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Objectives of the MTL 

Provide acceptance test facilities for superconducting magnets 

• Test magnet design principles and establish limits on magnet 
capabilities (R&D testing) 

• Verify and supplement testing of industrially produced magnets 

• Test all superconducting magnets fabricated by the SSCL in the JvlDL 



cold testing; 

• vacuum test 

measurement of stress due to Lorentz forces 

e determine magnetic field characteristics at various 
operating currents and at temperatures from 2.5K to 4.5K, 
• determination of field harmonics at constant current 
• time dependent field measurements 
• dipole angle measurement 
• total magnetic field intensity measurement 
• quadrupole gradient measurement 

• determine quench characteristics (critical curren~ quench 
initiation location, propagation velocity, etc.) as a function 
of temperature, 

• determine errec~s of conditioning at lower te~perature on 
quench current at 4.35°({. 

• verify operation of quench heaters. 

• determine alignment of the magnetic field with respect to 
external magnet fiducials 

• verify electrical isolation of conductor when cold. 



life test activities; 

• repetitive thermal and power cycling 

• repetitive quenching 

• heat load tests 

• quenching 

• determine mechanical fatigue effects from repeated 
quenching, 

• mechanical and electrical fatigue effects due to 
repeated energizing and rampinl of magnets 

• effects of repetitive thermal cycling 08 quench 
performance . 

• magnetic measurements (1) 



Test Capacity; 

• Ten single magnet test stands 
• 2 "R&D" test stands 
• 8 production test stands 

• stands· designed to accomodate different length 
magnets. 

• One life cycle test stand for use with three magnet string 

Cold test throuebput rate; 

• Initial testing - 250 hours per test ==> 1 magnets/day 

• Prototype testing - ISO hours/test ==> 1.3 magnets/day 

• Production testing - 100 hours!test ==> 1 magnets/day 

(assumes 8 stands used for prototype and production test) 

IesUn, will always be conducted at" the full capacity of the MIL 

• all initial production and approximately 10% of total 
production magnets will be cold tested) 



Types of long magnet tests planned for the MTL: 

warm test activities; 

• hi-pot 

• electrical continuity 

• alignment check 

• magnetic field harmonics at low current 

• measurement of coil prestress 

• verify these warm measurements on a "spot check" basis. 

• establish corn~tations of warm/cold "field characteristics 

ALSO: 

• develop the warm measurement instrumentation to be used 
by industry 



Expansion of Cold Test Capacity 

Ideal test capacity will 
production experience 
correlations. MTL design 
of required. 

be determined as a result of 
and success of warm/cold 

must allow for capacity increase 

Thines to consider if capacity must be increased: 

• refrigeration: 

• ASST refrigeration can be linked to MTL cold box 
with transfer lines. 

• Add additional bank or distribution boxes and 
convert warm test to cold test area. 

• move. southwest wall out and add ~ond pit for 
power supplies. 

• Delivery: 

• MTL has two delivery areas so to minimize 
interference or contruction on testing. 

• control room trivially expands into conterence room. 

• warm test area is oversized to provide space for 
instrumentation development. Tliis work should be 
completed by the time expansion might be required. 
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Table 1. Approximate schedule requriemen17S .for GFE mole equipment. 

Activity Warm moles Cold moles Approx. date of first delivery 

CDM program*. 
Prototype 2 2 11/92 
Pre-prod 6 2 11/93 
LRIP 6 2 7/94 
Fun production 14 2 7/95 

CQM 
Prototype 2 1 4/93 

~ 2 1 11193 
2 1 7/94 

Full production 4 2 5/95 

HEBDM 
hototype 1 1 2/94 
PIe-prod 1 1 i/95 
LRlP :2 1 2/9£ 
Fu11:production :2 ~ 1/96 

HEBQ¥ 
_P!e~ '1 ·1 11/94 
-LRIP ~1 :1 7/95 
FUUproduction ~1 ~1 1~6 

MIL 
2 2- 9/92 
2- 4- 9193 

MOL 
1 0 1,.94 

Spares** 8 6 

Total 32 17 

*estimates from Ron Jones. GD • 
.... asStlIllC one spare device per test site for warm and cold test. 
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Mole program history 

• B2 (built by BNL) used for 4 years at FNAL to 
measure sse magnets 

• Previolls and current SSCL - BNL lab 
agreements included fabrication of moles in 
support of the SSCL program 

• This has resulted in the "F" mole design -
contains many improvements which resulted 
from operational experience with B mole 

• EVERYONE HAS AN OPINION: 
radial coils 
integrators 
other construction .materiats., techniques, 
etc. . 

• WE KNOW WHO OUR FRIENDS ARE (i.e. 
where we can get help) 

• Strategy has been, and is, to help complement 
BNL ~s efforts so that they (and therefore we) 
are successful 

Mark Coles 11-17-92 



Mole history 

• More than ten years of development at BNL - how to measure within 
very small very long magnet where external references are not 
available 

• Development milestones: 
coil fabrication 
components requried for very small design circle - 25 mm 

slip rings 
encoder 
bearings 
air motors 

All had to be non-magnetic and non conductive for moving 
parts 

• Ancestors of present mole design used at BNL and FNAL to evaluate 
SSa.. dipoles 

• Understanding of perfonnance characteristics has slowly been built 
up during this period 





Two dimensional field representation in aperture 
eX) 0-1 

B(r,9) = LC(O(~ jr sin 0 (9-a ~ + 9 cos n(9-an>1 
n=1 

Voltage induced in the tangential winding 
eX) 0-1 

VT(t) = - 2 L NT r T LTcoC(o) (~) sin (~ )COS[ n (rot - (} + en )] 
n=1 2 

o = 1 (dipole) 

Magnet beam tube 
Flow chart for the digital harmonic analysis 

N/2-1 rrangential coil Bucking ConditioD FFr 'Yo) = L Alcos(Zlmk+4JIJ digitized ~ fork = 1 
volta2e t=O N ~T(n) + fl X01(n) + f 2X D2(n) = 0 

I N/2-1 Buck 1 coil 
digitized FFr XD1(n) = L ~k (l7mk+ .~\ ---- (f l' f 2) 
voltaee k=O N 

Total digitized 

NI2-1 bucked voltage 
Buck 2 coil 

digitized FFT 
XOt-0) = L A~cos (21mk+ ~~ ~ VB(o)="-r (n)+f1XD1(n)+f2 X 02(0; 

volta~e k=O N 

I , 
Bucked FFr. 

N/2-1 Wb~C(n)and 

Voltage V B(n) = L Bkcos (21mk+_9k > ~ C(n),an an are the 
VB(n) k=O N magnitUde and 

1 angular phase of 
the nth multipole , ~ 

an = C(o+l) sin [- (0+1) a n +1] 
C(l)Rfi 

0=0 (dipole) 

bn = C(o+l) cos [ (0+1) an +11 Wh~ an and bn 
....:.-.;...-.---:.~--.;..--::~ are the skew and 

C(l)R
n 

normal coefficieots 
of the 2(0 + 1) pole. 

Figure 1·3a Formalism for Digital Harmonic Analysis for Dipole Magnets 
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Two dimensional field representation in aperture 
00 n-l 

8(r,S) = LC(n(~ jr sin n (9 -<X rJ + e cos n (9 - <X n)] 
n=l 

Voltage induced in the tangential winding 
co k-l 

Vy(t) = ~~~(k)(ff) 2 LTr TNT CIl Sin0~)COS[ k (CIlt - P + <Xk)] 

k = 2 (quadrupole) 

Voltage induced in quadrupole buck winding 1 
00 k-l 

V~(t) =I:C(k)({fz) 2~~N Q.2(1) Sin(~ )cosIk (eDt - P -~+ uk)]{ 1 + (_l)k] 
k=l 

Voltage Induced in the dipole buck windings 
00 k-l 

VD (t) = k1;~(k)(~) 2 LDrD N D CIl Sin(~) cos( k (CIlt -P + <X )] 2 cos (k Fo) 

Figure 1-3b Formalism for Digital Harmonic Analysis for Quadrupole Magnets 



Flow chart for the digital harmonic analysis 

N/2-1 rrangential coil Dipole Bucking Condition 
FFT Xfn) = L 4cos (~+ 4>1 ) digitized ~ fork = 1 

volta2e k=O N XT (n) + foXn (n) = 0 
, obtain 

N/2-1 Quad Buck I (fa 
FFf XQ1(n)= L A~~s(lzmk+cp~\ coil digitized r----

volta!e k=O N Quadrupole Bucking 
Condition 

N/2-1 fork=2 
Quad Buckl FFI' XQ2(n) = L A~~os (21mk+ 4>~ coil digitized r---- XT(n) +foXo(n) +f<4X<4 (n) 

voltaee k=O N 
+ f Q,fqz,(n) = 0 

N/2-1 
, obtains 

Dipole Buck FFI' Xo (n) = L ~cos (2mlk+ 4>~) (fQl'~) coil digitized -... 
volta!es k=O N 

,. 
Total digitized 
bucked voltage --VB(t)=V T (t) + f ~ o(t) + fQY Ql(t) + ~1 ql.t) 

- LC(k)T(k)COS{k(wt +·Ut-4>t)] 
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I , 
Bucked N/2-1 Where C(n) and 
Voltage 

fF[ 
V B(n) = L Btcos (2mlk+ at) .-..... C{n),un Un are the 

VB{n) k=O N magnitude and 

~ 
an = C(n+l) sin (- (n+l) u n +l1 

C(2)RD 

n = 1 (quadrupole) 

I angular phase of 
the nth multipole 

~ 
b n = C(n+l) cos(n+l) u n +l1 :::::~~'!n~ 

C(2)R
D 

normal coefficients 
of the 2(n + 1) pole. 

Figure 1-3c Flow Chart for Digital Analysis of Quadrupole Magnets 
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I : I I 
bucking factor, cold, 4000Amp I 
5 DVMs for aSH803 i I I 
quad Bucking factor :dipole Bucking factor 

I , I I : 

1.66E+071 : 2.73E+071 I 
I : j I 

4 DVMs for QSC405 : I 
2.88E+osl ; 23.81 

1 j 

I : I . 
I I I ! 

bucking factor, warm, 10Amp 
5 DVMs for aSH803, 128 gain amplifier used 
quad Bucking iactor i dipole Bucking 'factor ; 

I ! I I 
, , 
< i • 

6.0SE+06\ !a.2SE+OBI 
. - ~ , 

! -
I I -1 

.-

4 DVMs for aSC405, no amplifier used -

~ 

3.76E+Osl I 15.2 I j . 
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MTL Software 

Measurement system to be given to Vendors 
· sse will supply: 

Measurelnent system hardware and software. 

Operator Manual. 

• Vendor will supply 

-

Networks - WAN preferable, InteI"fi1et needed for on-line SUppOlt. 

Measuren1ent Initiation Interface (GLISI-I). 

Test Results Capture Interface (SDS). 



Mole Data acquisition system software 

Historv: 

• ISTK tools, ASD support for MTL software as 
a test bed for accelerator controls (Chris 
Saltmarsh) 

• Data base interface unified with other test and 
fabrication software 

• Initial LBL contract in support of accelerator 
controls and MTL software suggested VME 
buss and VxWorks real time kernel 

• Dave Lambert, joe Gar:b.arln:i, W~l-~lll;l:a:B J...,i, 
Paul Craker ,and Jim I yey w·rot~ {he .sS(::~ 
software which impleme-nts these -IST-K tools 
(GLISTK, SODS structures, GL1S'a, 

• features: 
raw data handling 
analysis features 
ISTK tools 
P .S. digitization 

• basic analysis software is BNL' s- '- rewritten 
from HPBasic to C on the SUN 

Mark Coles 11-17-92 
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CoUider Arc Specificatioa No. El()..()()()0%7 

3.2.1.3.3 Systematic Multipole Tolerance. Upper limits of tl:ie absolute values of the 
systematic multipole errors shall meet the specifications in Table 3.2.1.3-II. The systematic 
multipole error is defined as the average value of the multipole taken over the sample of magnets 
installed in the ring. . . 

TABLE 3.2.1.3-11. ABSOLUTE VALUE UMIT OF SYSTEMATIC 
MULTIPOLES FOR THE MAGNET FAMIUES. 

CONFIGURATION ITEMS 

Multipole COM 15m, COM 13m CQM 

(Absolute Value) Injection High Field 
2.0TeV 

la1
'
• <0.04 <0.04 

'b, '· < 0.04 <0.04 

la2
'
• < 0.032 < 0.032 <0.23 

Ib~ - <2.ooA <0.80 <0.23 

la3
'
• < 0.026 < 0.026 <0.13 

Ib3'· < 0.026 < 0.026 .·<0.13 

la4
'
• < 0.01 <0.01 <0.15 

Ib4' < 0.08B <0.08 <0.15 

'as'· < O.OOS < 0.005 <0.18 

'bs'* < 0.005 <0.005 <1.40c 

'Be'· < 0.005 < 0.005 <0.10 

!be' <0.02 < 0.013 <0.10 

la7'* < 0.005 < 0.005' <0.12 

'¥ < 0.005 < 0.005 <0.12 

laet' < 0.005 < 0.005 <0.13 

1bel <0.01 <0.01 <0.13 

lag'· < 0.005 < 0.005 <0.15 . 

'bt'· < 0.005 < 0.005 <0.61 

la,o'- -:0.02 < 0.02 <0.15 . 

Ib,01 <0.02 <0.02 <0.13 

*Non-Allowed Multlpoles (Units for an or bn are defined as 10-4 C~) 
Note A: The value of systematic b:2 shall not change by more than 0.5 units during 

the one hour injection interval. 
Note B: The value of systematic b4 shall not change by more than 0.04 units 

during the one hour injection interval. 
Note C: The value of systematic bs shall not change by more than 0.2 units during 

the one hour injection interval. 
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Rotating Coil Simulation Study 

ABSTRACT 

\Vei-Chuan Li, Mark Celes 
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This report describes a study of the systematic and random measurement uncertainties 
ofma.gnetic multi-poles wbich are due te cODstruction enors, rotational. speed variation, and 
electronic noise in a digitally bucked tangential coil assembly with dipole bucking windings.. 
The sensitivities of the systematk multipole uncertainty to construction ~rs a.re estimatea. 
analytically and using a simulatien -program "MOLESIM" which simulates the opera.tioo 
of the F series mele. The ceil mechanical -device tolerances required to achieve less thau 
0.01 units .of systematic errer fer a.ny -multipoles 'have Oeen determine4. Also, random error 
limits en speed variation and electrical noise -have been determined which are necessary to 
a.clUeve less than 0.01 units .of -randem uncertainty on any multipole measurement. These 
results are summarized in table 1. 

Paxameter 1 Nominal value tol<!IG:Ilce 
bow 0.0 1.6 mils or 0.041 mm 
sag 0.0 4·- toils or 0.1 DlIn 

twist 0.0 40 mrad 
bearing misalignment 0.0 0.24 mils or 0.0061 mm 

radial error of tangential winding 12.3063 mm 0.24 mils or 0.0061 mm 
radial error of bucking winding 12.3063 mm 0.53 mils or 0.014mm 

angular enor of tangential winding I 0.262 rad 130 mra.d 
angular enor of bucking winding I 3.141 rad 7.1 mrad 

parallelism error of ta.n~ntial winding l 0.0 0.48 mils or 0.012 mm 
parallelism error of bucking winding 0.0 2.0 mils or 0.052 mm 

angular velecity of coil 2.0943 rad/ s 0.021 ra.d/s 
random electrical noise 0.0 2.8 nv (rms) 

Table 1: The tolerance requirements fer the coil 
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Table 2 • IISSC93 

bO I bi j bl I b3 I b4 I bS 
FAI -0.390 I -610.0 -17.57 I -11.880 1.933 I 5.357 

FAl -0.390 -606.2 -17.68 -11.930 1.992 5.517 

FA3 -0.391 -607.4 -17.90 -11.920 2.005 5.682 

FA4 -0.388 -608.2 -17.45 -11.860 1.994 5.405 

FAS -0.372 -601.2 -17.11 -11.900 2.047 5.593 

FEI -0.395 -610.8 -18.17 -12.280 2.138 5.824 

FE3 -0.395 -608.3 -18.87 -12.310 1.986 5.848 

FES -0.387 -607.5 -18.75 -12.790 1.869 5.744 
calculated multipo1c -0.396 ~.6 -17.95 -11.930 2.148 S.5SS 
measurement mean -0.388 -607.4 -17.96 -12.085 1.995 5.609 

sui dev/lmeanl 0.019 0.004S 0.038 0.021 0.039 0.033 

Imean-calcl/calc 0.020 0.0046 0.001 0;013 0.071 0.004 .. .t a2 a3 84 ·as 
FAI -9209.9 -286.4 33.37 -9:38 13.22 0.061 

FAl -9207..3 -287.1 33.71 -9.3'1 13.4S 0.090 

FA3 -9204.3 -285.2 33.96 -9.35 13.61 O.~ 

FA4 -9214.9 -289.4 33.49 -935 13..29 0.039 
FAS -9280.6 -294.4 3431 -8.98 13.41 -0.046 

FE1 -9187.0 -287.0 34.72 -9.52 14.00 0.118 

FE3 -9188.9 -281.6 34.80 -9.44 14.02 0.183 
FES -9222.9 -291.6 35.65 -9.26 13.92 0.183 

calculated multipolc -9182.7 -282.6 33.33 -9.69 13.42 0.024 

measurement mean -9214.5 -287.9 34.25 -9.33 13.62 0.107 

SId dev/lmeanl 0.003S 0.019 0.028 -0.037 0.015 3.438 

lmean-calcVcalc 0.0032 I 0.014 0.023 0.017 0.024 0.838 
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multipole component. The deviation of a multipole component for a given magnet from the 
ensemble average is called a random error. 

3.2.1.3.1 RMS Width of Multipole Distribution 

Upper limits on the RMS widths of the multipole distributions shall meet the specifications in 
Table 3.2.1.3-L These requirements shall be met at all times throughout the operating cycle 
dermed in Section 3.1.4.1. 

TABLE 3.2.1.3-1. MULTIPOLE RMS DISTRIBUTION UMrrs FOR MAGNET 
CONFIGURATION TYPES. 

CONFIGURATION ITEM 

COM 15m, COM 13m CQM 
MULTIPOLE (<1 spec)- (<1 spec)-

a, 1.25 

b, 0.50 

~ 0.35 2.47 

~ 1.15 2.47 

~ 0.32 1.42 . 
~ 0.16 1.42 

~ 0.05 0.49 
-

b4 0.22 0.49 

as 0.05 0.56 

bs 0.017 0.28 

Be 0.008 0.11 

b& 0.018 0.11 

a7 0.01 0.12 

t? 0.01 0.12 

as 0.0075 0.14 

be 0.0075 0.14 

> &g,b; 0.0075 0.16 

·UnitS for an or bn are defined as 1 crt .cm-ft • 

. The ensemble of magnets of each configuration type in the collider rings shall meet tb 
applicable specifications above at all times/places throughout the magnetic cycle. In particular. : 
shall meet this specification throughout the one hour long injection period. These specification 
are based on the integral field of the magnet inclusive of ends and interconnect regions . 

... 
31 
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A B C 0 E F G H I 

1 W!J c-\OOI.Ml ~~~~I!DOO~!MJ!gOOij®~ @®~$)~@ «~/Q '1J ® . b\11rnl1f)(91f) 

2 Without Amplifier With Amplifier Improvment 
3 'In sd an sd 
4 "Quadrupole 1 -0.3612 0.5945 -0.493 0.0642 9 
5 2 0.3166 0.1186 0.2614 0.0149 8 
6 3 0.0209 0.0433 -0.0'07 0.0098 4 
7 4 0.0203 0.0411 0.0012 0.0019 6 
0 5 0.0135 0.0206 0.11027 0.0038 5 
9 6 0.0062 0.0237 -0.0'0'09 0.0028 8 

10 7 -0.0051 0.0155 0 0 
11 8 0.0007 0.0145 0.0'032 0.0016 9 
12 9 0.0043 0.0177 0.0015 0.0016 1 1 -. 

13 10 0.0022 0.007 
~. ~. 

0.0'0:22 ... 0.0013 5 
14 1-1 -0.003 0.0085 .. ~()'.O·O·O 1 '" 0.001j 7 
15 _.," .. - ... 

16 
~, .' , ' .. ~ 

17 bn sd bM sd 
18 "Quadru~ole"1 -0.4839 0.2792 _." ". -0.4679 0.0462 6 
19 2 1.8165 0.098 1.80'01 _ .... ,. .. 0.0123 8 
20 3 0.0426 0.0626 ... , 0.03'95 , 0.0111 6 
21 4 0.1178 0.0414 .. , 0.0'9~81 .. 0.0092 5 
22 5 0.008 0.0307 . - . ' 0.0146 , . 0.006 5 
23 6 -0.0214 0.0253 , ' .,' -0.,033. 0.0032 8 
24 7 0.0003 0.0032 0 0 
25 8 0.0417 0.0123 0.0'441 0.0016 , 8 
26 9 -0.0012 0.0161 -0.0'0'07 0.0019 8 
27 10 0.0222 0.0139 0:0174 . ... 0.0009 15 
28 11 -0.0039 0.0076 ·0,00'051 0.0013 6 



Fe2 means and stds 

~ltiPo~fiiijc:meas:srg"iDii!'ialroweO.ffiiaa;stCd l5JtOiiiatinaiiliteas 
b1 I 0.0232 0.5 22 
b2 0.0177 1.15 65 
b3 I 0.0033 0.16 49 
b4 0.p047 0.22 47 
b5 '0.0015 0.017 11 
b6 I 0.0017 0.018 10 
b7 0.0011 0.01 9 
b8 ~ 0.0008 0.0075 10 
b9 f 0.0010 0.0075 7 

t 
a1 I 0.0202 0.5 25 
a2 0.0165 1.15 70 
a3 0.0056 0.16 29 
a4 0.0035 0.22 63 
a5 0.0024 0.017 7 
a6 0.0013 0.018 14 
a7 , 0.0011 0.01 9 
as O.DO"ll 0.0075 7 
a9 t 0.0007 0.0075 i 10 
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II. Statistical study of random uncertainty 

review of standard deviations in the measurements of 
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-leA 
Ui --

f5'*A 

e 1.00 - -.-. _-I.-II 

~ : 
LI O.UO _-
N 
II 
f~ 0.90 =---... 
~ Run Sequence 

Ave. Magnilude n-5. 1\-0 

.-......- 0.14 -r a u 
t 0.12 
0 ... -!I 'a e 
f1 3.4 

0.00 

d a 0.00 -
co -
~ 3.3 - ••••• H_-' 'w-t .. " . 

In 
~ 

Run Sequence· Ut!!O 

o QSII003 30 930100 worm 10.A 
• QSIIOO:) 34 mlO 10n W IU'111 1-1. A 

- Ave. Magnllude n"'~. n=4 -
'0 -1.1 -
t 
~ -'-' 

i to 
.-B 0.2 -f1 \1.1, 

II -
..... ().l)-

~ 0.1 -

~ 
~ \),1 ~-------

n=3 Run Sequence n=4 

-f -o : 
to' U! :"'""' 
o ... 
"-" -!'I 0.10 -:-
'a .. a : a o.on:-

! 0.00 ~ 
~ 

Ave. Magnilude n ... 7, n-O 

0.08 -

0.04 -

0.02-

r-:O,04 =-
~ I::L...--------{).oo '----------

n-7 Run Sequence n-O 

() QSlI003 32 930100 
x qSllnoa ao 0:)0100 

worm 5.A 
Wllrrn 20.A 



Avera.ge a.nd Ave S. de'V./vnmeas for Axial an and b n 

Magnet QSIIOM tile: 0411 (Wllrm data) Gift. : 10.00 »mel1s, eo 3 Npass - 9 
n 1 a 3 .. B e ., fJ 0 10 II 

lin 0.000 -1.066 0,'/'68 .... 0.040 0,a41 0.0'1'2 o.Otle 0.002 0.008 0.000 0.000 

STn 0.000 O.I~1 0.042 0.026 0.011'1 0'.000 0.000 0.008 0.004 0.000 ,0.000 

bn 1.000 O.~OIl 0.107 0.270 ... fl.l!t1h ~O'.O30 (l.oon 0,003 -0.103 0.000 01000 

STO 0.000 0.1(10 0.082 0.021 O.tJUIJ b'.Mr n.on\) 0,006 O.OOol 0.000 0.000 



Summary of Axial Scans Average an and bn 

llAgnel QSHOO:} tUet Oaf:! (Wlltlft dAtA) (jur ... to.O'O retl. I OJ~5 Np.II - 10 
n 1 2 3 4- 6 e 'I tJ \) 10 11 

an 0.000 -1.034 0.000 -0.11' (MJUtJ -O.OM 0.O1() -0.011 -0.017 0.000 0.000 
STl> 0.000 0.1~1J O.OB:l 0.062 tMl'l'4 O.tnO o.tHU O.Ola 0.008 0.000 0.000 

bn t.OOO -0.96B 0.284 0.006 -fMtBU .:.:0.008 (UWI -b.OM -0.101 0.000 0,000 

STO 0.000 0.219 O.10~ 0.051 OI08a 0'.0'1'''' O.tUH b.OIO 0.007 0.000 0.000 

'Llngnol QSlln03 1110: O·ls (Wutth dtrlA) OUt .... to.M rttll. I h.OO HI'IlSS - 10 
n I 2 :J .. Ii 6 ., n 0 10 11 

an 0.000 0.018 0.U23 0.104 ootHa 0.050 n.nAO 0.015 0.024 0.000 0.000 

STl> 0.000 0.245 0.081 O.OM 0.0613 0.0'115 0.015 0.009 0.007 0.000 0.000 

bn 1.000 1.0'14 0.145 0.159 ... U.UM ..;.;0'.0'11 0.014 -0.001 -0.105 0.000 0.000 

STD 0.000 0.312 0.126 0.039 OltUH O'.0't'5 0.015 0.012 0.007 0.000 0.000 

llagne~ QSne03 lIle: 042 (Warm da~.) (jur ... fO.60 retl. I -0.25 Npall - 0 

n 1 2 3 " b e 'I 0 0 10 11 
an 0.000 -1.21515 0.154" -0.133 0.414 "'0.002 o.oan 0.000 0.016 0.000 0.000 

STD 0.000 0.237 0.071 0.043 O.OOb 0.012 O.Oltl 0.000 0.007 0.000 0.000 

bn 1.000 0.782 0.182 0.&81 -8.141 O.Olft -0.008 0.013 -0.104 0.000 0.000 
STD 0.000 0.345 0.093 O.OGO 0.0811 0.Oi7 0.011 0.012 0.007 0.000 0.000 



Average and Ave S. dev,/vnmeas for Axial an and b n 

Magnet QSII003 tile: 041 (Warm data) Ot.t. : lO.O? Nmalul. t::I 8 Npus - 10 
n I 2 3 4- 5 e tt 8 9 10 11 

an 0.000 -1.05'1 0.'1'18 -0.0"2 O.Ha'i 0.010 O.OM 0.001 0.011 0.000 0.000 
STO 0.000 0.001 0.024 0.011 0,01'1 0.005 O.MO 0.005 0.002 0.000 0.000 
bn 1.000 0.241 0.204- O.la76 ... a.gUU '"-'0.02'8 01011 0.001 -0.104 0.000 0.000 

STU 0.000 0.093 0.033 0.018 b,Og! O.OM 0\005 0.00. 0.003 0.000 o.boo 



Summary of Axial Scans Average an and b t • 

Megnel QSII003 lIle: 041 (Warm dala) Cur •• 10.97 POI. t 0.25 Npass • 10 
n 1 2 3 4- 5 6 .., 0 9 10 11 

an 0.000 -2.001 0.050 -0.004 0.00" -0.011 0.080 ..... 0.023 -o.oon 0.000 0.000 

s'ro 0.000 0.230 0.00'1 0.046 o.04a 0.Ot6 O.Ot4- 0.014 0.005 0.000 .0.000 

bn 1.000 - 1. tOn 0.30:1 O.OM -:l.gna ... O.(J()~ O.O::!O -0.01'1 -0.099 0.000 OlOOO 

STD 0.000 0.220 0.0'12 0.032 O.OUO O.()11 O.OUl b.Ot t 0.008 0.000 o.boo 

Lfllgnol QSlfnO:l fila: 04 t (Wut"' dlSLa) (hit. /Of 1(».07 Poll. : n.on NIlI"'. - 10 

" I 2 :J " h (} .., n 0 10 II 

en 0.000 0.034 0.035 0.110 0.6110 O.OM 0.01'" 0.010 0.024 0.000 0.000 

STD 0.000 0.118 0.031 0.023 0.0211 O.M7 0.009 0.on8 0.004 0.000 0.000 

bn 1.000 I. t94 0.138 0.16t -:l.l1l1ti ""0.006 0.0\0 -0.004 -0. t06 0.000 0.000 

STD 0.000 0.157 0.065 0.031 O,Oba O.CH 0 o.non 0.005 0.005 0.000 0.000 

),(alnel QSII003 me: 041 (Warm dlllll) Cur •• 19.07 POl, : -0.25 Npllss • to 

n I 2 3 4 I; 6 ., 8 9 10 11 
en 0.000 -1.t9D 0.640 -0.140 0.310 -0.O1~ o.ono 0.00'1 0.010 0.000 0.000 

STO 0.000 0.120 0.022 0.018 0.020 0.000 0.000 0.005 0.002 0.000 0.000 

bn 1.000 0.008 0;171 0.676 -3.006 0.014 -0.003 0.023 -0.105 0.000 0.000 

STD 0.001 0.000 0.033 0.019 0.021 0.008 0.004 0.005 0.003 0.000 0.000 
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Wum-Cold CornlaUODII trarm dat.: .. L1rU"I:D.-beIon...mpol .. dal Cold data: aaLcold...mpol •• dal ~:Ol:« IIS-FED-13 

a3 Warm-Cold Correlation 

",: 
0.10 terllepl • -0.0078 

Slope .. 0.881J l 
CornlaUIII1. 0.1J4"0 

0.05 

0.00 

-0.05 

-0.10 

+ - DCAall 
)( - IJCA8la 
• -IJO.U.S n -1JCAaH 
+ .;. tJCAa't& 
M ... ntMte 
• ... "CAa'11 
II ... lJCMift 

• - IJW.t 

-0.1 0.0 0.1 CM2 
83 warm 

b3 Warm-Cold Correlatiotl 
0.04 rT"""I ........ T-r ............... .,...........-. ........ ..-r....-..,...-r-r""t-1r""t-''¥'-t1 ..... I1tAa'll 

0.02 

0.00 

-0.02 

-0.04 

-0.04 -0.02 0.00 0.02 
b3 warm 

0.04 

~ .. tJe'a't2 
o ... tIC.U~S 
tI ... OOAfi4 
• .. l1c:Aft& 
M .. 11c:AS'te 
• ... OOAS't' 
II ... tHiMttfl 
... ~to 

a3 Warm-Cold Difference 

-0.50 -0.25 0.00 0.25 0.50 

b3 Warm-Cold Difference 

-0.60 -0.26 0.00 0.26 0.60 



lflU'lD-Cold CornlaUOIlll 

a1 Warm-Cold Correlation 
0.75 

0.50 ope 

'd eo ....... UOIl - 0.01101 
1'"4 
0 0.25 u 
~ 

II 
0.00 

-0.25 

-0.50 

-o.e 0.0 0.5 
al warm 

b1 Warm-Cold Correlation 
0.4 

n 
Inleroep' - -0.00150 

0.2 • 0.11118 
'd 0.1148 
1'"4 
0 u + 
~ 
,.0 

0.0 

-0.2 
~ .. 

-0.4 

-0.4 -0.2 0.0 0.2 0.4 
bl warm 

+ - DCASII 
M - DCAlII 
• - DCASI8 
a - DCAal4 
+ - DCAS18 
M .. DCAlt8 

• - DCAlt' 
• - tJeAlI8 • -DeAl,. 

