringe-field regions calibration was to a set of Hall probe 

measurements made manually at the extreme coil positions. The field strength 

here was typical1v between 0 and 100 G. 

A total of 5 x 2 = 10 cart scans was necessary to completely map a magnet 

at each field. A map contained approximately 10 000 measurement points on a 

2.54-cm by 2.54-cm (1-in. by 1-in.) grid in the uniform field region and a 

2.54-cm by 0.64-cm (1-in. by 0.25-in.) grid in the fringe field region. Recall 

that the magnet gap is 10 cm (4 in.). Such a map took about 4 or 5 hours to 

complete. 

The raw mapping data were recorded on magnetic tape by the PDP-9. The data 

for each position of the measurement cart consisted of the voltage of the posi

tion potentiometer, the time in units of 1/120 of a second, the number of rev

olutions that the potentiometer had made from the start, the azimuthal position 

of the coil block, and the six integrator output voltages. Scans were made in 

both directions to obtain integrator drift corrections. In reducing the raw 

data to an actual field map, the integrator output voltages and measurement 

times in one direction were interpolated to lie under the voltages and times in 

the other direction. The integrator drift rate was then calculated for each 

point (assuming that the field had remained constant for each point), and a mean 

drift rate for each integrator for that scan was calculated. This mean drift 

correction was then applied at all the measurement points. The relative field 
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values were then converted to fields in gauss by normalizing to the NMR and Hall 

probe measurements mentioned above. 

C. Other Measurements 

1. Thermal Effects. A series of measurements was made to determine the 

effects of temperature change on field strength and field shape. Several therm

istors were put in thermal contact with the magnet iron at various places on the 

yoke and on the pole face. The field was monitored by a NMR probe positioned at 

the approximate center of the magnet gap. 

The field was first set to a value of 16 kG and allowed to settle for 70 

hours. During this time, the field and thermistor voltages were monitored by 

the Pf)P-9. Note that the thermal time constant of the magnet yoke was measured 

to be about 30 hours. At the end of the settling time the rate of change of the 

field due to thermal effects was about 0.013 G/hour. As expected, the yoke 

temperature and field strength had the same time constants. However, immediate

ly after the field was set, the field strength increased by 1.6 G over a period 

of about 7 hours. This change was completely uncorrelated with any temperature 

change in the yoke, and it was probably due to the stabilization of the joint 

power supply coil system. The fractional change in field strength with change 

in temperature was about 4 x 10 /°C. This is quite close to the approximate 

coefficient of thermal expansion of steel, about 10_5/°C, as might be expected. 

In order to study the effects of temperature on field shape, the rate of 

flow of the magnet coil cooling water was decreased by 2°C and the main field 

decreased by 1.5 G. A NMR scan was made, and no field shape change was observed 

greater than the measurement error of about 0.3 G. 

2. Mechanical Measurements. In order to study the effect of mechanical 

motions of the magnet yoke element on field shape, several Bently differential 

motion gauges (a compact rf device that produces a voltage proportional to a 

small physical displacement) were installed to measure displacements across yoke 

block boundaries. 

As the magnet was powered up, the gauges were monitored. Most measured 

displacements were smaller than 0.0021 cm when the field was changed from 0 to 

19 kG, except for a region between the outer radius leg piece and the bottom 

yoke of magnet BM02 where a displacement of 0.004 cm (1.6 mils) was measured. 

However, in subsequent tests, none of these motions showed effects on the main 

field shape of more than one part in 10"^. 
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D. Summary and Decision to Grind Pole Surfaces 

The radial and azimuthal variation observed with the mapper cart (see 

Figs. 23 and 24 for 10-kG maps) as well as VMR scans (see Fig. 25 for a 4-kG 

scan) were not acceptable to initiate the proposed HRS experimental program. 

The field integrals for the (homogenous) central portion of the dipoles had de

viations as large as one part in 10' (see Figs. 28 and 29 and Table IV). 

All attempts at correcting the inhomogenelties by use of the Ht coils had 

failed, primarily because of their wide response function (see Appendix B for a 

discussion of the Ht results) together with the unexpected azimuthal field 

variations, which are, unfortunately, orthogonal to the radial corrections that 

are possible with Hfc coils. 

In order to understand the source of the problem, it was decided to replace 

the point coils of the mapper cart with dial indicators in order to construct a 

mechanical gap map. The data, when compared to the corresponding magnetic field 

measurements (at 4, 10, and 14 kG), showed that the magnetic field inhomo-

geneities were due primarily to the mechanical gap variations. This is il

lustrated in Fig. 25 for a single radial scan. In addition, certain azimuthal 

features of the magnetic field were traced (after the magnets were disassembled) 

to correlated variations in the thickness of the pole pieces. These, in turn, 

were not inconsistent with the way that the pole pieces had been supported dur

ing machining. 

Because of the shape of the pole-piece profile (see Fig. 6), it was not 

feasible to correct the problem by machine surface grinding the four pole 

pieces. Consequently, the decision was made to disassemble one of the magnets 

and hand work the two pole surfaces based on the mechanical gap height measure

ments. However, the Los Alamos Shops Department would not guarantee an accuracy 

of better than 0.0025 cm (1 mil), which is an amount outside the tolerances we 

required. At this point, the actual decision to disassemble the magnet was made 

on two points. First, there had been a leak in one of the Hfc fittings that had 

caused an unknown amount of water damage to the magnet. Although the leak it

self had not covered the magnet, we were afraid that capillary action might have 

resulted in wetting the very considerable internal surface areas of the magnet 

(recall the multipiece construction). Furthermore, shorts had developed in some 

of the Hfc windings so that we had to assume that the pole-yoke interface had 

been wetted. While this alone was sufficient reason to disassemble the magnets, 

the decision to hand work the pole surfaces was based on the deliberations of 
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Fig. 23. 10-kO median plane field map of HS-BM-01, 
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Fig. 24. 10-kG median plane field map of HS-BM-02. 
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four members of our group (Madland, Smith, Tanaka, and Wilkerson) that they 

could perhaps achieve an average accuracy of 0.00025 cm (0.1 mil). Even though 

this was a difficult and tedious job, the decision to proceed was nevertheless 

made based on their considerations of the mechanical grinding problems and time 

estimate for the job of approximately 1 month per magnet. This operation is 

described in more detail in the following section. 

VI. POLE SURFACE GRINDING OPERATION 

A. Method 

The decision to rework the pole surfaces of the two dipoles is discussed in 

the previous section (Sec. V.D.). The method used is described in the follow

ing. 

The field mapping point coils were removed from the mapper cart and re-

placed with dial indicators of 0.00025-cm (0.1-mil) precision with the capa

bility of reading 0.00013-cm (0.05-mil) Increments (the mapping cart is shown in 

Fig. 9). The magnet pole surfaces were swabbed with alcohol-soaked lint-free 

tissue, air-dried, and dust collectors were mounted at the exits and entrances 

of the magnets. The mapper cart was cleaned and installed, and a series of 

mechanical gap maps were measured, using the computerized stepping motor drive 

utilized in the normal field measurements. At each azimuthal position of the 

cart, the dial indicators were read using a telescope and a spotlight. The 

polar coordinates of each measurement point were determined in the same way as 

for the field maps (see Section V.B). Reproducibility runs were taken several 

times. It was quite obvious, for example, when the indicator head caught a 

piece of lint [the average lint dimensions at the HRS appear to exceed 0.0025 cm 

(1 mil)]. It was also clear whenever the indicator head was riding a slight 

burr on the side of a machining groove or the groove itself (the radial posi

tions of these grooves corresponded roughly to the positions at which tool wear 

had forced a change to a new tool bit). The mesh sizes of the gap maps were ap

proximately 5 cm (2-in.) radial by 10 cm (4 in.) azimuthal for HS-BM-02 and 

5 cm (2 In.) radial by 5 cm (2 in.) azimuthal for HS-BM-01. It was decided to 

L. S. Starrett and Co., Athol, Massachusetts., Model No. 25-511 dial Indicator 
with a 200-mll range and a ±5-mil dial with ]00 divisions. 
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grind the poles of the less critical dipole first (HS-BM-02) in order that the 

learning process could then he applied to the more critical dipole (HS-BM-O]). 

The data were reduced, and polynomial fits were obtained for the gap varia

tion with radius for each azimuthal position ~40 fits for HS-BM-O?. and ~80 fits 

for HS-BM-01. Since no symmetry existed, odd order fits were used with a tnaxi-
2 

mum order of 5, 7, or 9, depending upon the value of x to some extent but 

primarilv depending upon comparisons to the corresponding magnetic field 

".iriatinns converted to gap (see Figs. 23-25). 

The nolvnomial fits were used to reconstruct the gap map on an exact polar 

niesh such that the center area element, dA = dr • rdS = dr • dz = 5.08 cm by 

10.if> cm (2.on in. by 4.00 in.), was at the center of the pole surface 

IRO = 3 50.no cm (137.795 in.), 9 Q = 0.0°1. Area elements at radii r > RQ had 

larger dz and those at smaller r, of course, had smaller dz. HS-BM-02 was then 

disassembled, and the upper pole piece was cleaned, inverted, and a 

dust-containment plastic enclosure was built around it (see Fig. 26). A radial 

line layout tool with sliding block (to hold a felt-tip pen) was built so that 

the polar mesh could be easilv transferred to the pole piece (the layout tool 

traveled in the V-groove that had been machined into the pole for the mapper 

cart wheels ). 

The approach to the grinding operation was to define the widest gap of the 

measured gap map as the "zero," that is, no steel would be removed at 

"zero"-area elements on either pole. Alternatively, the maximum amount of steel 

would he removed at area elements of the narrowest gap. At every area element 

at which steel was to he removed, the amount removed was to be divided equally 

between the two pole pieces. Two identical steel removal polar grid maps were 

therefore constructed for the HS-BM-0? pole pieces. Since the widest variation 

in the HS-BM-02 gap map was 0.0934 cm ("5.? mils) [out of a design gap of 

After completing HS-BM-02 it was determined, for example, that a 5-cm-
(2-in.-) azimuthal mesh would improve the results for HS-BM-01. 

**For HS-BM-01, dr • dz = 5.OR cm by 5.08 cm (2.00 in. by 2.00 in.). 
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10.16 cm (4000 mils)l, the maximum thickness of steel to be removed was 

0.0117 cm (4.6 mils)/area element/pole piece. 

A method was then required by which a zero steel removal map could be 

measured quickly and accurately and remeasured after the first pass removal, 

second pass removal, and so on. This was done bv attaching a dial indicator to 

a sliding carriage mounted on an open-faced cast parallel, as shewn in 

Fig. 6. The parallel was surface ground and diamond lapped to a #4 finish. 

The carriage was made of AISI A2 tool steel, heat cycled and stress relieved, 

with runners that were surface ground and diamond lapped to a #4 finish. Fidu-

cials were scribed onto the pole surface just below the maximum of the Rogowski-' 

profile (see Fig. 6) by which the cast parallel would be positioned so that the 

radial motion of the dial indicator would intercept azimuthal coordinates of the 

polar grid steel removal map (already marked on the pole surface by use of the 

layout tool and felt-tip pen). 

The actual grinding operation (see Fig. 26) consisted in removing to as 

close a tolerance as possible the specified amount of steel from the polar area 

element about the grid point in question and to do so in such fashion that 

neighboring area elements would blend continuously into one another. Typically, 

the first few mils of steel were removed with belt sanders using #60 grit belts; 

the pole would then be cleaned with alcohol, a new steel removal map would be 

measured, the grid would be redrawn on the pole surface, and hand sanding with 

coarse (#17.0 to #?R0 wet or dry) sandpaper would begin, or more belt sanding 

with a finer grit belt (#220) would continue. This process would continue until 

less than one-third mil of steel removal remained, at which time all further 

work was done by hand with sanding blocks and ?320 or #400 wet or drypaper. The 

sandpaper was always used dry. An empirical gauge was found to work very well 

in the final stage. The removal of ink on a given area element by hand sanding 

corresponded to retrieving between 0.05 and 0.1 mil of steel. The most 

Two parallels were used in the grinding operation. Each of two, two-man teams 
had a cast parallel, sliding carriage, and dial indicator that were used for 
all measurements on a given half pole. One parallel was a KINMONT with 
dimensions 6.35 cm by 19.37 cm by 91.44 cm and the other was a CHALLENGE #72 
with dimensions 6.03 cm by 20.32 cm by 93.98 cm. Both are available at the 
Los Alamos Shops Inspection Department (MEC-4). 
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Fig. 26. Grinding operation on the pole piece. Note polar grid on the pole 
piece, parallel gauge bar, sliding carriage, and dial indicator. 



troublesome aspect of the sanding operation was cleanliness of the pole surface 

(particularly the Rogowski profile upon which the parallel gauge bar rested), 

the gauge bar, and the carriage so that accurate measurements could be taken to 

produce the nth steel removal polar grid. Vacuum cleaners, Freon, alcohol, and 

acetone were used for cleaning throughout every phase of the grinding operation. 

For HS-BM-02 (the first magnet that was ground) there were 585 polar area 

elements of approximate dimension 5.0 cm (2 in.) radial by 10 cm (4 in.) azimu-

thal. Upon completion and reassembly, a mechanical contour map indicated that 

the following improvements could be implemented for the grinding of HS-BM-01. 

1. An azimuthal sine-wave-like variation in the gap height, with wavelength 

~10 cm (4 in.), indicated that the polar area element should be changed to 

~5 cm (2 in.) radial by 5 cm (2 in.) azimuthal. 

2. Results at innermost and outermost radii indicated that mechanical contour 

maps on HS-BM-01 should have a larger radial extent so that a better job 

could be done on blending the base take-off amounts into the Rogowski edge 

profiles. 

These adjustments were incorporated into the HS-BM-01 operation and gave 

1290 polar area elements per pole piece to be ground. Another improvement in 

the HS-BM-01 operation was the realization that if too much steel was removed 

from a given area element an integral compensation could be made by reducing the 

amount of steel to be removed from the azimuthally adjacent element by an amount 

equal to the depth of the error. Moreover, if too much steel was removed from 

the (i,j) area element on one pole the amount of overshoot could also be deleted 

from the scheduled mirror (i,j) area element on the opposite pole, provided that 

the amount of overshoot was small (0.1 mil was adopted). The peak gap variation 

of HS-BM-01 prior to grinding was 0.0328 cm (12.9 mils) out of a design gap of 

10.16 cm (4000 mils). 

