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Klaus tia'lbach is designing an Undulator*. He believes that theoretical 

calculations are adequate for predicting internal field distributions produced by 

Samariur,l Cobalt j·lagnets that are regularly distributed and oriented above and belov/ 

the plane of interest (naynetic (.'Iidplane). lIov/ever, end effects are more difficult 

to predict vlith high precision. 

On January 20, 19JO. Klaus Halbach, Michael I. Green, Bill Worthington and I 

met to discuss modeling the end effects due to a pair of Samarian Cobalt perma

nent magnets \'/ith various geometries of iron. Tile objective of building and 

measuring a model was to determine the magnitude of magnetic-induction integrals 

as functions of r,lagnet position and orientation \'lith a resolution of 25 Gauss cm. 

j'·1o-Jel for ..1~tin9. Ha9.n~t End Effects 

Figure 1 shows the model fabricated by Bill Worthington. The lower flat 

surface (z = 0) represents the plane of symi:letry of the undulator so that for the 

( model t magnets need be located only above this plane. (In this model, the magnets 

tu be symmetrically located belovi the r:1idplane are .:.represented by "images" pro

duced by the magnets above z = 0.) Two coordinate systems are shown in Figure 1 

(The cartesian coordinate system for locating the magnet relative to the iron and 

the cylindrical-coordinate system shm·Jing the orientation of the magnet). Tile 

paranleters that were varied during tile course of the model tests (at the request 

of Klaus Halbach) ilre e, angular orientation of tile magnet pair, h. the he:ight 

of the magnets above the midplane, and d, tile distance betvJeen the field-clamp and 

the center line of the magnet pair i.e., the axis of rotation 6f the magnet pair. 

Test Egui~ 

Figure 2 silov/s the equipment used for these tests,., The integral-coil \'1as 

designed by f.'licbael 1. Green and Ivan Hood and fabricated by Faye 14itllarm. Figure 

3 is a full-scale copy of the positive used for fabricating the coil. The effective 

turns-wiJt:l and the effective turns-area of the integral-coil were calculated by 

Kathy Schiff from tile numerical-control coordinate-data used for fabricating the 

coil. The effective turns area was also determined by Michael I. Green in an l~~R 

calibrated magnetic-field. The calculated and measured values are listed in Figure 3. 

* A uevice for the production of synchrotron radiation in conjunction vJith high
energy electrons. 
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Changes in flux-linkage in the integral-coil are proportional to changes in 

magnitudes of the integral of magnetic-induction over the length of the coil. 

Based on the effective turns-width of the coil. I selected values for the integra

ting resistor and capacitor that \"JOuld produce a constant of proportionality of 
approximately 10-- Volts/Gauss cm. The .flux-standard produces a constant value of 

flux-linkage for determining the "operational RC time-constant" of the integrator. 

ilagnitudes of the integral (-IBzdY) v/ere measured by repeatedly moving the 

integral-coil between a mu-metal shield and the model. 

Test Results 

Figures 4-6 represent the tests conduetedby Ed Cyrand me. Figure 4 repre

sents mea surements of IGdl vs. e for three va 1 ues of d (d = 1. 27, 2.54 & 3.81 cm) 

with h = 3.61 cm. Figure 5 represents measurements of IBdy v~ e for extreme values 

of h (h = 1.96 cm and h = 3.61 em) I'Jith d = 2.54 cm. Based on these preliminary 

results. Klaus Halbach requested that we collect the data represented in Figure 6 

with d = 1.27 cm •. h = 1.96, 2.49 r 3.05,& 3.61 ~m. 
We experienced difficulty in reproducing measurements near the zero-crass-overs 

(i.e., the angular orientations~ 0, that produced near-zero integrals). l-Je made 

a series of measurements to determine the effect of magnetic-hysteresis. For the 

parameters h = 1.96 em. d - 1.27 cm (see Fig. 6), we measured IBzdy for e = 1500 

and 3300 with each of these magnet orientations being approached from e = 600 [the 

maximum positivl! or-ientation)anu e :: 240 0 (the maximum negative orientation). The 

resu1 ts vIlli ell are sUn1ineri zed in Tub 1 e I shOl'l spreads near the zero"crJss-overs of 