+ - DCA8t1 
M - DCAlUI 
• - DCAStS 
a - DeAlt4 
+ - DeAlIS 
M - DCA8t8 

• ~ DCASt' 
• - DCA8t8 
• - DCAI •• 

~ 5 

l") 
co 
0 
d 

'n' 
~ u 

1 

01:01:44 US-FIB-IS 

a1 Warm-Cold Difference 

-1 o 1 

b1 Warm-Cold Difference 

-1 o 1 
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(\J 
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Warm-Cold ComtJaUODI Wana daw: usLwum..belol'Llllpol •• da\ Cold data: aaLoo1cLJDpol •. dat OV;Ol:« 15-FlO-93 

a2 Warm-Cold Correlation 

n\1 
0.0 teraep\ • -0.0138 

-0.1 

-0.2 

-0.3 

Slop' • O.,afU 
CorrelaUall· 0.11&'7 

-0.4 -0.3 -0.2 -0.1 
82 'Warm 

Q.O 0.1 

b2 Warm-Cold Correlation 

1.6 2.0 2.6 
b2 'Warm 

+ - DCASll 
M - DCAaII 
• -DC1ta18 
a - bOA314 
+ - DCItaIIS 
M - JJCA818 

• - fJOltal' 
.. - tJeAa'U!1 
• - f1C.\$.(t 

... - DeA8U 
M - 0CAS1. 
o - Delta13 
a - DCASl4 
... - DClta1l5 
M - DCA3UI 

• - DCA31' 
.. - IJtIta 18 
• -lJCAtt. 

a2 Warm-Cold Difference 

3 

2 

1 

-0.50 -0.25 0.00 0.25 0.50 

b2 Warm-Cold Difference 

2-

1 

OLL~4-L-~-L-L~~~~-L~J-~LJ 

-1 o 1 2 
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Warm-Cold CornlaUou WanD data: aaLwarm...befol'LJllpol •• dat Cold data: aaLoolcLmpol •. da\ 01:01:« 11S-FlB-89 

0.04 

0.02 

0.00 

-0.02 

-0.04 

-0.06 
-0.075 

a4 Warm-Cold Correlation 

+ - DCA:Sl1 
M - DCAaI. 

• - DCAaIS 
a - bCAal4 
+ - IJCA3lft 
M - DCASl8 
• - DCA!'" 
II - DCA!!lft 

• - DeMIt 

-0.050 -0.025 0.000 0.025 0.050 
84 warm 

b4 Warm-Cold Correlation 

0.30 0.36 
b4 warm 

0.40 

+ - DCAall 
M - 0CAS1I 
• - DCAal!! 
a - DCAal4 

• - DCAatS 
M - bCAaUI 

• - IJCAtl' 
II - bCAa t ft - • -bOAS.' 

a4 Warm-Cold Difference 

i 
~ 
N 
0 
0 
"-
~ 
8 

-0.50 -0.25 0.00 0.25 0.60 

b4 Warm-Cold Difference 

-0.50 -0.25 0.00 0.26 0.60 



WIU'ID-Cold CornlaUou YIU'ID data: aaLWU'IIL."'orw...mpol .. dat Cold da\a: usLoolcLmpole.dat 01:01:44 lCS-FEB-83 

0.02 

'd 0.01 -0 u 
l() 
II 

-0.01 

"C -o u 
l() 

a5 Warm-Cold Correlation 

+ - OWu 

latera." -
)C - DCASII 

• - "CASIS Slop' - 0.1l1li1 tI - iJtAat4 
rnlaUOIl - 0,1481 ... - IJCASf& 

)C - "CASla 

• - tJCASt' 
II - tK:AStft 

• - tJeMft 

-0.02 -0.01 0.00 0.01 0.02 
a5 warm 

b5 Warm-Cold Correlation 

+ - DCAaU 
)( - OWlS! 
o - DCAat:J 
D - DeAUI 
+ - DCAaIlS 
)( - DCAatll 

,a -0.0025 
• - DC!:!t? 
II - DCA8ta 

• - DCA8tt 

-0.0100 L.LJ...L....L.L....L.L..L.L.a....L~ ........ ..I-I ......... ~--...........a-~ 
-0.016 -0.010 -0.006 0.000 0.006 0.010 

b5 warm 

a5 Warm-Cold Difference 

!J 
.~ 

<tf 
C\J 
0 
Q 

i 
§ 
8 

-0.50 -0.25 0.00 0.25 0.50 

b5 Warm-Cold Difference 

-0.60 -0.25 0.00 0.26 0.60 
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2.0 
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1.0 

0.5 

sse Dipole Magnet MulUpole· Summary 
all~_1t'arm_before_mpole.dat aIILoold_mpole.c1a~ 

-------------~---~~~-------

Wlllne'" lncluded: 
DCA31l 
DCA312 
DCA313 
DCA31. 
DCA316 
DCA31G 
DCA317 
DCA318 
DCA319 
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Btl Verlical Coil 
Tran~porter lountin& 
COIIcepl 

Btl Horizontal Coil 
TrtD~porter tounting 

Concept 

Ball Sere, 

12 foot 
Stroke 

D[ire.ft~ 

118 l'ItnliJ1aei 
IOllliDl ~ttDioff 

1I81ertitd 
lImr EJBts 

II' Drire let' ".~lJ 

;-

BtU Bern. 10uti'C fr. 

~~----------~~~~~In 

Btl F.raislaei T •• le 



I. B&W rotating coil 

• 

• 

• 

• 

• 

• 

• 

(Ray Fuzesy. Rick Dorman, Ted Gathright, Kim Shirley, Joe 
Dryer, Kiseon ~ Sergey Sharanov, Tony Mann - B&W) 

angular alignment adjusttnent 

parallel alignment provided by B&W 

170 inch stroke to get coil totally out of dewar 

powered Z-positioning with external controller - can be 
remotely controlled 

25 em coil with shield 

dummy wann finger provided for pre-alignment 

closed loop motor control 



ifoli E·LINE-ORIGA 
Series 6000 Electric Linear Actuator 

Compact rod less design for 
industrial continuous duty 
service and strokes to 12 feet 
of travel. 

Superior positioning capability 
with up to +/:0.003" 
repeatability. 

E-Une-Origa brushless servo 
drive available with integrated 
control system 6000-SC. 
90VDC SCR drive provides 
for a very economical drive 
package .. 

Lead screw with 2mm, 
5mm, 10mm, 22.5mm. 
36mm traveVrev. 

End screws aluminum 
with threaded barrel 
mounting holes. 

DESIGN AND MATERIALS 

Packaged enclosed construc-
tion with guided carriage for 
easy to mount assembly. 

Speeds to 60 in./sec and thrust 
loads to 250 Ibs. Brushless 
models provide constant 
velocity performance with 
varying loads. 

Sail nut or patented E-line-Origa 
nut design with no retum tubes 
for smooth quiet operation. 
(shown) 

Housing Anodized Aluminum 
Actuator End Caps Aluminum 
Piston Mounting Anodized Aluminum 

Motor mounting adapters for 
most brushless servo, NEMA 23 
and 34 steppers and DC motors 
up to 3/4 HP @ 2800 RPM are 
standardized. 

Drive shaft model for timing belt 
pulley also available. 

Flex-coupling 

Piston (one piece) 
with magnets for 
reed switches. 

& mounting adapter 
for customer's motor 

6000-SC programmer 
for brushless drive. 

• 10 program memory 
• keyboard programmer 
• position display 
• I/O@24VOC 

Ball Screw Rolled thread (4150 Steel) hardened to RC56 • interfaces to PLC 
two axis capability Ball Nut Threads hardened to RC56 

" 
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II. NMR array data with DSB701 

(Ernest Wong - UCLA, Joe-Dimarco, Joerg Marks) 
32 channel pulsed NMR array 



B. Irr,plerllent NMR in Magnetic Field Mapping 

CIQ 

By(R,B) =Bo+Bo I R n[bn cosenB) -an sin(nB)] . 
. n=l 

(1) 

The coefficients an and btJ are the multipol.e moments that 
are used fortrajectoq stability modeling. They are ca1culat~ 
ed using the Fourier =inversion formulas: . 

... ~2:r 

b~ =. 1 J: Ej'{R.:1B)cos{n8)d8, n = l,~ ... :r (2) 
1TBoR ZI ·0 . 

a = -1 {= B (R~B)sin(ne)de, n = 1,2.... (3) 
tr -B 1) n Jo J1 . u 0"" '- 0 . 

o Instead .of bein. g measured continuously on th~ 
b?undazy, it is done with a large number (.M) Cf 

. disaete field sensors placed at the anglef 
BJn=2;;m/:D4" m-.l,2, ... , M-l on the boundary 
clrcle. The InverSIon formulas for the MMC are: 

·b~ = Ml.nnE By{R,OmJcos{nOmJ 
o em 

and 

a'n= Mi/RnL, By(R,8,.Jcos(n871J 
o 8m 

~ ;: ~-» 
2' • 



I. Basic Principles of MCPMR 
(Multiple Coii Pulse Magnetic Resonance) 

A. Basic t-'rinciples of Nuclear Magnetic Resonance 

(Classical Treatment) (~MR ) - . 

-l. 
J.L is magnetic moment 
J 
J js angular momentum 

)' ls gyromagnetic ratio 

... 
,..,.,nnncfi,.. :momCf"'\;' II n,..c,...0SSC~ ir'\'" ...,..,,.,,.,,,,,~H,... 4=:_II~ • • • .-... '::1 ' I ~ I I ~ 0' • ......... •• ,.., ,.,. '-' '-' ..., ......... •• .... ........ ~ •• '- •• '-- •• eI. '--' 

Ho with 0 angular frequency CJL. It is so called 

"Lormor frequency" GJL. 

~L X Ho 

(Resonance frequency) (Gyromagnetic Ratio) (Magnetic F1et~) 

)' /211(1 H) = 42. 5759 MHz/T 



c. Measure Resonance Frequency with MCPMR 

S(t)= e:pl-t/T2' I 

S( t)cos[ ("1. -"R) t] • &JTz= 1 

Fig .. 3 Form of the signals from a. pulsed ma.gnetic resonance instrume:1t (left) 
and a. steady s·ta.te absorption a.ppa.ra.tus (right). 



Zero Crossing Detection 

COMPARA'!On. OUTPt"r 

N 
.N = 0 1 ..2 S 4 5 ~ 7 B 9 10 11 

J' ENAJ3I.E 1'UI.5E t .. _ 
- r time 

~m ~: 

CJL = GJR + CJ8 

= CJR + CJctock * (NIT) 
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Beam pipe size 

• 33 mm beam pipe makes field quality 
measurements very difficult 

• Mole on is 29.6 mm 

• Cannot be easily reduced below 28.2 mm 
without major NRE 
• encoder size limitation 
• quite {fragile at 28.2 

• Estimate heat leak from anticryostat (Q.S. Shu) 

• 30-60 watt :heat lc.ak depending on surface 
emissIvity Jind ~entering supports 



IV. Conclusions 

• standard-deviations of uncentered data are well below one 
sigma tolerances for magnet construction 

e errors due to centering must be considered -

• We are working on a statement of a conservative error budget 
for multipole measurements which can be always be met in a 
production environment. 
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Beam pipe 

Increase heat load - tough design problem 
Risk to downsize, cost, no obvious solution 
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ALS Insertion Device Requirements 

Accelerator Requirements 

lntegrared Normal Djpole < 100 G-cm 

Double'Integral-of Nonna!' Dipole .:-.... > ... < 100· G-c~~· 

Integrated Skew Dipole < 500 G-em 

Integrated Nonnal Quadrupole < IOOG 

lnt-egrated Skew Quadrupole < 100G 

Integrated Sextupole 

Spectral Requirements 

RMS Random Field Error < 0.25% 
. . . 

Degradation' of 5th Harmonic 
.. 

< 30% 



ALS . Insertion Device 
Magnetic Measurement Req~e:me:llts 

Hall Probe Measurem.ents 

Peak Field ±2ST 

. ·Accuracy. Repeatability . +lG, +0.5 G 

Positiomng Accuracy: z 2.5 pm 

Positioning Accuracy: x,. y 

Scan Range: z 

Scan Range: x, y +-30: mm, +-105 mm 
.. 

Temperature Variation < lac 

Integral Coil Measurements 

Signal (dip~l~). -100 uV-sec 

Resolution -10 }IV-sec 

Position Accuracy < 1 mm 
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OVERVIEW OF SLAC 

M.I.GREEN 
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~ CEBAF MAGNET MEA·SUAEMENT ~----... 

Leigh Harwood and Jeffery Karn 

,a,.Trnn B8~f11 Acc~/9rator Facility (Harwooq) MMW~ . 919~ 16 Septemb~r 1993 



~ OUTLINE -------------------.... 

• M:agnets and specifications 

• H:ardware 

J;;/~"'fr"" [3eam Acce/erator Facility (HIIWOOcn .MMW8 9/93 . 16 September 1993 



Typical dipole cross section 

Core constructed 
from machined 
blocks of solid 

1006 steel 



MAGNET SPECIFICATIONS ---------... 
• Major Dipoles 

• 382 magnets (1-3 m, 1-6 kG, I'C", solid) 

• 12 circuits 

- Like magnets on a given circuits must match lBdl ±0.10/0 
• Common dipoles must lB(x)dl flat to 0.1 % of 7 cm width 

• Focusing & steering magnets 

• 1015 steering dipoles (need Jadl to 5%) 

• 712 quadrupoles (most laminated, "hyperbolic" pole; 82 accurate to 10/0, 86< 
0.1 % and B10<0.2°A, at pole,and sum of others <0.1 % at half-aperture 

• . 104 sextupoles (86<0.5% and B10<1 % at pole) 

[Harwood) MMW8 9/93 16 September 1993 



.HARDWARE ---------------.... 

• General 

Primarily interested in differences or errQr§ -> slgnal-to-noise problems 

Try for "zero" measurements whenever possible 

Use bucking 

- Use a control ("standard") magnet to check for systemic changes 
- Interested infield integrals 

- Use stretched wire 
• 50-200 strand Lltz wire loops (extra CO$t forE-tech's glasses after soldering) 
• Bipolar v/f 
• Electronic strobe for latching the seal,r 
• Horizontal translation for dipoles: rotating for quadslsexts. 

tlP- unx .- 6IIJ- CAAAG 

(Harwood] MMW8 9183 16 September 1993 



HARD~ARE(cont'd)~~~~~~~~~ 

• Dipoles 

- 3m long magnets -> 3.4 m stretched wire (magnet gap == 2.5 cm) 

- Try loop and "single" wire circuits 
- Duplicates on both moving and stationary arms 
- Replicate above in a second ("reference") magnet; arms are physically 

joined 

• Quadrupoles 
- "Halbach" coil for basic tests 
- "Full radius" coil for production 

- Bucking comes from having 2 magnets on the probe together 

(Harwood) MMW8 9/93 16 Septerrber 1993 
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Circuit diagram for dipole field 
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"Halbach" Bucked Coil Geometry 
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Arc Dipole Thermal Effect on Field In.tegral 
BA057 (3 meler dipole @ 300 amps) 
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Relations used to extract JBdl differences 

~: = f Bdl; - f Bdlj 

= [J Bdl; - f Bdlreference magnet] - [J Bdl j - f Bdlreference magnet] 

= {[J Bdl; - f Bdlrefererw;e magnet] - [J BdlSlandard magnet - f Bdlreference magnet ]} n -

{[J Bdlj - f Bdlreference magnet] - [J Bdlslandard magnet - J Bdlreference magnet ]} m 



.PROBLEMS --------------... 
• General 

- Lots of "hash" 
- green site 

• Dipoles 

- Non-uniform step sizes 

•. Quadrupoles 
- Radius of "full radius" probe varied by a few parts in a thousand at different 

long. positions 
» Optimized bucking needed a 'shunt across the "reference" 

[Harwood) MMW8 9/93 16 September 1.993 
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Interferometer vs. Encoder Position (Forward) 
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Arc Dipole - Standard Magnet Comparison 
BE036 (Single Wire Coils - Bucked) 
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I i Effective I Aperture I 
Type l Number: Style length l diameter I 

I I (cm) I (em) I 
I I I I 

:: l l 

field 
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(G) 

Allowed multlpole content 
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(@ 1/2 aperture unless otherwise noted; 
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Quadrupole. I I I I (@rull aperture) I (@ rull aperture) I breaking multi poles . ...... .,.. ................... _1 ........ _ ......... _1 ................................................................... 1 ........................... 1._. __ ," _ .......... _ .............................................................................................. .t ..................................................... . 

.: laminated, iron '. l 
QA I 472 dominated 30 2.9 4200 1.0/0.25 1.0/1.2 I 
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Quadrupole Standard Magnet Comparison 
QA079 (Bucked Magnets) 
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Quadrupole - Harmonic ~ummary 
QC Magnets, Measured with "Halbach" style probe 
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SUMMARY 

• We're done 

• System worked 
- Good precision 

- Good rate 

• Anybody know how to do 1.0"3 absolute? 

• 

The Continuous Electron Beam Acce/erator Facility 

)~8c11 ~ 0,/ TIM 
(0.0'1 r,. 1~) 

[Harwood] MMW8 9/93 18 September 1993 
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654 Be Magnets 

2 Averaged over all Currents 

1 

o 

-1 

-2 

-3~~--~~--~~--~--~~--~~--~~--~--~-L--~ 

o 200 400 600 
Measurement Order Number 



Arc Dipole - Standard Magnet Comparison 
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tRCS SCOPE DETAIL -------......... 
Magnet Element Summary and Characteristics 

Quantity 
382 

1041 

712 

104 

25 
2264 

Type 
main dipoles 

corrector dipoles 

quadrupoles 

sextupoles 

septa 
all types 

Characteristics 
~ 1m x 1 kG 
~3m x 7 kG 
solid construction, "C" type 
1006 steel 
water cooled copper conductor 
N 300 amp max current 
15 em x 0.8 kG 
solid construction 
10 amp max. current 
< 4 kG max 
laminated construction 
10 amp max. current 
< 0.16 kG max for 1" dia. 
1.5 em long laminated construction 
10 amp max current 
1-2 m 

e~ ~--------------..., 
The Continuous Electron 8eam Accelerator Facility [Harwood) SAR 2192 4 February 1992 
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MEASUREMENTS ON CEBAF BEAM 

TRANSPORT MAGNETS 

LEIGH HARWOOD AND JEFFERY KARN 



Deviations from Population Av·erage 
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Deviations from Population Average 
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MEASUREMENT PROGRAM FOR RHle 

Animesh K. Jain 
Brookhaven National Laboratory, Upton, NY 11973-5000 

OVERVIEW: 

a INTRODUCTION 

a MEASURING COILS 

• Calibration in Reference Magnets 

• Air Core Magnet 

a DATA ANALYSIS 

• Bucking for Measuring Quadrupoles, 
Sextupoles, etc. 

• Body and End Harmonics In Insertion 
Quadrupoles 

• Centering of Data: 

QCD Method for Dipoles 

Higher order Calculation of {r(J.ro} 

8th International Magnetic Measurement Workshop (IMMW-8), Superconducting 
Super Col/ider Laboratory, Dal/as, rx, Sept. 27-30, 1993. 

MAGNET CONSTRucnON PlAN REVISED 8-30-93 
COWOER RING REQUIREMENTS GENE KEllY 

RHIC 1992 LATTICE MAGNETS IN CRYOSTAT' 