The HS-BM-01 operation was more efficient than that on HS-BM-02, despite 

the fact that there were approximately twice as many area elements to remeasure 

for each sanding cycle. Considering the entire operation (both magnets^ approx

imately 70% of the time was spent in cleaning and measuring and 30% of the time 

in actual sanding. The four pole pieces comprised «16.7 TIT (180 ft ) of surface 

to be ground. Approximately 9 kG (20 lb) of steel were removed in about 40 

man-weeks. 
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B. Results 

In order to convey and compare the mechanical results of the grinding 

operation itself, we have (1) tabulated the distribution of the measured devia

tions from the desired values for the total grid and (2) calculated the 

departure from the desired mechanical line integrals, for fixed R, through the 

total azimuth. 

1. Distribution of Deviations from Desired Values. Let Ay represent the 

total deviation from the desired amount of removal (of the combined poles) at 

some arbitrary grid point. Then a table (see Table II) can be constructed 

showing the distribution of these deviations for 585 (r,6) coordinate measure

ment points for HS-BM-02 and 1290 such points for HS-BM-01 (not area elements, 

onlv center points of area elements). 

TABLE II 

DISTRIBUTION OF DEVIATIONS FROM DESIRED STEEL REMOVAL VALUES 

Range (mils) 

0.05 
0.1 
0.2 
0.5 
1.0 

< 
< 
< 
< 
< 

IAy| 
|Ay| 
IAy| 
1 Ay t 
IAy| 
|Ay| 

< 
< 
< 
< 
< 
< 

0.05 
0.1 
0.2 
0.5 
1.0 
1.5 

No. of 
Grid Points 
(HS-BM 

281 
208 
82 
11 
2 
1 

585 

-02) 

No. of 
Grid Points 
(HS-BM-01) 

1206 
44 
19 
19 
1 
1 

1290 

2. Deviations from Desired Mechanical Line Integrals. The deviation from 

the desired mechanical line integral is given by 

/{fy(actual) - y(desired)]/y(desired)) dz . . 
] dz 

* In order that these Ay's represent deviations from the desired gap, it must be 
assumed that the magnets can be reassembled to coincide precisely with their 
original mechanical configurations. It must also be assumed that a correct Ay 
at the measurement point implies all Ay's in the neighborhood (area element) 
of the point are also correct. 
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for each radius R. The results for the two magnets are shown in Table III. 

Two comments can be made. First, the average of the deviations for the second 

magnet to be ground (HS-BM-01) is a factor of 4 less than for the first magnet 

(HS-BM-02); that is, <J> (HS-BM-OI) = 0.334 x 10"5 and <J> (HS-BM-02) = 

1.338 x 10-l>. Second, the peak-to-peak difference in J values is a factor of 

1.8 improved between the two magnets; that is, AJ(HS-BM-02)/AJ(HS-BM-Ol) = 1.8. 

TABLE III 

DEVIATIONS FROM DESIRED MECHANICAL LINE INTEGRALS 

R J x 10 5 

(cm) (HS-BM-02) 

3 1 9 . 5 1.733 
324 .6 2 .097 
329 .7 2 . 0 1 3 
3 3 4 . 8 1.619 
339 .9 1.789 
344 .9 1.845 
350 .0 1.510 
3 5 5 . 1 0 .867 
360 .2 0 .224 
3 6 5 . 3 0 . 7 8 3 
3 7 0 . 3 0 .671 
375 .4 0 .867 
3 8 0 . 5 1.370 

The field maps obtained with the reassembled dipoles, together with the 

final optimization processes performed, are discussed in the next section. 

VII. OPTIMIZATION 

A. Approach 

Following the reworking of the magnet pole surfaces the intended procedure 

was to (1) assemble the magnets, (2) perform a complete set of magnetic 

J 
(HS-

0, 
0, 
0, 
0, 
0, 
0, 
0. 
0, 
0 . 
0 . 
0 . 

-o. 
0 . 

x 1 0 5 

-BM-01) 

.758 

.379 

.284 

.253 

.316 

.221 

.458 
,506 
,521 
,348 
395 
253 
348 

*In order that the J values represent deviations from the desired field line 
integrals, it must be assumed that the magnets can be reassembled to coincide 
precisely with their original mechanical configurations. It must also be 
assumed that a correct Ay at the measurement point implies that all Ay's in 
the neighborhood (area element) of the point are also correct. 
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measurements, and (3) use the H colls and the multipole element for final 

tuning adjustments. Ideally, the field shape would be uniform and constant in 

the central region for all field excitations. Lacking that, the hope would be 

for slow variations In the transverse direction, which were broad compared to 

the gap height \G = 10.16 cm (4.000 in.)] and constant along arcs of constant 

radius. The Hfc colls would then be ideally suited to correct the 

distributions. Lastly, remaining aberrations would be corrected using the 

multipole element. 

Item (1), final tuning adjustments, is performed most fruitfully by use of 

scattered and unscattered proton beams. Accordingly, the final tuning adjust

ments are (at the time of writing this report) an ongoing process. Prior to 

their installation, however, an optimization of the reassembled hand—ground 

magnets, using all other available means, was completed. This work is discussed 

in the following. 

B. Field Measurement Techniques 

The basic types of magnetic measurements used were, again, primarily NMR 

scans (see Fig. 21), transverse to the optic axis of the magnet, and mapper cart 

scans (see Fig. 9), carried out with the point-coils, as discussed in Sec. V.B. 

All of the field measurements were confined to the median plane, which in 

principle Is sufficient to allow determination of the field everywhere it is 

needed for the optics calculations. The significance of the results therefore 

rests upon the assumption that median plane line integrals, along areas of con

stant radius, determine the limiting optics of the system. 

C. Homogeneous Region 

Table IV and Figs. 27, 28, and 29 summarize the steps taken to minimize the 

inhomogeneitles of the field integrals as a function of primary field setting. 

The end result (see Table TV) was to achieve uniformity to within 4 parts in 10 

(rms), for both dipoles, over a range of field excitation of 4 kG < B < 14 kG. 

To accomplish this result, the following operations were carried out. 

We remind the reader that part of the original intent of the Hfc coils was to 
correct for discrepancies in the field due to machining errors. Such machin
ing errors would result in variations in the radial direction that remained 
constant in the azimuthal direction. 
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1. Shimming of Yoke Leg Pieces. As Figs. 27-29 and Table TV show, the re

sult of hand grinding the pole pieces was twofold; the field homogeneity was im

proved by a factor of 2 and, more importantly, the variation of the field dis

tribution with radius was approximately linear (see Fig. 27) for azimuthal 

ranges corresponding roughly to the yoke block interfaces (see Fig. 4). It was 

concluded from the linear behavior in Fig. 27 that it had not been possible to 

reassemble the dlpoles in precisely their original configurations, which had 

been the major assumption of the hand-grinding operation. It was noticed, 

moreover, that the fine structure in the radial field distributions changed 

shape with primary magnet excitation. A possible explanation of this effect was 

that the magnet assembly was experiencing differential motion as a function of 

field excitation. It was decided to, first, shim the yoke leg pieces in order 

to cancel out the radial field gradients and, second, to then study the fine 

structure. Linear approximations to the radial field behavior of the three 

sections of both dipoles were determined. These were used to calculate the cor

rective (AISI 1010 steel) shim foil thickness for each section (the calculated 

thicknesses were appropriate to a primary field of 10 kG). The shims were then 

installed on the surface of each upper yoke block. Yoke leg piece interface 

and measurements of the field were taken at 10 kG. Three iterations were re

quired for HS-BM-02 and five for HS-BM-01. The final yoke leg shim patterns are 

shown in Fig. 30. The result (see Table IV) was that the field integrals were 

homogeneous to within ~2 parts in 10^ peak to peak and ~1 part In 10^ rms, at a 

field of 10 kG. Figure 27 Illustrates radial field variations at the center 

azimuth of HS-BM-02 before and after shimming at a field of 10 kG. The magni

tude of the fine structure after leg shimming approximately scaled with primary 

field excitation, BQ, and had a value of ~10 BQ. The overall result of the 

NMR scans taken in each third of both magnets and partitioning of the 
corresponding field integrals into thirds demonstrated the linear field 
gradient with radius effect for five of the six thirds (some of the slopes 
were of different sign as well as different magnitude). 

The basic structure is comprised of 10 blocks of steel: 3 lower yoke blocks, 3 
upper yoke blocks, 2 yoke leg pieces, and 2 pole pieces as shown in Figs. 4 
and "5. 
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TABLE IV 

HRS DIPOLE RESULTS (HOMOGENEOUS REGION MEDIAN PLANE FIELD INTEGRALS) 

Operation 

HS-BM-01 HS-BM-02 

Field (peak-to-peak (peak-to-peak 

(kG) x 10" ^ x I0~5) 

HS-BM-01 HS-BM-02 

(rms x 10 5) (ntis x 10~5) 

1) Original magnets 10 

1) Disassembly of magnets 10 
and hand grinding of 
pole surfaces 

3) Shimming of leg pieces 10 

4) Addition of 40 motion- 4-10 
constraining steel tabs 
per magnet spanning inter
faces of adjacent pieces 
of yoke structure 

5) Addition of symmetric- 14 
pair pole-face shims 4-14 

90 98 -30.0 -35.0 

69 50 -19.0 -17.0 
(plus approximately linear gradients in field distributions) 

23 24 ~ 7.0 ~ 7.0 
(only for a single field, that is, shim thickness depends 
upon BQ) 

-30 

9 
-20 

-31 

10 
-20 

i. 8.0 

£ 2.3 
£ 4.0 

<; 8.0 

£ 2.4 
£ 4.0 



•0028 

10026 

10024 

10022 

10020-

10018-

10016-

10014 

10012 

10010-

HS-BM-02 CENTER NMR 

O008 

D006-

O004-

10002 

RADIAL SCANS 

• • • ORIGINAL MAGNET • 

XXX AFTER GRINDING • 

o o o ADDITION OF LEG SHIMS . 

A 
I MIL -2.5 GAUSS 

°o • o o 
0 - o 0 ° ••o<K»°»0«> M 

* °»oo 

ib A * £• H 30 34 (XkW) 
B.24 25.40 3556 4572 55.66 66.04 76.20 66.36 iXcm) 

HS-BM-02 center NMR radial scans. The solid line is a linear fit 
the 10-kG distribution taken after the hand-grinding operation. 



10 

9 

8 

7 

6 

5 

4 

3 

2 

I 

0 

-I 

-2 

-3 

-4 

-5 

-6 

-7 

-8 

-9 

-10 

-

— 
-

— 
— 

-

— 

• 
" • 1 

— 

-

_ 

-

— 

A MECHANICAL GAP INTEGRAL"BEFORE" 
- 10 kG 
° 10 kG 
• 14 kG 
° 4 kG 

FIELD INTEGRAL "BEFORE 
FIELD INTEGRAL "AFTER" HS~BM-OI-

"AFTER"LEG SHIMS/TABS 
'AFTER" LEG SHI MS/TABS 

• 14 kG "AFTER" LEG SHIMS/TABS/ 
POLE-

* 
t\ 

— ! T ^''i^^^^W 

A 

L 

1 

l 1 

1 

•FACE SHIMS A 
/ 

T s \ / ~ 0.025 mm 7 > / 

1 / \ / 
±^_/V ^Jk*'' JA "-
\ ^^\ "V yyt-\ I ^ / 

\ A / V Q ^ A 
\ t A — 
\ / 

A l 7 ~~ 
A _ 

TIE BOLT LOCATION 
i i i — 

GRINDING LIMITS 
! — 

H t COIL LOCATIONS 

...i i i i i i 1 

330 350 

RADIUS (cm) 
370 

HS-BM-01 homogeneous region median plane field integral deviation vs 
radius after various corrective operations. "BEFORE" and "AFTER" 
refer to before and after grinding the pole face. 

63 



10 

9 

8 

7 

6 

5 

4 

3 

2 

I 

0 

-I 

-2 

-3 

-4 

-5 

6 

-7 

-8 

-9 

-10 

A MECHANICAL GAP INTEGRAL "BEFORE 
- 10 kG FIELD INTEGRAL "BEFORE" 
° 10 kG FIELD INTEGRAL "AFTER" 
• 14 kG "AFTER" LEG SHI MS/TABS 
° 4 kG "AFTER" LEG SHIMS/TABS 
• 14 kG'AFTER" LEG SHIMS/TABS/ 

POLE-FACE SHIMS 

- 0.025 mm 

HS-BM-02 

TIE BOLT LOCATION 
i i 

GRINDING LIMITS 

H COIL LOCATIONS 
-J I I 1 L 

330 350 
RADIUS (cm) 

370 

HS-BM-02 homogeneous region median plane field integral deviation vs 
radius after various corrective operations. "BEFORE" and"AFTER" 
refer to before and after grinding the pole face. 



YOKE LEG PIECE SHIM PATTERNS (IOIO Steel) 
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Fig. 30. Schematic of the final yoke leg shim patterns on HS-BM-01 and 
HS-BM-02. 
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yoke leg shimming was an improvement by a factor of ~5 over the original magnets 

(see Table IV), but at one field only (10 kG). 

2. Constraining of Differential Motion. The variation of the shape of the 

fine structure in the field integrals as a function of primary field excitation 

was studied by installing a set of Bently differential motion gauges across all 

magnet assembly interfaces (see Figs. 4 and 5). Relative motions as large as 

0.013 cm (5 mils) were observed as a function of BQ. The measurements appeared 

to explain the direction of the observed changes in the fine structure of the 

field integrals. Varying the torque on the throughbolts (which hold the yoke 

structure together) produced a maximum effect of 2 parts in 10-* on the fine 

structure, but only at the extreme radii for the allowable torque on these 

bolts. Varying the torque on the tie-bolts (which hold the poles to the yoke) 

produced effects as large as 1 in 10 on the resulting fine structure. However, 

in order to cancel out this structure, a significant fraction of the tiebolts 

had to be loosened. Subsequent measurements under real conditions, i.e., vacuum 

loading of the poles, showed a loss of much that had been gained because of the 

additional pole motion under vacuum. This motion can be adequately constrained 

with acceptable torques on these bolts but with virtually no freedom left for 

variation such as required here. Three tiebolts were then added [which amounts 

to drilling 2.54-cm-diam holes through 55.88 cm (22 in.) of steel] near a 

crucial region where some tiabolts were required to be loose for improved field 

uniformity. The field measurements indicated that the number of additional 

tiebolts required to simultaneously remove the fine structure and control the 

differential pole motion under vacuum was large enough to discourage this enter

prise. It was decided at this time to constrain the differential motion occur

ring within the assembly by attaching 40 sets of steel tabs across the crucial 

assembly interfaces of each magnet. The tabs were welded onto the magnet sur

faces and bolted across the interfaces. Subsequent field measurements showed 

that the variation of the fine structure with primary excitation had been re

duced to less than 1 part in 10* for fields ranging from 4 to 14 kG. This re

sult is shown as the envelope between 4 and 14 kG on Figs. 28 and 29. Subse

quent Bently gauge measurements indicated that the differential motion had been 

reduced to less than 0.0025 cm (1 mil). As Table IV indicates, the field 

homogeneity had now been improved over the original magnets by a factor of 4-5, 

for a primary excitation range of 4 to 14 kG. 