5-6% of the peak values. 

e 
degrees 

GO 
l5LJ 
240 
lSO 
240 
330 

60 
330 

-l[3zdY 
[10 3 Gem] 

+2.87 
-0.04 
-2.71 
-0.10 
-2.73 
-0.05 
+2.87 
+0.12 

spread 
(% of peak integral) 

0.14/2.8 = 5~~ 

0.17/2.8 = 6~~ 

Table I Hysteresis CilCCKS - lleasurements of fDds 

h = 1.96 cm, d = 1.27 cm for selected values of e 
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Discussion 

On June 5. E. Hoyer. K. Halbach, I. Wood and I discussed plans for measurements 
of the operational unJulator. Hoyer is preparing specifications for a pair of 1 m. 
long integral coils. 

Distribution: J.W. Chin 
C.G. o.ols 
i·l:1: G~~en 
K. Halbach (4) 
E.C. Hartvlig/L.J. Wagner/~~.H. Deuser 
E.H. Hoyer 
1. E. Hood 
Electronics Engineering Master File (2) 
Nagnetic Heasurements Engineering (4) 
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This ~JOrk was supported by the u.s. Dept. of Energy under Contract DE-AC03-76SF00098. 
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Uimensions 

LBID-505 MT 289 Page 4 0f 9 ~ 

FIGURE 1 UllDULATOR l/lAGi4ET 

* SmCo s f'Jagnet Pair Orientation sho\"/n e = 0 
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S K E T C-H JOII TAG 

NO. NO. 
0: 

'" SERIAL NO. 

LAWRENCE LIVERMORE LABORATORY 
0 

NO. " REOO. 

UNIVERSITY OF CALI FORNIA 
0 

CD 
DATE DATE 

0 ... ISSUED REOD • 

APPROVED DATE DELIVER 

BY TO 

UilDUlATO:\ :;:,i0 EFFECT ;',GOEl 

i 
/ =- mu-metu,l 

. shield 

_
IU-r!. ' In! 

l I ----1 • i _____ --' 

Jt:.'J Iet: 

:loJel 

; lagnets 

Coi 1 

Fl ux StanuarJ 

IntcgrJ cor 

'vol tmetcl" 

fLJ;~ 

STAiWARD 
ELiCTiWdlC 

IdT[(l;-!ATUi~ 

IJUlTIF lUiT Iu,i 

LiJL 

SLICOj 

L-47 

SLFS 40.01 

;loJ 71 SI iJ 2 

VULTillTER 

[luTES 

2 ea. 
11\'# = 20.76 (enl) 

<P = 0.01 05 (v/b) 

i{ = 1 ~. G (k~~) 
C := O. 1 (~F) 

, ;Hten = 030 

Sid = 10450 
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Fi gure 3 Artl'JOrk used for fabriwca tiD\] coil L-47 

11/1, turns area (Cii1
2

) 

l1\i. turns v/idtil (elll) 
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--;":~L *J is tile distance of the magnet center from the field clamp. 
I:;::i-'·::;':::·+-::~**'l ;s the distance of the t center abovez = 0 plane. 
'PE,,"~):.~jAji I (See Figure 3) rnagne 

FIGURE 4 
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... 

1.0 

Symbo 1 h** (cm) 

o 1.96 

.6 3.61 

'I':+-'S~:+~::+;'~ *d is the distunce of tile lilagnet center fror:l the field climp. 
::1::: ~H7 :~ilt:' ~HH J **h is tile d i ~ tance of the magnet center above z = 0 p 1 ane. 

'i~~lSl'~:lf~:& ~f' (See F 1 gure 3) 
.... ' !:T, ... 1 ..... ' FIGURE 5 
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Jata: 100 Feb. 
Oravm: 1 30 ;"ia rc i1 

** I II ~c!;1.) 

2.49 
3.05 

3.Gl 

is tile distance of ti12 ~.lagnet c2nt2r above z = J plane. 

(See Fisllre 3) 
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