OUAN. ¢ .ern lorn LOC. FABR. TOTAL 

I 28f) 8 9.45 ARC INO-

en 

~ 12 8 6.92 051 INO 
en 0 12 8 8.71 050 INO 360 
~ I 
u P 24 8 2.95 06 INO 
~ 0 * 8 9.45 08 INO 

E L 24 8 2.95 09 INO 
z E 
~ S 12 10 3.6 DO BNL==:J- 21-::t 

I 12 20 3.7 OX BNL X 

~ 
276 8 1.13 ARC INO 

!liJ 24 8 1.83 04 INO 276 
24 8 1.13 05 INO 72 COS 
24 8 1.13 06 INO 

~~~ 0 24 8 0.95 07 INO 

~ 
R 24 8 1.13 08 INO 46 COT 

z U INO "BNL" ::> p 24 8 1.13 09 241 
en 0 24 13 1.44 01 BNL 12 COS 48 ~ L 24 13 BNL 12 CO CO ::t 3.40 02 

BNL ~1"BNl/1 "BNL." 0 E 24 13 2.10 03 -' 
0 S u 

1?4 CO2 24 C03C 

72 8 0.75 
"BNL" 72 TRIM 04.05.06 INO 

24 46 72 
Co 420 8 0.5 ARC+INS. BNL 276 

RR 72 13 0.5 01.02.03 BNL --..Il 

SE 12 8 0.75 09 INO 12 

X
T 276 8 0.75 ARC INO 

276 

TOTAl 1740 MAGNET ELEMENTS 888 MAGNETS IN CRYOSTATS 
(OOES NOT INClUDE SPARES) 

* INCWDED IN ARC QUANTITY 
NOTE: MAGNETS (00. 01. C02. COX) ARE OUAI.. IAAGNETS 

SK/SOO397LS 1WO C.IA. UNITS PER CRYOSTAT. 

• All Scm Dipoles will be Measured Warm by the Vendor 

• All magnets, including Scm Dipoles, will be Measured Warm at 
BNL 

• A fraction of the Magnets will be Measured Cold 



MEASURING COILS FOR MAGNETIC FIELD MEASUREMENT 

(] Rotating Coils (RHIC Mole, External Drive Coils) for 
Hannonic Measurements 

(] Full Length, Non-rotating Coil for Integral Dipole Field 
Measurements. 

(] Approximately 12 different types of External Drive Coils 

to suit various Magnet Lengths and Apertures. 

ISSUES IN USING ROTATING COILS: 

o Fabrication 

f) Reliable Operation 

• Calibration 

., Data Analysis (Bucking etc.) 

AIBI C I 0 I E FIG H J K l M 
1 Measurina Coils for RHIC Production Ma~ nets 

2 
Beam Warm ## ## Coil Status BL,m ## Mag Tube Fngr VT HT length. m Coil Name Magnet 

3 Fixed drive coils 
4 A. 13 em, maximum diameter 
6 - Short S13M 01 CM 1.44 26 N N 
6 Carr CM tbel 52 N N 
7 long L13M 02 CM 3.4 26 N N 14.'i~ 
8 03 CM 2.1 26 N N 
9 B. 13 em, reduced diameter 

~10~-t-1~S~h~0~rt~~S~13~R~~~0~1~ __ +-~C~M~~1~.474~~2~6~~NT-~~Y-;~1~01-~~~··.~7C~~I~ 
11 Carr CM tbel 52 N Y 52 1. .7(" l5 -
12 long L13R 02 CM 3.4 26 N Y 10 
13 03 CM 2.1 26 N V 10 
14 C01 CM 26 V N,Y N3 
15 C03 CM 26 V N,Y N3 
16 C01 Cry 26 V N,Y N4 
17 02 Cry 26 V N,Y N4 
18 C03 Cry 26 V N,Y N4 
19 C. 8 em, maximum diameter 
20 Short S8M Arc 0 CM 1.13 380 N N 
21 06 CM 0.95 25 N N. 
22 Sex! CM 0.75 300 N N 
23 Trim 0 CM 0.75 78 N N 
24 Carr CM 0.5 430 N N 
25 O. 8 em, reduced diameter 
26 Short S8R Arc 0 CM 1.13 380 N Y N1 
27 06 CM 0.95 25 N v N1 
28 Sex! CM 0.75 300 N Y N2 
29 Trim'O CM 0.75 78 N Y N2 
30 Carr CM 0.5 430 N Y 71 
31 long l8R COS+COT+CO CM 405 v N,Y N3 
32 04 CM 1.83 25 N N,Y N3 
33 COS+COT+CO Cry 405 v N,Y N4 '3.56 
34 Ex long XL8R COT4 CM 25 v N,Y N3 
35 COT4 Cry 25 v N,Y N4 
36 E. 11 em, reduced diameter 
37 long L11R DO (11 em) CM 3.6 25 v N,Y 2 
38 I I I Cry 25 v N,Y 25 
39 F. 20 em, reduced diameter 
40 long l20R OX (20 em) CM 3.5 13 v N 
41 Cry 13 Y N,Y 13 
42 Notes 
43 N1 Total of70 vertical cold tests oflhese elements 
44 N2 Total of 65 vertical cold tests of these elements 
45 N3 Total of 79 vertical cold tests of these elements 
46 N4 Total of 123 horizontal cold tests of these elements 
47 N5 Ail cold masses (CM) and ali cryostated magnets (cry) are measured warm. 
48 N6 N,V in column J means: no warm fingerlwarm finger for warm/cold tests 
49 N7 Measurina coil length is magnetic length of longest element plus 8 magnet coil diameters 



CALI BRA liON OF MEASURING COILS 

o Calibration for Amplitudes 

(Radii, Lengths, Opening Angles) 

o Calibration for Phase Angles 

(Azimuthal Positions of Windings) 

A "Reference Dipole" and a "Reference Quadrupole" are used 

for Calibration. These are normal conducting magnets with 

well surveyed and aligned yokes for zero phase angles 

Reference Dipole: 

1.374 Tesla at 1500A : Air Motor MoleslExtemal Drive Coils 

362.7 Gauss at 40A : Electric Motor Moles 

Reference Quadrupole: 

4.905 Teslalm at 1500 A 

CALI BRA liON PROCEDURE 

o Radii Estimated from Coil-form Diameter, Measured Groove 

Depths, wire diameters, and the arrangement of layers. 

8 Lengths Estimated from the drawings and inspection 

reports. 

., Opening Angles of the Dipole and the Quadrupole Buck 

Windings are assumed to be 180 degrees and 90 degrees 

respectively. Amplitudes of allowed terms are not very 

sensitive to small errors in these angles. 

e Opening Angle of Tangential Winding is estimated by 

comparing the Dipole signal amplitude with those of the 

Dipole Buck Windings. 

" Azimuthal angles of Windings from the Measured Phase 

Angles in Reference Magnets. 

Extensive checks are carried out to ensure stability of 

Amplitudes and Phases over short term measurements. 

All Measuring Coils are periodically checked for Calibration. 

RHIC Moles used in Dipoles will have an on-line check of 

calibration using a specially built permanent magnet. 



ADJUSTMENT OF RADII AND OPENING ANGLE 

A small correction can be made to the radii and the opening 

angle of the tangential winding by demanding self-consistent 

values of C(I) from the Dipole buck and the tangential 

windings in a dipole magnet, and of C(2) from the Quad 

Buck Windings and the Tangential in a Quadrupole Magnet. 

DB1=1 DB2=2 Tang. = 3 QBl=4 QB2=5 

(1) 

(2) 

(3) 

(4) 

(5) 

By Eliminating C(1) and C(2) from the above equations, we 

can find the four unknowns: 

OBTAINING ACTUAL RADII FROM THE RATIOS 

o Make use of the Measured Groove Depths, etc. 

o Adjust the two radii in a pair (R1,R2) and (R4,Rs) by 

equal and opposite amounts to match the estimated 

ratios. 

EXAMPLE (Coil-85: RHIC Coil for Sextupoles, etc.): 

Radius Radius 11 Before 11 After 
Before After Correction Correction 

Winding Turns Correction Correction (deg.) (deg.) 
(mm) (mm) 

DBI 3 35.676 35.6745 180 180 

DB2 3 35.666 35.6675 180 180 

Tangential 30 35.624 35.5346 14.985 15.023 

QBl 3 35.655 35.6538 90 90 

QB2 3 35.661 35.6622 90 90 

The corrected parameters ensure full agreement between the 
Dipole amplitudes from OB1, OB2, and Tangential, and also 
the Quadrupole amplitudes from QB1, QB2 and Tangential. 
Before correction, the agreement in Quad Amplitudes is only 
within 0.3%. 

The corrected parameters also give a slightly better 
agreement (0.16% instead of 0.34%) for the sextupole 
strengths from the OB1, DB2 and the Tangential windings. 



BUCKING OF SIGNALS IN DIFFERENT TYPES OF MAGNETS 

MEASURING COILS HAVE DIPOLE AND QUADRUPOLE BUCK 
WINDINGS. HARMONICS OTHER THAN DIPOLE AND 
QUADRUPOLE ARE OBTAINED FROM BUCKED SIGNAL. 

BUCKING SHOULD REMOVE THE PRIMARY FIELD 
COMPONENT, AND IF APPLICABLE, THE NEXT LOWER 
HARMONIC (WHICH MAY BE LARGE DUE TO FEED DOWN) 

"TRADITIONAL" DIGITAL BUCKING: 

BUCK-I = VTang + It VDB I + hVDB2 

It AND h CHOSEN TO MAKE THE DIPOLE TERM ZERO. 

BUCK-2 = BUCK-I + hVQBI + f4VQB2 

h AND f4 CHOSEN TO MAKE THE QUADRUPOLE TERM 
ZERO. 

THE ABOVE SCHEME CAN RUN INTO PROBLEMS FOR 
MAGNETS OTHER THAN A DIPOLE 

QUAD SHOULD BE BUCKED FIRST IN A QUADRUPOLE 

IN A SEXTUPOLE OR DECAPOLE MAGNET: 

'1 AND'2 CAN BE CHOSEN TO MAKE THE 
SEXTUPOLE (OR THE DECAPOLE) TERM ZERO. 

THE SEXTUPOLE (OR DECAPOLE) AMPLITUDE MUST BE 
OBTAINED FROM THE UNBUCKED SIGNAL. THE BUCKED 
SIGNAL MAY HAVE UNSCRUPULOUS AMOUNTS OF SUCH 
FIELDS DUE TO COIL CONSTRUCTION ERRORS. 
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SCHEMATIC OF A1R..cORE MAGNET SHOWING THE 

LOCATIONS OF mE 8 CONDUCTORS 

[] A LARGE VARIETY OF FIELD CONFIGURATION: 

[] THE MUL TIPOLES CAN BE ANALYTICALLY 
CALCULATED 

I.® 

@ 

-T---
0..... @ ~ 

-t ® 
I 

IE 58.74 ~IE 

0) @ --r 
'-o:t' 
l'-
OJ 
10 

@L I I -. _._._._._._c_·_·1_·_·_ . -. - . 
I I 

I 0:1: 
I 

@ 9.
521 

I I 
k-33.91~17-7t 
I I I 

I 12.70 

LOCATIONS (in mm) OF CONDUCTORS 

IN THE CALIBRATION MAGNET 

(Looking from the 9,10,11,12, ... end) 

The Currents Shown Correspond to "Configuration 1" 



Mole_Run 

FA1001.029 

FA2001.005 

FA3001.036 

FA4001.008 

FA6001.009 

BE1001.021 

FE1001.017 

FE3001.007 

FE5001.003 

Average 

smDev 
Calculated 

Mole_Run 

FA1001.029 

FA2001.005 

FA3001.036 

FA4001.008 

FA5001.009 

BE1001.021 

FE1001.017 

FE3001.007 

FE6001.003 

Average 

smDev 
Calculated 

Comparison of Harmonics with Various Moles 
Air Magnet In Configuration 1 at 1000A 

NonnalTenns 
bO b1 b2 b3 b4 b5 b6 b7 

-3896 -610.0 -17.57 -11.88 1.933 5.357 0.057 -0.325 

-3902 -606.2 -17.68 -11.93 1.992 5.517 0.067 -0.329 
-3909 -607.4 -17.90 -11.92 2.005 5.682 0.059 -0.350 
-3884 -608.2 -17.45 -11.86 1.994 5.405 0.056 -0.330 
-3724 -601.2 -17.11 -11.90 2.047 5.593 0.069 -0.350 

-3950 -610.8 -18.77 -12.28 2.138 5.824 0.052 -0.369 
-3945 -608.3 -18.87 -12.31 1.986 5.848 0.065 -0.360 
-3865 -607.5 -18.75 -12.79 1.869 5.744 0.054 -0.366 
-3884 -607.4 -18.01 -12.11 1.996 5.621 0.060 -0.347 

71 2.9 0.69 0.33 0.078 0.185 0.006 0.017 
-3960 -604.6 -17.95 -11.93 2.148 5.585 0.042 -0.344 

Skew Tenns 
aO a1 a2 a3 a4 a5 a6 a7 

-9210 -286.4 33.37 -9.38 13.22 0.061 -1.424 0.011 

-9207 -287.2 33.71 -9.37 13.45 0.090 -1.449 0.011 
-9204 -285.2 33.96 -9.35 13.67 0.224 -1.472 0.004 
-9215 -289.4 33.49 -9.35 13.29 0.039 -1.410 0.012 
-9281 -294.4 34.31 -8.98 13.41 -0.046 -1.440 0.022 

-9187 -287.0 34.72 -9.52 14.00 0.118 -1.525 0.006 
-9189 -281.6 34.80 -9.44 14.02 0.183 -1.530 -0.005 
-9223 -291.6 35.65 -9.26 13.92 0.183 -1.480 -0.010 

-9214 -187.9 34.25 -9.33 13.62 0.107 -1.466 0.006 

29 3.9 0.77 0.16 0.32 0.089 0.044 0.010 

-9183 -282.6 33.33 -9.69 13.42 0.024 -1.457 0.013 

b8 b9 

0.002 0.004 

0.001 0.003 
-0.003 0.008 
-0.006 0.001 
-0.002 0.005 

-0.003 0.005 
0.000 0.006 
-0.015 -0.005 
-0.003 0.003 
0.006 0.004 
0.000 0.006 

a8 a9 

0.059 -0.001 

0.063 0.004 
0.069 0.003 
0.063 -0.001 
0.064 0.000 

0.065 0.001 
0.068 -0.001 
0.044 -0.015 

0.062 -0.001 

0.008 0.006 
0.064 0.000 
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Transfer Functions at 2400A in DREOJI 
Comparison of Mole and (NMR+Hall) Data 

A. Straight Section Average: 
Measured with Mole Z-Scans: 
Measured with NMR: 
(Mole - NMR)/NMR 

B. Integral Transfer Function: 
Measured with Mole Z-Scans: 
Measured with NMR and Hall Probes: 
(Mole - NMR)/NMR 

0.7085 Tesla/kA 
0.7076 Tesla/kA 
0.1377 (%) 

6.6692 T.m/kA 
6.6604 T.m/kA 
0.1314 (%) 



WARM MEASUREMENTS ISSUES 

MOST MAGNETS WILL BE MEASURED WARM ONLY 

o GOOD WARM-COLD CORRELATIONS ARE REQUIRED 
(CONVINCING DATA FROM 8 IDENTICALLY BUILT, 
8 em QUADRUPOLES) 

o IMPROVE SIGNAL-TO-NOISE RATIO BY USING AN 
AMPLIFIER (SUCCESSFUL TEST IN DRD009 WITH A 
VOLTAGE GAIN OF 26) 

WARM MEASUREMENTS WITH AMPLIFIERS (GAIN=26) 

Improvement in RMS Error (Normal Terms) 
Warm Meas. at + 10A in DRD009 
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Warm-Cold Correlations In Magnets QRB005-QRB012 
Wann=10A Cold=3kA (Avg. of Up and On Ramps) 

----~----------,---------------, 

1 
0.5 

i 
0 

-0.5 
c -1 2 
l! -1.5 
0 -2 u 
N -2.5 
-'I 

-3 
-3.5 

-4 

8.5 

8 

i 2 7.5 

~ 7 

~ 
6.5 

6 

3 

2.5 

I 2 
2 
'II 1.5 

8 
Z 

0.5 

, 
I I I I • ----r----j----r----T--
I I I I ----r----r----r---

I I I I 
----r----r---- ----T----, , 
----,.----f'"- -t----"t----, , 
----1----- ----.----.----, , 
- - - - ... - -~----~----~----

---- ---- .. _--_ .. ---_.----, , , 
.1- ____ 1- ____ &. ____ .&. ___ _ 

-4 -3 -2 -1 o 

6 

b2 Warm IUnltsl 

I I I I 

---. ---- .. ----&.----&.----

6.5 

, , 

, , , 

7 7.5 8 8.5 

b3 Warm IUnltsl 

___ 1 ___ .1 ____ , ____ 1 ___ !. __ _ 
I I I • , ,. 
, , 

---,---,---- ---~---t---, , , 
I I I I I ___ 1 _______ , ____ '- ___ L __ _ 
I I I I I 
I I. I I I 

--- ---~ ----:--! -~ ---~ _ •. -, , ,. rI' 
0lL---+---+--......=,'---'--+--~ 

o 0.5 

JRB5TOI2.XLS 

1.5 2 2.5 

b4 Warm IUnlts1 

3 

3 

2 __ ..t ___ 1 ___ ... __ ..I __ .1. __ .. __ , , , 

i 0 
2 

I I I I I I I 
- -, - - -,- - - r - - , - - -,- - - - - , - - -

I I I I I I I 
__ J ___ I. __ l __ J _ _ _ _ _ L __ J. __ 

l! -1 
0 

-2 u 
--,--- r-- -,- --, 

N 
-3 • 
-4 
-5 

-5 -4 ·3 -2 -1 0 2 3 

a2 Warm IUnltsl 

1.5 ~---;----,---.--,--..,. 

I 0.5 

I u o 

':I -0.5 

-0.5 o 0.5 1.5 

a3 Warm IUnltsl 

3.5 ,---,---:---,--,--,.:--;0 

3 

i 2 2.5 

~ 2 

'I 
1.5 

, 
I • I. I • ____ ~ ____ ~ ____ ~ ____ 1 _ ~ 4 _ 

, , 
I I. ' 4---r----r---- ----,----. , 
, , 

---- ..... -- ----+----+----

1.5 2 2.5 3 3.5 

a4 Warm IUnltsl 

7/ 

Warm-Cold Correlations In Magnets QRB005-QRB012 
Wann=10A Cold=3kA (Avg. of Up and On Ramps) 
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Warm-Cold Correlations In Magnets QRB005-QRB012 
Warm=10A Cold=3kA (Avg. of Up and On Ramps) 
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CENTERING OF FIELD DATA 

THE MEASURING COIL AXIS MAY NOT COINCIDE WITH THE 
MAGNETIC AXIS. 

THE MEASURED FIELD COEFFICIENTS MUST BE 
"CENTERED". 

ALMOST ALL CENTERING ALGORITHMS RELY ON MAKING 
ONE OR MORE UNALLOWED HARMONICS ZERO. 

DIPOLES: 

Cl MINIMIZE ONE OR MORE OF THE HIGH ORDER 
UNALLOWED TERMS (SUCH AS 16-POLE, 20-POLE, 24-
POLE, ETC.) 

• REQUIRES PRECISION MEASUREMENT OF HIGHER 
HARMONICS - COULD BE A PROBLEM FOR WARM 
MEASUREMENTS 

• MUST CONSIDER FEED DOWN FROM SEVERAL 
HIGHER HARMONICS FOR CALCULATING THE 
OFFSETS -

UP TO A THIRD ORDER FEED DOWN IS NOW 
ROUTINELY USED. HIGHER THAN THIRD ORDER 
SOMETIMES USED FOR LARGER OFFSETS. 

Cl USE A QUADRUPOLE CONFIGURED DIPOLE (QCD) 
CONFIGURATION, JUST TO MEASURE THE COIL 
OFFSETS. 

OTHER TYPES OF MAGNETS: 

Cl USE FEED DOWN FROM THE PRIMARY FIELD, OR ONE 
OF THE HIGHER ALLOWED TERMS FOR CENTERING. 
GENERALLY, THIS HAS NO PARTICULAR PROBLEMS 

-,- DIPOLE 

MODE 

QUADRUPOLE 

CONFIGURED 

DIPOLE (QCD) 



QCD MEASUREMENTS IN PRODUCTION MAGNETS 

UPPER AND LOWER COILS ARE ALREADY SPLICED: 

• A CENTER TAP TERMINAL IS NECESSARY 

• TWO SEPARATE POWER SUPPLIES MUST BE USED 

UPPER. 
C01L 

UPPER.. 
CoIL 

LOW€1t 
CoIL 

!t 

t! 

v 

DIPOLE MOI>£ 

-=-+"/2. 
ZI 

Ym<>1t\e.t ~ 0 

-=--V/2 

Q.CD MODt 

V magnet Rj 0 => BOTH +I AND -I MEASUREMENTS POSSIBLE 

QCD CENTERING WITH UNBALANCED CURRENTS 

IF THE CURRENTS IN THE TWO MAGNET HALVES ARE 

NOT IDENTICAL, THERE MAY BE SOME ERROR IN 

OBTAINING THE CENTERING PARAMETERS. 

IF THE CURRENTS ARE (I+~I) AND (I-~I) IN THE TWO 

HALVES, THE ERROR IN CALCULATING THE OFFSET, ro IN 

THE RHIC DIPOLES IS: 

Aro ~ 62.6( ~) mm: Feed Down from Quad to Dipole 

L\ro ~ O.02b2( ~) mm: Feed Down from Octupole to Sextupole 

WHERE b2 IS THE AMOUNT OF SEXTUPOLE IN UNITS, 

WHEN POWERED IN THE DIPOLE MODE. 

THE ERRORS ARE NEGLIGIBLE EVEN FOR "NOT SO WELL 

MATCHED" SUPPLIES, PARTICULARLY IF OCTUPOLE TO 

SEXTUPOLE FEED DOWN IS USED. 
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FIELD MEASUREMENTS IN INSERTION QUADRUPOLES 

BEAM SIZE VARIES DRAMATICALLY OVER THE 
LENGTH OF THE QUADRUPOLES 

=> HARMONICS IN THE ENDS 00 NOT HAVE THE 
SAME EFFECT AS HARMONICS IN THE BODY OF 
THE MAGNETS. 

BODY AND END HARMONICS ARE OBTAINED 
FROM A SERIES OF MEASUREMENTS WITH A 9" 
(O.23m) LONG COIL 

STRINGENT REQUIREMENTS ON THE HARMONICS 

=> MAGNETS WILL BE MEASURED WARM AND THEN 
SHIMMED ACCORDINGLY, TO REDUCE HARMONICS 
THAT ARE OUT OF TOLERANCE 

MEASUREMENTS ARE THUS AN INTEGRAL PART 
OF THE MANUFACTURING PROCESS. 
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AXIAL POSITION 

SCHEMATIC SHOWING CALCULATION OF 
BODY AND END HARMONICS IN 13cm QUADS 

Hannonlc 
T.F. 

b2 

b3 

b4 

b5 

b6 

b7 

b8 

b9 

b13 

a2 

83 
a4 

85 

86 

a7 

a8 

a9 

a13 

Wannlnteg. 
Run 4102 

13.592 

-2.11 

-0.70 

0.04 

6.46 

0.16 

-0.36 

0.02 
0.32 

-0.04 

1.20 

-1.21 
0.07 

0.21 

0.11 

-0.04 

-0.02 

0.13 

-0.02 

Harmonics in QRI103 

Integral Up Ramp (Run 22101) Body Lead End NLEnd 
660A 1450A 5000A 5000A 5000A 5000A 

13.641 13.658 13.626 9.465 --- --
-2.44 -2.46 -2.50 -3.22 0.68 -0.34 

-0.69 -0.80 -0.67 -0.43 -0.05 -0.42 

0.33 0.32 0.29 0.26 0.12 0.20 

3.94 6.25 6.51 2.74 4.73 0.77 
0.20 0.19 0.20 0.15 -0.07 0.01 

-0.30 -0.30 -0.32 -0.29 0.00 0.00 
-0.02 -0.02 -0.03 -0.02 -0.02 -0.03 

0.31 0.30 0.43 0.85 -0.44 -0.14 

-0.07 -0.05 -0.04 --- --- ---
1.53 1.51 1.54 1.44 -0.01 -0.42 

-1.08 -1.06 -1.04 -0.41 -1.22 0.61 
0.22 0.22 0.17 0.01 0.19 0.08 

0.15 0.17 0.11 0.68 -1.51 -0.16 

0.10 0.11 0.11 0.19 -0.10 -0.05 

-0.08 -0.08 -0.08 -0.13 -0.02 0.09 

-0.01 -0.02 -0.03 0.03 -0.03 -0.01 

0.14 0.14 0.14 0.02 0.24 0.00 

-0.02 -0.02 -0.02 --- --- ---
'-..... _-_--...--___ --J~ \... -r ./ 

Units Units uV\~t. W\ 



RHIC INSERTION QUADRUPOLE 

WARM-UP HEATER 

BEAM TUBE 

COIL 

TUNING 
SHIM 

LAMINATED 
YOKE 

TIE ROD 

LOADING FlAT 

SURVEY NOTCH 

HELIUM PASSAGE 

CONTAINMENT VESSEL 

sk/s00488ml 

Shimming Experiment in QRI103 (Wann) - Effect of Individual Shims 

Loc.of Del-b2 DeI-b3 DeI-b4 Del-ll5 DeI-b6 Del-b7 DeI-b8 Del-ll9 

Shim (units) (units) (units) (units) (units) (units) (units) (units) 
1A -6.05 2.63 -0.45 -0.31 0.43 -027 0.13 -0.05 

18 -0.92 -2.67 2.04 -0.41 -0.34 027 -0.06 -0.01 

2A 0.91 -2.71 -2.03 -028 0.37 0.30 0.05 -0.06 

2B 6.44 2.82 0.51 -0.43 -0.44 -029 -0.15 -0.03 

SA 5.91 2.71 0.53 -0.20 -0.44 -029 -0.12 -0.05 
38 126 -2.71 -2.07 -0.45 0.38 030 0.06 -0.03 

4A -1.12 -2.62 1.95 -030 -0.36 0.25 -0.05 -0.05 
4B -6.06 2.72 -0.50 -0.30 0.42 -027 0.\3 -0.04 

Total 0.37 0.16 -0.03 -2.69 0.02 -0.01 -0.02 -0.33 

Loc.of DeI .. 2 DeI .. 3 Del-a4 Del-a5 DeI .. 6 Del-a7 DeI .. 8 DeI .. 9 

ShIm (units) (units) (units) (units) (units) (units) (units) (units) 
1A -1.16 2.54 -1.96 0.99 -0.36 0.02 0.05 -0.06 

18 -5.97 2.55 0.41 -\.03 0.44 0.03 -0.12 0.06 

2A -6.02 -2.51 0.54 1.07 0.44 -0.05 -0.14 -0.06 

2B -1.08 -2.63 -212 -1.08 -0.38 -0.06 0.05 0.06 
SA 1.03 2.50 2.03 1.01 0.36 0.06 -0.03 -0.05 

3B 6.28 2.68 -0.48 -0.98 -0.44 0.01 0.12 0.06 

4A 5.92 -2.53 -0.46 1.01 -0.43 -0.03 0.13 -0.05 

4B 0.99 -2.48 1.96 -1.05 0.36 -0.04 -0.06 0.04 

Talal -0.01 0.11 -0.08 -0.06 -0.01 -0.05 0.00 0.01 

Note: Measuring Coil from NL End. Coli End 2" Inside the End Plate on Le.d End. 

Del-ll13 

(units) 
0.00 

0.01 
0.00 

0.01 
0.00 
0.00 
0.01 

0.00 

0.03 

DeI .. 13 

(units) 
0.00 
0.00 
0.00 

-0.01 
0.01 

0.00 

-0.01 

-0.01 

-0.01 



CONCLUSIONS 

CI A BUSY PRODUCTION MEASUREMENTS SCHEDULE 
AHEAD INVOLVING A VARIETY OF MAGNETS 

CI MAJOR EFFORT UNDERWAY IN BillLDING 
MEASURING COILS AND "MOLES" 

CI RELIABLE OPERATION OF ROTATING COILS 

CI IMPROVED COIL CALIBRATION PROCEDURES 

CI IMPROVED DATA ANALYSIS -- BUCKING, 
CENTERING, ... 

CI MEASURE -+ SIllM ~ MEASURE: INTEGRAL 
PART OF THE MANUFACTURING PROCESS FOR 
THE INSERTION QUADS. 
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SSCL 

Resistive Magnet Measurement Facility Status 

Ted Hunter 

ASD Mechanical Engineering 

ABSTRACT 
The number and types of magnets to be measured will be presented. The present 
status of the measurement facility and measurement results of a few LEE magnets 
will be shown.Expected magnet delivery will be discussed. 





• Want To Know 
ByCX,Z) vs. I 

JBdl vs. I 

JBdl vs. X, Y 

End Effects (Harmonics) 

Beam tube effects 

A.C. effects 
li 

DIPOLES 

Magnetic center line vs. Fiducials 

Voltage vs. Current 

Waterflow 

Pressure drop 

Temperatures 

History 

• WillNeed 
NMR 

Hall Probes 

Precision Current Transformer 

DVM 
Power Supply 

Integrators (analog, digital) 

Search Coils (point, integral) 
X-Y-Z-Theta motion 

Motion Control 

Data Acquisition System 

Data analysis/display 

Temperature monitors 

Data Base 

Alignment tools 
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• Want to Know 
Gvs.I 

JGdl vs. I 

Quadrupoles 

Harmonic content (%Bn/B2), ends and integral 

Leff vs. I 

BPole Tip vs. I 
Beam tube effects 

A.C. effects 

Magnetic center-line vs. Fidudals 
Voltage vs. Current 
Waterflow 

Pressure drop 

Temperatures 

History 

• WillNeed 

:Ii 

Harmonics Measurement System 
Hall Probes 

PCT 
DVM 
Power Supply 

Data analysis/display 
Temperature monitors 
Data Base 

Alignment tools 
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Table 1: # Resistive Magnets 

Beam Line Quads Dipole 
Sext 

Bump Septa 
Sym Assy "e" Total 

Lamb Lamb 

Linac 109 109 

Linac/Leb 17 6 23 

Lin/LEB Trim 17 17 

LEB Inj. 5 1 6 

LEB 101 101 202 

LEB Corrector 100 96 56 252 

LEB Extr. 5 2 7 

LEB/MEB 20 12 32 

l.EB/MEB COlT 15 15 

MEB Inj. 1 1 

MEB 248 381 629 

MEB Corrector 20 228 181 12 441 

MEB/HEB 90 26 2 2 2 122 

MEB/HEBTrm 85 85 

MEB Abort 9 5 15 29 

Test Beams 24 33 6 2 5 70 

Test Bms Trim 15 15 

HEB Inj. 6 2 2 2 12 

HEB Extr. 10 4 6 20 

HEB/SSC 28 56 20 8 36 148 

HEB/SSe Trim 40 40 

sse Inj. 10 4 6 20 

SSCAbort 22 8 30 20 80 

Special-Misc. 100 

Total 779 1119 237 28 9 86 50 67 2475 
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Table 2: LEB Corrector Magnets 

Beam Line 
Aperature Gradient Leff Max 

Qty 
mm T/m m Current 

HighField 100 6 0.33 90 24 
Quad 

Low Field 100 2 0.33 15 78 
Quad 

Steering 100/50 2Kg 0.15 25 92 
Dipole 

Chromaticity 100 1.5 Kg 0.35 25 50 
Sextupole P~le Tip 

Table 3: LEBIMEB 

Beam Line 
Aperature Gradient or Leff Max 

Qty mm Field m Current 

LEB Extr 80 4Kg .45 1625 1 
Bumps 5 

LEB Extr 20/80 2.5 Kg 0.8 3981 1 
Septa 20/85 12.5 Kg 1.6 20,080 1 

LEB/MEB 48 13.4 Kg 2 1500 12 
Dipoles 

LEB/MEB 53 15T/m 0.5 200 20 
Quads 

Correction 100/50 1.3 Kg 0.25 15 13 
Dipoles 

:MEB Inject- 1 
Lambertson 
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Table 4: MEB Corrector Magnets 

Type 
Aperature Gradient or Leff Max 

Qty 
mm Field m Current 

Chromaticity 100/50 57.5Tm/m2 0.4 600 2 
Sextupole 166 

Horizontal 100/50 1.3 Kg 0.25 15 2 
Dipole 115 

Vertic1e 100/50 09 0.2 15 2 
Dipole 109 

Skew & 100 2 0.33 15 20 
Trim Quads 

Skew & 100/50 2.8Tm/m2 0.2 15 1 
Trim Sextu- 16 
pole 
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Table 5: Beam Line Quadrupoles 

Beam Line 
Aperture Gradient BPo1e Leff Max 

# 
mm Tim Tesla m Current 

Linac 23 1 80 109 

Linac/LEB 75 13.5 1.013 0.3 273 17 

LEB 100 14.9 0.745 0.7564 3919 12 

LEB 100 14.9 0.745 0.5919 3919 24 

LEB 100 14.9 0.745 0.5983 3919 24 

LEB 100 14.9 0.745 0.6127 3919 9 

LEB 100 14.9 0.745 0.6568 3919 6 
.. 

LEB 100 14.9 0.745 0.5552 3919 3 

LEB 100 14.9 0.745 0.6980 3919 6 

LEB 100 14.9 0.745 0.6858 3919 6 

LEB H.F. 100 6 0.3 0.33 90 24 

LEBL.F 100 2 0.1 0.33 15 78 

LEB/MEB 53 15 0.4 0.5 200 20 

MEB 86.9 21.4 0.93 2.4 5200 206 

MEB 86.9 21.4 0.93 2.802 5200 12 

MEB 86.9 21.4 0.93 0.544 5200 12 

MEB Sk&T 100 2 0.1 0.33 15 20 

MEB/HEB 46 30.7 0.707 1.5 80 

HEB/SSC 30-40 40 0.6-0.8 3 4 

HEB/SSC 30-40 40 0.6-0.8 6 18 
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Table 6: Sextupoles 

Type 
Aperature Gradient or Leff Max 

Qty 
mm Field m Current 

LEB Chro- 100 1.5 Kg 0.35 25 56 
maticity Sex- Pole Tip 
tupole 

MEB Chro- 100/50 57.5Tm/m2 0.4 600 
maticity Sex- 165 
tupole 

MEB Skew 100/50 2.8Tm/m2 0.2 15 
& Trim Sex- 16 
tupole '" 
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Table 4: Hardware Required & Status 

Component # Required Designed Ordered Delivered Installed Tested 

Floor Space 5000 ft.2 NA NA Cf NA 

Clean Power 2 No 

8000amp/ 2 Yes Yes Yes 50% 
4Ovolt 

PCT 2 Yes Yes Yes 

D.C. Bus 2 Yes Yes 

LCWMani- 2 Yes Yes 
folds 

:Ii 

LEB Quad 1 Yes Yes Yes 90% 
Harmonics 

LEB Quad 1 Yes RFQ 
Bench Placed 

X-Y Slide 1 Yes RFQ 
Placed 

LEB Dipole 3? 10% 
Probe 

LEB Dipole 1 25% 
Bench 

Reference 1 Spec. Placed 
Quadrupole 

MEB Quad 1 No 
Bench 

MEB Dipole 1 FERMI? 
Probe 

MEB Dipole 1 No 
Bench 

Pulsed (A. C.) 1 No 
Systems 

Optical Fidu- 2 No 
cialization 

-6-
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Table 4: Hardware Required & Status 

Component # Required Designed Ordered Delivered Installed Tested 

Floor Space 5000 ft.2 NA NA Cf NA 

Clean Power 2 Yes Yes Yes Yes Yes 

8000amp/ 2 Yes Yes Yes Yes Yes 
4Ovolt 

PCT 2 Yes Yes Yes Yes Yes 

D.C. Bus 2 Yes Yes Yes Yes Yes 

LCWMani- 2 Yes Yes Yes Yes Yes 
folds 

LEB Quad 1 Yes Yes Yes Yes Yes 
Harmonics 

:.; 

LEB QUad 1 Yes Yes Yes Yes Yes 
Bench 

X-Y Slide 1 Yes Yes Yes Yes Yes 

LEB Dipole 1 Yes Yes Yes Yes Yes 
Probe 

LEB Dipole 1 Yes Yes Yes 90% 
Bench 

Reference 1 Yes Yes Yes Yes Yes 
Quadrupole 

MEB Quad 1 50% 50% 
Bench 

MEB Dipole Flat Coil FERMI 
Probe Streched No 

wire 

MEB Dipole 1 
Bench 

Pulsed (A.C.) 1 No 
Systems 

Optical Fidu- 1 Yes Canceled 
cialization 

-6-
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Magnets 
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Quad SLCB1A 
Berkely & Field Effects Measurements 
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Quad SLCB1A 
Field Effects Measurements 
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Berkeley Quad 
Magnetic Center Measurement 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

Unbuckedn 

• O.04mm @ 130.62 degrees .. l.00mm @ -3.68 degrees 
We moved the magnet 1 mm between measurements 
2000 amps, 4130/93 data 



Berkeley Quad 
Magnetic Center Measurement 
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INP Quad Prototype #1 
Integral Field Harmonics 
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Berkeley Quad 
Integral B'Leff/a vs Amps 
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Magnets tha~ will arrive next year: 
• 100 Linac Quadrupo1es 

• 6 Linac/LEB dipoles 

• 17 Linac/LEB Trim dipoles 

• 17 Linac/LEB Quads 

• 100 LEE Main Quads 

• 100 LEE Main Dipoles 

• 250 LEE COITector magnets 

• LEE Injection Bumps and Septa 

• 3 MEB prototype dipolcs 

• 1 MEB prototype quad 
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INTRODUCTION 

The SSCL collider arc and the High Energy Booster corrector magnets are 
50 ~ bore cryogenic magnets. The integral strength and harmonics will be 
measured at full current at 4.2K and at plus and minus 400 rnA at room 
temperature. Dipoles, quadrupoles, and sextup:>les have error tolerances of 
a few tens of uruts. The required field quality of the error harmonics is 10 to 
30 units. A unit is defined as 10-4 of the fundamental field evaluated at a 
reference radius of 1 em. Magnet lengths vary from 0.2 meters to 1.8 meters. 

MAGNET MEASUREMENT REQUIREMENTS 

HEB Dipole Corrector Magnets 

REQUIREMENT VERTICAL 

Quantity 184 

Field Integral @ max current 2.5 T-m 
and 1 em ref. radius 

Operation Bipolar 

Multipole error, Sum <0.3% at1 em 

Clear Aperture diameter 50 
(mm) 

Max Operating current <100A 

Maximum dI/ dt 10A/s 

HORIZONTAL 

178 

2.5 T-m 

Bipolar 

<0.3% at1 em 

50 

<100A 

10A/s 



HEB Quadrupole Corrector Magnets 

REQUIREMENT QUADRUPOLE SKEW QUAD 

Quantity 348 40 

Field Integral @ max current 0.25 T-m 0.25 T-m 
and 1 em ref. radius 

Operation Bipolar Bipolar 

Multipole error, Sum <0.1%at1em <0.1% at1 em 

Clear Aperture diameter 50 50 
(mm) 

Max Operating current <l00A <l00A 

Maximum dI/dt 10A/s 10A/s 

HEB Sextupole Corrector Magnets 

REQUIREMENT SEXTUPOLE SKEWSEXT 

Quantity 282 8 

Field Integral @ max current 0.15 T-m 0.15 T-m 
and 1 em ref. radius 

Operation Bipolar Bipolar 

Multipole error, Sum <0.3% at 1 em <0.3% at 1 em 

Clear Aperture diameter 50 50 
(mm) 

Max Operating current <100A <l00A 

Maximum dI/dt 10A/s 10A/s 



COLLIDER Dipole Corrector Magnets 

REQUIREMENT CBH,CBV CBH1,CBV1 

Quantity 782 (H), 782(V) 2 (HI), 2 (V2) 

Field Integral @ max current 3.00 T-m TBDT-m 
and I em ref radius 

Operation Bipolar Bipolar 

Multipole error, Individual <0.3% at 1 em < 0.3% at I em 

Clear Aperture diameter 50 50 
(mm) 

Max Operating current <IOOA <IOOA 

Maximum dI/dt IA/s IA/s 

COLLIDER Quadrupole Corrector Magnets 

REQUIREMENT CQF/CQD SKEW QUAD 

Quantity 782/782 TBD 
(1564 total) 

Field Integral @ max current 0.65 T-m O.65T-m 
and 1 em ref radius 

Operation Bipolar Bipolar 

Multipole error, Individual <0.1% atl em <0.1% atl em 

Clear Aperture diameter 50 50 
(mm) 

Max Operating current <IOOA <IOOA 

Maximum dI/ dt IA/s I A/s 



COLLIDER Sextupole Corrector Magnets 

REQUIREMENT SX/D SX/F 

Quantity 784 784 

Field Integral @ max current 0.23 T-m 0.15 T-m 
and 1 em. ref. radius 

Operation Bipolar Bipolar 

Multipole error, Individual <0.3% atl em <0.3% atl em 

Clear Aperture diameter 50 50 
(mm) 

Max Operating current <lOOA <lOOA 

Maximum dI/ dt lA/s lA/s 

INSTRUMENTATION 

The voltage from rotating radial coil arrays is fed to digital integrators 
which are latched by an incremental optical encoder. The decision to use 
radial rather than tangential coil arrays is based on the higher sensitivities 
obtainable with radial coil arrays. Tangential coil arrays have the coil 
bundles on the surface of a cylinder, whereas radial coil arrays iyEically have 
their coil bundles in a plane going through the axis of rotation. Using inte
grators rather than reading the voftage directly eliminates the need to correct 
the coil voltages for rotational speed variations. Measurements of the error 
harmonics will be facilitated by utilizing analog bucking,.i.e., connecting 
coils in series opposing to cancel out the funaamentaI, and one lower 
harmonic. As tlie digital integrators have a high input impedance, the 
system will be able to simultaneously obtain data hom the funaamental coil 
by itself and the fundamental coil output bucked by the output of the 
compensating coils. 



Slip rings will allow continuous rotation of the coils. This will facilitate 
more comprehensive data acquisition during current ramps. 

The data acquisition instrumentation is VME based. A Motorola MVME-
167 will controI the VME bus. The digital integrators are Metrolab PDI 5035 
VMEbus models which are based upon a voltage to frequency converter 
developed at CERN. 
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HARMONIC ANALYSIS SYSTEMS 