66 



3. Symmetric-Pair Pole-Face Shims. The final part of the homogeneous 

field optimization was to remove the remaining inhomogenelties by pole-face 

shimming with respect to the 14-kG (appropriate to 800 MeV protons) field dis

tributions. Two symmetric-pair pole-face shims were designed for HS-BM-01 and 

one for HS-BM-02. The pole-face shim crates are removable and were designed not 

to interfere with the "y-envelope" of the beam by placing them at "y-cross-

overs." The field distribution results using the pole face shims are shown in 

Figs. 28 and 2C> and Item S of Table IV. At 14 kG the rms variation of the field 

integrals is ~2.5 parts in 10' and the peak-to-peak variation is ~1 part in 10 . 

Appendix C contains a table of the 14-kG homogeneous or central region 

field integral deviations as a function of the radius, both with and without the 

pole-face shims, for HS-BM-01 and HS-BM-02. Appendix D contains design details 

of the symmetric-pair pole-face shims. 

D. Fringe Field Region 

Having reworked and shimmed the entrance and exit halves of each dipole, we 

were then able to complete the dipole by shaping the fringing fields to the 

forms required by the magnet optics. This could only be done after the central 

field of each magnet was known because of the necessity of matching the fringe 

fields to the central field at each radius. This was done by mechanically con

touring the nosepieces at the entrance and exit of each magnet to get the pre

scribed form for Zgpg as defined by the fringing field integrals. 

While our goal in the internal field region was to minimize the expression 

1 - /By(r)dr/Sy / dr - 0 (9) 

over the entire magnet gap to a level consistent with our measurement accuracy, 

our goal in the fringing region was to minimize the difference between the 

measured effective field boundary (EFB) and the one desired from the magnet 

optics over the entire range available to the measurement cart. 

ZR = Sign(l,R)(R
2 - X E

2 ) 1 / 2 - R (10) 

- XE
3(CAT + XE • CFV + ...) . 
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Here R is the signed radius of curvature of the EFB (see Fig. 1) and we define s 

as the normal distance to this imaginary curve at any point (x,0,z) where the 

"point" mapper coils are located. The fringing field integrals that are com

puted are 

/°° B (x,0,z)ds . (11) 

"so Y 

The limits on the integrals in Eqs. (9) and (11) were always consistent with one 

another for each radius over which measurements were taken, with s generally 

2-1 magnet gaps from the EFB inside the magnet gap but still far enough away 

from the central field pole-face shim to be unaffected by its perturbation. In 

this way, the internal and external fields could be considered essentially 

decoupled. 

Completion of the EFB work in the fringing-field portions of the magnets 

involved several steps. In the original mechanical design, the pole-end tips 

were machined as circles on the premise that higher than second-order curvatures 

in the EFB could be induced through machining corresponding curvatures on the 

nosepieces of the field clamps. However, the pole-end tips were made separable 

from the main pole to allow the possibility of changes should the need arise. 

The main problems were then associated with obtaining a given EFB that was 

stationary in location and shape as a function of central-field level. To 

obtain stability, it was necessary to minimize motion and saturation of both the 

pole-end tips and nosepieces and to consider the influence of the cycling pro

cedure, since the end fields in the magnets were affected by both the rate and 

the path of approach to the final field. 

The initial measurements were made with HS-BM-02, using circular nosepieces 

concentric with the pole-end tip radii. Although the machined radii of the pole 

ends were basically correct, we observed motion of the tips with the primary ex

citation current. This motion was difficult to remove but was eliminated by 

welding the pole ends to the main body of the pole after assembly following the 

reworking of the pole faces and only after they had been machined to the proper 

radii. Figure 31 shows some of the results when the nosepiece was first con

toured to form a pure circle. The field falloff at smaller radii corresponds to 

the upper region of Fig. 8 and is due to a corner effect and not saturation. 
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A programmed milling machine was used to cut a single segment across the 

transverse dimension (X). With the level of accuracy required, we found that 

only one pass is necessary if one can shim the nosepiece and translate it rela

tive to the pole. 

As a result, the basic procedure consisted, wherever possible, of initially 

machining the nosepiece profile to a radius compatible with the higher order 

profile, making magnetic measurements on the resulting system, comparing these 

results to the final desired result, including the higher or^rs, and doing a 

final machine pass to eliminate the difference between the existing and desired 

shapes. We will not discuss 'ue algorithm that relates the actual nosepiece 

contour to t''at of the EFB. Any discrepancies that remained after the second 

machining were then removed by adding shims to the surface of the nosepieces. 

These surfaces had been drilled and tapped so that shims of arbitrary size could 

be added without removing the nosepiece from the clamp. 

Figure 31 shows the measurement results at various stages, including the 

sensitivity to higher order terms. The final result in the illustrated case 

shows a peak-to-peak variation of <0.2 mm over the entire region within 25 cm of 

the optic axis between 4-14 kG. Since the absolute location accuracy of the 

measurements is not better than ~0.25 mm, the absolute locations at the differ

ent fields can be considered consistent with one another. 

K. Summary 

An interesting characteristic of our final field maps, for example, those 

shown in Figs. 27-29, is the existence of residual inhomogeneities (narrow 

bumps) in the X-dimension as small as a half gap or so (~5 cm). It is clear 

that the conventional multipole expansion is not well suited to remedy such 

situations, nor are the Hfc coils. The latter (see discussion in Appendix B) 

were quite expensive to implement even when spaced on 10-cm centers. A partial 

solution was developed and consists of a new, inexpensive, and easy to build 

multipole magnet that can produce high order multipoles as well as narrow 

gaussian-like structures. These structures can have a FWHM of 0.7 G where G is 

the magnet gap (see Appendix E). This gaussian width is ideally suited to 

correct the residual inhomogeneities whereas the Ht-coil response functions are 

too broad (see Appendix B). We have designated this device "M" in the QDMD con

figuration shown in Fig. 1. Notice that, since it has been placed at the loca

tion of a crossover, its gap G can be considerably smaller than those of the di-

poles. In this regard, it is much more convenient than Hfc coils so long as the 
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corrections do not have to be made at the same locations where the dipole field 

errors occur. 

Finally, an aspect of the dipole optimization problem that warrants 

discussion here was our overall approach. We basically tried to separate the 

deficiencies observed in the field measurements into two broad categories 

resulting primarily from mechanical problems and magnetic problems. A series of 

mechanical and magnetic measurements was made and analyzed to physically correct 

the magnets wherever practicable. The makeup of the magnets sometimes did not 

allow the preferred method of correction and, furthermore, there were instances 

when the rework did not produce the desired result. This was because the as

sumed solution, in some cases, was not sufficiently separable from other exist

ing problems or, in other cases, the measurements were not sufficient to define 

the necessary corrections. The resulting iterative procedure of measurement and 

correction that actually occurred was therefore a successive peeling away of 

defects, with each correction yielding new but smaller effects that had general

ly been masked by larger effects. Altogether, the dipole optimization process 

was a convergent one. 

VIIT. INSTALLATION 

A. Planning 

The installation of the dipoles into the support structure was initially 

planned as a one-crane operation. A 127-metric ton (IAD-ton) mobile crane was 

locally available, hut a special boom had to be purchased to boost its capacity 

at the necessary working radius. Even so, the center yokes necessarily had to 

be removed to stay within the lift capacity. This then created new problems in 

installing the center yokes after installation in the structure; special fix

tures for support and alignment during horizontal movement were required. 

This plan had some bearing on the magnet design. Realizing that some 

clearance was necessary to install the center yokes after installation in the 

structure, a 0.16-cm (0.0625-in.) gap was provided between yokes. The gap was 

filled with a 0.16-cm (0.0625 in.) brass sheet. This gap and brass sheet re

mained as part of the design even though installation plans evolved to the point 

that these were no longer needed. 

We recognized that the planned procedure was far from ideal, so plans then 

evolved to a dual-crane operation. A 90.7-metric-ton (100-ton) mobile crane be

came available locally and the combination of this crane and the aforementioned 
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1 ?.7-metric-ton (140-ton) crane, working in unison, could handle and install the 

fully assembled magnet. These two cranes, judiciously placed about the magnet 

and structure, could lift each magnet, hold it while the structure was moved 

into position under the magnet, then lower the magnet into position for attach

ment to the structure mount. This coordinated effort involved vertical movement 

only, no boom swing or extension, so this appeared to be more feasible than the 

original concept. The centers of gravity were computed for the magnets, and 

trunnions were designed for straddle lift from these trunnions through eye bars 

to a cross-member above, to which the crane hooks would attach. 

At this point, a policy change was made shifting work of this type from 

Laboratory groups to private industry. Bids were requested, and orders were 

placed with the low bidder. Plans were again changed to suit the existing 

equipment. 

B. Jacking Tower 

The rigging contractor modified an existing jacking tower so that the four 

vertical coliimns would encompass a magnet and the structure. An upper structure 

was fabricated that provided a one-motion superstructure (see Fig. 32) ~120 cm 

(4 ft) above the top of the magnet support stand. Eight 220-ton capacity pull 

through jacks were mounted on this moving superstructure, four on each side of 

the magnet to be lifted. The motion of the superstructure was radial to the 

circular building, coincident with the axis of the magnet mount stand as it 

pivoted about the center point of the building. 

C. Installation 

The magnet, on its assembly stand, was moved on Hilman rollers (Fig. 32) so 

that its center of gravity, its radial center, and the center of the pivot of 

the magnet support stand were aligned. The support stand was rotated close to 

the jacking tower so that its center coincided with the line connecting the 

magnet center of gravity and the stand pivot. Two roll bars, 60 cm (2 ft) 

apart, were welded to the outer radius side of the magnet. The lift fixture was 

attached to the jack rods and to lifting lugs attached to the inner radius of 

the magnet. Lift was provided by the eight jacks, with the superstructure being 

moved as the rolling progressed to keep the lift always vertical (see Fig. 33). 

The roll bars were designed in such a way that the center of gravity was always 

between the lifting eye and the contact point on the roll bars. 
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Fig. 32. Operation of turning the bending magnet upright, 
tower, hydraulic jacks, and rigging arrangement. 
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Fig. 33. Magnet being lifted and the spectrometer structure ready to swing into 
position. Magnet lying in front is HS-BM-02. 
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Once vertical, the magnet had to be rotated 90° to align the long axis of 

the magnet with the radial setup line. The magnet was lifted and held while a 

large rotary table was positioned under it. All rigging was removed, and the 

upper plate of the rotary table was turned to provide the needed 90° rotation. 

The trunnions and lifting eye bars were attached and the upper ends of the 

eye bars were attached to the cross fixture to which the eight jack rods were 

attached. The magnet was lifted to a height to clear the mid-level beams of the 

stand (see Fig. 33), and the stand was moved into alignment under the magnet. 

The magnet was rotated about its trunnions to a near vertical position, and the 

superstructure was moved to the full-out radial position to take advantage of 

the greater clearance between the tapered mid-level beams of the stand. The 

magnet was lowered through the space between the mid-back beams (see Fig. 34) 

being rotated and moved toward the pivot in conjunction with the descent. When 

finally into position, the magnet attachments were made to the stand support 

members, and the load was transferred from the jack rods and lifting fixtures to 

the magnet mount. 

The second magnet, on its stand, was rolled into position under the lifting 

tower for a similar roll, rotation, and lift. This operation was similar to 

that described for the first magnet, except the magnet was held in its high 

position while the tower upper structure was threaded over the magnet by mobile 

crane and bolted into position. The load was then transferred to the magnet 

stand supports (see Fig. 35). 

T). Displacement and Strain Gages 

During the magnet rolling and lifting operation, Bently displacement gauges 

were placed to monitor relative motion between the legs and yoke pieces. These 

gauges are capable of detecting accurately 0.00025-cm (0.0001-in.) movement. 

There was a 0.0005-cm (0.0002-in.) relative displacement when the magnet was 

placed on its outer radius. There was a 0.005-cm (0.002-in.) displacement 

between the inner leg and exit yoke when the magnet was attached to the magnet 

stand. This minor movement should have little effect on the magnet performance. 

Strain gauges were placed on the attachment members. The largest stress 

from these gauges was 98 250 kPa (14 250 psi). This is well below the 248 211 

kPa (36 000 psi) yield strength of the material. 

The attachment members, jacking tower, jacks, jack rods, and lifting 

fixtures were all load tested to 1.3 times the calculated lift. The magnet sup

port structure was not load tested due to the extreme difficulty of loading it, 
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Fig. 34. HS-BM-01 being lowered into position. Note the very tight fit on the 
spectrometer structure. 
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Fig. 35. HS-BM-02 being installed in the spectrometer structure. HS-BM-01 is 
in place. 
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but it was designed conservatively and stresses had been calculated independent

ly by two methods. 

E. Alignment Results 

The initial rigging of the d^poles achieved locations to better than ±2 cm, 

and the final alignment of the system met typical positional tolerances of 

+0.125 mm (0.005 in.) and angular tolerances of ±0.5 mr for the various degrees 

of freedom of both dipoles. 

IX. DISCUSSION 

Much of this report discussed the construction and optimization procedure 

for the two large dipoles, HS-BM-01 and HS-BM-02. The objective of the project 

was to construct a complete spectrometer system. Indeed, the completed system 

is shown in Figs. 36 and 37. 

The performance of the whole system closely approaches the design criteria. 

We have achieved 70-keV resolution at 800-MeV for a 5-day experiment, and 

typical results without significant tuning effort are on the order nt 

100 keV. On the short term, using the multipole (see Appendix E) , carefully 

tuning the beam, and applying computer corrections for aberrations, wa have 

achieved 35-keV resolution at 800 MeV. All of these have been obtained without 

use of the Ht windings, which verifies the essential accuracy of the magnet 

construction and field shimming procedure. 

The angular resolution achieved (a combination of projection of y' at the 

target and beam divergence) has been demonstrated to be less than 2.5 mrad, 

whereas about half this value was expected. At the present time, it is not 

clear what the source of this problem is—the possibilities include beam or 

magnet power supply instability, inadequacy of tuning procedure, detector 

resolution, and imperfect optics. Because the last factor of 2 in angular 

resolution is important only on rare occasions, we have not made the necessary 

effort to solve this problem- Preliminary indications are that magnet: optics do 

not play a role in this problem. 

There are several lessons for future spectrometer projects in the results 

of this work. First and foremost is that it is possible to correct the 

machining errors by the technique of hand lapping the poles—the cost was modest 

and the time required was 3 months. The second lesson is that greater attention 

should be paid to tune-up procedures during the design stage—the HRS 

performance is normally limited by the time spent tuning and not by hardware. 
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Fig. 36. High Resolution Proton Spectrometer Facility showing the beam line and 
the spectrometer. 
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Fig. 37. High Resolution Proton Spectrometer Facility showing the beam line, 
the scattering chamber, and the spectrometer. 
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The third lesson is that one should give greater weight to arguments about 

fabrication complexity than solid angle in the design stage—we would have been 

wiser to choose smaller magnets that could have been fabricated on higher 

precision machines. Finally, the technical developments made late in the 

project, including the method of computer correction of aberrations by on-line 

techniques and the scattering chamber based on two flexible bellows rather than 

a sliding seal, should be a part of any future high resolution spectrometer 

facility. 
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APPENDIX A 

MAGNET DESIGN PARAMETERS 

A. Magnet Des ign P a r a m e t e r s fo r PS-QM-01, Quadrupole 

1 . Genera l P a r a m e t e r s : 

Beam a p e r t u r e 

Magne t ic l e n g t h 

G r a d i e n t 

Bore r a d i u s 

P o l e f i e l d 

E x c i t a t i o n 

Beam c l e a r a n c e 

2. Magnetic Design Parameters: 

Peak magnet ampere tu rns /po le 

Maximum yoke f i e ld 

Magnetic ef f ic iency 

3. Engineering Parameters: 

3.1 Core 

Mate r i a l 

Yoke length 

Core weight 

3.2 Coi l 

Conductor 

Number of turns per coil 

Number of turns per magnet 

Conductor length per coil 

Coil resistance per coil 

Conductor weight 

3.3 Magnet current, power, and voltage 

Coil current 1150 A 

Coil current density 

Magnet voltage 90.8 V 

Max X = ±5.280 cm 

Max Y = ±13.70 cm 

77.0 cm 

0.65 kG/cm 

13.165 cm (5.184 in.) 

8 600 G 

d.c. 

LOO cm in X 

A.90 cm in Y 

46 000 A-turns 

16.0 kG 

98% 

low carbon steel 1010 

76.2 cm (30.0 in.) 

2267.9 kg (5000 lbs) 

0.998 cm2 (0.1547 in.) cross-

sectional area 

40 

160 

103.6 m (340 ft) 

19.75 x 10'3 n 

368.8 kg (813 lbs) 

1153 A/cm2 (7440 A/in.2) 
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Magnet power 104.6 kW 

3.4 Magnet cooling 

Cooling circuit per coil 

Cooling circuit per magnet 

Cooling water temperature rise 

Water flow rate per circuit 

Pressure drop per circuit 

Water flow rate per magnet 

B. Magnet Design Parameters for HS-BM-01, Bending Magnet 

Parameters are divided into three groups. General parameters are obtained 

from the beam dynamics, magnet design parameters are obtained in part from 

computer studies, and engineering parameters are selected for a compatible 

engineering design. 

7 

28 

24.5°C 

5.11 x 10~3 m3/min (1.35 gpm) 

1379 kPa (200 ps i ) 

0.143 m3/min (37.8 gpm) 

1. General Parameters: 

Beam aper ture 

Magnetic length 

Exc i t a t ion 

Entrance angle 

Exi t angle 

Entrance curvature 

Exit curvature 

19 000 G 

14 000 G 

2 . Magnetic Design Parameters: 

Peak magnetic f i e ld 

Magnet gap 

Pole face width 

Peak gap ampere turns 

Peak magnet ampere turns 

Magnetic eff ic iency 

-1 ( i . e . , R 
-1 

1.4706 m) 

Max X = ± 5.0 cm 

Max Y = ± 32.5 cm 

75 bend a t a 350-cm radius 

d . c . 

20 .0° 

25.75° 

0.68 m 

0.300857142 m 

(i.e., R = 3.324 m) 

maximum operating field 

intensity 

operating field intensity 

(homogeneity of 1 part in 10 ) 

20 000 G 

10.0 cm 

95.0 cm 

(1-1/2 gap of unusable region on 

each side) 

159 000 A-tums 

187 000 A-turns 
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Peak stored energy 

3. Engineering Parameters: 

3.1 Core 

Material 

Yoke length at 350-cm radius 

Core weight 

3.2 Coil 

Conductor 

Conductor cross-sectional area 

Number of turns per coil 

Number of turns per magnet 

Conductor length per coil 

Coil resistance per coil 

Conductor weight per magnet 

Coil packing fraction 

3.3 Magnet current, power, and time 

Peak current 

Peak current density 

Peak voltage (2 coils) 

Peak power (2 coils) 

Inductance (2 coils) 

Time constant 

3.A Magnet cooling 

Number of turns per cooling 

circuit 

Number of cooling circuit per 

magnet 

Cooling water temperature rise 

Maximum water flow rate per 

circuit 

Maximum water pressure drop per 

c i r c u i t 

0.71 x 106 J 

1008 s t e e l (0.30% Si max for 

pole pieces) 

1010 steel (0.30% Si max for 

yoke pieces) 

456.95 cm 

115 666 kg (255 000 lbs) 

1.93 cm sq by 1.0 cm i.d. copper 

2.84 cm2 (0.440 in.2) 

56 

112 

753.8 m (2473 ft) 

0.05038 ft 

3878 kg (8550 lbs) 

0.593 

constant 

1670 A 

588.4 A/cm2 (3795.45 A/in.2) 

168.26 V 

280.99 kW 

0.50916 H 

5.1 s 

8 

14 

o 
20 C 

1.42 x 10~2 m3/min (3.76 gpm) 

1213 kPa (176 psi) 
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Maximum water flow rate per 

magnet 

C. Magnet Design Parameters for HS-BM-02, 

1. General Parameters: 

Beam aperture 

Magnetic length 

Excitation 

Entrance angle 

Exit angle 

Entrance curvature 

Exit curvature 

19 000 G 

14 000 G 

2. Magnetic Design Parameters: 

Peak magnetic field 

Magnet gap 

Pole face width 

Peak gap ampere turns 

Peak magnet ampere turns 

Magnetic efficiency 

Peak stored energy 

3 . Engineering Parameters: 

3.1 Core 

Mater ia l 

Yoke length a t 350-cm rad ius 

Core weight 

3.2 Coil 

Conductor 

Conductor cross-sectional an 

Number of turns per coil 

0.1988 m/min (52.7 gpm) 

Bending Magnet 

Max X = ±5.0 cm 

Max Y - ±32.5 cm 

75 bend at a 350-cm radius 

d . c . 

25.75° 

25.75° 

0.300857142 m"1 

(i.e., R - 3.3238 m) 

0.67181727 m"1 

(i.e., R - 1.4885 m) 

maximum operating field 

intensity 

opera t ing f i e l d i n t e n s i t y 

(homogeneity of 1 p a r t in 10 ) 

20 000 G 

10.0 cm 

95.0 cm (1-1/2 gap of 

unusable region on each side) 

159 000 A-turns 

187 000 A-turns 

85% 

0.71 x 106 J 

1008 steel (0.05% Si max) 

456.95 cm 

115 666 kg (255 000 lbs) 

1.93 cm sq x 1.0 cm i.d. copper 

2.84 cm2 (0.440 in.2) 

56 
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Number of turns per magnet 

Conductor length per coil 

Coil resistance per coil 

Conductor weight per magnet 

Coil packing fraction 

3 Magnet current, power, and time 

Peak current 

Peak current density 

Peak voltage (2 coils) 

Peak power (2 coils) 

Inductance (2 coils) 

Time constant 

4 Magnet cooling 

Number of times per cooling 

c i r c u i t 

Number of cooling c i r c u i t per 

magnet 

Cooling water temperature r i s e 

Maximum water flow r a t e per 

c i r c u i t 

Maximum water pressure drop per 

c i r c u i t 

Maximum water flow r a t e per 

magnet 

112 

753.8 m (2473 f t ) 

0.05038 & 

3878 kg (8550 lbs ) 

0.593 

constant 

1670 A 

588.A A/cm2 (3795.45 A / i n . 2 ) 

168.26 V 

280.99 kW 

0.50916 H 

5.1 sec 

8 

14 

o 
20 C 

1.42 x 1 0 - 2 m3/min (3 .76 gpm) 

1213 kPa (175 ps i ) 

0.1988 m3/min (52.7 gpm) 
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APPENDIX B 

Ht TRIM COIL RESULTS ON ORIGINAL DIPOLES 

The Ht trim coils might have been ideally suited to correcting machining 

errors that were constant in azimuth. However, the field variations on the 

oritinal dipole magnets varied strongly with both radius and azimuth (see 

Figs. 23, 24, and 27). Moreover, the structure of the radial variation was such 

as to require Ht coil response functions capable of canceling field variations 

that changed curvature in radial distances of the order of 10-13 cm (4-5 in.). 

Thus, the derivatives of the response functions had to possess FWHMs of the same 

magnitude, or less. Figure Bl shows the #4 Hfc coil response function at 80 A 

for a primary field of 10 kG in HS-BM-02. The #4 trim coil is positioned at a 

radius of 345.01 cm (135.83 in.). All other Ht trim coils were turned off for 

the measurement. As the figure shows, the FWHM "<s>£ the response function is 

21.3 cm (8.4 in.), a factor of ~2 too wide to correct the observed field 

variations. The FWHM of H coil #4 is shown as a function of primary field 

excitation in Fig. B2 together with two data points from the EPICS pion 

spectrometer (designed similarly with respect to Ht coils). At a field of 14 kG 

(at which the HRS would normally be set), the FWHM is 26.7 cm (10.5 in.). 

Clearly, the response function was too broad to be used effectively in the 

original dipole magnets. It should be pointed out that two methods of exciting 

the Hfc coils were tried with only slight changes (within the error bars on 

Fig. B2) in the widths of the response functions. 

In attempts to optimize the original magnets with all eight of the Ht coils 

excited, the currents required were sufficiently high (250-500 A) that 

saturation effects and nearest neighbor coupling effects were observed, both 

effects complicating the response functions. The present state of the dipoles 

(the bottom curve of Fig. 27, for example) requires currents a factor of ~15 

lower, if simple scaling applies, which may mean that the Ht coils can be of 

some use. However, the fine structure of the radial field variations is, 

perhaps, even more narrow, ~7-10 cm (~3-4 in.), than the original magnets. The 

question can be resolved only by beam tuning as a function of the Ht coil 

currents. 

*This information was provided by Klaus Halbach, Lawrence Berkeley Laboratory, 
1970. 
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Fig. Bl. H -coll response function and derivative for HS-BM-02 at 10 kG, with a 
H -coll current of 80 amps. 
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APPENDIX C 

MEDIAN PLANE FIELD INTEGRALS FOR HS-BM-01 
AND HS-BM-02 HOMOGENEOUS FIELD REGIONS 

Deviations from homogeneous median plane field integrals are presented as a 

function of radius for a primary field excitation of 14 kG. The deviations, J, 

are defined by 

.T, , J V Z -, 
<B > /d * ' 
y ' z 

The data were taken (and are presented) in units of one-half of a dipole, that 

Is. 0° to 37.5° or 0° to -37.5°. The qucntity s is the coordinate (in in,) 

at which the fringe field is defined to begin. <B> is the average field over 

the half dipole and is identical to the <B„> appearing in the expression for J. 

The homogeneous region of HS-BM-01, prior to the addition of the two sym

metric-pair pole-face shims, is obtained by combining RUN 167 and RUN 168. The 

homogeneous region of HS-BM-01, after the addition of the two symmetric-pair 

pole-face shims, is obtained by combining RUN 178 and RUN 185. 

The homogeneous region of HS-BM-02, prior to the addition of a single sym

metric-pair pole-face shim (at the entrance end), is obtained by combining RUN 

119 and RUN 118. The homogeneous region of HS-BM-02, after the addition of the 

symmetric-pair pole-face shim, is obtained by combining RUN 124 and RUN 118. 