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MAGNET: supmagnets/BCDb2l12 SERIES: 1 DATE: 08/23/93 I(e>: 130.000000 

Quench_Current 
~ ~ ~ 

1 
5 
9 

13 
17 
21 
25 
29 
33 
37 

14Qr~~~~~~~~~~~~~~~~~~~~~~~~-.'-~ 140 
• • ••• • • 1~-·· .. ·-·····-:···-·····--··· .---;-: ...•. _ .. ,; .. - •..•. ----; .....• -...... 130 

............................ ; ... ,. ..•...... '! ........•..•..... ; ................................ ;...................... 1~ . " . . :. : ..................•........ ~ ......... ~ ...................... ~ ................................ ~ ..................... . .' . . ~ -' - - -' - - ------ -........................... ; ................................ ; ................................ ; ................... . · . . · . . · . ............................. : ................................ ~ ................................ ~ ..................... . 

110 
100 
90 

......... II! ................... :. ............................... , ................................. :...................... 80 · . . . . : : ............................ : ................................ : ................................ :...................... 70 

............................ ~ ................................ ~ ................................ ~...................... 60 
· . . · . . ............................ ~ ......... , ...................... ~ ...... , ......................... ~ ..................... . 50 · . . · . ............................ ~ ................................ ~ ................................ ~...................... 40 
· . . ............................ : ................................ : ................................ : ...................... ~ · . . · . ............................ ~ ................................ ~ ................................ ~...................... ~ · . . · . ............................ .: ................................ .: ................................. ;...................... 10 

10 20 30 
Quench_Test-

44.11 0.50 2 65.23 0.50 3 74.00 0.50 4 82.61 1.00 
106.50 1.00 6 105.85 1.00 7 111.35 1.00 8 102.64 1.00 
118.17 1.00 10 118.96 1.00 11 119.04 1.00 12 119.37 1.00 
113.99 1.00 14 122.76 1.00 15 118.46 1.00 16 117.33 1.00 
121.21 1.00 18 122.59 1.00 19 126.79 1.00 ~ 132.88 1.00 
131.62 1.00 22 117.24 1.00 23 130.21 1.00 24 128.01 1.00 
134.29 1.00 26 133.24 1.00 27 131.06 1.00 28 129.33 1.00 
133.89 1.00 30 134.35 1.00 31 134.01 2.00 32 128.74 2.00 
134.21 5.00 34 134.71 5.00 35 135.01 10.00 36 2.92 10.00 
134.~ 10.00 



File: MCObl1.9 
Remark: 

Magnet ID MCObll Collider Superconducting Corr. Quadmpole 
O.Ocm at magnet center. 

Mens. Number 8 2.0 bar air bearing pressure. 
Meas. Date: August 31,1993 Coil #4 (38mm Quadrupole coil). 
Meas. Time: 17:06:31 ref. mdius: 1.00 (em) 

Current: +281 (rnA) 
Il'Leff: 3.258928-01 (Tesla) 

Compensated Harmonics: Uo@ telll 0.00326 (Tesla) 

N An Iln err.rcal crr.imag Iln/Il2 Iln/Il2[%1 

1 9. 16549E-07 -3.36579E-06 O.OOOOOE+OO O. OOOOOE +00 1.07040E-03 1 J170E-Ol 
2 1.629468-01 -1.01406E-04 1.0oo00E+00 -6.22418E-04 1.0()OOO8+00 1.0008+02 
3 1.27177E-02 3.49014E-02 2.34144E-03 6.42579E-03 3.419508-03 3.420E-OJ 
4 -5.64842E-OI -4 .63635E-0 1 -2.07991 E-03 -\.70731E-03 8.96929E-04 8.969E-02 
5 1.50123E+Ol -6.92514E+00 9.21 328E-04 -4.25032E-04 2.53651 E-04 2.537E-02 
6 -7.85548E+02 7.12684 E+02 -7.23126E-04 6.56083 E-"04 1.95278E-04 1.9538-02 
7 -2.28579E+04 -2.84371E+03 -2.94602E-04 -3.66591 E-05 4.947618-05 4.948E-03 
8 6.56115E+05 -9.25715E+05 1. 12748E-04 -1.59084E-04 2.78534E-05 2.7858-03 
9 4.75643E+07 1.65660E+07 1.05089E-04 3.66003E-05 1.39095E-05 1.391 E-03 

10 -1.39642E+1O 9.55575E+08 -3.85645E-04 2.63893E-05 4.29492E-05 4.2958-03 
11 -2.30513E+1O -1.17753E+l1 -7.78129E-06 -3.97493E-05 4.05001 E-06 4.0508-04 
12 4.33617E+12 1.08593E+ 12 1.75644E-05 4.39756E-06 1.64597E-06 1.6468-04 
13 -1.04340E+14 2.04571E+ 14 -4.99498E-06 9.79231E-06 9.16059E-07 9. 161E-05 
14 -1.24534E+15 -8.37280E+ 15 -6.95842E-07 -4.67654E-06 3.63644E-07 3.636E-05 
15 5.70695E+ 17 -4.03695E+ 16 3.677658-06 -2.604858-07 2.63333E-07 2.6338-05 
16 -6.56944E+ 17 1.83147E+19 -4. 83069E-08 1.34877E-06 8.99754E-08 8.9988-06 
17 -1.05728E+21 -2.64600E+20 -8.82533E-07 -2.20991 E-07 5.68534E-08 5.6858-06 
18 4.88250E+2l -3.26032E+22 4.58609E-08 -3'{)6232E-07 1.82085E-08 1.821E-06 

* The Average value of 5 readings 

Print Date: 09/20/93 17:02:29 



MAGNET: supmagnets/BCDb2/12 SERIES: 2 DATE: 09/14/93 HC): 130.000000 

Quench1Cur2
r ent3 4 4 5 16 17 18 

14 5 6 7 8 9 10 11 12 13 1 1 140 
: • . • ~ ill it II .. it ill • ill • • 

13Qo--·~···~····i1-J.····-·····-·····-·····-·····-·····:-··· .. -:--... :.. 130 · . . ., · . . . 
..... -: ....... : ....... : ....... :- ...... :- ..... ~ ...... ~ ...... ~ ...... ! ...... : ...... ! ...... :- ...... :- ...... : ..... .; ...... -: ...... -: 120 · . . . . . . . . . . . . . . . . · . . . . . . . . . . . . . . . . · . . . . . . . . . . . . . . . . .......................................................................................... , ...... , ...... , ...................... . 110 · . . . . . . . . . . . . . . . . 

: --t- :~ -!--: ~ :-: -:-: --+- :-: ~: . 
•••• 0 ....................... 0 .............. _0 ••••••••••••• 0 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• · . . . . . . . . . . . . . . . 100 · . . . . . . . . . . . . . . . · . . . . . . . . . . . . . . . 

: ...... : ....... : ....... :- ...... :- ...... : ...... , ...... , ...... : ...... ! ...... ! ...... ! ...... , ...... , ...... , ...... : ...... -: ...... -: 90 '-'- -'- '- -'- ._._. , . . . . . .. ... , 

: ..... .: ....... : ....... :. ...... :. ...... :. ..... , ...... , .... ··,······i······;······;······;······;······;·····.:··· ... .: ...... -: 80 
• • • • • • • • • • • • 0 • • • • • 

• • • • • 0 0 • • • • • , • 0 • • , 

· ...... ~ ...... : ....... : ....... : ....... : ...... : ...... : ...... : ...... : ...... : ...... : ...... : ...... : ...... : ...... : ....... : ....... : 70 
•• 0' •• : ••••••• : ••• 0 ••• : ••• , ••• : ••••••• : •• o ••• ~ •••• oo~ •••••• ~ •• 0 •• 0:.0' ••• : •••••• : •••• 0.; ••• 0 •• :." o •• : •••••• :-. 0' ••• :, •••••• : 60 

o 0 0 • • 0 • • • • • • • • • • • 

• • • • • • 0 • • , • • • • • • • 

...... : ....... : ....... :- ...... :- ...... :- ..... : ...... ; ...... : ...... ! ...... ! ...... ! ...... , ..... -: ...... -: ...... -: ...... -: ...... -: 50 
o • • • • • 0 • • • • • • • • • , 

• ••••• 0 • • • • • , • , • 

...... : ....... ~ ...... : ....... : ....... : ...... : ...... : ...... : ...... : ...... : ...... : ...... : ...... : ...... : ...... : ....... ; ....... : 40 
o 0 • • • • • • 0 • • • • • • • • 

o •••• ';' 0 .... 0: . 0 0 .. ~o • 0 ••• : •• 0 0 • 0 ~o ••••• : •••••• :. o •••• : •• 0 ••• : •••••• : • 0 ••• 0 : •••••• : •••••• ~ •••••• ~ •••••• : •••••• ':' • , 0 , • ': 30 
o • • • • • • • • • • • • • • • , 

• • 0 • • • 0 • • 0 • 0 • • • • , 

: ..... -: ...... -: ....... :- ...... :- ...... :- ..... : ...... ! ...... ; ...... ! ...... ! ...... ; ...... , ...... : ..... -: ...... -: ...... -: ...... -: 20 
• • • • • • • • • • • 0 0 • • • , • 

• • 0 • • • • 0 • • 0 • • • • • , • 

: ...... ; ....... : .•..... ; ....... : ....... : ....... : ...... ~ ...... ~ ...... i ...... ! ...... ! ...... ! ...... : ....... ; ....... : ....... : ....... : 10 
• • • • • 0 • •• •••••••• 

0 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

wuench_Test. 
1 109.41 0.50 2 131.56 0.50 3 132.57 1.00 
4 131.78 1.00 5 132.52 1.00 6 132.98 1.00 
7 133.54 1.00 8 133.11 1.00 9 134.21 1.00 

10 132.84 1.00 11 134.37 1.00 12 133.09 1.00 
13 134.13 2.00 14 133.45 2.00 15 133.70 5.00 
16 133.93 5.00 17 133.36 10.00 18 133.51 10.00 



VMS 93-9-11-8 
3-16-93 
LEB Quadrupole Magnet 



MCOb1 .1-Warm Measurement 
(I=+281mA) 

1.0Ht03 

1.0Et02 

1.0EtOI 

1.0E·Ot 

1.0E·02 

1.IIE·03 

I.OE·04 
2 3 4 S 6 7 8 9 10 11 12 

Hannonic Number #(n) 
File: MCObl1.9 Meas. Dale: 8/31/93 
2.0 bar, coil #4, Speci. radius =J.()(an). Compensaled Meas., Average S readings. prinl ,laIc: 9n f')3 



VMS 93-2-19-1 
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MAGNET TESTING AmVrnES AT FERMILAB 

(A RANDOM WALK THROUGH MTF) 

SEPTEMBER 27, 1993 

PETER O. MAZUR 

SSC 50MM COLLIDER DIPOLE PROGRAM COMPLETED WITH THE TEST OF A FERMILAB

DIPOLE, A FERMILAB-GD DIPOLE, SEVEN GO DIPOLES, AND FOUR FERMILAB R+D 

DIPOLES. THIS COMPLETES A LONG FERMILAB-BROOKHAVEN-LBL-SSCL COLLABORATION. 

THE PROGRAM WAS SUCCESSFUL AND RELA TIVa. Y UNEVENTFUL: MAGNETS REACHED 

DESIGN OPERATING CURRENT WITH ZERO OR ONE QUENCH; MEASUREMENTS WITH MOLE 

(HARMONICS), HALL-NMR PROBE (STRENGTH AND UNIFORMITY), AND FIELD ANGLE 

PROBE BECAME ROUTINE. FIELD STRENGTH RECORD WAS 9.5 T AT 1.8 K. (DESIGN 

FIELD WAS 6.6 T AT 4.35 K.) SOME OF THE THINGS WE LEARNED DURING THIS: 

* OPERATION AT 1.8 K WAS STRAIGHTFORWARD. 

* HEAT LEAK DROPPED FROM ABOUT 40W TO LESS THAN lOW GOING FROM SINGLE 

LAYER WARM BORE TO TWO LAYER WARM BORE. 

* MOLE (BY BNL) IMPROVED MUCH OVER THE PERIOD. 

* THE CHALLENGES OF ELECTRICAL NOISE AND GROUNDING IN AN INDUSTRIAL 

ENVIRONMENT WERE DISCOVERED. REPEATEDLY. 

* CURRENT READOUT AT 10000 A IS A CHALLENGE. 



TEVATRON DIPOLES WERE RETESTED AT 3.6K IN PREPARATION FOR AN 

UPGRADE OF THE TEVATRON CRYOGENIC SYSTEM THIS YEAR. ALL DIPOLES NOT 

INSTALLED IN THE RING WERE TESTED I A TOTAL OF ABOUT 50. ONE OR TWO 

FAILED TO PERFORM WELL ENOUGH TO REACH 1.1 TEV AT 3.6K (WE HAVE BEEN 

RUNNING ABOUT .9 TEV AT 4. 6K • ) THE PROBLEM WITH THESE WAS HEAT LEAK 

RATHER THAN MECHANICAL WEAKNESS OF THE COIL STRUCTURE. 

THE TIME DEPENDENCE OF THE SEXTUPOLE WAS MEASURED BY AKBAR 

MOKHTARANI AND DAVID HERRUP USING THE RAMPS ACTUALLY USED IN THE 

TEVATRON. THE RESULT WAS PROGRAMMED INTO THE SEXTUPOLE CORRECTORS 

AND THE LUMINOSITY WAS SIGNIFICANTLY INCREASED. 

MEASUREMENT TECHNlltUE BASED ON PDP11-34. NEW MEASUREMENTS 

OF TIME DEPENDENCE BASED ON CONCURRENT COMPUTER (REAL-TIME UNIX) 

SPINNING A PROBE AT 3-6 HZ. 



OUR "TRADITIONAL" TECHNIQUE FOR MEASURING RESISTIVE 

ACCELERATOR MAGNETS IS BASED ON VAX COMPUTERS RUNNING VMS. DATA 

IS COLLECTED LARGELY WITH HOMEMADE SOFTWARE AND STORED IN DEC'S 

"DATATRIEVE" DATA BASE. THIS SYSTEM HAS BEEN USED SINCE 1984, 

WAS THE SYSTEM USED FOR TEVI AND MAIN RING MEASUREMENTS AND LOMA 

LINDA UNIVERSITY THERAPY SYNCHROTRON ELEMENT MEASUREMENTS. 

MEASUREMENTS USE A PRESTON CHOPPER-STABILIZED AMPLIFIER, AN 

ANALOG INTEGRATOR, AND READOUT BY A DVM ("FLATCOIL", A SLOW 

TECHNIQUE) OR BY AN ADC ("HARMONICS", A BIT FASTER, UP TO 

0.1 HZ PROBE ROTATION SPEED.) 



VAX FLATCOIL CONSISTS OF TRANSLATING A COIL ACROSS THE 

APERTURE OF A MAGNET WHILE READING THE VOLTAGE ON THE INTEGRATOR. 

THE COIL IS SUPPORTED AND MOVED BY STEPPING MOTOR DRIVEN STAGES 

AT ONE END (FOR ENDFIELD STUDIES) OR AT BOTH ENDS OF THE MAGNET. 

THE COIL MAY BE A STRETCHED WIRE LOOP (TYPICALLY 25.4 MM WIDE) 

OR A SHAPED COIL (TYPICALLY 6.4 MM WIDE AND CURVED TO MATCH THE 

MAGNET CURVATURE.) ALTERNATELY, THE COIL IS HELD FIXED AT THE 

CENTER OF THE APERTURE AND THE MAGNET IS RAMPED TO FIELD. 

LIMITATIONS: STRETCHED WIRE DOESN'T WORK FOR CURVED DIPOLES 

AND SHAPED COILS SUPPORTED ONLY AT THE ENDS ARE WET NOODLES. 



VAX HARMONICS USES A 'STEPPING MOTOR TO ROTATE A PROBE 

IN THE APERTURE. WE USE BOTH MORGAN COILS, PRINCIPALLY ON 

QUADS, AND "DOL" COILS, ON DIPOLES. 

THE DOL, OR "DIPOLE DOUBLE LITl", COIL CONSISTS OF 

A TANGENTIAL WINDING OF 20 TURNS BUCKED AGAINST AN EQUATORIAL 

WINDING OF 4 TURNS. BOTH WINDINGS CONSIST OF A LITl WIRE TURN 

WITH THE REQUIRED NUMBER OF STRANDS SOLDERED IN SERIES TO MAKE 

UP THE COIL. IN ADDITION, THERE ARE SINGLE STRAND DIPOLE 

COILS AT +/- 45 DEGREES FOR TRIMMING. 

WE HAVE OBSERVED THE "DEADLY SKEW QUAD EFFECT" ON DOL 

PROBES IN WHICH THE BEAM TUBE IS OTHER THAN CIRCULAR. THIS 

EFFECT OCCURS REGARDLESS OF INTEGRATION TECHNIQUE. IT IS 

REDUCED BY MOVING THE SURFACE OF THE PROBE SEVERAL MM AWAY FROM 

THE INSIDE OF THE BEAM TUBE AND BY WRAPPING THE PROBE IN A 

CONDUCTING MATERIAL SUCH AS SUPER MONOKOTE (TAT AGAIN.) 

WE STILL DO NOT UNDERSTAND THE DEADLY SKEW QUAD EFFECT 

AND HOPE TO STUDY IT FURTHER AT LEISURE. 



WE HAVE.BEEN DEVELOPING NEW MEASURING SYSTEMS BASED ON 

UNIX PLATFORMS AND THE SYBASE DATABASE SYSTEM. (PROJECT LEADER 

IS BRUCE BROWN, FLATCOIL CZAR AND CHIEF ANALYST IS HANK GLASS, 

HARMONICS CZAR IS DANA WALBRIDGE, POINTSCAN CZAR IS AKBAR 

MOKHTARANI. LEAD PROGRAMMER IS JIM SIM. DARRYL ORRIS, PENNIE 

HALL, KELLEY TROMBLY-FREYTAG, RICH GLOSSON, DAVE HARDING AND A 

CAST OF THOUSANDS ARE WORKING ON THIS AS WELL.) 

THIS SYSTEM IS FOR THE FERMI LAB MAIN INJECTOR, A NEW 

150 GEV RESISTIVE ACCELERATOR TO REPLACE THE ORIGINAL MAIN RING. 

THE INTERESTING CHALLENGE IS THE DIPOLE: 10000 A, SLIGHTLY CURVED 

HARDWARE DEVELOPED WITH A BEAM TUBE IN MIND, BUT MEASUREMENTS 

WILL BE PERFORMED BEFORE THE BEAM TUBE IS INSTALLED. 



STRENGTH MEASUREMENTS ARE MADE USING THE "Z-POINTSCAN" 

SYSTEM CONSISTING OF A WHEELED CART ON A RAIL PULLED THROUGH 

THE MAGNET BY A KEVLAR-REINFORCED TIMING BELT PASSING OVER A 

PULLEY DRIVEN BY A STEPPING MOTOR. REDUNDANT POSITION READOUT 

IS PROVIDED BY A STRING OR BELT DRIVING AN ENCODER, AND BY 

PROXIMITY SENSORS AT THE ENDS OF THE TRACK. THE CART CARRIES 

A NMR PROBE AND A TWO-AXIS HALL ARRAY. BOTH FIELD INTEGRAL 

AND STRUCTURE ARE DETERMINED BY THIS METHOD. 
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THE END FIELDS OF THE MAGNET HAVE BEEN STUDIED EXTENSIVELY 

USING THE 2-METER FLATCOIL. THIS CONSISTS OF A PROBE 2 M LONG 

AND 6.4 MM WIDE WHICH SCANS THE WIDTH OF THE APERTURE WHILE 

PROTRUDING ONLY PART WAY INTO THE MAGNET APERTURE. A DESIGN OF 

END PACKS FOR THE DIPOLE WAS DEVELOPED LARGELY USING THIS 

TECHNIQUE. 
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Endpack integrated shapes at 1500 A 
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A/C'HARMONICS MEASUREMENTS WERE PERFORMED (AND REPORTED 

BY DANA WALBRIDGE AT THE ACCELERATOR CONFERENCE AT HAMBURG). 

THE METHOD WAS TO USE A PROBE WITH MORGAN COIL GEOMETRY FOR 

SEXTUPOLE AND DECAPOLE SENSITIVITY, BUT WOUND WITH LITZ WIRE. 

THE MAGNET WAS RAMPED WHILE THE VOLTAGE ON THE PROBE WAS 

SAMPLED BY A FAST DVM. THE RESULT WAS A MEASUREMENT OF 

SEXTUPOLE GENERATED IN THE BEAM PIPE DUE TO THE RAMPING MAGNET. 

AN INTERESTING ASIDE: NOISE IN THE POWER SUPPLY 

AT 720 HZ PRODUCES SEXTUPOLE NOISE IN THE BEAM PIPE. AS A 

RESULT, THE NOISE SEEN ON THE SEXTUPOLE-SENSITIVE PROBES 

WAS SUBSTANTIALLY LARGER THAN SEEN ON THE DIPOLE. THIS 

MAY CAUSE NOISE ON OTHER MEASUREMENT DEVICES WITH CONDUCTING 

STRUCTURAL PARTS, E.G., IN OUR NEW FLATCOIL SYSTEM. 
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THE NEW FLATCOIL SYSTEM CONSISTS OF A 6.4 MM WIDE 

ALUMINUM BAR ON WHICH IS WOUND AN 18 TURN COIL. THIS COIL 

IS MOVED LATERALLY WHILE CURVATURE IS MAINTAINED. THERE IS 

REFERENCE PROBE IN A FIXED POSITION BELOW THE PLANE OF MOTION 

OF THE MEASUREMENT COIL WITH A SIMILAR GEOMETRY AND NUMBER 

OF TURNS. THE MEASUREMENT AND REFERENCE COILS ARE BUCKED 

AGAINST EACH OTHER DURING SCAN MEASUREMENTS TO REDUCE POWER 

SUPPLY NOISE. 

THIS SYSTEM WILL BE THE PRIMARY MEASUREMENT DEVICE 

FOR THE MAIN INJECTOR DIPOLES, PRODUCING A MEASUREMENT OF THE 

STRENGTH AND OF THE NORMAL HARMONICS. SKEW HARMONICS ON AXIS 

WILL BE MEASURED WITH A 7 M LONG, CURVED, ROTATING DOL COIL 

HARMONICS PROBE. 
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Schematic Diagram 
The Magnet Measurement System 
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Precision required 

Numbers from Steve Peggs (after some jawboning): 

Flatcoil excitation: 
Current Field 

(A) (kG) 
505 1.0 
1260 2.5 
1770 3.5 
4290 8.5 
7100 13.8 
8400 16.0 
9420 17.3 

Harmonics at 505 A 
n 
1 
2 
3 
4 
5 
6 
7 
8 

Strength 
dBlB x 104 

2.0 
2.0 
2.0 
1.5 
1.0 
1.0 
1.0 

Shape 
dBlB x 104 

0.5 
0.5 
0.5 

0.2 

0.2 

dbn (units) 
0.2 
0.2 
0.4 
0.8 
1.4 
3.0 
6.6 
15.0 



Preliminary June 1992 

~l) 

..... l offa.t edjult..,t .ffect 2) t .... r.cur. coefficient after 1h30 ...... up 

GIIi" "V ppaI of input range "V/Oc ppaI of input range/Oc 

1 dO *7 +10 +1 

10 t,7 t,7 +1 +1 

100 *'.5 *'5 +0.15 +1.5 

1000 t,1 *100 +0.1 +10 

1) All v.l .... re referred to Input. 
Z) Refer to an oper.tor with an ave ...... aklll lewl • . 
Drift variation vs time: 

Gain linearity: 

Gain 

1·ZOO 

1000 

Gain stability vs temp.: 
(max. temp. coefficient) 

Gain stability vs time: 

Gain ratio error: 

Gain adjustment: 

GIl in 

1 

10 

100 

1000 

max. per month: 200"V 
max. per year: 500"V 
Divide by gain in order to refer to input 

max. gain deviation from straight line 
crossing the zero, in ppm of input range. 

¥Fe 
100 KHz 500 KHz 1 MHz 

t,10 

dO 

t.2O 

dO 

+7 ppm/oC (VFC 100 KHz) 

+9 ppm/oC (VFC 500 KHz) 

+25 ppm/oC (VFC 1 MHz) 
per month: ±30 ppm 
per year: ±SO ppm 

dO 

t,1oo 

max. ±l00 ppm when interchanging the gain 
setting. 

factory adjusted at 10 with ±lOppm 
accuracy. The non linearity is balanced 
for the input voltage +0.4 V and -0.4 V. 

Noiae (0.1 Hz to 10 Hz: referred to input) 

("V) PPI of input range 

*10 *1 

*, *1 

*0.3 t.3 

t,0.2 *20 

56 
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Resolution and max. range: 

Gain 

YFC 1 2 5 10 2D 50 100 ZOO 500 

100KHz 10000 5000 2000 1000 500 ZOO 100 50 20 

20 20 20 20 20 20 2D 10 20 

500KHz 2000 1000 400 ZOO 100 40 2D 10 4 

2D 2D 20 20 2D 2D 2D 10 20 

1 MHZ 1000 500 200 100 50 2D 10 5 2 

20 20 20' 2D 10 2D 10 5 10 

In each box in the table, the upper number gives the resolution in 
units of 10-8 Vs and the lower number the max. range in Vs. 

1000 

10 

10 

2 

10 

1 

5 

The following diagram shows the .... urement domains at different gains 
(hatched: G - 10) and noise levels. 

101 

10' 

INPUI' WLTAGE 

10-' -u 
II rn ,0-1 

• 
~ 

~ - 1r 

I.&J 
:;) 

~ 10-4 

z 
0 1 a--i 
~ 1 a--

,0-' 

1 a-- '" 
RESOUInQN 

1 crt 
(!5OD kHz VFC) 

NOISE LEVEL 
(.1 TO 10 Hz) 

10-' 10-' 10' '01 10· 

INTEGRATION llME [Sec] 

57 



i 
~ 

0.00005 

~ 0.00001 
C) 

§ -6 
~ 5.10 

~ 
~ 
i!: ...:a 
~ -6 
S 1.10 

~ ...... -7 
5.10 

INPUT VOLTAGE RESOLUTION vs. SAMPLING RATE (PDI_A & POI_B) 
(500 SAMPLES at EACII DC INPUT VOLTAGE (9 MEASUREMENTS TO SPAN INPUT RANGE). G = 1000, 

• 
(IOV I 2"/2"1000 

(12 Bil Res' 

IJ·APRIL·I991 

• 
(2 J(JI\.B V·s' • Sampling Rate ._> 

(500 Kllz VIF, 

• 
Voltage Source Noise .. > 

(1458 DVM Ml!QS"'DnI!nI, 

< .. (l()l\.B V·s) • Sampling Ratl! 
(I Mllz VIF, 

-7~ ________ ~ ____ ~~~~~ ________ ~ __ ~ __ ~~~~--~----~--~~~--~~--~~ 
1.10 1 10. 100. 1000. 

SAMPUNG RATE (liz, 



OJ)OOI 

·7 
1.10 

., 

DESY 

NOISE SPECTRAL DENSITY vs. FREQUENCY 
(10 M'IUIIT''''''''' twlr 4096 SAMPLES (1192 SAMPLES/or PDI Modulu), @'II"IOII"IOOII" &400011, ••• SHORTED INPUTS) 

06·APRIL-II)I)J 

1.10 L-L-_""-............................ ~_""'-__ ~ ............. ~_~-...--Ao ............. ~_---._ ..................... ~:--__ .................. ~~ 
0.001 0.0/ 0.1 10. 100. 

FREQUENCY (lid 



Penn. Magnets, Pins E F (Dl) Probe ACHl, Gain = 1000, PDI B 
5000 .---------.----------.---------.----------.-~~~--_rI 

o ......................................................................................................................................................................................... . 

-5000 
CI.l 

* > 
00 Run 1 -
0 

Run 2 ~ -----
0 -10000 Run 3 ------. ...... 
* Run 4 ........... -

~ Run 5 _._._-
~ 

[i: Run 6 _._--
-15000 Run 7 _ ... ----

Run 8 ------. 
Run 9 ... --- ...... 

Run 10 -

-20000 

-25000 '--______ "'--____ -'--____ --'--____ -L. ____ ----JL--I 

o 50 100 150 200 250 
Data Sample 
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Cycle_ C, Outside yoke, (files CLE58. cor, CLED96. cor, CLEDD54. COT) 

0 
C/) 1.6 
OJ 
~ 1.4 -m .. ' . 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 

300 
250 X, mm 200 

..... 

150 
100 

.. , . . . ,-' 

.,' . 

..... 

50 

...... ..... 

a -2000 
-50 

..... .... . 
., ., ..' . . ' ., 

04/06/91 22.03 

l,mm 



X,Y x , Y Motor Motor ~OCOI Centro PC M380/C -IE- E--
Q) 

Motors Pow. Supply Interface Printer Bus z 
Ethernet card = I-

~ II Dedicated Bus 
Q) 

96bit dig. I/O card 
0.. 

I 0 
Q) 

..c 

-t- GPIB card u 

jSearch GPIB Bus 
~Coil 

j Digital (. 

~ In Integrator Start Integr. 
~ (1 MHz VFC) Stop Interface 
(" CAMAC crate 't- ~ Pulsed 

2 ;fTrig. Magnet (Clock 1 kHz) 0' 
II c: 

:;:; 

" 4 o . 
0' 
c: 

DVM E=t DCCT In 
1 V / 100 A hp3456A 

i 

~-I'v 
II 

Pulsed GFD 

Power Supply :" Out Reference 
(16 bits) 

1 s 1 ms 20ms 0.6 s • •• U II' , , , , 
Control of Software Start Start 
X and Y position Stort Integrator Pow. Supply 
and current I 

TIMING 

Jrig. i 
.... 

.... 

•• , 
Triggeri 

0' 

DVM / -
Trigger i 0 / c: .. '-

Interface 
, 

Q) -x w 

GOCT serial Link 

Start/Stop Function 
Start/Stop Vectors 

20ms 0.5s uPro9r. Dela~. U 
) . ! , 

• • 
Stop 
Integrator 

Stop Function Hardware Start 
Stop liming Next Measurement 

Pulsed Magnet Measurement System 

E 
~ 
Q) 

..c --o 





et'l'erreur relative alea.toire est: 
IE,.I SIx 10-4 

• 

n a ete coutate qu 'avec lea cycles de demagn~tisation cho~l'infiuence des courants de Foucault 
devient negIiseable 50 ms apres Ie retour a. zero du courant du deuxieme trapeze. 

I 
240ms De. M 0.. '1 .". e.t[ -? ~ d. ! 

J 

1 
1200~1 

1 

1 
1 

:tf~Jt< 2.fO-~ T.WJ) 

slm 0<: ~oooA/s tie 
• 0 s 

p u 

0.6 secoIlde 

1 

·1 
1 
I 
I 

~60 l:ns 

Traufert 
vera BOOSTER 

Fipft 2: 5equeace de mesure 

2.3 Mesure de I'induction et de I'induction integree 

t 

La mesure de l'inductioD B(X,o) est faite avec la bobine courte BLeIle de 3 em: 

avec: I,,. 
I ..... 
A 
t". 

J:- e,.(t)dt 
Dans la plage 

B(X,O) = It .. • lto- e,.(t)dtl 
A I_.(t,..) 

courant theonque auquel on lOuhaite f&ire la mesure, 
courant e1feetivemeDt mesure (voisin a. :l:O~ pres de It") , 
coutante du capteur BLeIle (A = 4,8005.10-2m2 ), 

temps auquel on menJe Ie courant , 
temps auquel on arrete l'iDtegnwon , 
integrale de la tenaicm iDduite dans Ie ca.pteur. 

l00A SIS 250A , 
l'erreur relative sur la valeur abIOlue est : 

IE.' SIx 10-3 

(1) 



Pulse Clock i Step. Step. Motor Adapter I 
Interface I-IE- IE- ~ I 

Motor Pow.Supply TTL~15V 10kHz i 
T 

t ? In H1 InJO I~ H1 ' .. 'to" 

iSearch -- Adjust. -- Adjust. Divider 
:Coils Cl).oJ Cl).oJ --CJ)~ Preset: CJ)~ Preset: ~ 

n} Analog Fast Cl)B Cl)B 0 
.oJ 

Q::(f) Q::(f) 

~ Mixer Integrator r? 
1100/ 

P ~ /200/ (B.W. 5 MHz: 

Pulsed I 1200 I Outt Outt OutW 
Magnet I 

Adjust. time 

~T x 
Pulse Adapters 0 

E .. TIL/1SV 
Coaxial Shunt -

~ I ~ ..A-Il.:~ .A.. PC M380jC ~ 10 mO c .!? I ~ IJ- f-

S/H ~ Condo Discharge BCD interface 96-bit Parallel IE-
HP3480 Power Supply Dig. I/O Interface BCD interface 

( -I lv J 600 It) 
Triaaer P.S. 

Hardware Adjust. 
1.2 ms 10 ms 

E 'E 
u 25 motor steps x 20 ms (1 tum / 64) , , Prog. Dela);. ) 

I I 
Software Stop Integrator 
Start Integrator Trigger S/H 
Start Discharge TIMING 

I I 
Software Start 
Next t.4fxlsurement 

Pulsed Quadrupole Measurement System 
'1: t 

j;"A~.L-- --, 

o -L __ ~ __ L-~--------~ 

Q. a --(f) 

IE 



....... "---... ------~!"!'!"""~~~----------:'~ 

I .. 



R~ :: R4 
p. l = fl..3/1 0 

l'31. = Rfl. ... RL/"-RZl 

R,1:: RJ\}1 .. 01Iz 

N1 : N2.~N 

- -.. -
mAM. I 
~tJre Rl R2 

mIn ~ L"..Jl 

, 

I 

19 6,04 0,85 
• 

24 7,82 1,1 
(SF I 

11,35 2.9 9,59 
t-

~ 15,63 2,2 

t6 23,45 3,3 

.,0 34,82 4,9 

QUADRUPOLZS LINAC 

Rl R3 

R2 R4 

D 

Centre de ro~~tion 
--.....,--........-.. . 

NOl-mRE DIAl-i. DIA:·I. 
R3 R4 DE DU TCRSADE ?l..ATI£RE 

SPIF.ES FIL D ~ G'u"!l r.:rn rom N mm 

-
8,5 6,04 30 0,1 0,75 A~ °3 

11 7,82 20 0,1 0,7 II 

13,5 9,59 14 0,1 0,6 " 
o . 

22 15,63 10 0,1 0,5 Vetresitl 

. 

33 23,45 6 0,2 0,7 11 

49 34,82 6 0,2 0,7 " 
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Step. r Step. Motor 
~ Interface t----} 

Motor Pow.Supply 

Pulse Clock 
Adapter IE-
nL~15V 10kHz I 

: ................................................... u ••••••••••••••••••••••••• 1 

In,~. InJ .. · .. · ........ l In, . 

Adjust. Adjust.! Divider 

Mixer 

~ Preset: Fast 0 ..... 
(.f) 

~ Integrator r): 

! 
I 

I 120000 I I Outy ............. I 
I 
j 

Integr.time : , 
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..... it Q. 5 Preset: i 0 a ...... :...... ~ 

~ ~ i~ ~ 1::::. 
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---'I iii 
........................................ l .................... J 

Magnet 

! 
,;\ t::! S~..A. c
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01 
..... 1 
(.f) 

10 mO Shunt J 
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Pulse Adapters I 
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Power Supply 
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\.:, 

DVM 
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Tri9.g~r.. 

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::=::::::::::::::::: 

Software Hardware 

Dig. I/O Interface J 

Start Integrator Stop Integrator 

TIMING 

DC-Quadrupole Measurement System 
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T 
Search coil ~ - pcissive 

: In reJ ra. tor 

R. 

Volt. SIH 
m ellS. U" 

: .. C,!-.-R" 

:T 

R.=R.,+R ... 

C. = Ciftt + Cpt + Cp2 # CiRt 

Exact '£'lualion:£' U(t)dt = R.,COU.(t2 ) + (1+ j:) £' U.(t)dt 

• Firtt tcrf'l"\ ; f4.SSi V4t. in f: ... , rQ.l:t"o~ 
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Cette courbe montre que l'homogeneite est meilleure que ±0,5 % sur Ax = 200 mm. 
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Required Measurement Accuracy 

Quadrupole Center: 
0.21 mm w.r.t. fiducials 

Quadrupole Roll Angle: 
0.46 mrad w.r.t. fiducials 

Quadrupole Integrated Gradient: 
0.10/0 

Dipole Roll Angle: 
1 mrad w.r.t. fiducials 

Dipole Integrated Field Strength: 
0.10/0 

Dipole Center: 
1 mm w.r.t. fiducials 

NB These accuracies refer to cold magnets in the tunnel. 
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Stretched Wire Measurement #1 for X Field Center 
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Stretched Wire Measurement #1 for X Field Center 
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Stretched Wire Measurement (#1) for Y Field Center 
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Tension Dependency ot Wire voltage in Y Field Component 
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Tension Dependency of Wire Voltage in X Field Component 
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Roll Angle Measurement at +45 degrees 
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Roll Angle Measurement. at. -45 degrees 
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Voltage vs Amplitude 
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Amplitude Dependence of Second Harmonic Near the Roll Angle 
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Abstract - The magnetic measurement or more than 1300 
LHC dipoles comprises tbe content or higher harmonic field 
components, field direction and field integrals. The measure
ments wUl be carried out along a warm bore installed inside the 
magnet cold bore, tbus allowing the use or rotating coils at room 
temperature. Tbis coil, together witb Hall and NMR detectors Is 
mounted at one end of a 12.5 m long shaft which is specially de
Signed for very high rotational stiffness and which Is controUed 
from Its far end by a motor, an angular encoder and a level me
ter, all standard components placed outside the magnetic field 
wit bout space restrictions. Particular empbasls bas been put on 
the user-friendliness or tbe bencb and Its automated, computer
controUed operation requiring a minimum of staff, an impor
tant Issue during\pl'Oductlon measurements of large series of 
magnets. The bench and Its performance and precision achieved 
during Its commissioning are described. 

I. INTRODUcnON 

The measurement of the magnetic field of long, high 
strength sllperconducting dipoles forms an important part of 
the commiSsioning of the magnets for accelerators, as recent~ 
ly experienced at the HERA e- p+ collider, and for the future 
SSC and LHC p+ p+ colliders. Although the basic techniques 
for the actual measurement and analysis of the field quality, 
using rotating coils, Hall plates and Nuclear Magnetic 
Resonance (NMR) devices, are well suited also for the mea
surement of multi-tesla fields, they have to be adapted to the 
particular environment imposed by long superconducting 
magnets. In order to avoid measurements inside the evacu
ated cold bores, warm bore anti-ayostats are inserted into the 
cold bores, allowing for measurements to be made at ambient 
temperature and atmospheric pressure. 

Basically two measuring principles exist. The fIrSt consists 
of a mole-type device [1],[2] which travels along the aperture 
and which uses flexible cables from the outside, field free 
region for the input and output signals. This mole is fitted in 
addition to the actual field sensors, with motors, angle en
coders, gravity level meters, etc., which all have to operate 
properly in an extremely limited space and in elevated mag
netic fields. The second solution consists of a probe, 
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equipped with only the field sensors, while all other services 
(motors, encoder, level meters) are placed at the outside of 
the magnet in the field free region with no limitations on 
space. This allows the use of standard components. In this 
latter case, the transmission of the required displacements, 