Inspection of the tables shows that in several instances, for each map, two 

data points appear for the same radial coordinate. Overlap runs were taken in 

the course of obtaining a field map to check reproducibility and, in particular, 

to normalize the field map. 
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TABLE C-l 

MEDIAN PLANE FIELD INTEGRALS FOR HS-BM-01 
HOMOGENEOUS FIELD REGIONS 

<B> - 14002.490 

HS-BM-01 
• - -8.0 

R 
(en) 

318.691 
321.069 
323.439 
325.813 
328.201 
330.589 
328.201 
330.589 
332.976 
335.366 
337.759 
340.154 
342.550 
344.947 
347.353 
349.761 
352.166 
354.571 

J . 
<x 10'4) 

1.49 
0.19 

-0.12 
-0.17 
-0.35 
-0.31 
-0.28 
-0.37 
-0.37 
-0.34 
-0.47 
-0.07 
0.73 
0.86 
0.19 

-0.58 
-0.85 
-0.79 

14 IcG 

R 
(cm) 

347.353 
349.760 
352.166 
354.571 
356.964 
359.359 
356.964 
359.359 
361.782 
364.206 
366.619 
369.034 
366.619 
369.034 
371.452 
373.873 
376 304 
378.737 

Entrance Half 
Run #167 

J . 
(x 10"*) 

0.24 
-0.52 
-0.89 
-C.74 
-0.46 
0.02 

-0.34 
0.04 
0.54 
1.04 
0.58 

-0.48 
0.65 

-0.50 
-1.22 
-0.61 
0.58 
0.97 

TABLE C-2 

MEDIAN PLANE FIELD INTEGRALS FOR HS-BM-01 
HOMOGENEOUS FIELD REGIONS 

HS-BM-01 
• - -8.0 

R 
(c») 

322.212 
324.383 
326.563 
328.7*7 
330.924 
333.106 
330.924 
333.106 
335.305 
337.508 
339.7)0 
341.917 
339.710 
3*'.917 
344.129 
346.349 
348.572 
350.797 

J . 
<x 10~4) 

0.12 
0.51 
0.62 
0.4« 
-0.07 
-0.26 
0.07 

-0.05 
-0.04 
-0.09 
-0.01 
0.26 

-0.12 
0.44 
0.71 
0.32 

-0.47 
-0.95 

14 kG 

R 
(<:•) 

348.572 
350.797 
353.032 
355.270 
357.510 
35S.755 
357.510 
359.755 
361.998 
364.246 
366.502 
368.742 
366.502 
368.762 
371.020 
373.281 
375.542 
377.810 

Exit Half 
Run #168 

J , 
(x 10"4 ) 

-0.45 
-0.83 
-0.86 
-0.97 
-0.72 
-0.34 
-0.7 i 
-0.08 
0.49 

-C.53 
0.30 

-0.01 
0.45 

-0.13 
-0.50 
-0.47 
0.07 
0.61 



TABLE C-3 

MEDIAN PLANE FIELD INTEGRALS FOR HS-BM-01 
HOMOGENEOUS FIELD REGIONS 

HS-BM-O; 
a - -12.5 

R 
(cm) 

316.691 
321.069 
323.439 
325.813 
328 ?01 
330.589 
328.201 
330.589 
332.976 
335.366 
337.759 
340.154 
337.759 
340.154 
342.550 
344.947 
347.353 
349.761 

Entrance 

J . 
(x 10"*) 

0.45 
0.01 
0.21 
0.15 
0.07 
0.09 
0.29 
0.28 
0.12 
0.19 

-0.10 
-0.06 
0.17 
0.16 
0.04 
0.27 

-0.30 
-0.25 

14 kG 
Pole-Face Shim In 

R 
(cm) 

347.353 
349.760 
352.166 
354.571 
356.964 
359.359 
356.964 
359.359 
361.782 
364.206 
366.619 
369.03* 
366.619 
369.034 
371.452 
373.873 
376.304 
378.737 

Entrance Half 
Run #178 

J 
(x 10"*) 

-0.14 
0.05 

-0.43 
-0.40 
-0.15 
-0.09 
0.19 
0.22 

-0.05 
0.15 

-0.04 
0.10 
0.26 
0.22 
0.07 
0.19 
0.25 

-0.49 

<B> - 14006.326 

<B> - 13984.796 

TABLE C-4 

MEDIAN PLANE FIELD INTEGRALS FOR HS-BM-01 
HOMOGENEOUS FIELD REGIONS 

HS-BM-01 
• - -10.0 

R 
(cm) 

322.212 
324.383 
326.563 
328.747 
330.924 
333.106 
330.924 
333.106 
335.305 
337.508 
330.710 
341.917 
339.710 
341.917 
344.129 
346.349 
348.572 
350.797 

Exit Pol« 

J 
(x 10"*) 

-0.47 
-0.32 
-0.12 
-0.02 
-0.4.1 
-0.46 
-0.10 
-0.49 
-0.51 
-0.52 
-0.34 
-0.18 
-0.42 
-0.25 
-0.01 
-0.30 
-0.08 
-0.00 

14 kG 
;-Face Shin In 

R 
(«) 

348.572 
350.797 
353.032 
355.270 
357.510 
359.755 
357.510 
359.755 
361.998 
364.246 
366.502 
368.762 
366.502 
368.762 
371.020 
373.281 
375.5*2 
377.810 

Exit Half 
Run #185 

J 
(x 10"*) 

0.33 
-0.53 
-0.22 
-0.13 
0.38 
0.59 
0.05 
0.03 
0.15 
0.27 
0.33 
0.23 
0.19 
0.35 
0.24 
0.44 
0.63 
0.82 
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TABLE C-5 

MEDIAN PLANE FIELD INTEGRALS FOR HS-BM-02 
HOMOGENEOUS FIELD REGIONS 

HS-BM-02 
• « -8.0 

R 
(c«> 

323.256 
325.415 
327.578 
329.740 
331.907 
334.091 
331.907 
334.091 
336.278 
338.468 
340.660 
342.859 
340.660 
342.859 
345.061 
347.264 
349.471 
351.694 

J . 
(x 10"*) 

-3.60 
-1.B5 
-0.52 
0.01 
0.09 
0.31 
0.12 
0.19 
0.50 
0.42 
0.24 
0.36 
0.22 
0.35 
0.56 
0.66 
1.15 
1.07 

14 kG 

R 
(en) 

349.471 
351.694 
353.919 
356.146 
358.376 
360.617 
358.376 
360.617 
362.862 
365.097 
367.337 
369.583 
367.337 
369.583 
371.831 
374.091 
376.357 
378.630 

Entrance Half 
Run #119 

J , 
(x 10"*) 

1.02 
0.97 
0.67 
0.13 

-0.45 
-0.66 
-0.42 
-0.69 
-1.15 
-0.35 
-0.06 
0.45 
-0.07 
0.34 
2.36 
0.45 

-0.05 
-0.94 

<B> - 14004.359 

TABLE C-6 

MEDIAN PLANE FIELD INTEGRALS FOR HS-BM-02 
HOMOGENEOUS FIELD RECIONS 

HS-BM-02 
• - -8.0 

> 
<«) 

326.829 
328.859 
330.893 
332.905 
334.922 
336.974 
334.922 
336.974 
339.032 
341.097 
343.167 
345.237 
351.490 
353.593 
355.702 
357.815 
359.933 
362.054 

J 
(x 10~*) 

1.40 
1.68 
1.31 
0.92 
0.43 
0.11 
0.48 
0.02 

-0.50 
-1.20 
-1.33 
-1.16 
-0.52 
-0.44 
-0.43 
-0.67 
-0.45 
-0.01 

14 kG 

R 
_(«) 

343.167 
345.237 
347.312 
349.400 
351.490 
353.593 
359.933 
362.054 
364.183 
366.309 
368.440 
370.581 
368.440 
370.581 
372.727 
374.881 
377.040 
379.202 

Exit Half 
Run #118 

J 
(x 10"*) 

-1.33 
-1.17 
-0.85 
-0.61 
-0.54 
-0.35 
-0.38 
-0.04 
0.57 
0.85 
1.29 
1.43 
1.29 
1.37 
0.83 
0.12 

-0.79 
-1.99 

<B> - 14006.212 
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TABLE C-7 

MEDIAN PLANE FIELD INTEGRALS FOR HS-BM-02 
HOMOGENEOUS FIELD REGIONS 

HS-BM-02 
• - -8.0 

R 
(c«) 

323.256 
325.415 
327.579 
329.7*0 
331.907 
334.091 
331.907 
33A.091 
336.278 
338.468 
340.660 
342.859 
340.660 
342.859 
345.061 
347.264 
349.471 
351.694 

Entrance 

J , 
<* 10"*) 

-0.03 
0.19 
0.06 

-0.46 
-0.69 
-0.29 
-0.75 
-0.31 
0.18 
0.68 
0.93 
1.22 
0.98 
1.26 
1.05 
0.80 
0.70 
0.47 

14 kC 
Pole-Face Shla In 

R 
(c>) 

349.471 
351.694 
353.919 
356.146 
358.376 
360.617 
358.376 
360.617 
362.862 
365.097 
367.337 
369.583 
367.337 
369.583 
371.831 
374.091 
376.357 
378.630 

Entrance Half 
Run #124 

J 
(x 10"*) 

0.62 
0.47 
0.33 
0.17 

-0.05 
-0.16 
-0.03 
-0.12 
-1.33 
-1.27 
-1.52 
-1.43 
-1.24 
-1.50 
0.64 

-0.81 
0.03 
0.58 

<B> - 14007.664 

95 



APPENDIX D 

SYMMETRIC-PAIR POLE-FACE SHIMS 

Three symmetric-pair pole-face shims were deployed in the dipoles, two in 

the entrance and exit regions of HS-BM-01 and one in the HS-BM-02 entrance re

gion. The basic design consists of two aluminun plates that are sepaiated by 

four turnbuckles. The 1010 steel shims were made in mirror pairs, so as tc not 

shift the median plane of the field. Each member of a pair was glued onto a 

pole-surface side of one of the aluminum plates. The action of the turnbuckles 

then held the mirror shims firmly against the pole surface during the excitation 

of the magnet. The first shim pair to be installed was on HS-BM-02. The alumi

num plates for this shim were machined to form a leaf spring structure. The 

thickest part of the leaf spring is 2.0 cm (0.8 in. ) in the vicinity of the 

optic axis. The turnbuckles are located close to the Rogowski profiles (see 

Fig. 6). The shim fixtures for HS-BM-01 are of different design, namely, the 

leaf spring aspect was found unnecessary. Instead, flat aluminum 1.59-cm 

(0.625-in.) plates are used for the entrance shim fixture and 2.03-cm (0.800-

in.) plates for the exit shim fixture. 

The AISI 1010 steel shims were designed using stock thicknesses ranging 

from 0.007 to 0.025 cm (3 to 10 mils) and were cut to the complement shapes of 

the field integral deviations shown in Figs. 28 and 29 for the 14-kG fields, 

after addition of leg shims and tabs. 
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CORRECTIVE ELEMENT FOR HIGH RESOLUTION MAGNETIC OPTICS' 

G. BLANPIED, R. UUESTRAND, G. W. HOFFMANN* 

Physics Department, University of Texas at Austin. Austin, Texas 78712. U.S.A 
and 

J. E. SPENCER 

Los Alamos Scientific Laboratory, University of California, Los Alamos, Neu- Mexico 87S44, U.S.A. 

Received II February 1976 

A new type of multipole magnet which superimposes Gaussian-like profiles as basis functions to give any desired field integral, 
or combination of multipoles. is presented. Two large-aperture magnets based on this design were constructed and mapped. 
Each is capable of fitting to better than I % the field integral J B, dr = I a,x\ where / goes from 0 to 10. a, are adjustable 
parameters, and x is the transverse distance from the optic axis. Also, fine structure in line integrals with widths comparable to 
the multipole gap. which cannot be fit with a tenth order polynomial, can also be produced. Such magnets are ideal as adjust
able primary or corrective elements in precision magnetic-optics systems. 

I. Introduction 
Modern high-resolving-power, magnetic-optics, 

whether beam preparation systems or spectrographs, 
are generally designed utilizing analytic and ray 
tracing techniques. Usually, the properties of the 
proposed system are first explored to first order using 
computer codes such as TRANSPORT'). After the 
basic configuration of dipoles and quadrupoles has 
been specified, numerical ray tracing2) through "ideal" 
magnetic fields is performed to determine where 
higher order corrections to the system can be made to 
optimize characteristics such as the image width for 
a given solid-angle and momentum acceptance. In 
practice, the basic dipole and quadrupole elements 
are often commercially available in which case the 
higher order corrections can be realized in a variety of 
ways such as: (1) pole face curvatures in the entrance 
and exit regions of the dipoles, (2) current distributions 
located at entrance and exit, or throughout the length 
of the dipoles, or by (3) actual physical multipole 
magne's distributed serially throughout the system. 
Earlier spectrographs utilized the first technique 
almost exclusively, whereas some of the present 
generation spectrographs, such as the QDDD3), 
and some of the newer facilities, such as the meson 
factory at the Los Alamos Scientific Laboratory 
(LAMPF), have incorporated all of these techniques. 

Our concern in this paper is with item (3) - multipole 
magnets. With the exception of one type with circular 
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aperture*), all of the jnultipole magnets which have 
been built so far have employed individual coils for 
each multipolarity. We describe here another type of 
corrective technique which can provide a broad range 
of field distributions, including, for example, any 
linear combination of multipolarities through tenth 
order in the vicinity of the median plane of the system. 
As discussed below, this magnet is easy to construct 
and its properties make it extremely versatile; thus it 
is ideal as an active element for certain magnetic-optics 
systems. 

2. Basic approaches to magnet design 

Two distinct classes of magnets exist: (1) those which 
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Fig. 1. (Top) The coil geometry for a half-sextupole window, 
frame magnet. The iron and coils are symmetric about the 
midplane. The current density on the lop iron piece varies 
according lo p « ax, and the side piece has ampere-turns equal to 
the total number of ampere-turns on the top. (Bottom) The 
pattern of magnetic (lux lines for the half-sexlupoie window-
frame magnet. The calculation was done with POISSON. 
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use coil geometry to determine the magnetic field, 
and (2) those which use iron geometry to determine 
the magnetic field. 

The basic idea for corrective elements of the first 
class is seen in the "window-frame" types such as the 
"Panofsky quadrupole"5), or the later extension of it 
to give quadratic fields6). For these magnets the 
desired field in the gap is obtained by distributing 
current on the magnet's interior iron surfaces to 
provide the desired tangential component of H at the 
iron surface"). Fig. 1 shows the coil geometry for the 
half-sextupole magnet reported in ref. 6 along with the 
resulting field distribution for this geometry as calcu
lated with the computer code POISSON7). Clearly, 
any multipolarity can be achieved by using the correct 
current distribution. However, if it is desired to have 
many different, independently adjustable multipola-
rities, separate current distributions for each are 
needed. This becomes technically very difficult to 
achieve for any but the very lowest of multipolarities. 
For example, if one desires a multipole having a 
distribution proportional to .x6, the current density on 
the top and bottom iron pieces of fig. 1 must vary as 
xi. Each multipolarity requires its own coil space 
which grows significantly near the sides of the magnet 
(e.g., xi above). Hence the physical size of the "window-
frame" must be increased to maintain a given aperture 
so that the magnet becomes increasingly inefficient. 

For the second class of magnets, the iron geometry 
determines the properties of the magnetic field in the 
gap. These magnets, usually of the "H-type" or 
"C-type" design, are the more efficient of the two 
classes since the iron gap can be the magnet aperture; 
additional space in the gap is not needed for the current 
distribution of the "window-frame" type. As fig. 2 
shows, for both the "C-type" and " H-type " magnets, 
the current carrying elements encircle the pole pieces. 
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Fig. 2. Schematic representations of the common "C-type" and 
"H-type" dipole magnets. 

In both cases the magnet gap region contain', no 
current. Thus, rather than satisfying boundary 
conditions on the tangential component of U as is 
done for "window-frame" magnets, for class 2 system*. 
the pole surfaces are maintained at specified magnetic 
potentials, and the pole geometry essentially deter
mines the magnetic field in the gap. Commercially 
available dipole, quadrupole. and sextupolc magnets 
are "H-typc" magnets. The performance of cla>>s 2 
magnets is nearly independent of the precise coil 
geometry, depending instead on how well the desired 
iron geometry and symmetry of the system can be 
maintained. 