orientations and rotations is established mechanically via a 
long shaft. To achieve the necessary precision, in particular 
of the rotation of the coil, the shaft must have a very high tor
sional stiffness and rotating supports with low friction. It 
must also be made of material of high electrical resistivity to 
avoid eddy currents, magnetic forces and twists induced dur
ing its rotation. In view of the very limited time allowed for 
R+D of the LHC prototype dipole measuring system, the 
second solution was pursued since the only essential and ait
ical item to be newly developed, was the shaft. Moreover, 
this solution also allowed the design of a measuring bench 
with a high degree of ruggedness, automatization, user
friendliness and with minimum content of labour of the mea
surements, which is an important aspect in view of the pro
duction measurement of a large series of magnets. 

n. GENERAL LAYOUT 

Fig. 1 shows a side view of the dipole measuring stand. 
The cryostat-dipole unit to be tested at superfluid helium 
temperature bas a length of nearly 12 m and a weight of 23 t. 
Current and cryogenics are connected through the supply box 
on its left side . 

. Along each of the two apertures, 180 mm apart, a warm 
bore anti-ayostat [3] is installed which allows for an accessi
ble diameter of 35 mm at ambient temperature over the total 
length of 13.8 m of the structure. On the downstream side of 
the dipole the magnetic measuring bench with an overall 
length of 14.7 m and a weight of 5.6 t is installed. It consists 
essentially of a carriage with a unit to rotate the 12.5 m long 
drive shaft and the measuring coil at its opposite end. This 
unit is axially mobile to position the coil along the magnetic 
field over its length of nearly 10 m inside the anti-cryostat. 
Prior to each scan the coil, and in particular its orientation, is 
checked in the field of a short normal conducting 

Fig. 1. Test stand for LHC prototype dipoles. The supply box, the magnet and the mea.'ruring bench are in~talled on a common girder which allows to make 

Manuscript received September 20, 1993. 
tests with the magnets tilted by at mast ± 1.5%. 



reference dipole (see Fig. 1) with well known field strength 
and direction. AU components are placed onto a common 
support girder of 27 m length, which permits measurements 
with the magnet inclined by ± 1.S %, to simulate the tilt of 
the LEPILHC tunnel. 

ill. MEAsURING BENCH 

The carriage, carrying the rotating unit for the shaft, is 
driven on linear ball bearings and precision rails by a d.c. 
motor, also mounted onto the carriage and engaged via a pin
ion to a rack on the stationary support of the bench. The axial 
position is recorded with an angular encoder on the carriage 
and engaged to the same rack. A precision and reproducibil
ity of ± 0.1 mm is readily achieved over the total range of 
13.5 m. Its absolute length, independent of temperawre varia
tions of the strucwre will be measured by stretching along the 
bench an invar-wire of well defmed length. This should allow 
to obtain the field integral IB dl with a precision of better 
than 10-4. 

The layout of the rotating unit on the mobile caniage is 
shown in Fig. 2 . The signal cables from the coil pass through 
the hollow shaft and through the rotating unit and emerge at 
its end in fonn of a spiral which allows for 3 wms of the unit 
of which one is used for smooth acceleration before activat
ing the meuurement of the field over one tum. The rotation 
is made by a miao-stepping motor (5 x 10 4 steps/turn) and a 
1:4 reduction. This provides also the possibility to place the 
shaft into precise and reproducible angular positions, opening 
further options for the measurements of field direction and 
the axis of quadropoles at a later stage. Upstream of the mo
tor, a hollow shaft encoder with a resolution of better than 
10-4 tad meuures the angular position of the coil, the centtal 
issue of harmonic field analysis. The housing of this encoder 
can be oriented manually around its axis in order to "zero" 
the encoder at the angular reference position of the coil as 
defined by the reference magnet. The housing of the encoder 
is fitted with a high precision electronic level meter, which 
again can separately be adjusted to "zero" around the axis of 
the rotation. Thus the zero of the encoder and of the level 
meter can be made to coincide with the angular zero position 
of the coil as defmed by the field orientation of the reference 
magnet Any change in orientation of the carriage during its 
axial uavel relative to the vertical is precisely measured by 
the level meter. 

Between the shaft and the rotating unit, a 
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Fig. 2 .. Rotatiog uo.itto drive the shaCt, mouoted OIl the mobile carriage. 

piezo torque meter is installed which monitors the friction in 
the rotating supports of the shaft, and thus its twist and angu
lar precision. Moreover, this detector measures axial forces. 
By setting predefined maximum values triggering an inter
lock, the system is well protected against mechanical faults, 
and in particular errors in angular position. 

Two types of rotating shafts were developed. The fU'St con
sists of eight segments of extruded alumina (AI203) pipes 
with an OD = 32 mm and an ID = 24 mm and a length of 
1.5 m each. The second shaft is made from shorter pipe seg
ments (1.3 m) of high strength carbon fiber pre-pregs [4]. A 
particular fiber orientation in combination with intermediate 
insulating glass layers bad to be selected to minimise eddy 
currents and magnetic torques in the shaft when rotating with 
an angular velocity of 1 tum Is in a dipole field of up to 10 T. 
The pipe segments are connected together with fittings of re
duced diameter to provide sufficient radial space for the sup
porting ball bearings as shown in Fig. 3. Again to reduce 
magnetic and mechanical torques, high quality ball bearings 
of Si3N4 ceramic were used. 10 addition to the rotation, easy 
axial displacement of the shaft is provided by clamping 
around the outer race of eacb ball bearing a ring fitted with 
spring loaded axial rollers (see Fig. 3). Since these units are 
stationary during the magnetic measurement they could be 
made of brass. To suppress any laleral forces due to angular 
errors or kinks at the fittings a flexible universal joint can be 
mounted between the fJanged connections close to the mea
suring coil. A photograpb of a coupling is shown in Fig. 4. 

The stiffness of both types of shafts completely assembled, 
were 580 Nmlrad and 210 Nmlrad for the ceramic and rein
forced carbon respectively. The torque required to rotate the 
shaft with about 1 tum/s was at most 6 x 10-3 Nm which 
should lead to an angular twist of at most 0.03 mead between 
both ends. 

Clearly, the long slender shaft bas continually to be sup
ported on the bench all along its length during its axial travel. 
Pairs of mobile half shells with a length of 13 m and with an 
open inner diameter of 3S mm (equal to the warm bole inside 
the dipole) are progressively removed horizontally by pneu
matic jacks (see Fig. 5), thus liberating the space for the 
rotating unit during its advance. The reverse, clOSing 
procedure is applied during the return of the carriage. The 
coordination between the movements of the caniage and the 
support shells forms part of the process control system of the 
bench and is in addition hardwire protected against 
malfunction and errors. Fig. 6 shows a view along the 
measuring bench with the magnet at its far end. 
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Fig. 4 . Flanged coupling between two cenmic segments of the rotating shaft 
as schematically shown in Fig.3. 
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Mg. S. S~meDted. mobile support system for the shaft, progressively liberat
Ing the space foe the motorization unit during its advance. 

The measuring head, shown in Fig. 7 at the end of the r0-
tating shaft, is composed of an NMR probe, two perpendicu
lar Hall plates and a set of three radial hannonic coils wound 
onto a fiber glass reinforced epoxy structure. The coils are 
made identical in area and in parallelism to within 10-3 by 
precise machining of their core, and windings are made with 
flat multiwire cables. No skew coil for compensating their 
lack of parallelism is foreseen. The external windings of the 
measuring coils rotate on a radius of 15.4 mm inside the ra
dius of the warm bore of 17.5 mm. The arrangment of three 
coils is used for ease of fabrication. symmetry and redun
dancy and to determine the off-centering of the measuring 
coils with respect to their true axis of rotation [5]. In order to 
mainlain the sag below 0.1 mm, the length of the unit has 
been limited to 750 mm. 

The motorization of the test bench has followed the indus
trial control line adopted for all the equipment associated to 
the dipole test stand namely. the cryogenics infrastructure 
and demineralized water plant. This implied the usage of 
commercially available industrial PLCs. communication and 
supervision systems. Together with the functionality of the 
equipment. the data structures for the exchange of informa
tion between the operator and the equipment were specified 
and agreed with the suppliers. The applications for the super
vision were designed and developped in house using a work
station based commercial industrial supervision package. 

Fig. 6. The measuring bench with the carriage half way down its stroke be
tween the opened support shells of the shaft and with the magnel cryostat 

and cryogenic supply at the far end. 
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Fig. 7. Measuring head at the end of the rotating shaft fitled with the various 
field probes (Dimensions in mm). 

VI. MEAsUREMENlS 

To assess the initial performance and precision of the mag
netic measurement system and in particular the crucial item, 
the shaft, we investigated its dynamic response to the rotation 
[6]. A second encoder was mounted provisionally at the 
downstream end of the carbon reinforced shaft which allowed 
to measure rotational velocities and relative angular 
oscillations between the two ends of the shaft Fig. 8 shows 
clearly a relative oscillation of 100 Hz which corresponds 
well to the torsional natural frequency of the shaft [6] and its 
oscillation amplitude is ± 0.1 mrad. They are correlated to the 
oscillations of the torque, measured at the upstream end 
which are shifted, as expected by 90 degrees. At rotation 
speeds below 0.1 tums/s the upstream end starts to tum less 
regular. while at velocities between 0.25-1 tum sis the oscilla
tion amplitude remains about constant. Smaller vibrations 
have been observed with the ceramic shaft due to its much 
higher stiffness. The torque driving these oscillations comes 
mainly from the pinions at the motor and damping elements 
are being prepared to reduce these oscillations. Further mea
surements with the completed carbon fiber shaft unit rotating 
inside the dipole reference magnet at 0.13 T revealed 'again 
oscillations of the coil during its rotation. clearly visible 
when passing parallel to the dipole field. As before they are 
correlated to the torque at the upstream end (see Fig. 8). 
. Consecutive measurements of the angle of the dipole field 

at 0.13 T gave a short term reproducibility of better than 
0.1 mrad with the carbon as well as with the ceramic shafts. 
Since the average temperature along the shaft may vary with 
its axial position due to different thermal conditions along the 
bench and inside the anti-cryostat of the magnet. the twists of 
both shafts as a function of their temperature was measured. 
The carbon shaft when heated over its total length showed a 
pronounced temperature related twist of about 0.6 mradIK, 



which is most likely due to its strongly non uniform fiber 
strucwre, although the fiber layers were placed with alternat
ing orientation. Even if the precise temperature regimes of 
the bench and the anti-cryostat are not yet known the im
provement of the thermal stability of this shaft will be pur
sued. To the contrary, the ceramic shaft showed, within the 
measurement errors, no such thermally induced twists, as ex
pected from the uniform structure of its material. 

The relative field harmonics expressed at 15.4 mm, the 
outer radius of the measuring coil, were measured with a re
producibility of to-S for all orders. This preciSion is expected 
to improve since the coil surfaces and the electronics are 
adapted for the much higher field level of the superconduct
ing dipoles. 

V. CONCLUSION AND Oun.OOK 

The basically simple concept developed at CERN for the 
measuring benches of the LHC prototype dipoles allowed for 
design and fabrication of these benches entirely by industry 
in turnkey style, following a CERN performance specifica
tion. The main issue of these benches, the long, slender rotat
ing shaft made of ceramic performed well within the required 
specification. For the carbon shaft further development is 
needed to reduce its thermally induced twist. 
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Fig. B. RocatiOD velocity Q) at the upstream ead of the shaft, aud tbe differ
eacc iD Q) betWOCID boIh its cads aDd the torque at its upstream cad versus 
time (top). Below are showa for a diffCl'eDt ruD the voltage iaduced iD the 
coil rotatiDg iaside the refereDce magDet at the downstream ead aDd the 

torque at the upstream end. 

Small residual rotational oscillations of the measuring coil of 
about 100 Hz, inherent in the system, are sufficiently rejected 
by the harmonic analysis. In view of the increased magnetic 
length of the future LHC dipoles of above 13 m with a 
slightly bent aperture, tests have shown that shafts of 
increased length can still be used, in particular since their di
ameters, and thus their rigidity, can be increased due to the 
enlarged aperture of these magnets. 

Thanks to the fully automatic measurement cycles, later 
during production measurement one operator will be able to 
supervise simultaneously several measuring benches. Since 
the actual time devoted to the field measurement of each 
dipole is only about 20-30 % of the tum around time of a test 
stand these benches should be rendered easily mobile from 
one stand to another which could limit the number of required 
benches to four if in total 16 tests stands are envisaged. 

Finally the developed system can nawraIly be extended to 
the magnetic measurement of the short straight section units 
with an overall length of 6.5 m, comprising the main quadru-
pole and correction magnets, where, in addition to the multi
pole content of the fields and the orientations, the field axis 
bas to be measured. By adding an appropriate laser tracking 
system, detecting the lateral position of the coil, the dipole 
measuring benches can also serve to measure quadrupoles. 
This laser tracking system is presently being developed. 
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Abstract -To allow the measurements of the superconducting 
LHC magnets up to their nominal field with well-proven, stan
dard techniques, easy access into the apertures is required at 
ambient temperature and atmospheric pressure. A warm bore 
anti-cryostat Is inserted into the cold bore vacuum pipe of the 
magnet, where the evacuated radial gap between these two parts 
serves as thermal insulation. To allow for maximum accessible 
cross-section during the measurements, the small radial gap of 
3.5 mm has to accommodate superinsulation, support spacers 
and electrical heaters for the thermalization. Design aspects, re
lated to the high magnetic fields, quenches, mechanical loads. 
vacuum, reiiablUty and ease of handling have to be addressed. 
The design of tbe anti-cryostat and the cryogenic test of a proto
type model are described. The heat load on the cold mass of the 
magnet by this prototype was below one watt per meter. 

I. INTRODUCTION 

For the magnetic measurements of the LHC dipoles, stan
dard rotating coilleChniques will be applied [1]. In order to 
avoid tecbnical complications, caused by the very long and 
narrow magnet aperture and in particular by its vacuum 
chamber kept at liquid belium temperature, a thermally insu
lated lUbe is inserted into this cold bore, which allows to 
perform the magnetic measurements at ambient temperature 
and pressure along the warm bore of this anti-cryostat [2]. 
Similar approacbes bave been adopted previously at 
FERMILAB and DESY and recently also at SSa. [3]. 

n.OPERATIONALCONDmONS 

The anti-cryosw must be designCd for maximum free inner 
diameter, vital for bigh precision magnetic measurements, 
wbile stiU minimising the beat inleak into the 1.8 K liquid 
belium bath of the magnet. Sttaightforward estimates indicate 
that beat inleaks through radiation of well below 1.5 WIm 
should be acbieved with the envisaged geometry. 

In order not to interfere with bigh precision magnetic mea
surements inside the anti-cryostat non magnetic components 
and in particular low permeability stainless steels have to be 
used. Clean, inorganic components with low outgassing have 
to be applied in order to prevent contamination of the cold 
bore during the magnet test by absorbed gas which later dur-
ing operation migbt be desorbed through the synchrotron ra
diation of the circulating proton beams. 

At this moment of time it cannot be excluded that the beat 
input through the anti-cryostat raises slightly the average 
temperature of the superconducting coil, which would lead to 
lower quench levels than during normal operation of the 
magnet without anti-cryostal Therefore provision must be 
made to evacuate temporarily the anti-cryostat, thus cutting 
all heat input into the magnet which allows quench studies 
under realistic conditions. 

The force F per unit length L acting on the warm bore in its 
borizontal plane induced during a possible quench of the 
magnet by eddy currents is given by : 

FIL = (2R2d1p)'B'dB/dt 

Manuscript received September 20. 1993. 

with R = Radius of the pipe, d = Wall thickness of the pipe, 
p = Specific electrical resistance, B = Magnetic field density, 
dB/dt = Decay of the magnetic field duri~ the quench. With 
R= l7.75mm, d=0.5mm, p =7x 10- n m and with a 
maximum dB/dt = 70T/s at B = 7 T [4] a maximum lateral 
force of 220 N/m will occur. Tests with such force have 
shown a temporary ovalization of the cross section of the 
pipe of + 0.98 mm with no residual, plastic deformation 
thereafter. 

m. LAYOtrr AND DESIGN 

A cross section and a side view of the anti-cryostat are 
shown in Fig.1 and Fig.2. The warm bore tube with an inner 
diameter of 35 mm and a wall thickness of 0.5 mm is placed 
inside the magnet cold bore with an inner diameter of 43 mm, 
thus leaving a radial insulating vacuum gap of only 3.5 mm. 
The warm bore consists of a seamless, drawn pipe of oem 
magnetic stainless steel (AISI TYPE 3l6LN) with a total 
length of 13 m. 

Fig. I. Cross section of the aDli-cry05lat wide the cold bore vaalum pipe of 
the dipole (DOt to 1c:aIe). 
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Fig. 2. Side view of the anti-cryostat. 
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To maintain tne temperature of the warm bore at room 
temperature while the magnet is cold. three independent, 
mineral insulated. coaxial. electrical heating cables with an 
outside stainless steel jacket with a diameter of 0.3 mm are 
soft soldered onto the outside of this pipe each forming a 
loop over its total length. With a current of 0.4 A and a volt
age of 13 V over each loop a power of 1.5 Wlm is dissipated. 
The same power could. in the limit, be dissipated by only one 
of the three beaters which provides sufficient redundancy in 
case of failure of one of the three. 

Around the outside of the warm bore and the heaters. shiny 
aluminium tape is wound which serves to reduce the emissiv
ity of this surface and to distribute the heat supplied by the 
heating elements uniformly around its circumference. A 
small gap is left between the turns of the tape to help out
gassing and pumping. On top of this AI-tape three layers of 
perforated aluminised mylar superinsulation are wrapped 
which thereafter are covered by an auxiliary thin walled 
stainless steel pipe. the saeen. To facilitate assembly it con
sists of short segments with a length of 650 mm each which 
are progressively mounted together with the superinsulation. 
The inner and outer surfaces of each saeen are mechanically 
polished to high brilliance and holes are drilled into it, again 
to improve outgassing and cryopumping towards the outside 
cold bore. The segments of the screens are joined together 
axially by special connecting units (see Fig.3) each fitted 
with six claws which are locked and secured into holes at 
each end of each saeeD. 
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Fig. 3. Cut through the coDDeC:ting unit, equipped with the support feet and 
c1ampI fiaed to the JCl'eens on either side. 
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Fig. 4. Assembly of the anti-cryostat with (from right to left) the screen. the 
connecting unit, the layers of the superinsulation and AI-tape wrapped 

around the warm bore. 

Fig. 4 shows a photograph of the various layers between 
the warm bore and the screen with its connecting unit. The 
warm bore is centered radially within these junction pieces 
and thus within the screens by three support feet which are 
placed symmetrically around the circumference of the unit 
(see Fig.3). They are shaped like spring blades protruding 
towards the inside and made of low thermal conducting poly
imide. Their geometry has to be optimised with respect to 
their mechanical rigidity and the capability to pick up toler
ances in diameter of the warm bore as well as with respect to 
their thermal resistance. 

An additional set of three support feet is mounted on this 
junction unit whiCh are now oriented towards the outside. 
thus centering radially the total anti-cryostat within the cold 
bore. With a global radial spring constant of each support 
unit of 330 N/mm. a radial displacement of 0.06 mm is ex
pected due to the weight of about 40 N of the magnetic field 
sensor passing along the warm bore. The total force to pull 
the anti-ayostat into the magnet is 160 N. 

Fig.5. shows the layout of the anti-cryostat inside the mag-
net test stand. The anti-cryostat consists of one short part 
with a length of 2 m installed permanently inside the cryo
genic supply box on the left side. The other 11 m long part is 
introduced from the right side through the cold bore of the 
magnet, which requires for the intemediate junction between 
the two partS of the warm bore a miniaturised flange. This 
has an outside diameter of 42 mm, fitted with a metallic gas
ket, which allows in the limit also the warm bore to cool 
down to cryogenic temperatures. The warm bore is axially 
fixed at the right side (see Fig.6) but can laterally. via a flexi
ble bellows. be displaced to align it with respect to the mag
net aperture. The opposite end is axially loaded by three 
springs with a total pulling force of 520 N and a spring con
stant of 2.5 Nlmm to allow for differential thermal expansion 
between the magnet cryostat and the warm bore, in particular 
when cooled to ayogenic temperature. Fig.7 shows a photo
graph of the spring loaded end flange. 

IV. MEASUREMENTS ON A PROTOTYPE 

A prototype of the anti-cryostat with a reduced length of 
6 m·has been built and tested in an assembly simulating the 
geometry of the magnet cold bore, however, at 4.2 K boiling 
helium temperature. The beat input from the anti-cryostat 
into the helium bath could readily be measured via the power 
dissipated in the electrical beaters during the steady state of 
the W3Jm bore. Fig.S shows the power per unit length of the 
anti-cryostat versus the steady state temperature of the warm 
bore for two types of screens (gold plated:top. mechanically 
polished:boUom). 

SPRINGLOf\GEJ 
SUPOOR'" 

FIXE:: 
SUPPORT 

Fig. S. LaYOUI of Ihe magael tOSI sland filled with lhe anti-cryoslal 
(noc 10 scale). 



Thus, values of at most I W/m can be expected in the final 
layout of the test stand. Fig.9 shows the temperature mea
sured along the inside surface of the warm bore at a heat in
put of 1.04 W 1m. Cryopumping of the small gaps between 
the warm and the cold bores along the anti-cryostat should 
lead to increased vacuum and thus to higher steady state tem
peratures at its axial center than at its ends, where thermal 
conduction through rest gas from the "warm" environment at 
these locations occurs. 

The time constant dKJdt of the temperature of the warm 
bore when after reaching the steady state the heating power is 
cut, is also significant for the thermal quality of the anti
cryostat. A value of 8.5 KJh has been measured. This allows 
also in the case of failure of the heating system, sufficient 
time to intervene before condensation of humidity or forma
tion of ice sets in inside the warm bore. The average tempera
ture along the warm bore can readily be followed via the 
temperature dependence of the resistance of the copper heat
ing wires. A temperature coefficient of the resistance of 
about 3.5 x 1O-3/K was measured which should allow the 
monitOring and control of the temperature of the warm bore 
within a precision of ± 5 K. 

V. CONCLUSION 

The very tight geometrical constraints imposed on the anti
cryostat and especially on the evacuated thermal insulating 
gap of only 3.5 rom between the warm bore at 295 K and the 
cold bore at 1.8 K, required particular effort and high preci
sion for the construction of the anti-cryostat prototype. The 
selected design proved to comply well with these constraints. 
Moreover, the heat inleak through this anti-cryostat into the 
helium bath was well within the expected value of below 
1 W/m which still depended significantly on the relatively 
poor global insulating vacuum in the test set-up. Thus, even 
lower heat inleaks should be reached with improved vacuum, 
as expected in the final magnet test stands. The total heat 
load caused by two anti-cryostats on the cryogenic system of 
twin-aperture dipoles, 10 m long will thus amount to about 
20 W. Clearly, when more radial space for the insulating gap 
around the anti-cryostat can be made available, as one may 
expect from the increase of the inner diameters of the super
conducting coils from 50 mm to 56 mm, as presently fore
seen, this heat load will be substantially reduced. 

Fig. 6. Details of the fixed (right side) and axially spring loaded (left side) 
end flanges of the warm bore. 

I 

Fig. 7. Overall view of the axially spring loaded end flange of the warm 
bore. 
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Fig. 8. Average heat weak through the anti-cryostat into the Helium t.th 
versus the steady stale temperalUre of the warm bore for two diffen:D1S types 
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Fig. 9. Steady state temperature along the warm bore of the anti-cryostal 
thermalized against the He bath with a power of 1.04 W/m. 
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Experience with cryogenic Hall plates 
-------------------------------------
IMMW-7 

Siemens, RHY 17 

no oscillatory effect 
not very linear 
significant temperature coefficient 
but, no longer produced 

F.W.Bell, BHT-921 

also called Lake Shore, LHG 
linear 
small temperature coefficient 
oscillatory effect 

Now again on the market: 

The Institute of Electrical Engineering 
Bratislava, Slovakia 

LHPMP 

linear 
small temperature coefficient 
oscillatory effect 
can be customized (f.ex. arrays or low induction) 



INSTITUTE OF ELEcrRICAL ENGINEERING 
SLOVAK ACADEMY OF SCIENCES 

Dubravska cesta 9, 84239 BRATISLAVA 
SLOV AK REPUBLIC 

AREPOC 
LUBO KOPERA 

Iljusinova 4, 851 01 BRATISLAVA 
SLOVAK REPUBLIC 

HIGH LINEARITY HALL PROBES FOR ROOM AND CRYOGENIC 
TEMPERATURES 

Features: 
Temperature range - 1,5 K up to 350 K 
Magnetic field range - ° T up to 30 T 

Linearity error: 
In magnetic fields up to 1 T, 300 K ....... < 0,2 % 
In magnetic fields up to 5 T, 4,2 K ....... < 1,0 % 

Unpackaged as well as packaged units are available. 
Normal and low active area electric systems. 

DESCRIPTION 

This series of Hall probes has been developed 
for operation at room as well as cryogenic 
temperatures. 

Two basic types of Hall probes are available: 

• Hall probes for liquid N2 temperatures with 
sensitivity about 100 mVrr at control 
current 100 rnA 

• Hall probes for liquid He temperatures with 
sensitivity about 10 mVrr at control 
current 100 rnA 

Both types can be used at room temperatures 
as well. Hall probes with higher sensitivity 
have higher temperature dependence of the 
Hall voltage at room temperatures. 

The units can be supplied as unpackaged or 
packaged. The basic type of the probes has an 
electric system with the active area of 
0,625mm2. Also Hall probes with small active 
area (0,01 mm2) for measurements of 
inhomogeneous magnetic fields have been 
developed. Transverse or axial package 
modification is available. 

Great attention was paid to the low value of 
the off-set voltage Uo, as well as to the 
stability of Hall probes parameters during the 
thermal cycling from 300 K to 77 K and 4,2 K. 
Laboratory specimens have withstood 100 
cycles from 300 K to 77 K without 
considerable change of parameters. The change 