The design of the multipole described in the next 
section could have proceeded according to either of 
these basic approaches. However, for reasons described 
there we have chosen the "H-type*' design. 

3. Design of the corrective element 

For our application we desired a magnet capable of 
producing arbitrary field integrals, J Br(x)d:, for any 
transverse (x or horizontal) displacement from the 
optic axis. It was also required to have as large a 
horizontal aperture in the vicinity of the median 
plane as possible as well as comparatively large field 
integrals over rather small distances along the beam 
direction. Simplicity in design for rapid, inexpensive, 
and accurate mechanical construction was also a 
prerequisite. 

Since "H-type" dipole magnets are not significantly-
more difficult to fabricate 'vnen many coils are in-
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Fig. 3. (Top) The x-y cross sectional iron geometry for the active 
corrective element. The magnet extends in the r direction a 
distance which is large compared to the gap jr. (Bottom) Pole-coil 
details of the corrective magnet. The relevant dimensions are 
indicated. 
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volved than the "window-frame" designs, we decided 
to superimpose the magnetic fields produced by 
independently excited and closely packed "H-type" 
magnets. This approach is plausible provided that 
the fields superimpose linearly and provided that the 
individual field distributions can be made narrow 
enough in the transverse direction compared with the 
structure in J By(x)d: one expects to be able to produce. 

The v- v cross-sectional, iron-coil geometry for such 
a magnet is shown in fig. 3 in which charged particles 
are expected to traverse the magnet in the z direction. 
The origin of the xy: coordinate system is in the center 
of the magnet aperture. The magnet extends in the z 
direction a distance which is large compared to the 
gap g, and each opposing pole-pair is separately 
excitable. 

The relevant dimensions are u\ the individual pole 
width; 5, the separation between adjacent poles; g, 
the gap between opposing pairs of poles: and W, the 
total width. Extensive studies of the properties of this 
type of magnet were done using the two-dimensional 
computer code POISSON7). 

Howe\er. even without numerical calculations we 
can drau some rather general conclusions concerning 
such a magnet First consider the field pattern on the 
median plane for the case of a simple H-magnet (see 
fig. 2) as the pole width is varied. If g is the gap and w 
the pole width, then u'gi> I will give a field in the gap 
which will be uniform. As ujg is decreased, the region 
of uniform field becomes narrower, until ulg-~ I, when 
the field is nonuniform everywhere. The dependence 
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Fig. 4 (a) The dependence of the uniform field region for an 
*' H-type" magnet on the ralio w/g> - the pole width to gap ratio, 
(b) The dependence of the individual field distribution on the pole 
separation (slg) for ulg = 0.18. 

of the uniform field region on ujg is illustrated in 
fig. 4a. In order to have the most efficient magnet, one 
would like the gap g as small as possible, consistent 
with the desired vertical aperture for the particle 
trajectories. Because the objective is to superimpose 
such distributions to produce an arbitrary net distri
bution, the smaller «• can be made the better, so long 
as the distributions from adjacent poles continue to 
overlap. The quantity of interest here is the full width 
at half maximum (fwhm) of Br(x) on the median plane. 
Fig. 5a demonstrates how the fwhm depends on the 
pole width, u; for the H-design. Clearly a limit is 
reached when u\'g*0.18, by which we mean that by 
making ulg any smaller does not appreciably affect 
the width of the field pattern on the median plane. 
On the other hand, the ampere-turns required to 
produce a given peak field on the midplane start to 
increase significantly when ujg is made less than about 
1. This effect, as well as those depending upon the 
parameter .?, is geometrical in nature and is illustrated 
in fig. 5b, where BJBy,,/,», is plotted versus trig. 
Here By is the peak field on the midplane and By . t> , 
is the corresponding value when u/g is large. For 
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Fig. 5. (a) Dependence of the full width at half maximum on the 
pole v. idth for an " H-type " magnet. Quantities are normalized to 
the gap g. Predictions are for midplane only, lb) The geometrical 
effect of reduced field strength on the midplane for the same 
number of ampere-turns as the " H-type" magnet pole width 
is reduced, (c) Dependence of the full width at half maximum of 
the individual distribution upon the pole separation <*). Quantities 
are normalized to the gap g. Predictions are for on the midplane 
and the pole width io gap ratio is held fixed ai 0.18. (d) The 
geometrical effect of reduced field strength on the midplane for 
the individual distribution when the ampere-turns are held 
constant and the pole separation is varied. The pole width to gap 
ratio is held Axed at 0.18. 
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u/.9*0.18, the peak field is 70% of the value it would 
have for, say, wig = 2 for the same number of ampere-
turns. Thus, 43% more current is needed for wig = 0.18 
versus wig ;> 1 to produce the same peak field. 

Jt should be emphasized that figs. 4a and 5a, b are 
appropriate for single H-magnets. The information 
contained in these figures does not necessarily apply 
to the field distributions associated with the individual 
teeth shown in fig. 3 because the iron in the adjacent 
poles can influence the field distribution of the excited 
one for small j . One can therefore consider figs. 4a and 
5a, b as the s/g$> I limit. We now consider the pole 
separation, 5, and what happens when just one pole-
pair of a fig. 3-type magnet is excited. For this discus
sion we will fix wig at 0.18. 

If the pole separation (s) is on the order of the gap 
dimension (g), then the iron in the adjacent unexcited 
poles w'ill provide a return path for a significant 
amount of flux from the excited pole. In other words, 
many lines of flux which might normally cross the 
median plane and return through the opposing pole 

and yoke, will go directly from the exciied poles to 
adjacent poles. This has two important consequences: 
(I) the individual pole-pair, field distribution (£,. vs.r) 
in the vicinity of the median plane will become nar
rower, and (2) more current will be needed to produce 
a given maximum field Bf maI on the midplane. Since 
we desirtc* pole-pair, field distributions having fwhm 
on the order of g and s-g to obtain sufficient overlap 
of the individual field distributions between adjacent 
pole-pairs, this effect should be thoroughly understood 
when designing any magnet using the proposed tech
nique. 

Fig. 4b shows the dependence of the individual field 
distribution on the pole separation, s, for w'g = 0.i&. 
Clearly, for s'g^.2 the effect is significant. Fig. 5c 
shows the POJSSON predictions for fwhrng of the 
single pole-pair field pattern as a function of s.g. 
Fig. 5c shows that the fwhm 'g remains at the " H-type" 
limit until s/g is less than about 1, where fwhm'^ 
starts to decrease rapidly. While this is an advantage, 
the horizontal space between adjacent poles for the 

Fig. 6. Flux patterns predicted with POISSON for: (a) a single " H-type" magnet with r/f»0.1l . and (b. c) ihesame magnet with 
unexcited adjacent poles and sit ~ O.S. All poles and flux lines are symmetric about the midplane (dashed lines). 
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coils is d = s-u- (see fig. 3), so when s-~ir there is no 
coil space. Also, the ampere-turns needed to produce 
a given peak field on the midplane start to increase 
significantly as s/g becomes much smaller than I. The 
effect is shown in fig. 5d, where ByIByy,t>l is plotted 
versus s/g. Here By and By „t> , were again calculated 
with POISSON and have the same meaning as for 
fig. 5b, except, of course, By y,t>l is that field at large 
s/g when w7̂  = 0.18. Thus, if we choose s/g = 0.5, 
from fig. 5d B!'B>,,,,>., is about 85%. Taking into 
account the reduction in field strength due to w/g = 0.18 
instead of w/#~ 1 (from fig. 5b) we see a net reduction 
in maximum field in the gap of about 60% when 
compared to a single "H-type" magnet with u/g>\ 
excited with the same number of ampere-turns. For 
u'g = 0.18 and s/g = 0.5, from fig. 5c we have fwhm = 
0.75g. For this geometry, from fig. 4b adjacent field 
patterns will intersect midway between adjacent poles 
at By = 0.7 By m„ when each pole-pair is equally 
excited, assuming superposition. 

Fig. 6 shows the flux patterns predicted with 
POISSON for:(a) a single "H-type" magnet with 
w/g = 0.18, and (b, c) the same magnet with unexcited 
adjacent poles and s/g = 0.5. In fig. 6 all poles and flux 
lines are symmetric about the midplane (dashed lines). 
This figure graphically illustrates the narrowing of the 
individual field distribution and the decrease in peak 
field for the same excitation current. 

The overall width H' (see fig. 3) of the region 
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Fig. 7. For the " H-type" magnet (lop) the ratio of the maximum 
magnetic field in the iron to the maximum magnetic field on the 
midplane is plotted as a function of the pole width to gap ratio 
wig. For single-pair excitation (bottom) the same ratio with wig 
held fix.-d at 0.18. These are geometrical effects, having nothing 
to do with the saturation of iron. 

occupied by poles is related to the desired horizontal 
aperture of the magnet (see section 5). The first and last 
pole-pair adjacent to the return yokes should be on 
the order of one gap (g) or more away from the yokes 
in order for their field patterns not to be significantly 
influenced by these surfaces. The thickness of the 
common yoke must be chosen to keep the iron as far 
away from saturation as practicable. The position of 
the coils and the pole height, a, were found not to be 
significant parameters in determining the distribution 
shape and relative efficiencies. At most, variations in 
these parameters affect the shape of the tail of the 
Gaussian-like profile a few percent. Thus, there is 
considerable flexibility here, and the pole height can 
generally be lengthened to accommodate the amount 
of coil required. 

In studying the numerical results from the finite 
permeability field simulations for various geometries, 
it was found that for single pole-pair excitation, the 
maximum magnetic field in the iron occurs near the 
middle of the pole-yoke interface. Fig. 7a shows the 
predictions for Bito„^JBmilipl,„cm„ for an "H-type" 
magnet as a function of wjg, while fig. 7 b is the pre
diction for SiIO„, „,„/«„, jdp„„t.m., for a magnet of the 
type shown in fig. 3 with single pole-pair excitation as 
a function of s/g when u-/g is again held fixed at 0.18. 
For these calculations all magnetic fields were far from 
saturation and the effect can again be regarded as 
geometrical in nature. Fig. 7b clearly indicates that 
as s/g becomes less than about 0.5, the magnetic field 
in the iron starts to increase quite rapidly as compared 
to that which crosses the midplane. Because we require 
linear superposition of many individual pole-pair 
field distributions, it is desirable to keep the field in the 
iron as far from saturation as possible, say less than 
8 kG. For s/g = 0.5 and w/g = 0.18 we have BinKmmnl 
£imdpijn»,nMi*'5. Thus, if the maximum allowable 
field in the iron is arbitrarily set at 8 kG, the individual 
field distributions can have peak By values on the 
midplane of about 500 G. 

The discussion in this section has been oriented 
towards obtaining the fwhm/0 as small as practicable. 
As long as peak fields on the order of several hundred 
gauss are the highest required for the individual dis
tributions, the geometry s/g = 0.5 and u/g^ 0.18 is 
about optimum. In this case the fwhm/g for the indi
vidual distribution is about 0.75. With these parameters, 
the horizontal space available between adjacent poles 
is d'g = s/g —w/g = 0.32. As shown in the next section, 
this space is more than sufficient for the coils. Since 
the smallest practical fwhm/g is our prime concern for 
the individual distributions, and our applications only 
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require peak fields of about 100-200 G, we chose for 
actual magnet construction (next section) u/g = 0.172 
and s!g = 0.459. These numbers were obtained by 
considering the gap required for our applications and 
by considering the available stock material for magnet 
construction. 

Using the final geometry uig = 0.172 and s/g = 0.459, 
POJSSON calculations were made for all 14 pole-pairs 
of fig. 3. It was found thai the predicted field distri
butions, By(x). for each pole-pair were identical, 
independent of their relative location in x so long as the 
iron did not saturate, except for the outermost poles on 
each side. Fig. 8 shows the identical predictions of 
ByB0 on the midplane and a y=±g,!\0 for this 
independent pole-pair excitation. Here B0 is the value 
of By at y = 0 and in the center of the excited pole 
[fl,.(.v=.v= 0)]. Each pole pair distribution has a 
fwhm/,9 on the magnetic midplane of 0.7 and adjacent 
field patterns intersect midway between adjacent poles 
at B = 0 . 7 « . when each pole-pair is equally 
excited. 

In order to check superposition of fields, POISSON 
calculations using realistic B-H tables for SAE 1010 
grade steel were made in which two adjacent pole 
pairs were excited. Superposition was predicted 
exactly as long as the number of ampere-turns for 
either pole did not cause appreciable saturation. Using 
field distributions appropriate for the final geometry 
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(fig. 8) it was possible to fit By{xjg) = £ c^xjg)' 

to better than I % over the region on the midplane 
between poles 3 and N-3 with an arbitrary set of {c,}. 
Hence, in the extrapolation of the POISSON cal-

Fig. 8. The individual profile distributions as predicted with 
POISSON are shown as the solid and dashed lines for the 
midplane distribution and off-midplane (>• = ±y/IO) respectively. 
The data points resulted from central-field, on-midplane Hall 
probe measurements for all pole-pairs except the outermost 
ones. 

culations to three dimensions, the field integral 
10 

J Bs(xjg)Az = Y. aSx;9)' should be fit to the same 
1 - 0 

accuracy if one assumes that the fringe field for each 
pole-pair has the same normalized shape or integral 
and the two dimensional POISSON calculations for 
the central field are valid. 

4. Construction 
Two corrective elements of the type discussed above 

were constructed for use at the Los Alamos Meson 
Physics Facility (LAMPF). Both consist of 14 pole 
pairs with geometry ulg = 0.172 and s g = 0.459. 
The first has a gap g = 5.54 cm while the second has 
g= 11.1 cm. Table 1 gives the various overall dimen
sions for these magnets in terms of the quantities 
defined in fig. 3. 

The maximum field strength needed for both of 
these magnets is only on the order of several hundred 
gauss, so it was decided to fabricate each from easily 
available cold rolled steel. All iron pieces, except 
the poles, were first flame cut. to roughly the right 
dimensions from commercial steel plate of the correct 
thickness. These pieces were subsequently stress 
relieved by heat treating at 200 C for 4 h. Next, all 
pieces of the same thickness were blanchard ground 
simultaneously, ensuring flatness and the same thick
ness for each to better than 0.003 cm. The edges of the 
top and bottom yoke pieces were then brought to 
final dimensions using a milling machine. Special care 
was taken for the machining of the top and bottom 
surfaces of the yoke legs. After machining with an end 
mill, these surfaces were simultaneously ground with 
a surface grinder. Each yoke was then bolted together 
with precision shoulder bolts. 