of sensitivity after this cycling did not exceed 
± 0,04 %, off-set voltage change was of the 
order of± 5 J.lV. 

CALIBRATION 

As a standard the Hall probes are supplied 
with following measured parameters: 

• input and output resistance at 300 K and 
77 K in zero magnetic field 

• off-set voltage at 300 K and 77 K 
• sensitivity at 300 K and 0,2 T 
• change of sensitivity due to reversing of 

magnetic field 

On customer's request the calibration of the 
Hall probes up to 5 T at 4,2 K or up to 0,4 T at 
77 K or up to 0,8 T at 300 K can by make. 

The Hall probes described are intended for the 
precise measurements of magnetic fields in the 
temperature interval from 350 K down to liquid 
helium temperatures. High linearity of the Hall 
voltage UH versus magnetic field and small 
temperature dependence of sensitivity represents an 
advantage for physical and technical experiments. 

GUARANTEE 

Probes that not meet specifications must be returned 
within 30 days of shipment, in which case either the 
full purchase price will be refunded or a replaced 
unit sends, as preferred, unless the unit bas been 
damaged by rough handling or improper mounting. 

[1] Rubin, L.G., Brandt, B.L., Wegel, R.J., 
Applied Physics Letters 49, 1986, 49 

[2] Polak, M, Windle, V., Schauer, W., Reiner, J., 
Physica C, 174, 1991, 14 

[3] Polak, M., Majoro!, M., Hanic, F., 
Journal ofSupercond. 2,1989,219 



PARAMETER 

Magnetic field faAAC [T] 
Temperature range [K] 
Nominal control current In [rnA] 

Maximum control current [rnA] 
Sensitivity at In [mVrr] 

Linearity error 
T[K] 8[T] 
300 0-1 

[%] 77 0-0,2 
4,2 0-5 

Mean temperature emperature 4,2 -77 
coefficient of [K] 
sensitivity: [K ] -1 range: 

77 - 300 

Residual voltage [~V] 

T cmpcralW"C cocfJ. of rcsidua1 vo1lagc [ Il/IK] 

Input resistance [a] atd'[K] 
4,2 

77 
(in zero field, including leads) 300 

4,2 
Output resistance [a] at !IlK] 77 
(in zero field, including leads) 

300 

Quanrum oscilations begining [T] 
Amplirude of q. oscilations [%] 

Active area [mm21 
Over8.l1 dimensions [mm] 

Axial Hall probe overall dimensions : 

ClIARA.CTERlSATION OF THE lLu.L PROBES 

12 various types of the probes are available: 

OHP-•• 

o Sensitivi/v: 
H - higher - N type> 100 mVrr 

M type> 20 mVrr 

L -lower - N type > 10 mVrr 
M type > 5 mVrr 

• Active lIrea site: N - normal 
M - micro 

• Construction ofthe probe: 

U - unpackaged 
P - packaged in synthetic resin - transverse 
A - packaged in synthetic resin - axial 

LHP-NP is the lover sensitivity probe with 
normal size electrical system, packaged. 

LEAos 

Colour code: Control current - green, black 
Hall voltage - orange, red 

Leads are made from copper wires: 
o 0, I 0 mm - current leads 
00,08 mm - Hall leads 

TYPE 

LHP-Nx LHP-Mx HHP-Nx HHP-Mx 
0-33 0-33 0-5 0-5 

1,5 - 350 1,5 - 350 1,5 - 350 1,5 - 350 
100 20 100 20 

150 50 150 50 

>10 >5 >100 >20 

<0,2 <0,1 

<0,05 

<1 <1 <1,5 <1,5 

2.10 -5 2.10 -5 3.10 -5 3.10 -5 

3.10 -5 3.10 -5 1.10 -4 1.10 -4 

<20 <20 <50 <50 

<0,02 <0,02 <0,3 <0,3 

0,9 1,8 1,9 2,8 

1,1 2,2 2,3 4,7 

1,5 4 3 7 

1,3 1,9 2,7 2,9 

1,8 2,6 3,8 4 

3 6 7 8 

>2 >2 >1,5 >1,5 

<0,1 <0,1 <0,1 <0,1 

0,625 0,01 0,625 0,01 

6 x4 x 0,5 6x4xO,5 6 x4 xO,5 6 x4 xO,5 
!f=flmm, L=8mm 

APPLICATIONS 

For technical assistance with your specific needs 
and problems, contact applications engineers at 

INsTITUTE OF ELECTRICAL ENGINEERING, BRATlSLA VA 

TEL: ++42 7 375806 
FAX: ++427375816 

For current pricing information, terms and 
conditions, call or fax to : 

AREPoc - LUBO KoPERA, BRATISLAVA 

TELIFAX: ++42 7 824613 



,., 
I-
~ 

..... 
:':: 
"0 

,., 
o 
o 
"-o 
~ 

0.020 

0.015 

0.010 

0.005 

0.000 

-0.005 

-0.010 

-0.015 

-0.020 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

-0.1 

-0.2 

-0.3 

-0.4 

-0.5 

-0.6 

-0.7 

-0.8 

-0.9 
-1.0 

LHPMP calibration 
de Haas-Schubnikov effect at 1.8 K 

0 2 4 6 8 10 

Field [TJ 

Hall plate calibration 
19 and 25 point spline interpolation 

0 ? 



Q) 
01 
c 
o 
'-

..... 
o 
o 
o 

" o 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

-0.1 

-0.2 

-0.3 

-0.4 

-0.5 

-0.6 

-0.7 

-0.8 

-0.9 

-1.0 

LHPMP calibration 
de Haas-Schubnikov effect at 1.8 K 

0 2 4 6 8 10 

Field [T] 







" NExT GEflERATJON 
Avro MAr £0 MA"N£ T 

p1cEA5 V/'<£fV\G/vT S~.sT£ I"l 

FO 11. 'f A' (J M ~ • II 

PAUL REtV£ 
~ Ilf £ 1J1f~N£S 

D'''C. EVIt/fl.J 
fJA"£ ,.,.0 I("/~ 





ation of automated magnet measurement equipment, to replace tne presellL system, aL .J.. I\.l\.., "d. 

The four main aims are: 

1. Review th~ stepping motor and 3D positioning system requirements to see if they can be met 
by a commercia.l system. 

~. Review the acquisition system requirements for both dc and ac measurements. Consider 
improvements in setting up the measurement parameters and on-line verification of the data. 

3. Determine how best to set up a database management and analysis system for the magnetic 
field data. 

"" 4. Determine the optimum computer s:.'stem and software to use for this work, assuming inte
gration with the present central computing facility is necessary. 

The magnet measurement system considered is a general purpose system, but it is also considered 
to be a prototype for I~AO?\. Thus. in order to ensure that the next generation of magnet mea· 
surement systems would also be suitable for KAON, the specifications of KAOl\ factory magnets 
are considered. 
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Table 2: Present and Proposed Instrumentation 
"Type' of Present Proposed Comments 
Measurement Instrumentation Instrumentation re Proposed 

and Computer and Computer Instrumen tation 

Hall Probe - ac HP3458A DVM &: HP3458A DVM & exists 
pc pc or DECstation 

Hall Probe - de HP3456A DV~1 Ix. HP3458A DVM &: exists 
TRIMAC pc or DECstation 

Fiip Coils Electronic Integrators Electronic Integrators1 or integrating DVM 
HP2912 MUX, HP3488A MUX, exists 
HP3456A DVM HP3458A DVM &. exists 

I &. TRIMAC pc or DECstation 
Rotating Coils Quan-Tech Wave Analyzer HP3458A DVM & FFT on exists -

data logging computer 
Pen and Paper (pc or D ECstation) 

OR: HP35665A Wave $15,800 
Analyzer &: 

pc or DECstation 
Morgan Coils RMS meter, HP3458A HP3458A DVM &: exists I 

DVl\-1 &. pc pc or DECstation I 
OR: Rotating Coils:! 



7 Optimum Computer System and Software to use for Measure-
ment System 

7.1 Platform for Magnet Survey \Vorkstation 

Table 3 briefly compares several aspects of IB~1 compatible pc's, Sun SPARCstations, DEC VAXs
tations~ and DECstations. Silicon Graphics workstation are generally only used for intensive 
number-crunching, and are not recommended for this application. In addition Plotdata is not 
supported on Silicon Graphics workstation. 

Table 3: Comparison of 4 computer platforms 
II Platform I pc I SPARCstation I VAXstation I DECstation j) 

Initial Cost with 85,000 810,000 810,000 813,000 
colour monitor (33~1Hz 486) (SPARC 2) (4000 model 60) (5000 model 240) 
Spares & readily I may require may require may require 
Availability available off-si te pers.onnel off-site personnel off-site personnel 

I to repair to repair to repair 
T 

# Personnel Lots Some 

I 
Lots Some 

Familiar with 
platform 

. Learning Curve Short Long Long Long 
Graphics available available Plotdata & Plotdata & 

commercially commerci all y Opdata Opdata 
82,000 (Free) (Free) 

Database: 
Oracle Yes Yes Yes Yes 
Sybase Yes Yes Yes Yes I 
Preemptive Not with DOS Yes 

I 
Yes Yes I Multi-tasking or windows 3 

OS2/2 - Yes 
, Ethernet card I 8300 Standard Standard Standard 

Interface Cards: 
1EEE-488 8660 to 8790 $1325 to $1990 $1325 1 $1,325 
# channels or 13 14 141 14 
instruments 

RS232 Standard Standard Standard Standard 

DEC STP,~/ON SOOO/2'10 
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Aim 

~ . ...B\LLflN 
cERN 

LHC dipole magnet measurement system at room temperature 

- To control the quality of the superconducting coils 

--> as soon as possible in the fabrication process (collaring) 
--> acceptance test during fabrication 
--> reduced operation time (fabrication cost) 

- Fennilab and Hera showed a good correlation between warm and cold measurements 

Design criteria 

- Designed for the LHC prototype dipole magnets 

--> Seven 10 m long prototypes have been ordered, 

--> 1st delivered at CERN towards the end of 1993. 

--> Inner coil diameter: 50 mm (56mm for the next) 

--> cold bore tube inner diameter: 43 mm 
Choosing this last diameter will permit the system to be tested not 
only on collared coils but also on coils mounted in their iron 
yoke or even on the finished magnet. 

--> "Two-in-one" or separate coils mounted in the same yoke 

--> The system should be able to measure the field direction with 
respect to the reference surfaces of the collars: parallelism 

Princi pie of the measurement 

--> DC current: 20A (150 gauss, 39 times less than injection level: 5800 gauss) 

--> Radial search coils: measuring radius: 19 mm, (15.4 rom at 4K) 

--> Coil length: 750 rom « 0.1 rom sag) 
14 measurement positions to cover the length 

--> Reference magnet to calibrate periodically the tilt sensor with respect to the 
coil-encoder system (tilt sensor drift limitation) 

--> small dipole magnet: 500 gauss @ 3.5 A 



Description of the mole 

Self-contained mole equipped with coils, encoder and tilt sensor 
long shaf mechanically driven from one end 

all cabling on the other end 

Search coil system 

- Radial- 3 identical coils - measuring radius: 19 mm 
- normal and skew bucking> 1000 
- no skew coil 

- Core: - Epoxy-glass fiber material (mat): Vetresit 300 (Micafil- CH) 
- CNC machining --> reproducibility 

- winding: - 20 conductor flat cable (MWS - USA) - 44 A WG (0.05 mm diarn.) 
- 200 turns ( 10 layers) 
- very regularly placed inside their grooves --> reproducibility 
- interconnexion --> specially developped technique- with microscope 

- no extra area 
- robust 

0.6 

Encoder: - Minirod 450 (Heidenhain - GE) 
- incremental 
- 3600 step/turn 
- 72000 step/turn after interpolation (16 bit, < 0.1 mrad accuracy) 
- calibrated with reference to an absolute 17 bit encoder (ROC 717) 
- diameter: 36.5 mm 

Tilt sensors: 

-Fine: - electrolytic ±1° (Spectron RG-33N - USA) 
- 0.03 mrad resolution 
- possibly CG-ION ±4° - 0.005 mrad resolution 

- Coarse: ,- electrolytic ±60° (Spectron L-211U) 
:"·possib1y capacitive - (Access DTT - CH) 

- BO° - 0.02 mrad resolution 
-18 x 18 x5 mm 
- but noisy (0.1 mrad) ?? 

- Still problems with temperature dependence 
- Field dependence still to be checked - but not for our application 
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Carriage with 
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The operation 

1. Calibration in the reference magnet 

- tilt sensor zero 
- search coil area 
- global test of the system (ltfinger-printlt) 

2. Collared coil measured in 14 positions 

- longitudinal translation with a long shaft - manual operation 
- divided in 1.5 m long elements (7 elements) 
- 2 search coil length per element 

- search coil driven by a DC motor 
- 1 turn for rotation stabilization 
- 1 turn for measuring 
- 1 turn for stopping 
- idem in the other direction 

3. Idem 1. and 2., in the second coil (lttwo-in-onelt case) 

4. Results - tilt with respect to reference surfaces of collars 
- at every position - twist 
- mean value 

- harmonic content 
- transfer function 

- integral 
(BII) 

5. Remote communication at CERN - by modem and telephone line 

Planning 

- The system has been designed to work at the firm with a minimum of intereference 

- But it will not be used at the firms for the first prototypes, in order not to complicate 
their task. 

- Measurements are presently made at CERN on short models (1.3 m), 
- with iron yoke 
- mainly to test the system. 

- Measurement on short model coils - without iron yoke 

- Measurement on a long copper coil (Holec-Elin prototype: separated coils) 

- Measurement at CERN of the finished prototypes 
First prototype early in 1994 

Should permit the system to be tested and improved in view of the series 
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7 Optimum Computer System and Software to use for Measure
ment System 

7.1 Platform for Magnet Survey \Vorkstation 

Table 3 briefly compares several aspects of IBM compatible pc's, Sun SPARCstations, DEC VAXs
tations; and DECstations. Silicon Graphics workstation are generally only used for intensive 
number-crunching, and are not recommended for this application. In addition Plotdata is not 
supported on Silicon Graphics workstation. 

Table 3: Comparison of -4 computer platforms 
II Platform 1 pc I SPA RCst.at.ion I VAXst.at.ion I DECst.at.ion II I Initial Cost with $5,000 . 810,000 .. : ...... ···;·;··no;ooo····;··· .; •••• <; .•.• $] 3;000, .'..;.;. . 

colour monitor (33MHz 486) (SPARC 2) (4000 model 60) (5000 model 240) 
Spares & readily may require may require may require 
Availabilit.y available off-site personnel off-site personnel off-sit.e personnel 

to repair to repair to repair 
# Personnel Lots Some Lots Some 
Familiar with 
platform 
Leaming Cmve Short 1 Long Long Long 
Graphics . availabk avail ab.le Plotdata & Plo1dxt.a &.: 

cormnercially eot:mrierciall y Opdata Opdata 
$2;000 (:Free) (Free) 

Database: 
Oracle Yes Yes Yes Yes 
Sybase Yes Yes Yes Yes 
Preemptive Not with DOS Yes Yes Yes 
Multi-tasking or windows 3 

052/2 - Yes 
I· Ethernet card 1 8300 Standard 1 Standa.rd Standard 
Interface Car.ds: 
lEEE-488 .S660 to Si90 Sl32~ to ..$1990 $lm1 $L32~ 
=IF -cilcmnels m 13 14 14:1 14 
instruments 

RS232 St.andard St.andard Standard St.andard 

.1'. 
DEC STA-r/OIt/ So 0 o/~., 0 
- 1t:f)N.l E~IJT INI- C '-flSTE" 

,O;l1«£'CTf.r (PtOT ""~A 
Sf)FTW-l9R£ 

aTe.) 
- X - 'WINlXJ~S 

-.... l)N I :)( t)~ 

- /)11<ECT ON-LINE.' ANALrSI.s 

; 

-OP£lfAT£' '.1"""0 
WI"" H S£PAItAT£ 

J. . Sf!,. lIEY 
X'" W''''D() tV 

rA~':£"S 
TER""NAL.s 

I 
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ANALYSE HL~RI\II0NIQUE : PERFORlVIANCES 

• Precision : 

fidelite a 10-5 & justesse a 10-3. --------------;> Eralonnage magneriqL4e du cap leur. 

• Sensibilite n = 32 soit 10 nWb. 

• Signal/Bruit: 200 dB . 

• Duree: 30 S Jpres installation de l'aimant. 

• Detections des dHauts ponctuels novatrice. 

• Bane competitif. 

• Reponds a 161 demande industrielle. ----------------;> U niversaiisarion du caple"r 

• Publication en cours : "New performance in harmonic analysis device generation used for 

magnetic field measurements". 



Son dOes R.M.N. 

La sonde a Resonance Magnetique NuclCaire est une technologie recentc pour l"analyse 

hatmonique du champ' magnetique. Ene se developpe acruellement aux. Brats Unis pow:·la~ure 

du S.S.Co [24, page 69] et devrait pennettr.e des mesures de grande precision. 

Dans les champs inhomogenes, on utilise de petites sondes a I 'helium, 3 He, exitees par 

un oscillateur pulse. On fait les mesures en des points equidistants sur un cercle de rayon R 

centre sur I'axe Os de I'aimant, comme indique dans Ie cas 1 pour les mesures avec sondes de 

Hall 

2.2. Capteurs 

On etudie les signaux delivres par des capteurs sensibles a la mesure du flux de la 

composante radiale et azimutale du-champ magnetique. 

2.2.1- Graadeurs pDysiques mesurea 

Seion I' equation L7 et Iafigme 11·12, .dans un sysreme:de: coordonnees polaires, on 
decompose Ie champ-magnetique en deux composantes, rune radiale Br et l'autte azimutale Be -B· = Br ro + BeeG 

eo~ $'.'~'" )0 "... -'. / . . 
Be Br , 

x 

Figure 11-12 : Composantes radiale et azimutale du champ magnetique. 

On peut donc mesurer : 

-La composante azimutale en pla9ant la normale de la surface serisible du conducteur 

parallele a celle-ci. 

- La composante radiale lorsque la normale de la surface sensible do. conducteur lui est 

parallele. 

42 
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Le bane de test 

~ Ses fonctions 

r
'l/////~ 

.. Y.i~ Ja. ~iC ~ ~ {itWAk' . .~ 
~------------------------~--------~ ~ 

I .. CotJvo.i~ ~V'~IlLIIJ 

~ Les qualites de chaque element 

Application de la loi de composition des variances aux tennes multipolaires : 

• mesure radiale 

+ traitement 

+ environnement 
.... mesure azimutale 

~nQr 

~~o"h(}~ : 
Vrur~ 



Repere des positions angulaires 

~ ¢:> codeur & origine amwlalres 
il8 '-' .... 

Q = 64 <==> ~e = 5,625 degres 

~ Codeur incremental binaire 

.. ~ = 8192 traits <==> mesure de flux entre 128 traits 

.. etalonne par Ie constructeur , 
2! "'" J_~ 
o j I I I 

. lSI 
+ C'1 

± 0. oooS' 0 

21_ 
1 

~ 

G m -
I I I 

~ N ..... ~ 

N rJ 

~ Origine angulaire : Plan bobine = Plan median aimant 

.. reglage mecanique 

.. rE!glage magnetique 

~ Termes systematiques 
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Acquisition<l:es signaux. 
~ ¢::> mtegrateur & connectique e ~ 
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.. resolution ~ = ¥-. il ....-----. ___ _ 
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.4.... 
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10-3~------------------------------------------------~ 
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Rayons de rotation des bobinages 
9:K.n.~ n ~ 
Kn r 

Sources d'incertitudes Solutions adoptees 

Fil multibrins ... 

q,BJ.,-

II¥" Position des eondueteurs . tendu et colle dans la rainure . 

~ '0 conducteuts o ~ 30 conducteurs 
/, echelle 10 

amagnetique 
construction homogene 
profil circulaire 
materiaux rigide (E/p grand) 

IIY' 
tolerances serrees 

Support des eondueteurs : 
conrrOlerout;u® ~ .2"". 

~ absorbeurs 5.rn II¥" Vibrations . . 
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II¥" Coneentricite de la rotation 
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~ mecaniquement : faisceau laser L( 
II¥" Alignement & photodiode silicium 

~ bane· aimant magnetiquement : bobines mesures ) 
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Detection d 'un defaut ponctuel 
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Defaut ponctuel de longueur de pole 
dans Ie quadrupole 
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Defant de plan median· 
dans Ie quadrupOle 
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Effets de la vitesse 
. . .. 
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Correction de ·Ia vitesse 

~ Loi de variation 

Sn (J,.LVs/(tr/s)] 

2O-r------------------, 
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Figure 7 : Variation of aK./Kn = f(C1r) for coils measuring radial (r = 33- mm) and 

azimuthal (r = 32: mm) components. 
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AT-MA-LWa - 24.09.93 

Quench Observation 
by 

Magnetic Field Perturbation Measurements 

No voltage taps inside the coils on the first series of LHC 

models 

=> No way to localise, then understand the training quenches 

Spikes on voltage taps = Signature of mechanical movement 

Idea: 

detect the position of the associated magnetic perturbation 

with magn. meas. coils mounted in the apertures 

Luckily: 

- Twin Aperture Structure => noise cancellation 

- Discovery of " Bumps" = Perturbation due to the 

transition into a superconducting cable 

(LHC) 

Pick-up Coils 

(SSC) 

Quench Antenna 
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Quench No 1 3 MTACERN 
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Quench No 1 3 MTACERN 
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Achieved 

Longitudinal Localisation within 1 cm 

(resolution 1 mm) 

Measurement of the propagation velocity of the transition 

(straightforward compared to growth of resistance) 

Localisation of the starting bloc by 

Signals from different coils in the transverse plane 

Propagation time through the end 

(does not require a precise 

knowledge of the velocity) 

Discrepancy between layers : 

Need inter layer voltage taps 

(at least to qualify the different signatures) 

Complementary to voltage taps in the windings : 

allow to diminish the number 

applicable if no voltage taps are present 

2 
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Future 

Models (1m long) tested in vertical cryostat 

same shaft for magnetic measurements and pick-up coils 

I 

! - I 

10 m prototypes: warm aperture for the magnetic meas. 

Dedicated shaft that could be cold or warm 

Resolution in 10 longitudinal intervals 

2 * 3 for the ends 

4 for the straight part 

3 
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SEQ lEST QUENC" HRAMP BETWEEN LOC: (see convention)· 

ITPE I (A) RAlE TAPS I U S MT TR.'l L 
0 L UR GRP # R 

1 STRAIN2 5385 16 U13A:UI3B I U L 2 13 -
2 QUE.l'./CH1 5659 16-0-4 U13A:U13B I L L 2 13 -
3 QUENCH2 6218 16-0-4 Centertao:L27 Lower Outer Coil 

4 QUENCH3 6682 16-0-4 U7:L19B Lower Coil Ramo Solice 

5 QUENCH4 6782 16-0-4 UI9C:UI9D I U R 1 19 -
6 QUENCHS 7053 16-0-4 Centertao: L27 Lower Outer Coil 

7 QUENCH6 7299 16·0-4 L19C:LI9D I L R 1 19 -
8 QUENCH7 7359 16-0-4 U7:L19B Uooer Coil Ramo Solice 

9 QUENCH8 7539 16-0-4 Centertao:U27 Uooer Outer Coil 

10 RAMPRATE1 1942 100 UOA:U13A 3I1d I U - 3&4 1-13 -
L13A:LOA I L - 3&4 1-13 -

11 RAMPRAlE2 2418 64 UOA:U13A and I U - 3&4 1-13 -
L13A:LOA I L - 3&4 1-13 -

12 RAMPRAlE3 5524 48 UOA:U13A and I U - 3&4 1-13 -
L13A:LOA I L - 3&4 1-13 -

13 RAMPRATE4 7611 16 U7:LI9B Lower Coil Ramo Solice 

14 RAMPRATES 5295 -100 UOA:Ul3A and I U - 3&4 1-13 -
Ll3A:LOA I L - 3&4 1-13 -

15 RAMPRAlE8 2071 80 UOA:U13A and I U - 3&4 1-13 -
LI3A:LOA I L - 3&4 1-13 -

16 RAMPRATE9 7122 32 UOA:UI3A and I U - 3&4 1-13 -
L13A:LOA I L - 3&4 1-13 . 

••• ******** ••••••••• Subcoo1 to 3.85 K •••••••••••••••••••• 

17 QUENCH9 7873 16-0-4 U27:Ul9B Upoer coil ramp splice 

18 QUENCH 10 7191 16-0-4 U27:Ul9B Uooer coil ramp solice 

Table 3. Quench localization data for DSDI04 (Continues) 
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CEAlSTCM 

HEB Quadrupole Cold Mass 
Critical Design Review 

WARM MAGNETIC MEASUREMENTS 
BY 

JOSETTE LEBARS 
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Description : 

HEB Quadrupole Cold M~;ss 
Critical Design Review' 

MAGNETIC CONFIGURATION 

There are five different magnetic configurations which 
. vary in effective magnetic length 

and five different magnetic measuring coils 

Magnet lattice Length of the Length total of Length of the Length of the 
desfgDatfou coD including themeasurfng end coils central coils 

the connections coils 

BEB Quadrupole mm mm mm mm 

HQM 1768 2000 500 1000 

HQM 1 1067 1500 500 500 

HQM2 1340 1500 500 500 

HQM3 2469 2650 700 1250 

HQM4 3522 3750 1250 1250 

J~~b~-------------------C5R---------------------------------sns-



· .. HEB. Quadrupole :Cold: .. l\1~ss 
Critical Design Review 

- Test conditions : 

* On the 3 prototypes built by the CEA· 

* In the Saclay test facility (vertical position) 

J~~b~-------------------C5R-----------------------------
'/~O 



REB Quadrupole Cold l\1a~s ... 
Critical Design Review . 

2 - MEASURING METHOD : 

Saclay's previous experiences . for magnetic 
measurements at room temperature : LHC*, UNK. 

- The selected principles are : 

* Amplitude ana pnase or me voltage in:duced in the 
pick-up coil are measured tneri: FOURIER analyzed 

* Measurements are taken frol3l2Q~to 32 or 100 to 128 
different .~gularP.ositions· - -- ---

* During a measurement~·fue pick;...up·cotl is stationary 

• To cover the whole-length' of a quadrupole magnet, 
one measurement using 3 sets of 3 coils is needed 

* Semi automatic process 

* Data processing enables to calculate the harmonics 

• results are given in table 1 
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HEB Quadrupole' Cold: ·Mass 
Critical Design Review 

Mult. meas. RMS = 0.1 * Random mult RMS tolerance: 

qrneas. 

0.18 unit 
0.08 
0.02 
0.01 

n 

2 
3 
4.5 
6to-9 
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CEA/STCM 

H E 8 aUADRUPOLES 
. COLD MASS 

*Lock-in amplifiers tested: 

• PA 5302. ;. Princeton applied research 
-6 calculated error :<9.2*10 ; ~T=20° 

. SR 850 ; Stanford research system 
-6 calculated error :<6.7*10 ; ~T=20° 

If measurement cabinet is temperature 
regulated, errors for SR 850 are less 

important··:<:5.6*10- 6 ;L1T .=2 0 

1··: . " ............ ::. ... ..... ... ···'.CDR·June 1993· .. ............ . ···J.C.SELLIER. f: 

-4-



HEB Quadrupole Cold:Mass, 
Critical Design Review 

3 - SPECIAL EFFORTS : 

Why? 

- -:yo comp~e with the HERA results : we ,have to 
increase an the pre.cisions due to the ,systematic 
me~hanicaI impene_ctions 

minimum iac~tGr 4 
". . :....' . 

J~~b~-------------------C5R---------------------------------14ns 



HEB Quadrupole Cold Mass 
. Critical Design Review: :; 

-

MECHANTCAL IMPERFECTIONS 

- To. design ~tJ:ie ~east;niirg~tube9 we have to think that it 0 

is necessary to r~4.uce these imperfections in 
comp~soil witb $e ~RA colIs. 

- Td reduce '~ the sagitta _~fcoil axis ~ tinder it own 
wei~t 0 • 

o· 

~ coils' 0 39.5 HERA colis 53 
!SSCmagnetlc lengtJ:l >4n ···HERA coils: °2~3 

~ ., : . ~l() 

- To avoid the hypersta';lcity of the tube in the 
horiZontal positfo~ 0 (STsUpports: necessary Inside the 
measl:ltrIig rube· m~ flOfuqntcti p6S£tiofiJ.. 0 

1.. .. ~ .~ • • ~ ~ .. ' 

=> detlectibri of·the. axis of ~btatiOri no symetrics 
along the magnetic· axis .: twist. 

• 0 • 

. . ·r 

----COR---------------------------------lsns 



HEB Quadrupole Cold Mass 
Critical Design Review 

: .. -- -CS"A7S1'"CM . 
'.. . 

- To increase the 0 of the coil. No necessity of a tube 
around the coils and in fact to increase the precision 
of the measures. 

- We have also 0 of the room measurement colls = 0 at 
cold temperature. It means: good comparison_ 
between the harmonic and correlation. 

IN VERTICAL POSITION 

Where to avoid what: 

11ECHANICAL ERROR 

Error on coll radii 

Angle between coil planes 

Sagitta. of coil axis (!rJo 04' ) 

Movement of coil axis 

'I'wist about the axis, i.e deviation of 
coil winding from straight line 

J.~bm ----------------coR---------------------------------lsi18 



In the : 

HEB Quadrupole Cold Mass 
Critical Design Review 

... Measuring tube 

- material: - high mechanical strength 
- isotropic 
... able to be machined with an high 

accuracy 

... Alignment: between measuring tube axis and 
. . mechanical guide axis (air bearing 

support and radial guide in. the lower 
part)~ has to be perfect. «50Jll 

J.-~bars-------------------C5R---------------------------------17i18 
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HEB~;Q~~~pqle Cold: Mass 
Critical Design Review 

COLD MAGNETIC MEASUREMENTS 

I. Lebars 

BY 

JOSETTE. LEBARS 

CDR 1/12 



···CEAlsr~ ". 

. REB Quadrup,ole Cold Mass 
Critical Design Review 

Description: 

- Magnetic configuration 
id = \Varm measurements 

There are five different magnetic configurations 
which vary in effective magnetic length 

and five different magnetic measuring coils 

,. 

Magnet lattice Length of the coil Length. total of Length. of the Length. of the 
designation mclIId:ing:. the: . the: measuring: end. coils central coils 

conIIections: cof[s 

HEB Quadrupole mrn mrn mm mrn 

HQM 1768 2000 500 1000 -
HQMl 1067 .1500 500 500 

HQM2 1340 1500 500 500 

HQM3 2469 2650 700 1250 

HOM 4.. 3522 3750 1250 125.0 
.. . -. . "_. ~ . - .• - •• -:.-,.-.. :# .. ~.". .. 

and 4 wires added to measure the integral 
d@t0rminedv. j~ ~ J,t 

J. Lebars CDR 
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REB Quadrupole Cold l\,1ass 
Critical Design Review:: 

1 . SPECIFICATION REQuiREMENT : 

Test Objective : 

- To measure with the magnet at Helium temperature supplied 

a) with a DC Clli-rent 

- the field homogeneity in term of harmonic content 
- the inte2Iated field stren2:th ...... ...... 

b) with a REB current cycle (F Kircher) 

- the actual field homogeneity in term of harmonic content 

Measurelnellts to be done: 

- using a DC current 
- at 4.2K 

- harmonic content of the field up to n 9 at different current levels 
between injection (656A) and nominal current (6650A). 

-Integrated field strength with a design operating current of 
6650A. 

J. Lebars CDR 2/12 



HJ;B:Qu~drupo~~ C:9~d Mass 
·Critical Design··ReView~ 

Expected accuracy specified for the muItipoles content: 

Mult. meas. R.MS = 0.1 *Random multo R.11S tolerance 

(J meas 

0.18 unit 
0.08 
0.02 
0.01 

n 

2 
3 
4,5 
6to 9 

For the integrated field. strength: 

Magnet .GdL 
@ 2TeV/c 

Designator (F&D) (TesIa) 
HQM 298.69 + 3 
HQMl 168.38 + 1.68 
HQM2 219.00 + 2.13 
HQM3 421.50 + 4.2 
HOM4 624.71 + 6.15 

Acceptance -1 % 

J. Lebars CDR 3/12 



REB .Quadrupole Cold Mass 
Critical Design Review 

2 - MEASURING METHOD : 

- Saclay has previous experiences on magnetic measurements of coil 
supplied at Helium temperature : LHC, UHK, HERA. 

- The selected principles is to rotate in the He bath, the measuring 
coils continuously at a speed of : 

- 1.5 turns per min. with the DC current 
- 2.5 turns per sec. with the HEB current cycle 

- The flux variations due to the rotation of the measuring coils - and or 
not - the current ramping~ are integrated then Fourrier analyzed 

- Data processing enables to discriminate the two sources of flux 
variations so as to calculate' the hannonics at a flnite number of 
current level, and the integrated field strength at the operating current 

- Test conditions : 

* On the 3 prototypes built by the CEA 

* In the Saclay test facility (vertical position) 

J. Lebars CDR 4/12 



· REB .:Q~~drup.Qle. .CpJ4M:ass 
Critical Design Review 

Measuring coils 

Similary to the measuring coils at room temperatUre : 

1. Lebars 

- same diameter 
- same measuring coil lengths 
- 4 wires added 

I 
I -----r--t . , 

It/ires 

(DR 6/12 



REB Quadrupole Cold Mass 
:Critical'Design:].te*~w: 

MAGNETIC MEASURING EQUIP:MENT 

Requirement : 

• Positionning the magnetic field sensor with respect to the 
magnet at Helium temperature 

* Rotating in the Helium bath at a maximum speed of 
2.5 turns/sec 

Mechanical Quadrupole equipment : 

What is changed comparing these measurements with the wann 
measurements ? . 

1 - Air· bearing radial guide is· not available 
- Has to be studied but will be a mechanical system 

2 - id. 

3 - id. 

4 - 4 wires added 

J. Lebars CDR 7/12 



5 - id. 

REB Quadrupol~·.Cold..;;Mass 
Critical Design Review 

6 - slipping rings will be used to transmit the signal from the 
cryostat to outside 

7 - id 

8 - ide for low speed~ measurements 
*- has to be determined for high speed measurements 

(less number of bits) 

9 - id.. 

10 - ide for low speed measurements 
*- brushless continuous motor without reductor for high 

speed measurements 

1. Lebars CDR 8/12 -
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CE.A./STCM 

H E 8 aUADRUPOLES 
COLD MASS 

Crilical Design Review 

*Dig,i tal integrators have been used 
f'or: 

- Low drift. 
- Very important output .ran.g·e. 

*Integrator design from CERN has been 
used and improved by : 

-Noise and offset voltages reduction. 
::T.OOO X voltage gain available. 

-Readings by co·mputer are trig~g~ered 
from a.ngle given by en.cod-er . 
:Harmonics calculations improved. 

-Calibration process has been 
integrated i·n software. 

: calibrated voltage gains and . 
offset are used to give. accurate 
measured voltage. 

Minimum input vo·ltage ,.., 100 nV 

COR' June 1993' J.e. SELLIER' 
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,HEB, Quadrupole CoI4:.M~~s 
Critical Design Review 

3 - SPECIAL EFFORTS : 

lVhy ? 

- Very high accuracy requested for harmonic content 

- To compare with the HERA results: we have to reduce all the 
mechani.~al iInperfe.ctions 

minimum factor 4 

-' First time this measurement will be done with the measuring' coils 
rotating in liquid Helium! 

Where and What ? 

Measuring coils 
. materials at 4.2 K : studies and test. _ .:.0. \,\'r .. t;"-ofl -
. vibrations : measurements and to' do the' equilibration 

Measurements improving must be introduced, iri the 
control/command and measurement software 

J. Lebars CDR 11/12 



1- SPECIFICATION REQUIREMENT: 

Test objective: 

To· measure the a~tual field homogeneity in term of 
harmonic· co·ntent when the magnet is supplied with 
the HEB current cycle~ sa as to determine the effects 
of the eddy and persistent currents .. 

Measurements to be done: 

Harmonic content of the field up to n=9, at different 
current levels (Fig 1): 

.. for bipolar operation,. 
.. between injection (650A) and nominal current 

(6650A), 
. for up and down ramps (dI/dt -~n A/sec). 

Exp'ected accuracy: 

Aim: to get ,almost the same accuracies (systematic 
and random) as for DC measurements on the integral 
field: for random accuracy: 

Mult. meas. RMS= 0.1 *Random mult. RMS tolerance 

.-..... ..~.' - -;... 

/2111 Mag mcu. during ~ing 

(J meas 

0.18 'unit 
0.08 
0.02 

~D~ Jwil:93 

n 

2 
3 

4,5 

F. KIRCHER IM>6fi3 



. 2- MEASURING METHOD: 

- Saclay h.a.<l a. previous e~xp-erienc_~ for mag. ~y.~~. 
d;~ri:ng. r-~pi:llg wit~ very h:i~h> r'l~p-ra,t.e_ (1 ~/s~~c);. 
with; the. present. HER cycle, thi.s m.ethbd would hp. too 
much time-co.nsuming. 

- The choosenprinciple is to rotate measuring coils 
continuously and at high 'speed:" 

. the flux yarjations due to the rotation of the 
measuring coils and the current rnmping . are 
integrated. then FOlJRIER analyzed,.· 

.. d~ta. processing: en~b-les to- d~i:screminate' the two
sources of flux variation, so· as to calculate· the 
itarmonics at; a finite n.uffi.ber of current levels. 

- This method has already been used with different 
approaches ( sse workshop Feb 93). 

- Test conditions: 

.. on tIre 3 prototypes built by eRA, 
. in the· Sacray test facilIty (vertical position), 
. with the Saclay bipolar PS, delivering a current 

cycle similar to the REB one. 

CDR June93 F. KlRCHER 16106t93 



Description. (Fig2): . 

. Similar to those used for DC meas. 

• Rotating in the helium bath at a speed of 2.5 
turns/sec. 

Signal transmission: 

Slipping rings will be used to transmit the signal 
from the cryostat to' outside .. 

-

An accurate encoder will be used to send periodic 
triggers corresponding to incremental steps (128 per 
turn) to the data acquisition system. 

-Data Acquisition System (J .C. Sellier): 

. Digital integrator :: 
5-MHz VFC 
program·mable gain 
periodic ca:libr-ation 

. Camac I/O modulus + bus 

. PC + printer 

COR June9J F. KIRCHER 16t{j6fl3 



CEA/STCM 

H E B CUADRLPOLES 
COLD MASS 

Crilical Design Review 

*Pulse current measurement apparatus 
has been used for UNK mag.n-et-s. 

*The electronic system is greatly 
similar to DC current measurement 
apparatus. 

*Great voltage measur-e·me·nt ac-c-uracy 
n·e·eded- d-ue to' harmo·nic·s variations 
versu·s qua·d-ru·pole c·urrent. 

*East in .. teg.rat.or is nece.s.sary due to 
high coils rotation speed. 

*Technical solutions . 
. (Brookhaven, DESY, Fermila.b, UNK) 

- Analog integrators wi th ADC 
- Digital vol tmeter's' 

Lo·ck-in arn-p'lifiers 
- FFT an·alysers 
- Oigi tal integrators . 

. "I __________ CD_R_Jun_e_19_9_3 _______ J_~ Co. SEr;r;rER·. 



- Data processing (D. Orrell): 

~ main problem: to take. into a~_c_ou;nt the current 
ch.~Ilge <:luring one coil revolution; 

· solutiou,: linear interpolation of the voltage 
between cycles (Fig 3); 

· accuracy (simulation): relative- error in b5 <0.5 % 
for 2 Hz rotation; 

· data processing after each cycle + statistics on 
several cycles:. 

16111 Mag meas. during ramping CUR Juni=93 F. KIRCHER 16106193 
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F1DUCIALlZA TION 
CQNTRI6UTORS 

Steve Williams 
Yasunori Takeuchi 

Gerry Rscher 
Joe Cobb 

Dave Jensen 
Dan Jones 

Helmut Walz 
Dave Sawyer 

Vince Bressrer 
Ed Askeland 

Robert Ruland 
Vern Smith 
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3D Beam envelope using MIIIIIPlIlallea 
Nick Walker 

2 
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FFTB QUAD/BPM FIDUCIALIZATION 

Requirements: 

* locate magnetic center wrt tooling balls to 10u 

* locate bpm to magnetic center to 10u 

Old method: 

* assume magnetic center = mechanical center, 
fiducialize with optical survey 

* machine bpm with tooling surface mating to 
magnet, use fixture to simulate beam pulse 

* assemble magnet and bpm, move to beam line 

New method: 

* assemble magnet and bpm 

* find magnetic center and bpm electrical center 
in one fixture 

* move to beam line as one assembly 



BPM IN QUAD 
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METHODOLOGY 

M.agnetic center finding: 

* stretched. wire through magnet/bpm 
* 2 meter 35u gold-plated tungsten, 

150 grams weight 
* drive with audio voice coil at fundamental 
* observe wire with spectrum analyzer 80-160 hz 
* emf=2 k Law (x cos{wt)+a sin{2wt» =~~ 

* at x=O, 1 st harmonic, no fundamental 
* at X=Ci, fundamental = 1st harmonic 

... adjust amplitude to 20u 
* computer controlled· micro· motion' stages 
* 0:.1 u steps over 8 cm 
* move ends ofwire in x and. y s.t. emf<2uv 

alternating between x and y vibration 
.. use m[croscope wtre finder to locate wire 
* use CMM to locate tooling balls and wire finder 

i 

_!t~1 
[fi 

E\~leJ 
'Pc. ~~hooJ 



FFfB Coordinate Measuring Machine 
Status Report, 12/12190 

BemardBeU 

Our search bas brougbt to llghl3 horizona.! arm CMMs: 

1. Mitutoyo (Japanese) 

Size 

Price: 

X range 
Y range 
Zr.anp 
Length 
Basewicith 

600, 1000, 1500 mm 
450,6oomm 
600,800mm 
WO,. 1, 7 mm. 
c.300mm 

. Base price ranges from $14,200 (6oox600x450) to $28,300 (1500xB00x6oo). 
Base price excludes probe, computer, software and interface box. 

For comparison: l000x600xBOO Base price 

Accuracy 

Resolu liou: 0.0001" 

Pros & Cons 

Advnutn 

w -

1D linear 
3D volumetric 

Computer a: software 
I'mbe(pH8) 
fnterfacebox 
Total 

15J.lm +20ppm 
30J.Ul1 + 35ppm 

Dlmdv 

Forel 

24,600 
!},975 
5,l6O 
2,100 : 

42",000 • 

... ----.:,.. .. ~-...... : ..... -. ; .. ,:..-
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• • .. . -.. ... ". -.. -.. " . . -.. -.. • - -.. -
-x 

• (0,0) 
-y 

Vibrate/move wire ends to find zero emf. 
Repeat 5 times at 5 angles 
Find (x,y,z) point of closest approach 

• • • 
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MAGNETIC. CENTE.R MOTION 

How much does the magnetic center move due to 
current and. temperature.? 

* No standardization af magnet 
* use lockin voltmeter for greater precision 
* locate center for several currents 
* magnet heats - center rises over two hours 

by 8 microns 
* rapid current excursions show 1-2 mi:cron wig:gles. 

Conclusion: 

* thermal motion significant but controllable by 
m·a.gnet m·overs-

* 2 micron current wigg.les wlo standardization 
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lUADlBPM RduciaUzation Facility 

~d,s m~gnetic" center of quad relative to fiducials 

Eiminates need to know me.chanical. center 

Finds electrical center of BPM relative to magnetic cent~r 

Measure PCMM(X,Y) over aperture 

sOne Step It. , f.e. no- disassembly afterffducianzation" 







Knud N. Henrichsen 
CERN 

Vibrating Particle Beam Measurement: 

In-situ measurement of the magnetic centre of quadrupoles 

Ref.: D.Rice et al., "Beam diagnostic instrumentation at CESR", 
IEEE Transactions on Nuclear Science, Vol. NS-30, no.4 (1983) 
2190-2192. 

Modulation of the field in the LEP lattice quadrupoles 

Modulation of the field in individual quadrupoles will 
permit the absolute calibration of their associated beam position 
monitors, thus providing a perfect knowledge of the closed orbit. 
Valuable information about the magnet alignment is obtained at 
the same time. A modulation of the order 0.3% r.m.s. of the set 
field at 45 GeV is adequate and may be obtained by excitation of 
back-leg windings. 

A multicore cable wound twice around each pole of the magnet 
is employed. Values of impedance and resistance can be made 
compatible with a maximum excitation voltage of 50 V at 
frequencies between 12 and 20 Hz. 

Two simple a.c. power supplies located in each of the eight 
LEP underground areas will power any of the quadrupoles located 
in the two adjacent half octants. A multicore control cable 
permits the multiplexing of the magnet excitation in each half 
octant through a matrix consisting of a diode and a relay 
installed near each quadrupole. Simultaneous measurements can 
take place in all half octants if 16 different frequencies are 
applied, f.ex. spaced at 0.5 Hz. 

Local bumps of varying amplitude are then applied to the 
beam. The observed oscillations are Fourier analysed and the 
magnetic centre of the quadrupole is determined. A resolution in 
the micron range is obtained. 
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NAC ACCELERATOR FACILITIES AT FAUR-,E, 36km EAST OF CAPE 10WN 
22;5"m 

s 
KEY: 
A:. S(:Qt\oring chamber beamline 
BB: aeQroline bunchers 
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PRODUCTION 

D: CQUimated neutron beam facility 
ECR: ECR ion source (basement !eVII\) 
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IP: laQtope production facility 
L: LQw-~nergy experimental orllq 
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THE AIM AND SEQUENCE OF THIS PROJECT 

• To develop a multipurpose apparatus, that uses Half generators .. to 

measure the horisontaf field components of the NAC cyclotrons. 

• To evaluate the performance of and to gain experience in the use of the 

system. 

• To· determine the displacement of the magnetic median plane from the 

geometric midplane in the magnets. 

• To apply corrective measures to shift the magnetic median plane 

towards the midplane of each magnet. 

In this talk. we are mainly concerned with the first two tasks, namely: 

To develop a tilt/inclinometer and to evaf·uate its performance. 
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MEDIAN PLA.NE MEASUREMENT PROBE: 

vertical 
adjust-
m~nt 

X/Y adjustment 

CALIBRATION MA.GNET MODE 

Tilt Sensors 
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IMEASUREMENT MODESI 

1.CA.LlBRATION MAGNET probe evaluqUon 

+ ++ + _lI ~ 
III :-f Ii-

I,t" 

I-
-t ~ 

--± -t 
'-.._ .. _----

o degr. -- odentation - '1 80 degr. ~-E 

. 2.!NJECTOR 1/11' measurements,aperture·..,r-- 200 mm ':1,81" 

X qdjl~strnent 

existing arm of field mappIng equipment 

J)~ING CYCLOTRON: measurements of sector magnets, i,ll" 
similar to (2),support on vacuumchamber, aperture ~ 30mm 

"'" ~ 

. .,1..,,( .. 



CA-L.ISRA-TION MA-G·NET FT~LD CONTOURS
NMR PR'OBE IS lOmm A·BO:lJE LOWER- POLE 

\-S(-6( -4{ -2 

1{3,S/f" 
R 90mm 

/ 

15 degr-. C 
i/i' S'-F 
-8 

22 degr. C 
-6 ~ ':/-1, , of 

- -4 

-2 

-2) -4) -6 \ 

-2 

-4 
1.---

-61---_ 
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( Pole di a. 300mm H40mm. )_ 
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The contour- lines change in form and position, 
hori50ntall~ and verticall~, 
for changes in magnetic field, 
ambient- and cooling water temperatures. 



ERROR OF TILTSENSOR vs MAGNETIC FIELD 

ca.. f ~ r' p. ~AJ.. 
~ TIL TSENSOR mU (~is ca. 3.25" arc-sed 

5 

o 

-5 

-10 

-15 

-20 

-2 

. Nor mal Sensor < t yp. ~ incl. dri ft) 

Faulty Sensor Y *10 

- the orange lead was magnetic-

-1 0 
MAGNETIC FIELD 

1 

Tesla 
2 

Uirtually no error is detected up to 2 Tesla for 
very gradual changes in magnetic field. 

The faulty sen~orcame as a s~rpr.i~e •.. JJ1.:a. . . 
magnetic field the sensor was deflected relative 
to its holder. The unit had to be replaced. 



TILTSENSOR mU on DUM 
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TILTSENSOR CALIBRATION 
REF: WYLER NIUELTRONIC NO.5~ 

BY USING THE GRAPHIC EDITORS ZOOM ON THE 
PC SCREEN1 WE CAN MEASURE INTERMEDIATE 

. . 
POINTS DOWN TO 1 MIL AND CONUERT THIS 
TO TILTSENSOR UNITS. 

O·~--------------------__ ~--------------------~ 
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TILTSENSOR arc-seconds 
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SPECIF1CA TION OF THE READOUTS 1 

TIL TSENSOR TYPE CG57S: 

Output on FLUKE 8502A DVM 10V range 
DVM takes the average of 128 readings 

DVM HI/lO peak memory may be used to monitortiltsenso.rdrift 

RANGE: +~ 12·degr. 
( +-1 degr. sensor would do, such as type RG33T) 

SENSITIVITY: 308 micro Volt/arc second: 
(ca. 64 micro Volt/ micro radian) 

Adjustment of tilt meter: in steps of 100 micro Volt ~1.,'p~. 

RESOLUTION: 10 microVolt (tendency digit) 
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TIL TSENSOR TYPE CG57S continued: 

ACCURACY: ·Apart from time after ·calibration and temperature 

dependence, these sensors must also have a very stable support 

structure. 

RELATIVE ACCURACY: We repeated the: measurement of a few 

points at 1.84 Tesla- after 18 hours under fairly stable condition and 

recorded- a· variation· of 1.3- +- O~J arc seconds. For 3 to- 7- cHlys- this 

would typically remain within +- 1.3. arc seconds; for a· very stable 

environment we measu.re +- 0.5: arc. seconds. ( To do that jpst shut off 

the magnet supply and the cooling water circulation! ) 

Please note that for this.accuracy, these tiltsensors may need 15 to 30 

minutes SETTLING TIME after a full range (+- 12 degr.) excursion: 

(syrup effect). 



PRI MARY EUALUATI ON (SELECTI ON) OF HALLGENERATORS 

X-HALLGENERATOR SBU601S1 #1397 
x - TILTED IN STEPS or 25 ARC-SECONDS 
Y - TILT IS ZERO 

+1.88T· 50 -0 
> 
0 
lo... 
U .... 
E a 
-l 
-l 
<I: 
I 

-l.SST 

ALL 0 crEG. ORIENrATlON .X -50 

-300 -250 -200 
X - TI L TSENSOR arc-sec 

Y-HALLGENERATOR SBU601S1 #1935 
v - TILTED IN- STEPS OF :zs: ARC.-SECONDS 
)( - TILr IS ZERQ 

50 +1.88T -. -0 
> 
0 
lo... 
U . ... 
E 0 
-l 
-l -O.9-+T <I: 
I 

-1.8ST 
>- -50 ALL 0 DEG. ORIENTATION 

150 200 
Y - TILTSENSOR arc-sec 

After the first assembly of the Hall/Tiltsensor combination we want to see: 
• the magni tude of t ypi cal si de eff ect s. of t he Hall gener at or s. 
• the alignment error between each Hall/Tiltsensor pair 

Assuming that we alread4 knou the magnetic tUt characteriSTics ot our 
Inaqnet, we only need to measure at one (zero or 180 deqr.) orientation. 

The crosspoints for tuo selected values of magnetic field are determined 
as shown above and these will indicate ii we can proceed with the 
al i gnment t asle. 

Pr evi ousl y we di d ·use Si emens type S8U585-S1 Hall gener at or sand uhi 1 e 
one ·of them did show similar tilt variations like the present pair, the 
other one exceeded that level by a factor of 5. Tests at 90/270 deqr. 
6rientation confirmed th~se results •. 

The best Hall generators for this application are highly doped 
semiconductor types with small -resistivities and -temper ature 
coefficients. The ty~e 601 rates as a favo(u)rite also due to its lou 
JplanarJ Hall effect. Fortunately this effect did not complicate our 
evaluation process. 



SPECIFICATION OF THE READOUTS 2 

HALL GENERATOR TYPE SBV60l-Sl: 

Constant current drive of 360mA~ 3 probes in series. 
Output on HP3457 A DVM AUTO range, via 10 channel multip-lexer. 

SE:NSITIVITY: typo S.68 micro Volt/Gauss 
as a tiltmeter: 

0.1 Gauss/ arcseco.nciat 1.84 T esla or 

0.054-35 Gauss/ arc-sec/Tesla 

RESOLUTION: 0.1 micro Volt 
The HP's optional filter math operation reduces the effect of random 
noise while preserving long term trends. 
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HALL GENERATOR TYPE SBV601-S1 continued: 

RELATIVE ACCURACY as a tiltsensor is proportional to. the 

magnitude of the verti'cal (Z) field. Above 1 Tesla we achievetyp. 0.1 

Gauss for a set of measurements. 

Periodic RE-CALIBRA TION as· per requirement. It is fairly easy to 

calibrate the HALL OFFSET -VOLTAGES and. -ANGLES in situ .. 

Normal type of calibrations are rabour intensive and are not really 

required in this application, except for the HZ" component. 
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Y-ftXI§ EVALUATION 
SijU1501-S1 #1935 
Y - Tll-np IN STEPS OF 10 SEC. 
X - TlI-T 1I ZERO SEC. 

: tQ : 0 DEB. OAIENTAnOH 

: ~ : 110 DEB. OAIEHTAnON 

OQ 0 PRIIWW CROSSPOINTS 

o~~----~--------------------~~ 

-,~O : -110 -100 -80 -qQ 0 IQ ~Q 30 10 tIO 

Y - TH-1S~NSQR ca.l~Pr ~ Ar(;"'Sec 
for the y-.,cis ue no.., t'I.v, the cr~~spoil"\t~ for ~ ~nff'r.nt · •• gneUc: fields I 

• Ttl- HALL orrsET UOLT~Q~~ are all positive valu~$ h,r. ,nd depend on the 
maQ.n.tic: field. 

• Ttl' .tw.'- OrrSET ANlit-~~f ~nc\\Jd*nq a fixe~ er.ror ~f "Uliln.ent, c:hMq' 
uW, •• qneUc: fiel~, He cO\J\d improve the ali9nm'nl~ 

• The,!!ll of the lII~qn'H~ f~eld reMains fairly cOl1stant· IJ'- floO Sfi,C /z.. 
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X-AXIS EVALUATION 
SBV601-S1 #1397 
x - TILTED IN STEPS or 10 SEt. 

Y - TILT jilT ZERO SEC. 

: -8 

o 
• o OEG. ORIENTftTlON 

an 
t"I 
I 

-10 o 10 20 30 

x - TILTSENSOR calibr. arc-sec 
For the X-Axis ue first look at the crosspoints for 2 of the 3 aagnetic 
fields: 

• The HALL OFFSET UOLTAGES go from neqati ve to positive valueS" • 

• The HALL OFFSET ANGLES again change ui th magnetic field and it is 
clear, tn-at" ue need an additional calibration curve, that also takes 
into account the remaining alignment error • 

• The TILT of the magnetic field changes visibly in magnitude over the 
field range. 



HALL OFFSET VOLTAGE CALIBRATION continu~d~ 

The offset voltages of the Hall generators were obtained from the 

average of the 0/180 degr. orientation and +8/-8 field values. 

HALL OFFSET AN,GLE + ALrGNMENT ERROR CALIBRATION: 

rhis can be' done by w~ingtheH:ALL OFFSET VOLTAGES as a basis 

to get the tilt angles-after a full set of measurements. (This was the 

method~ used: to. align the tiltsensors.) It is also possible to tilt the H'all 

generators to any reference/offset level but this is thought to. baless 
accurate . 

. To do these calibrations, we first want to improve the stability of our 

calibration magnet power supply as well as to have a more stabfe 
cooling water temperatlJre regulation. 



TO CONCLUDE 

MEDIAN PLANE MEASUREMENTS: 

We pfan to do our first measurements Oil the SPC2 at ~begmning-of 

next year du.ring. the-annual shutdown-. 

I wish to acknowledge the help of Attie Mueller in the preparatio.n- of 

the mechanical drawings and for his design of the tilt/inclinometer . 

. Also my thanks to the NAC managem~nt who supported my wish to 

. participate in this workshop. 
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iJ Magneto-optical properties :: 
@) Faraday effect : 

an inddent beam of linearly_JX)IarizedJigbt 
is changed into 
a transmitted beam otelliptically_~dzedJigbt 

o High uniaxial anisotropy field of the film 
j.': 

~ Rotation of the mole around the Z axis· Translation along the Z axis ~ 
o The angle of the film is measured at 4 points during the 'J 

rotation at Z positions ~ 

~~ } Displaooment of the magnetic axis with respect to the rotation axis ~ 
~ : Tilt of the magnetic plans with respect to the gravity direction. I 

Are deduced . ~ 
,'~ 
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,~iIU!m1flBlmt~~ 

V 1T1HIE lfWOLE 
<I> = 32 mm AI alloy 

Contains 
Magneto optic film system <p = 2 mm 

r--------=---~__, .---'------------. 

GARNET ( Bi, Y, Fe, Ga, 0 ) 
Hc = 1,5 ca 
Hs < 4 ca 
thickness = 6 Jim 
SUPPLIER: 
PHYSICAL TECHNICAL CENTER . 
PHYZICA - MOSCOW 

and 

• can be used in gradient up to: 2.5 TIm 

• Polarizer film 
• Analyser film 
• 2 Bundles 
• Glass fibers $ = 20 I-lm 

'-------- ---_ .. --. ---

working G in a conventional quadrupole: 10 TIm 
or in a superconducting quadrupole: 100 TIm or more (will be tested) 

Inclinometer to determine the gravity direction (at p = 0 ) 

, 
r-' 
., 

electrolyticallevel ra 
+ 8.7 mrd (:! ...to\T) ~ 

Photodiode centro"ide 
SUPPLIER: TECHTRIUM I. 

to have a reference axis I 
1 mV ~ 3 flm I~ 

~ . SUPPLIER: OPTILAS - IR LASER . ,~r 
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lrU11~ UMIOlLf lIWOW~-S UI~ A IfY'f j~IN!UJ 6J~((JJllj~ lr~~ .. , 
111~SlID/F; 11tH/IE QUAIJJ1"UUj)OIL.{E' 

• Stepping motor + Reductor 

• Tube 
- inner diameter 
- stainless steel ( or al alloy) 

200 000 steps per turn 
( 1 step = 0.03 mrd ) 

36mm 

- centred inside the conventional quadrupoles 
( + 150 11m -x and y -with respect to the poles) 

• Mole 
-diameter 32 mm 
-2 teflon bearings outside - <t> = 36 mm . 

·IR laser { MOF 
• 2 Bundles glass fiber ~ = 20 ~ to collect and carry the light : Analyser system 

FOR RESULTS: • microscope and video camera -
• under .study : analog!c data acquisition system 

associated to an opllcal scanner 
'. : : ..... ~ 



[FORMULAE 
~cPy = CP1 - CP3 = 2k(G) dy ==> dy 
~cpx = CP2°- CP4 = 2k(G) dx ==> dx 
CP1 - <1>3= 2 dcpy 

~ ',11 

~cpy = Angle between the magnetic axis and the Y MOFaxis at i~ 
the point 1 

a = Gravity direction and Y MOFaxis at point 1 , . 

~ = ( CP1 - CP3)/2 ± a Angle betweenJhe magnetic axis and. !li 
G Gravity I~ 

RESULTS: I dx, dy, ~ I l~ 
dx, d y : ± 20 11m ~ 
~ : ± 1,5 mrd j 
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l.Oi> .3.00 
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X X 

~~---4----~----+---~---------'~.D-D~ . ' 
o A.. ~oo 30':1 Il .. ~ .)!);) <; _. X and y in plane coordinates of Magnetic: 

Axis = f(z) 
(3 (tilt) Maqnetic planes 
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CONClLlUS[IONS 
Satisfying experiences and calculations 

But : more developments would be necessary 
til 
~~ • to increase the precision for the tilt determination [ 

• to decrease the field working gradient < 1 Tim Itl 

- to be able to do measurements at room temperature I 
;~<i 

. ~ 

• to analyze and compute the visual results I 
":~ 

iii. 

( analogic data acquisition system ) ~ 

j 
.f,.~ 







VIBRA TING WIRE SYSTEM FOR MAGNET 

FIDUCIALIZA TION 
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VIBRATING STRETCHED WIRE SYSTEM 

• WE IMPLEMENTED A SYS1EM IN THE CORREcroR MAGNET LAB. 

• THE SETUP IS :MIRRORED AFI'ER THE SYSTEM DEVELOPED AT SLAC 
BY JERRY FISHER AND STEVE WILLIAMS 

• MECHANICAL DESIGNER: ELMORE SALISBURY 

• TECHNICIANS: GERY CRAIG, DON RHODES 

• MECHANICAL ENG.: DAVE SAWYER 

• ASSISTANCE: ZACK WOLF, ~ GREEN 



VIBRATING WIRE SYSTEM FOR MAGNET 
F1DUCIAUZATION 

l,.OB.IECTIVES 
• DETERMINE THE MAGNETIC CENTERLINE OF DESCREI'E MAGNETS 

• DELIVER THE COORDINATES OF THE MAGNETIC CENTER TO 
FIDUCIALS 

• DETERMINE THE ELECTRIC CENETERLINE OF BPMS 

• DETERMINE THE COORDINAlES OF THE ELECTRIC CENTERLINE 
RELATIVE TO THE MAGNETIC CENTERLINE. 

~CQNCEPT 

• SINGLE VIBRATING STRETCHED WIRE TECHNIQUE ADAPtED FROM 
SLAC. 

p.tota 



3. SYSTEM ENHANCBEMENIS 

• NON CONTAcr VIDEO SYSTEM FOR DETERMINATION OF WIRE 
COORDINATES USING EDGE DETECIlON 

• ACCEI .EROMETER FOR SYSMIC VIBRATION DETEcrION 

• MOTORIZED ROTARY STAGE ALLOWS THE USE OF A SINGLE 
VIBRATION TRANSDUCER FOR BOm HORIZONTAL AND VERTICAL 
PLANES 

• FORCE TRANSDUCER FOR ACCURATE IMPLEMENTATION OF WIRE 
TENSION 

sse UboraIOl'l 



UNE LINE M(~AS BLOCK DIAGRAM 
UAGNET TEST & MEAS. WE BUS 

POWER & SENSING EQUIPMENT 
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THE MICROPROBE 1000 is an accurate system 
of measurement capable of inspecting a wide 
range of components large or small, stable or 
flexible, with complete reliability. This is 
achieved by using a non-contact probe using 
remote control so that neither the component 
nor the measuring head is subject to any direct 
force, thereby removing all sources of 
component distortion and inaccu rate reading. 
Additionally, the need for component 
clamping is reduced to a minimum. 

A specially designed light centreing facility 
affords improved component magnification. 
X and Y axes may be measured using lens 
ranging from x20 to x1000. The Z axis is a 
standard x2O. The fibre optic "cold ring" 
lighting also ensures that no heat is applied to 
the component. 

The ~ystem operates by means of a high 
quality solid state video camera coupled to 
either a monochrome or colour monitor. 

The component to be measured is illuminated 
by an integral fibre optic cold ring light. The 
remote control unit has an eight button 
feather touch key pad. This operates the 
moveable lines of the electronic line 
generator allowing positive and negative grid 
boxes to be set up. 

The resultant images are viewed on the TV 
monitor and measurements can be made to 
an accuracy of microns. 



CCL SPEClFICATIONS 

• FIELD GRADIENT: 31 TIm 
• EFFECTIVE LENGTH: 7 em 

• ID:20mm 

• HEIGHT: 28 Cm 

• WIDTH: 32 Cm 

• OVERALL LENG1H: 12Cm 

• CURRENT FOR 0=31 Tim : 66 A 

AJ·JGNMENT 

• ALONG BEAM AXIS: +1- O.OSmm 

• TRAVERSE TO AXIS: +/-o.05mm 

• CLOCKlNG: +/-0.1 deg. 

• ~T AND YAW: +/-o.1deg. 

sse LIIboIalDi 'I 

~1a111 i. 
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MCAS-SC MAGNET WARM MEASUREMENTS 
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PRELIMINARY' BPI\-I TEST 7/7/93 

eCL MAGNET - PRELIMINARY BPM TEST. 

INPUT SIGNAL: 20ns PULSES AT 10KHz and 1.5V AMPLITUDE. 

OUTPUT: BPM DETECTOR A RESPONSE 



VIBRATING WIRE SYSTEM FOR FOR SPOOL 
FIDUCIALlZATlON . 

1, OB.JEC11YE 

• DETERMINE THE MAGNETIC CENTERLINE OF SPOOL SEXTUPOLE 
MAGNETS. 

• DELIVER TIm COORDINATES OF THE MAGNETIC CENTER TO 
FIDUCIALS. 

• DETERMINE THE ELECTRIC CENTERLINE OF SPOOL BPMS. 

• DETERMINE THE COORDINATES OF THE ELECTRIC CENTERLINE 
RELATIVE THE MAGNETIC CENTERLINE. 

2.CONCEPf 

• SINGLE MOVING STRETCHED WIRE TECHNIQUE. 

SSCLaboo .... ' 

Pllp3af8 



3.MAJOR SYSTEM COMPONENTS 

• TWo XYZ MOTION SYSTEMS WITH HORIZONTAL AND VERTICAL 
CAMERAS. 

• TWO VIBRATION TRANSDUCERS. 

• TWO MOTORIZED ROTARY STAGES. 

• A FORCE TRANSDUCER 

• ACCET .EROME'IERS 



4.PRELIMINARY ANALYSIS 
• MAX. TENSION FOR A 6mil WIRE T = SA = 7.46 Kg. 

• THE FUNDAMENTAL FREQUENCY : 1- (V(2D»./TiP. = 19Hz 

X2 
• THE SAG AT THE CENTER OF TIrE SPOOL IS: tl1- -e"1f = 844 um 

AN ALTERNATE METHOD FOR SAG COMPENSATION IS THE DESY 
METHOD. 

• NOISE REDUCTION IS ACHlEVED BY THE USE OF A LOCK IN 
AMPLIFIER. 

• SEISMIC VIBRATIONS ARE DETECIED BY ACCELEROMEtERS. 

• EARTH'S MAGNETIC FIELD EFFECTS ARE DETERMINED BY DRIVING 
THE MAGNET'S COIL IN REVERSE DIRECIION. 

• COLD MASS VIBRATION IMPACT Wll..L BE DETERMINED BY 
ENERG1ZlNG THE SYSTEM WITH 1HE WIRE IN A NON VIBRATING 
MODE. THE FREQUENCY AND AMPLITUDE OF TIlE INDUCED 
VOLTAGE DUE TO VIBRATION wn..L BE DETERMINED. 

sse UbonIlOry 
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SPOOL SPECIFICATIONS 

TEST SET UP DIMENSIONS 

• SPOOL WITH END CANS: 10.019 m 

• STAND: 11.095 m 

• MU TUBE SHJETD DIA.: 10 mm 

• STRETCHED W1RE LENGTH: 12 m (ESTIMATE) 

REOUlRBP ACCURACIES 

• BPM ELECTRIC CENTER relative to magnetic center: 1000 microns 

• BPM ELECTRIC CENTER relative to primary fiducial: 200microns 

• SEXTUPOLE MAGNETIC CENTER relative to primary fiducial: 200 microns 

• MAGNETIC CENTER OF ALL OnmR MAGNETS RELATIVE TO 
SEXTUPOLE MAGNETIC CENTER: 1000 microns. 

sse Laboratol'l 
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Model L-700 
.. Visible Light Spindle Laser 

Project Spindle Axis of Rotation 
The L-700 Laser was designed to mount in 
the spindle of a machine tool to project its 
axis of rotation, allowing rapid and accurate 