Slots were machined in the upper and lower yoke 
pieces of each magnet to locate the poles. This was 
done as follows. Each assembled frame was placed on 
the table of a large vertical milling machine. Using a 
dial indicator, each magnet was aligned to be parallel 
to the cross feed in the x direction, and then firmly 
bolted to the table. With a scribe mounted on the 
vertical feed, lines were scratched on the upper and 
lower yoke pieces indicating the horizontal center of 
the frame. The yokes were then disassembled. Each 
upper and lower yoke piece was repositioned on the 
bed of the milling machine with the dial indicator as 
before. The milling machine cross feed (x direction) 
was adjusted to read 0 for the scribe mark, and then 
slots for the poles were machined using end mills, all 
dimensions being referenced from the center scribe 
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T A B U 1 

Magnet dimensions in terms of quantities defined in fig. 3. All dimensions arc in centimeters. The quantity z is the pole length. 

Magnet £ w s a H' /, 

1 5.54 0.952 2.54 3.18 36.5 6.35 
2 I I.I 1.90 5.08 7.37 7.V0 4.86 

mark. For both magnets these slots were 1.27 cm deep. 
The pole pieces were rough cut to the desired length 

from commercially available cold rolled steel bars of 
the correct thickness and approximate width and then 
bolted to the yoke pieces. At this point, each yoke 
piece was again put on the milling machine and aligned 
as before. Using an end mill the poles were simul
taneously machined to be the same length. A fly 
cutter was then used to make a finishing cut across the 
pole tips to give the same pole height for each pole 
The pole pieces were then removed and one end was 
rounded with a radius cutter for the coil fabrication. 

By machining the iron as we have described, it was 
guaranteed that: (I) pole pairs were aligned vertically, 
(2) the gap between all poles was the same, (3) adjacent 
pole separations were the same, and (4) each pole 
was of the same length (r direction), to the accuracy 
of the milling machine (< 0.003 cm). The sensitivity 
to u-'g demonstrated in the previous section is also of 
concern and the widih of each pole piece was checked 
with a micrometer and found to be the same to withir 
±0.002 cm. 

The next step in the construction of the magnets 
was the coil fabrication. Our POISSON calculations 
indicated for the 0.-5.54 cm magnet that about 
350 ampere-turns for each pole would produce peak 
fields of B) m„ = 100G on the midplane. Likewise, 
700 ampere-turns were needed for the g =11.1 cm 
magnet to produce the same peak fields. It was decided 
to make the coils from copper strips, since not enough 
power would be dissipated to warrant water cooling. 

• ~ | — | 
brass rods 

copper strip 
, . - - . a o - • 

top 

Fig. 9. Schematic lop and side views of the coil geometry. 
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Copper strips available in 60 m lengths of thickness 
0.089 cm and widths 3.175 cm and 6.35 cm were 
purchased commercially8). All the available space 
between adjacent poles is used for the coils. This 
implies 7 turns for the g = 5.54 cm magnet and 
15.5 turns for the g = 11.1 cm magnet when space for 
insulating material (see below) is taken into account. 
Thus, copper strip lengths of 4.5 m and 7.9 m were 
cut for the coils. Since the specific resistance of copper 
is 1.67x 10""6j7cm, the 4.5 m(0.089 cm x 3.175 cm) 
strips have resistance of 0.0025 Q while the 7.9 m 
strips (0.089 cm x 6.35 cm) have resistance of 0.0023 Q. 
Therefore, at 50 A the power requirement for a given 
coil for either magnet is about 6 W. 

After cutting the trips to the appropriate lengths. 
each was silver soldered to a round brass rod (see 
fig. 9) which serves as one of the current leads for the 
given coil. Adhesive Kapton9) tape of thickness 
0.013 cm was used for insulation. This tape can with
stand temperatures up to 200 "C. Its toughness and 
flexibility make it ideal for our application. For the 
3.175 cm wide coils, tape of width 3.81 cm was used to 
completely cover one side of each strip with a small 
excess extending out over each edge of the strip. The 
excess tape (0.32 cm on each edge) was then wrapped 
over the edges of the strip onto the back side. Similarly, 
tape of width 7.62 cm was used for the 6.35 cm wide 
strips. The coils were simply wrapped by hand around 
each pole piece with the pole bolted to the yoke. 
After wrapping a given coil, the pole-coil assembly 
was removed, and the second brass rod was soldered 
to the end of the last winding. 

After all coils were made, the pole-coil assemblies 
were then installed on the upper and lower pole 
pieces, and thin sheets of phenolic were wedged 
between adjacent coils to lock them in place. The 
yokes were then reassembled, and the magnets were 
ready for testing. 

5. Performance 

The following measurements were made in order to 
determine the properties of each magnet. Individual 
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pole-pairs were excited and the field profiles (B, vs x) 
for the central field on (he median plane ly = 0) were 
measured for each pair using a Hall probe mounted 
on the bed of a milling machine. For each magnet, 
all such profiles (except those for the outermost pole-
pairs which are not flanked or. the outside by adjacent 
poles) were the same to the accuracy of the measure
ments (±0.5°o). The data points shown in fig. 8 
resulted from these measurements and show excellent 
agreement with the P01SSON predictions. 

To check superposition of these magnets, all pole 
pairs were wired in series and excited. Central field 
measurements were again made with the Hall probe 
by scanning across the horizontal aperture in the 
median plane. In comparing these results with those 
for individual pair excitation, it was found that the 
fields did superimpose to the accuracy of the Hall 
probe measurements. 

The field versus current relationships for each 
magnet are plotted in fig. 10 where the) are compared 
with the POISSON predictions. Again the agreement 
is good, demonstrating linearity of the system over its 
usable range. Using the basic experimental field 
pattern of fig. 8 (for the median plane) and a least 
squares fitting routine, the relative amplitudes of the 
basis functions were calculated for all multipoles of the 
type By(xjg) = (xlg)\ / = 0,1,2 10. These ampli
tudes are tabulated in table 2. Six current regulated 
power supplies were used to excite pole-pairs 2-13 to 
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Fi(- 10. Central-field, midplane values versus current for each 
magnet compared to the POISSON predictions (solid curves). 



produce each of these multipole modes. The resulting 
Hall probe scan* are shown in fig. II where they are 
compared to the functions (.\!g)'. Again the agreement 
is good. 

Satisfied with the results of the central field, Hall-
probe measurements, we then remeasured the magnets 
using integral coils which give J By(x/g)d:. This 
quantity is more significant for the optics than the 
Ha1' . be measurements, since it includes the effect 
oftru icefields. Fig. 12 shows the results of integral 

Fig. 11. The data are results of Hall probe measurements of the 
centra] field on the midplane. Multipoles up to tenth order were 
excited using the coefficients of table 2 for the relative currents of 
pole pairs 2-13. The multipole order is indicated next to each set 
of data and curves of the type (x/g)' are shown as the solid lines 
from x/g - 0 to x/g = 2.0. For x/g greater than 2.0 the curves are 
simply drawn through the data. The even multipoles are sym
metric about the point x/g = 0 (i.e.. the physical center of the 
magnet) while the odd multipoles are antisymmetric about 
xlg = 0. 
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Fig. 12. Results of integral coil measurements for (he individual 
distributions of all 14 pole-pairs. The vertical scale is arbitrary. 

coil measurements for individual pair excitation for 
all 14 pole-pairs of the g = 5.54 cm magnet. Except 
for the two outermost poles, the shapes and magnitudes 
are essentially the same. Equivalent results were also 
obtained for the g= J 1.1 cm magnet. The amplitudes 
for the same current excitation for each pair are 
equal to within I %, and each has a full width at half 
maximum (fwhm) of 0.70 g. Fig. 13 shows the indivi
dual profile shape as a function of coil excitation as 
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Fig. 13. The individual profile shape as a function of coil excita
tion as determined using the in;egral coils. The vertical scale is 
relative. 
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determined using the integral coils. From this figure 
we see that f By(x[g)d: for each pair is proportional to 
the excitation current as was the central field as 
determined with the Hall probe. Also in fig. J3 are 
shown the Hall probe data of fig. 8 normalized to give 
a best fit to curve I. Since the integral shapes and the 
central field shapes are essentially the same, we 
conclude that the effective field boundary2) for the 
individual distributions on the midplane is not strongly 
dependent on xjg in the fringing regions at entrance 
and exit even though L[g~2 for the g=\\.\ cm 
magnet. Fig. !4 shows for the g = 5.54 cm magnet 
the results of integral coil measurements when the 
relative amplitudes of table 2 are used to excite indivi
dual multipoles J By{x!g)dz = x1 up to tenth order. 
These results pre in agreement with those of fig. 11 
resulting from the Hall probe measurements in the 
center of the magnet on the median plane. 

The values of f Bydz as a function of central field 
strength are shown in fig. 15 for the center of the 
individual profiles. Using figs. 10 and 13, / By{xjg)dz 
is then known everywhere for a given profile and a 
particular excitation current. By using table 2 it is 
then easy to determine absolute currents needed for 
each pole-pair to produce any given multipolarity and 
field strength. The measurements demonstrate that a 
polynomial up to tenth order 

[J By(xjg)dz = f aAxlg)') 
; = o 

can be fit on the midplane to at least I % with these 
magnets. They are also capable of producing localized 
structure in ] By(xjg)dz of duration in (xjg) on the 
order of 0.70. 

Single pair 

B. (gauss) 

Fig. 15. Results of Hall probe measurements lo determine 
J B, d> as a function of field along the center of the individual 
profile for each magnet. 

In our discussion of performance, we have omitted 
any reference to the detailed behavior of the fringe 
field. Because the central field profile shape (fig. 8) and 
the integral [J By(x\g)dz\ shape (figs. 12 and 13) 
for the individual distributions are nearly the same. 
it can be concluded that the fringe field integrals 
jFfBy(xlg)dz scale to the central field distribution 
values. This explains why all multipoles up to tenth 
order are fit on the midplane (fig. 14) using the coeffi
cients (table 2) determined from the central field 
measurements. However, the detailed shape of the 
individual fringe field distributions may have a trans
verse (xlg) dependence. The conclusion implied in the 
above paragraph is that the effective field boundary for 
the individual distributions on the midplane does not 
depend significantly on x/g. 

Up to this point we have only discussed the behavior 
of these magnets on the midplanc. A discussion of their 
off-midplane properties is certainly in order since in 
any real situation trajectories are never confined 
completely to the midplane even at positions at vertical 
crossovers. 

As seen in fig. 8, the off-midplane, central field 
profile at y-g = 0.\ has a slightly larger peak \alue 
and is somewhat narrower than the on-midplane 
distribution. Specifically, 

By (xlg=Q,yjg = 0.1) = 1.05 B, (v g=y g = 01 

and 

tw\\m(x]g = 0,yjg = 0.1) = 0.96 fwhm(.r g=y'g = 0). 

If one assumes that the field integral off the median-
plane scales to the central field distribution off the me
dian-plane as was the case on the median-plane, we 
would have a worst case difference of 5% between the 
on- and off-midplane (at y/g = 0.1) integrals. 

One can try to understand the situation as follows. 
First, without assuming median plane symmetry, we 
write the major component of the field (By) at a 
transverse location in the center of one of the individual 
poles (x=0) off the midplane (v=0) as: 

By(0.y,z) = \\+y ^ + \y2 ^ + ...1 B,(0,0,.-). 
L cy cy* J 

Using the usual curl and divergence relations for the 
magnetic induction, B, in a current free region, then 
allows us to write the field integrals as: 

/ , = f By(Q,y,z) dz = I B,(0,0.r) dz -
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- r | U\Bx + c:B:)00:dz-

i»- (,-;B) + (\2fl).)0i0.rdr + ( I ) 

where the limits of integration are sufficiently large 
that the field has essenliall> gone to zero at z = ±1. 

The first term on the right-hand-side of eq. (1) is the 
field integral on the midplane 

/;, = I B,(0.0,r)d.-. 

The second term proportional to _v, resulting from an 
asymmetry about the midplane. is generally not con-
:idereo. due to "good design" practice. Even when 
there is a midplane assymetry, this term will be small, 
and under certain circumstances identically zero. 
For instance, without midplane symmetry, but with 
symmetry about the x = C plane and sufficiently wide 
poles. <~BX t.\ -> 0. integrating the c.B. term shows it 
is also zero for our limits. In the case of a conventional 
dipole magnet the assumption that dxBxiy=tO) = 0 is 
generally a good one. In the limiting case described 
here it is less valid as can be seen from fig 6. In this 
instance, one must therefore invoke midplane sym
metry to drop the second term. The third term which 
is proportional to v2 occurs even when there is full 
symmetry about the midplane. It is the integrand in 
this term that is primarily responsible for the differen
ces seen in fig. 8 between the midplane and off-mid-
plane central field profiles. However, this third term 
can also be zero under certain circumstances. Using 
the curl relation we have 

?l By(0,0.r) = cIcyB,(0.Q.:)*{l,y)i~x BJO.y.:). 

and 

r2 By (0.0. -) = c:cy BJO. 0, r) = (1 ly) r. BJO.y,;). 

Integrating the c.B. term shows that it is zero so that. 

i> = i 0 - i y \ cxBx(Q,y,z)dz. (2) 

In the case of wide poles and symmetry about x = 0 
we have already noted that dxBx(0,y,z) -» 0. Thus, in 
the case of a conventional dipole magnet one has 
Ir -» V But for the narrow pole magnet we have 
described ?xBx{0,y,z)^ 0 as is clear from fig. 6, 
and we conclude that this term is the origin of the 
difference between on- and off-midplane profiles 
shown in fig. 8. For field integrals at transverse loca

tions other than x = 0 can generalize eq. (2) as: 

/,(v) ^ /0(v) - i.> ) <\ Bx{x,y,z)dz. (3) 

Jn fig. 16 we show POISSON predictions of 
BM.'ByJ*rI, = o. f° r the individual distributions versus 
x':g for three locations above the median plane 
ty!g = 0.045, 0.091,0.138). The slopes of these curves 
can then be used in eqn. (3) to estimate contributions 
to the field integrals at various positions off the median 
plane. It is clear from fig. 16 that the maximum slope 
occurs at x,'g = 0, so one expects the on- and off-
midplane integrals for the individual distributions to 
have the maximum difference at x/g = 0. The slopes are 
negative from \x',g\ = 0 to \x\g\ * 0.25 and positive 
from |.v/p|*0.25 to \x,'g\> 1. Thus we expect 
ly(x!g)> I0lxfg) for \x/g\<0.25 and /y(x'g)< f0(x/g) 
for \xjg\~ 0 25. Fig. 8 suggests that this will be the 
case if the fringe iirld integrals scale to the central field 
values. 

A rough approximation to eq. (3) is 

If{x) = l0[x)-iycxBx(x,y.Q)L, (4) 

where L is the length of the pole. To check our explana
tion of the difference between /0 and ly, two Hall 
probe scans for the g — 11.1 cm magnet were made 
for the individual distribution to determine /0 at 
xlg = ylg = 0. and /,. at xlg = 0, y/g =0.23. The 
results are shown in fig. 17. For these measurements 
By(0,0,0) was set at 150G. The integrals determined 
from these measurements are /0 = 3.64 kG-cm and 
Iy = 4.93 kG-cm. Using fig. 16 and eq. (4) with 
L = 22.9 cm, one estimates / = 5.15 kG-cm. The 

So 

-2 

-31 ' - " 138 

-

\ 
\ 

- —. 
-

- - • — 

• 

-*» 

Slopes 
y/g 

\ \ . 

\ 

(M i /g 
046 , 
0 9 2 
I 38 
2 2 9 

y/i 

^ 

= 0 
S=- 54l 

-I I 16 
-I 830 
-3 637 

= 0 

CA6 

092 

- 4 - 2 0 2 4 

x/g 
Fig. 16. POISSON predictions for B.'fl.tO. 0) vs xlg for the 
individual distributions. The slopes of the curves at xig * 0 are 
given in the upper right-hand corner. The curve for yg * 0.229 is 
no! shown. 

107 

file:///x/g/
file:///xjg/~


discrepancy is 4.5% between measurement and the 
estimate based on eq. (4). We also note thai 

ilt-Io)Uo = 0.35 while {By-B0)/B0 = 0.37 

in the central field region for these measurements. 
Therefore, our conclusion is that the difference between 
/„ and /,. is generated mostly in the central field region. 

Our discussion has shown that the off-midplane 
integrals for the individual distributions behave as 
expected from fig. 16 and eq. (3). The integrals change 
linearly from their on-midplane values with increasing 
y/g for the range of y/g considered (the slopes in 
fig. 16 for any xjg increase almost linearly with 
increasing ylg). The coefficient of linearity can be 
positive, negative, or zero depending upon the value 
of xjg. The most pronounced effects occur at x/g = 0 
and ;> 0.5 as is seen in fig. 8 with the effect going to 
zero in between. 

If the magnets were to be used only to produce non-
overlapping individual distributions, then by the time 
one gets to y/g = ±0.1, the values of By on and off 
the median plane at x/g = 0 differ by 5% (see fig. 8). 
On the other hand, when the magnets are used to 
excite low-order multipole modes or arbitrary extended 
field distributions, overlapping individual distributions 
of comparable magnitudes are superimposed to give 
the desired field pattern. In this instance the off-mid
plane region over which the median plane integrals 
differ by only a few percent is extended. This is a 
consequence of the fact that at any given off-midplane 
transverse position (jr) the basis fields superimposing 
to produce the net field generally have values above 
and below their midplane values at the same {xjg). 

This effect is illustrated using fig. i8 which shows the 
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The values of the integrals are liven in the text. The region 
labeled "pole location" is the : extent of the physical pole. 

POISSON prediction for B, Bu at xg = 0 as a function 
of y g if the pole-pair at x;g = Q is excited, and also 
the predictions for By'B0 at x/g = 0 as a function of 
y/g if either the left-adjacent or right-adjacent pole-
pair is equally excited. No other pole-pairs can have 
any appreciable effect on the field distribution at jr g = 0 
as is seen from fig. 8. In fig. 19 we have used the relative 
amplitudes for pole-pairs 2, 3. and 4 from table 2. 
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Fig. 18. POISSON predictions for 8,'»,,„, 0, vs.i y (going off the 
midplane) for the field at xjg = 0 due to exciting the pole-pair at 
xlg = 0 (upper curve) and for the field at .r g »= 0 due to exciting 
the pole-pair at x/g « 0.458 (lower curve) with equal excitation. 
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Fig. 19. Predictions for the behavior of B, 'B,ID.0I vs ylg due to 
the superposition of fields in the center of pole-pair 3 when pole-
pairs 2. 3. and 4 are excited to produce muliipoles of order jr. 
Table 2 and fig. 18 were used to generate these curves. 
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and h;i\e treated pole-pair 3 as the one at xlg = 0, to 
demonstrate how this concellation for the low-order 
multipoles extends the off-midplane region over 
which the field integrals vary only a few percent from 
the on-midp!ane values. At positions directly beneath 
the poles the differences between /,, and l0 will be most 
pronounced because it is here that the on- and off-
midplane basis distributions are most different. 
Therefore, fig. 19 represents a "worst-case" situation, 
and at other transverse locations the on- and off-
midplane integrals will be even closer in value. There
fore, one expects local fluctuations in lyU0 given by 
fig. 19 at the pole positions as one traverses the magnet 
in the transverse (x) direction. Off-midplane integrals 
for y'g = 0.1 were measured at the same time the data 
for fig. 14 was taken, and the resulting integrals 
demonstrated this effect. The maximum differences 
between /,. and I0 were as predicted using fig. 19. 

Although the optical properties of the system depend 
rather directly on J By(x'g)Az through the entire 
magnet, the detailed behavior of the fringe field as the 
particle enters and leaves the magnet does perturb 
trajectories from the effective field boundary approxi
mation. It is for this reason that numerical ray tracing 
is done in the final design of any high resolving-power 
magnetic-optics system. However, ray tracing done 
in the past has generally used fringe field distributions 
which were independent of the transverse coordinate 
(x-g). This is the type of fringe field one expects from 
a uniform-field, dipole magnet having a straight 
boundary, since the poles are usually very wide and 
one therefore expects the fringe field not to depend 
significantly on this coordinate. For such dipole 
magnets, the fringe field is usually parametrized2) for 
computer calculations according to 

B,(x,0,z) = B0/[1 +exp(S)] , 

where 

S = c0 + r,s + c2s
2 + c3s3 + cts* + CjS5, (5) 

and where s is the normalized distance (zlg) to the 
virtual field boundary. In this case, since one has 
midplane symmetry, it is easy2) to obtain an analytic 
expression for the ofT-midpIane fringe field in terms of 
the on-midplane expression. 

Since the individual poles for our corrective mangets 
are narrow compared to the horizontal aperture, a 
single expression of the type given above for the fringe 
field of the dipole magnet, is not necessarily appro
priate. Instead we expect a transverse (xlg) dependence 
for the individual fringe-field distribution. Preliminary 

fringe field measurements on our magnets have been 
made using a Hall probe. For the individual distri
bution, a noticeable dependence of the fringe field 
shape upon the parameter xjg was observed. 

Several approaches to the analytic tratment of such 
a fringe field are possible. These include: (1) allowing 
the r, coefficients in eq. (5) to have a linear (or higher 
order) dependence on xjg, or similarly modifying the 
expression i = :/g, and /or(2) adding a factor which is a 
function of x.lg to the right-hand-side of eq. (5). The 
best choise of parameterization is presently under 
study and will be reported later. Once this analytic 
expression has been formulated for the fringe field on 
the median plane, it is straightforward to expand off 
the midplane in order to determine analytically the 
fringe field everywhere. 

In fig. 20 we show some of the preliminary fringe 
field measurements at xlg = 0. Measurements 1 and 2 
were for single pair excitation, and measurement 3 
was for the magnet excited in the dipole mode using 
the coefficients of table 2. From symmetry, measure
ments 1 and 2 can have no x/g dependence in the 
off-axis expansion of the median plane, fringe-field. 
Using the coefficients which fit curve I of fig. 20, the 
off-axis expansion of eq. (5) Jed to the prediction indi
cated by the dotted line. Agreement with the off-axis 
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Fit- 20. Results (preliminary) of Hill probe measurements to 
determine the detailed behavior of the fringe field. The curve 
labeled "off-midplane expansion" is explained in the text. 
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measurement is good. The fringe field for the dipole 
mode of excitation (curve 3 in fig. 20) measured at the 
same transverse (x,'g) location as for curves I and 2 
clearly has a shape different from the midplane indivi
dual-pole, fringe-field distribution. This is a mani
festation of the fact that the fringe fields from neigh
boring excited pole-pairs at the location of the measure
ment have a different spatial z/g dependence. Thus, 
extensive fringe field mapping must be done for the 
individual distributions in order to determine quan
titatively the detailed behavior of the fringe field distri
bution in the transverse {xlg) dimension. From these 
measurements, an analyt;~ expression for the individual 
field distribution on the median plane, valid for all 
xlg, can be obtained. Since superposition of fringe 
fields from different poles should apply, it should then 
be possible, in principle at least, to analytically deter
mine the fringe field distribution both on and off the 
median plane as a function of x'g for any field multi-
polarity for use in numerical ray tracing. 

6. Discussion 

Both analytic and numerical treatments of magnetic-
optics have, in the past, assumed that the real magnetic 
fields of the given optics system are well-represented as 
serially located magnetic multipoles of specific multi-
polarity. This is a natural consequence of the matrix10) 
approach to the design of magnetic-optics systems 
where particle trajectories and magnetic fields are 
expressed as Taylor series expansions about the central 
trajectory. Since the first order (dipole and quadrupole) 
and second order (sextupole) components of the mag
netic field have analytically well-understood effects on 
the particle trajectories, the optical design procedure 
is rather straightforward. Effects of other components 
of the magnetic field are usually then dealt with using 
numerical ray-tracing2), but again the approach has 
been to consider only multipole components of the 
field when correcting aberrations. Thus, the per
formance of any magnetic-optics system designed 
using the standard approaches depends rather critically 
upon how well the actual magnet produces the desired 
pure multipole components or combinations of 
multipoles. The newer, high-resolving power magnetic 
optics systems, such as the High Resolution Spectrom
eter (HRS) at LAMPF therefore have very stringent 
mechanical tolerances, and any machining and 
alignment errors will be reflected in the performance of 
the system. 

Two types of machining errors are possible: (1) 
fundamentally wrong iron contours which produce the 

multipole fields, and (2) localized machining errors due 
to poor technique, tool wear, etc. An example of the 
first type of error would be the wrong radius of cur
vature on a magnet entrance or exit boundary. Of 
course this kind of an error could also result from a 
mistake in the optical design of the system, or even 
from mechanical assembly errors of various kinds 
Nonetheless, properly placed corrective multipoles of 
specific multipolarity can generally correct these 
errors. The second type of error is probablv more 
common and can result in a variety of other ways. e.g.. 
local nonuniformities in the iron. Its presence will 
cause the magnetic field to deviate from the desired 
field over a region which can be comparable in size 
to the magnet gap. This type of error can affect the 
optics, yet is difficult to correct with conventional 
multipole magnets. Needless to say, these kinds of 
factors generally result in an actual system which is 
different from the "ideal" one assumed in the computer 
simulation. In other words, the real field is never 
exactly like the one used in the calculations, and the 
performance of the system will depend upon the 
differences. The only way to actually know the real 
field is to construct the magnet and make field maps. 
If the deviations are too great, corrections must be 
made, and one may then choose among a number of 
alternatives. 

Thus, in general, one should be prepared to correct 
the high performance systems after they have been 
constructed. These corrections may or may not be 
serially located field distributions, depending upon the 
particular application. 

The corrective magnet described in this paper 
represents a distinct departure from traditional 
approaches to corrective magnetic design. Besides 
being able to produce any multipole or any linear 
combination of multipoles, it can also produce quite 
localized field distributions over regions which can vary 
from the full magnet aperture down to widths which 
are comparable to the magnet gap or smaller. We 
consider this last feature as the most important for the 
ability to correct very high performance systems since 
there is no theoretical reason to believe that the best 
performance of such a system will result from making 
corrections with only pure multipole fields. The 
motivation for the design of our corrective element 
stems from this observation. 

The magnet we have discussed is not dissimilar in 
principle to the technique proposed by Halbach") 
which used conductors embedded in the iron to make 
corrections to the field on the midplane of dipole 
magnets. However, there are some very important 

110 



differences. The two most important are that: 
1) The field;, due to the conductors embedded in the 

iron are themselves in the presence of the rather large 
fields due to the main coil current. Therefore much 
care must be takei. to understand the uses of these 
fields, and the operation of such a scheme critically 
depends on the magnetic properties of the iron as well 
as the physical characteristics of the magnet over the 
operating region for which they are constructed. 

2) The basis distribution due to one of these coils 
looks like the integral of the basis distribution for the 
type of magnet we have discussed. It is necessary to 
excite two of the coils embedded in the iron in order to 
produce a profile like the one produced by the magnet 
discussed here. If the tails and widths of the basis 
distributions for the coils-in-iron technique are too 
dissimilar with location and excitation, it is hard topro-
duce localized structure for the net distribution. 

The corrective magnets we have constructed are 
ideal for positioning at vertical crossovers in magnetic-
optics systems where trajectories are dispersed. At 
such positions they will affect the optics in the analyz
ing plane only. It is in this plane that corrections of the 
type discussed in this section are usually needed. Speci
fically, the fi = 5.54 cm magnet is placed at the vertical 
crossover between the two large 57' bending magnets 
on Line Cat LAM PF. The second magnet (g = 11.1 cm) 
is the corrective magnet for the QDMD High Resolu
tion Spectrometer at LAMPF and is placed at the 
crossover between the two 75 dipoles. 

While many possible applications of superimposing 
pole-pair distributions exist, we note the possibility 
of a broad-range, large-solid-angle, spectrograph 
with variable horizontal and vertical focal strength 
distributed throughout the system as a function of 
transverse distance from the optic axis. Such a spec
trograph could be realized by superimposing basis 
distributions of the type discussed in this paper from 

pole-pairs of continually varying gap height as one 
moves transverse to the optic axis. Of course, the 
geometrical parameters wig and sjg for such a magnet 
would be more like u!g = 0.5 and s-g = 1.0 (see figs. 5 
and 7) in order to have large fields, say up to 18 kG, 
in the gap. The design of such a spectrograph is 
presently under consideration. 
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