alignment 

User-Adjustable 
Vertical and horizontal controls on the front 
forboth angle and centering allow the user 
to fine-adjust the laser to the spindfe's precise 
axis of rotation. 

Visible Light Beam 
The IoWiJOwer, visible light laser beam makes 

.. coarse alignment much easier- no viewing 
devices required. 

Battery Operation 
The L-700 runs for up to 8 hours on a 
standard, replaceable 9-volt battery, making 
the unit completely self-contained. 

compact and Rugged 
This compact laser (4"L x 2.9"H x 1. 75"W) is 
made of durable materials to withstand the 
shop floor environment. 

Simple Mounting Hardware 
The 1 /2" mounting stud can be used with 
mostspindles. Fixtures are inexpensive and. 
simple to· design and build - a 112" hole 
reamed square to a face is all that is required 
to adapt the stud for larger spindles. Tne 
mounting stud can also be removed and 
replaced with custom mounting hardware. 

MUltiple Applications 
The L-700 works with any Hamar Laser 
target, readout, or interf~ce. It can· be used 
for many types of alignment jobs, including 
spindle, coupling, and bore alignment, and 
measuring and correcting the alignment of a 
workpiece on the machine. 

HAMAR LASE~ INSTRUMENTS. INC. 

1047 OANSURY ROAD 
WlI.TON. CT06891 USA 
PHONE: (203) 544-9321 
FAX: (2031544-9326 



Applications 
Transfer Une Spindles 

• On-Machine Part Alignment 
• General Machine Tool Alignment 

Bore AlignmentlMeasurement 
• Printing Press Side Frames 

Cam and Crankshaft Bore Alignment/Inspection 
Motor, Turbine, and. Generator Shaft Alignment 

• Jigs and Fixtures 

Specifications 

Mounting .500" (12.7 mm) dia. concentric 
DimensIons mounting stud, replaceable 

Weight 180z. (510 g) 

Material Mounting Stud: 440C stainless 
steel, RC54-58 hardness 

Case: Aluminum 

Power 9 volt battery 

Range 30 feet (9 meters) 

U.S. and foreign patented andlor patents pending. 
Made in the USA. 

Beam 
Centering 

Bean 
StabIlity 

AdJus1ment 
Resolution 

AdJus1ment 
Range 

1.75", 
f 

.875" 

2.00" 

=-:'\Lrr~ON . 
...... _roo· 

DONOrsr_....,_ 

This safety label is attached 
to every L-700 laser. 

.0005" (.013 mm) Center 

.0005"1ft. (.042 mmIM) Angte 

.0001"lhr/degree F Centering 
( .002mmlhr/°C) 

.0001 "/ftlhr/deg F Squareness 
(.005mmlMlhrfOC) 

.0001" (.003 mm) Center 

.0001 "1ft (.008 mm/M) Angle 

±.010" (.25 mm) Center 
±0.25 degrees Angle 

e 1991 Hamar Laser Instruments,"lnc. 
Wilton, CT 06897 USA 



MOCELT-e12 
4-AXIS TARGET 

TARGET 

The Model T-212 4-axis Target is the standard 
target of the Hamar Laser Alignment System 
and is used to give both two axis centering and 
squareness (pitch and yawl. It is extremely use-
ful for centering and squaring headstock to taiI-
stock, station alignment, toot station, boring bar 
supports, etc. 

The Model T -212 4-Axis Target is the general purpose target of the Hamar Lasertarget line, developed to meet the needs of most 
customers. 
LASER BORE AND. SHAFT ALIGNMENT 
Lasers have simpiified and increasec the speed of bore and shaft alignment Electronic targets were agreat improvement, but 
these targets only measured bore or shart !ateral position at the target cell plane. The T-21 ZTarget measures botttposition and 
squareness in one smail seif-contair.ed rugged package. 
lWO-AXIS CENTEFlING PLUS SQUAREHESS (PITCH ANO YAW) 
The T -212 is an alignment target which can read both centering and sQuareness errors. Simply insert the precision /ens system 
(1 - focal length ) and the target is converted from a centering to sQuareness mode. The readings in the squareness mode are in a 
.OOm-/inch resolution. Measure both the vertical and horizontal off-center errors and the pitch and yaw errors with the same 
~get 

SIMPUF1ED AXTURING 
The lIZ' diameter stud at the rear ct t~e T-212 allows easy mounting and simplified fixture design. A simple .500" reamed hole 
square to a face is all that is needed :0 mount the T -212. Master pallets. face plugs for bores and·otherfixturesare now very simple 
and inexpensive to design anc buiiC. 
COMPATIBLE WITH ALL REA COUTS 
The T -212 can be used with the R-307 Dual Axis Readout, the R-355 Computer Interface and with future readout designs. 
TARGET ACQUISITION CIOCE 
When used with either the readcut ar.c.'or interface. a special LED is provided, which lights when the laser beam is on target 
,0001" LEVEL ACCURACY 
Readout stabiiiity is increased with :r.e T-212 micro-circuitr/ making tenth-level work easier by the electronic elimination of 
misleading mechanical and elec!r:cal readings . 

••••• •• ~ HAMAR LASER INSTRUMENTS. INC. 
LAS E ~ -! -------------1-0-47-0-A-N-B-UR-Y-R-O-A-O----

WILTON. CONNECTICUT 06897 
1203) 544-9321 



APPLICATIONS 

1. Machine tools 
Z Lathe alignment 

7. Motor. turbine. generaiol shaft alignment 
8. Part and assembly alignment 
9. Jigs and fixtures 3. B9ring bar alignment 

4. Printing:pteSS.sid, frames 
S. Station alignment 

1 O. Aerosp~!i_ tooling & fixtu,ring 
11. Petrochemical - motors, compressors, blowers 

6. aore a1ignmentimeasurement 

T-2J2 

l.49r2~J 
I II 
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.66 (CELL PLANE) 

L_ 

r- 1.75 ~ 
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fOUR AXIS TARGET 

'--__ LEVEL VIALS 

TARGET SPECIFICATIONS 

SIZE: SeeOrawing SENSmVITY: 

.:umNG t.SO<r 0.0. witIT ,SOO" dia concentric REPEATABILlTY 
DIIIeiSIONS: mounting stud OF LENS-SYSTEM: 

WEIGHT: 14oz. RANGE: 

MAJERIAL 440C stainless 
HARDNESS: Rockwell RCsS-SO UNEARITY: 

TARGEi" cell CAUBRATION: 
CO"Ncem:uCJTY: .0005" T.I.A. to Stud of Target 

LENS AXIS CORD 
SQIWIENESS: .ooo5"rlf1Ch TlR to Face ofTatget DIMENSIONS: 

LENS MOOULE 

,0001-

±OO01-finch 

±07S- single axis: ±050" combination 
both axis 

Within 5% 

Indicated displacement within 5% of 
mechanical displacement@.02S-

Target to CClul8CfDi 10 It 
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.D A N F Y S I K A/S. 

k£lt.rence. list for: 

Multipole Magnet Measurement System 

Model 692. 

Bencb , 1 & 2 : European Syncrotron RadJ.at1.on Fac1.l.:Lty (ESRF) 
Grenoble. France. 
Delivered october 1990. 

Ref: Karcel Lieuvin. 

Bench I 3 : Argonne National Laboratory (ANL) 
Advanced Photon Source (APS) 
Argonne, Ill. USA. 
Delivered september 1990. 

Ref: Suk H. Kim. 

Bench # 4 :: Superc:onducti.ng: Super Call1d:er Laboratory ( SSCL) 
Dallas, Texas USA. 
~livered january 1993. 

Ref: Cos.ore Sylvester. 

Bench " 5- : 1sti tuto Naz10nale d·i Fisica Nucleare (INFN·) 
~a.to.r.:ir Haz1.onale dJ.- Fr-a:aca.t;.;i.. (LNF') 
Dap.hene Project. 
DeLivered february 1993. 

Ref: Cl.aud1a Sanel11. 

Bench , 6 : Berliner Electronenspeicherring - Geaellsch.ft 
fOr Syncrotronstrahlung •• b.H. 
Berlin, Ger.any. 
Project BESSY II. 
Projected delivery: october/nove.ber 1993. 

Ref: Dieter KrA.er •. 
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APElJ{)IX 

DANFYSIK 

MULT/POLE MAGNET MEASUREMENT SYSTEM 
MODEL 692 

nle DANFYSIK Multipole Magnet Measurement System, Model 692, is a high precision device 
for testing magnetic field quality of multipole magnets. Some of Its features are: 

• Magnetic flux integration using the harmonic coil method 

• Bigh resolution and accuracy of amplitude and angle measurement 

• Compensating coil for high sensitivity of higher harmonics 

~ • Fully automatic centering and measurement procedure 

-+ • Accurate positioning of alignment targets USing laser and photo detector 

• Power supply controller and magnet current measurement 

• Custom designed coil dimensions to match specific magnets 

• Design based on CERN (LEP) concept 



MULTIPOLE MAGNET MEASUREMENT SYSTEM, MOD"'" ,.Q., 

). INTRODVcrION 

The DANFYSIK MuJ.tipoIeMagnet Measur~nt System. Model 692 is developedfor measurement of the 
strength and quality of multi pole magnet fields, for magnetic centering. and lor 'precise' positioning of 
alignment targets on the magnets. The measurement system has been designed' with the aim 10 perform 
precise. f~ and reliable measurements of series of magnets. Care has been taken to ensure that the 
mechanical constructions have sujficienE stability agaitisr. or is. insensitive to vibrations. and thermal 
expansion. With computeri:ed rOUliMs for p~gnment, harntonic. measurement: and. 'data, analysis, 
17UIgnetic centering and alignment. the need for OfMrator inte~lflioft tbuitrg the. actIml.'meas.urements and. 
data evalUation is minimized. 

The design of the Multipole Mgnet Measurement System, Model 692 is a slightly modified version oftltal 
used by CERN for the measurements of the magnetic lenses for LEP. 

2. MEASUREMENT PRINCIPLE 

71re. measuremerrt system i;t based Oft the "harmonic coil method· in whiCh a.mechanicaJly stable cylinder 
frofdi"g the main: measurilfg coil is rotated inside the bore of the magnet: 17ie induced voltage across the 
coilterminais is l'ampled and integrated over equally spaced angular intervals. This measurement provides 
an accurate determination o/the integrated field and the magnet center position. 

In orde'r to achieve high sensitivity to higher order harmonic components and to reduce influ.ence from 
mechanical vibrations a compensating coil with a different geometry is mounted on the cylinder. This coil 
is· designed in such a way that a combination (subtraction) o/the twO coil signals is insensitive to the 
main and "main-J"harmonlc while a.high sensitlvity o/the higher harmonics is. maintained. 

3. DESCR.IPfION 

The mechanical layout 0/ the magnet measurement bench is shown in jig. I. It consists of three major 
subassemblies, rotating coil assembly, magnet positioning system. and alignment system. 

3.J Rotating coil assembly 

The rotaling coil assembly consists of an epoxy impregnated Kevlar ninforr:edcylinderwith tWo pick lip 
coils (main and compensation coils) mounted on it. Each coil consists of a. wire bundle suspended under. 
spnn, tension lorce on twO sets of rollers. at each errd 0/ the coil cylinder. 17ie coils will normally be 
designed irrdiviauanyforeach magnerrype to achieve maximum senSitivity. 17ie coil cylinder is supponed 
on- air bearings and is rotated during mt!asurements by a DC-motor. Irs rOlational angle is measured by 
{l high resolution (15 BIT) absolute angular encoder. The encoder signal is used to trigger the integration 
of the pick up signals. 

1he coil assembly includes a "touch detector" systemfor interlock purposes to avoid damage to the coil 
during handling and operation of the system. 
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Fig.t. Side view of measurement bench. Rotating coil assembly consisting of measurement cylinder (4), 
air bearings (3), DC motor (2), and angular encoder (8). Magnet positioning system consisting of magnet 
suppOrt platform, horizontal movement gears and motors (11), vertical movem'ent gears: (mounted: on' air 
cushions) and. motors (10). Alignment system consisting of laser (6), photo detector with. Taylor Hobson 
ball (12), and. calibration. supports (1,5). 

3.1 Magnet positioning system 

When mounted on the bench the magnet can be mowd by means of jive step moton with co"espontiing 
gears and power supplies. Horizontal and wnical translation and rotation around three different axes 
are possible by simultaneous operation of twO or three motors. During horizontal moVements the magnet 
is supponed on jour air cushions to minimize the jriaion.The resolution of the movements is 
approximately J "for the horizontal. and 0.5." for the wniCQI mowmenu... PosilJlJn read out for elJCh. 
gear is provided by linear position potentiometers. 

3.3 Alignment system 

The alignment system consists of a laser, a position sensitive light detector (resolution ± 0.01. mm) 
mounted in a Taylor Hobson ball, and two elearonic inclinometers (sensitivity O.Olmra4). A calibration 
device is provided for initial alignment and maintenance checks of the laser.1he alignment system is used 
for prealignment of the magnet before measurement andfor final positioning of alignment targets on the 
magnet yoke. 

3.4 Control system and software 

The control system is designed 10 control the measurement sequence, and 10 provide information to lhe 

, 
/ 



."""",. ..... leU ,,..,.,I0Il 1M rlltlultWd. 7Iw DWMII «MIroI q ..... ',.,IIIW ·uIlIMJIINlfllllht,..2.: 
~ MIljorlty O/t~ ~atlolfS an controlled by tlte micro processor in the G64 Ct'tll~. wIllelt Is conneaed 
to the RS23Z.C serial inteiface of the PC 11ze G64. crate contains. electronic modules for- magnet 
positioning, magnet meas.uremellls and a/ignme.nt system. 17le descriptions andfunctiolu of the various. 
modu~es are illustrated illfig 3. 17le microprocessor recei~'es simple instrllctiolu and. da~afrom the PC 
initiating a series of actio"s. relllrns data to the PC and acknowledge that the task has been peifonned. 
71Ie PC controls the overall magnet positioning. alignnlent and meaSllrement procedlires. it analyses, 
displays and stores· the data. FlInhennore. via the IEEE488·bus it cOlllrols the (optional) magnet power 
supply. sets and reads. the magnet Cllrrelll from. the U1trastab Cllrrent Transducer. 

(164- CRATE 
W·lnt }1-FROCESSOR 

MAGNET 
POWER 
SUPPLY 
(OPTIONAL) 

Fig.2. General layout of the control system for the Multipole Magnet Measurement System. Model 692. 

4. ~PERATlO~S.EQUENCE 

A typical measurement sequence will be the following: 

1.Mountirrg oftfle magnet, connection oj"current cables and water cooling; Manual task. 
Z. Prealignment in order to be able to insen measuring coil. Uses inclinometer, laser and photo detector 

positioned on coarsely mounted target holders. Position reading and.motor mo~me"ts. are. .. autpmatic. 
3. Magnetic centering peifonned by consecutive main field measurements and motor movements. 

Peifonned fully automatic. 
4. Measurement o/main hamlonic and higher order hannonics. Peiformed by one clockwise and one anti 

clocJ.wise rotation of the coil. Data automatically transferred to PC. analyzed. displayed and stored. 
5. Mounting of target holders and level mark in their fixed position using inclinometers. laser beam· and 

phow detector. Mtl1fUilJ task. 



IlEP/..ACEO By PDI ~/50 
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FJg.l. Block.scbematic. of the micro processor controlled.G64-system:and its relation to the:measurement 
bem:h componeots. 

5. OVERALL SPECIFICATIONS 

Re/mivt! accuracy o/integrmed main harmonic .••.•••...••.••.••.•..•....•..•...................•.•••.•••..• ± 3 'l~ 
AnguJarphaseabso/ureaccuracy .•.•. ..•...••........•...•.•.•.........•..•...............•...•.••......••.• ± 0.2mrad 
Lateral positioning o/magnetic center with respeClto rotmion axis ••...••...•••...•••••..•.••••.•••• ± 0.03 mm 

. Positioning accuracy 0/ aI;gnment.t~rgets wi~h r.e.spect~() c()# am.~~.~~~ ..... ~ ..... u. ~~~ •• ~ ••••• • ~ ••• ±,O.03 ntm 

. AccuraCy of ratio' benveen integrated field of a muJtipoI~ component . . 
and the main component at the major coil radius ••••••.••....•..•..............•............................ ± 3'1 ¢. 

(Specifications are subject to cFuutge without notice) 

DANFYSIK CAN ALSO OFFER YOU: 

* Complete beamline systems covering Analyzing Magnets, Quadrupole Magnets and Switching Magnets 
* Precision Magnet Power Supplies in 0.1, 1 or 10 ppm stability class 
... Ion Implanters and a. range: of Ion Sources 
... A wide program of Beam Diagnostic. Instrumentation 
... Complete consulting and design service from basic optics to finished documented products 
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Magnetic Measurement-Wire Sweep Pattern 
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Wire was swept over 2mm about center point in both x and y, 
except for points near edge of pipe. Quad bore=23 mm. diam. 
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Quadrupole Gradient Measurements 
Measured at 165 Amps, rising leg 
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Quad Sextupole Content'Measurements 
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Sextupole Field strengths', CCS magnets 
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Abstract. 

The rotating coil technique for magnetic measurements which is employed now in 
SSCL is based on the digital bucking idea. This assumes a high quality digitizer with a sam
pling rate of approximately 60 Hz and resolution of Ippm. Modern technology leaves very 
few alternatives if any at all to a digital voltmeter (DVM) in this application. One possible 
variant we can think about is a sigma-delta converter, but it involves custom design, digi
tizer delay and synchronization problems. On the other hand, world practice knows a lot of 
successful applications of the integrators and lock-in amplifiers for magnetic measure
ments. Those devices are simple and cost effective, but lack the resolution (dynamic range) 
of DVMs. Integrators also provide direct measurement of integral instead voltage itself and 
solve synchronization and velocity correction problems pertinent to DVMs. Lock-in ampli
fiers have inherent fIltering capability which can decrease the noise floor and are capable 
of high speed operation. A common solution for a dynamic range problem is an analog 
bucking idea. Requirements of a digitizer can be decreased 100 times easily. Some ad
vanced approaches promise to increase this figure to several thousands or even more. We 
developed two alternative techniques based on both analog and digital bucking ideas: two 
stage bucking and enhanced analog bucking [1]. Implementing either of them will decrease 
the total cost of the system and in some cases will improve performance. 

Two Stage Bucking. 

The Two Stage Bucking (TSB) assumes course analog bucking on sequentially con
nected coils and fine digital bucking in the computer (See Figl). DVMl receives partially 
bucked signal - the fundamental is suppressed by the bucking ratio of the coils. Only the 
small amount of the signals received by the other DVMs is to be added at the digital stage. 





The equation for the bucked signal is: 

Bucked = DVMl + L«i x DVMi 
i 

Note that now ~'s are small values (-0.01) and hence the resolution of the digitizers is not 
so demanding. Roughly, DVMI should resolve -0.01 unit signal (our accuracy require
ment) riding on top of the residual fundamental (100 units for bucking ratio= 1 00). Bucking 
DVMs should have comparable resolution, so that their quantization noise will not contrib
ute to the total system noise. The field strength information can be extracted from the buck
ing signals. For the coils which can't perform direct analog bucking it is possible to use a 
resistor matrix embedded in an amplifier. Due to the fact that this matrix is located after the 
multichannel amplifier, it is possible to avoid additional noise contribution and stability 
problems pertinent to the resistor dividers connected directly to the coils. Preliminary tests 
were performed in dipole and quadrupole magnets (See Fig2-Fig7). "Dig" corresponds to 
pure digital technique, "dig amp" to the digital with a preamplifier and fmally "andig" to the 
TSB. The data obtained agrees well within the error bars with that of the standard digital 
bucking processing. Some noise figure improvement which TSB has against the digital sys
tem with preamplifier can be explained asa result of reduction of the effective number of 
measurement channels: DVMl (or amplifier VI) is the major contributor to the system 
noise. Assuming that each channel generates noise E, and noise is uncorrelated between the 
channels we can derive the formula for the bucked signal total noise: 

EIOlal = EJI + L «2 

Noise reduction was not observed in a quadrupole magnet and it means that an electrical 
noise is not a major degradation factor in this measurement 

Summary. 

TSB technique is capable on the system cost reduction while maintaining or even im
proving the accuracy specifications. The harmonic measurements require only 14 bit NO 
converter, but the desire to use the same device for field strength measurements moves us 
to 16 bit devices. Digitizer cost should drop 5 times approxllilately in comparison with the 
HP3458A DVMs we are currently using. 

[1] MTL Note# 93-011 Bucking Techniques. 
[2] MTL Note# 93-010 Preamplifier Design. 
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Abstract. 

Any magnetic measurements that are based on an observation of the flux change 
through the loop of conductor require some sort of a device performing an integration of an 
induced voltage. The most common are analog integrators with a voltage output and the in
tegrators based on VFCs (voltage to frequency converter). Analog integrators typically are 
made of an operational amplifier with a capacitive feedback (Fig. 1). While it is possible to 
find a precision operational amplifier and resistor, the capacitor is a source of all kind of 
errors: low absolute accuracy, temperature drift and dielectric absorption. Most VFCs use 
a charge balance technique (Fig. 2). This eliminates the capacitor imperfection effects but 
usually makes it hard to maintain stable gain in the converter. A VFC typically operates at 
a hundreds of kHz. If you multiply a single-Shot pulse duration by the desired accuracy it 
will end up with pS requirements on the internal timing. 

Testing Metrolab 5150. 

It was our desire to use an of-the-shelf device for the stretched wire measurements. An 
integrator from Metrolab (model 5150) looked as a sensible choice. An number of tests 
were performed to clarify the actual precision of the 5150. The test setup shown on Fig. 3 
was assembled and appropriate software written. As one can see both an integrator and a 
DVM (HP3458A) are fed by a medium accuracy programmable DC voltage source. Both 
the DVM and integrator were programmed to have the same aperture time (in the actual 
tests a IS interval was used as a realistic one), and the integrator output was compared to 
the DVM. Such a scheme allows effective cancellation of the imperfection of a DC stan-



dard source, due to the superior accuracy of the HP voltmeter. Several tests were per
formed: 
1. The integrator was set to the 5V input voltage range (gain=1) and the input voltage was 
scanned from -4.5V to 4.5V. Relative total error in ppm, that is 

(Integrator - DVM) * l.e6ppm / 5. V 

is plotted as a function of input voltage in Fig.4. This error consists of slope (gain) error, 
offset error, linearity error and noise error. In order to reveal integrator features the next 
step was to make a linear fit and remove slope and offset errors (see Fig.5). Then an attempt 
was made to suppress the noise error by applying a walking window averaging fllter. The 
filter width was set to 10 samples (see Fig.6). 

2. Step 1. was repeated for the gain equal to 500. Data is presented on Fig 7 -Fig 8. 

3. The 8 hour stability was checked. A 166 uV signal which reflects an input in the warm 
measurements was applied to a DVM and an integrator. Data is presented on Fig 9. Top 
plot represents a DVM, the middle plot represents an integrator and a bottom one the dif
ference between the DVM and integrator. 

Considering precision requirements for the stretched wire system we can state that an 
integrator linearity error may be acceptable, but the gain and offset errors should be taken 
into account by using some calibration technique. It is worth noting, that linearity error 
should be mostly associated with a V to F converter as it doesn't depend on gain. 

How we made one integrator from two DVMs. 

An integrator can be constructed from a DVM, especially if the DVM uses an integra
tion digitization method (dual slope, multi-slope, etc.). The DVM produces a reading which 
represents an average voltage during its aperture time. Multiplying this voltage by an aper
ture gives an integral value of the voltage. An obvious problem is that a DVM usually has 
a "dead" zone, that is a time interval between measurements when it doesn't integrate an 
input signal and any information during such intervals will be lost. An idea was to use two 
DVMs so that the first DVM would trigger the second one as soon as it finished integration 
of an input signal. And the second one, in his turn, would trigger the first DVM immediate
ly after it goes into the "dead" zone. The algorithm should be clear from Fig 10. To prove 
the principle a setup shown on Fig 11 was assembled. Two DVMs are connected in a ring 
trigger chain and an external trigger which is needed to initiate the measurement sequence 
penetrates this chain via a ogical OR element An HP8lllA pulse generator was used to 
simulate this signal. 

Special pulse generator 02 was designed to provide a pulse with a calibrated amplitude 
and duration. The pulse duration was switch programmable from 16.6666mS to IS in 
16.6666mS increments. The output amplitude was set to 5V by an external DC voltage 
standard source. The timing accuracy on IS intervals was 2.5ppm. The zero pedestal was 
40 uV and the very first reading produced by the DVMs was used to remove it. The pulse 
amplitude was adjusted so that the initial error of 80ppm (inter-calibration error between 
DVMs and standard source) was reduced to 3ppm. 

The error versus aperature time is plotted on Fig 12. As expected this error is negative 



since we are missing some gaps shown on Fig 10. The actual gap value estimated from this 
data is around 0.6uS. The absolute accuracy of a measurement cycle measured by a univer
sal counter connected to the DVMl trigger input (see Fig.l2) was around lOppm and jitter 
was substantially less. 

Pros: 

- We do not need to buy additional expensive equipment, we shall use the same DVMs we 
are using for the rotating coil measurements. 
- We shall have a uniform system based on a reliable and high precision device, which is 
backed with a strong technical support. 
- We achieve better accuracy, as one can see from the attached plots. 

Cons: 

- There is no possibility to stop integration at an arbitrary chosen point of time (external 
event). One should program the whole integration time beforehand, which is consistent 
with our stretched wire system. The measurement sequence will be performed as follows: 

a) a program starts the motion controller 
b) the motion controller issues an initial trigger signal to the DVMs. 
c) after a predetermined delay a wire motion begins. 
d) we continue to integrate for some time after the motion stops and use the first and/or 
the last reading to correct for possible pedestal errors. 

- There are some gaps in the measurements, but for the reasonably chosen apertures they 
are insignificant. 
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Metrolab Integrator 5150 
Linearity Error (Gain=1, Aperture=1 S) Smoothed, 10 sample walking window 
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INTRODUCTION 

A NEH ROTATD!G-COIL TESLA-NETER 
FOR DC ~!AGNETIC FIELDS UP TO 40 TESLAS 

Horley J. Lush, 
Rmofson-Lush Instrument Co., 

Acton, Massachusetts 

I was very pleased to be invited to attend this \vorkshop. Ny company has 
been making magnetic field probes of the rotating-coil type for many years. I 
would like to describe for you some developments I have made which make 
possible an instrunent \ofhich has already been tested up to 20 Teslas (200 c. bt ",",~Je tol 
kilogausses) at the ~:IT ;'!agnet Laboratory and \ofhich I an confident ... ;HI l! _sd;' 
40 Teslas if SOme laboratory ever Qakes a magnet which can reach this field 
strength. Another reason for my being here today is that I hope you will let 
me have your suggestions about what is needed by people \oforking in magnetic 
fields. He have a lot of ability to make s:pecial equipment that larger 
companies do not want to bother \"ith. 

BACKGROUND 
Coils of wire have been used for measuring magnetic fields since the 

earliest days of electrical measurements. By definition, they are perfectly 
linear with field strength. Hhen you get twice as much voltage, you knm" that 
the field is exactly twice as strong. I hope that most of .you are already 
familiar with Rotatin3-Coil Gaussmeters. I believe that my little company has 
made oost of the many that have been used in the last forty years or so. Early 
models used the Ra"/son high sensitivity laboratory millivoltmeters as read
outs, \dthout amplification of any kind. In more rec~nt years, we have used 
the increased resolution and convenience of modern digital volt~eters. 

One of our regular gaussmeters is sho\ffi in the first slide. 
(Sli(ie 1) 

This ;>articular instrument has a ler:;e coil, about two inches square. It Itdll 
give a one digit indication for a field of o~ly one microgauss! The coil is 
located in the bulb at the tip of the probe, and is: rotated by a motor at the 
other end. A number of different sized coils are availahle. The one most 
often us2'1 is mtch smaller, only 3/1(; inc;-l diameter, rotGti~g i~si(le a tube, 
1/4" (6.4 :r;i1limeters) O1!tsi~le r!ia:::eter. 

The coil must be rotated around one of its diameters, as s!:mm in the ne;:t 
slice. 

(Slide 2) 
The v01tw;e output of t:,e cnil is .\C, 2.t t:lC rotation frc(;t1ency, lJsually 25 or 
3() i[cr--::z. Ti;~ c')ils c.r~ uS\:J.lly ~O'.1 i.n resist2!1Ce '3.nd'3i v·~ a f"lirl:' h~.~;'1 
ovtp\~t vol'::2·:;e, so t:cat t',crr:;al nois.~ is ra!"21~' 2. ;Jroblc::1. Th:~ ;:-02':;:letic field 
s;lOuld be,lerp2nc'icul.:lr to t>,.~ a;:is of rot2tion, as fi-.:~l:! cor:?0:10!1t,o alan:; t:-t~ 

axis do ~ot ~rnduc8 3~; out~ut. If 70L n2e~ to ~e~sur2 fiell!s alon3 t~c axis, 
we h3VC ~ gC3r-drivc:1 ceil ar~3~=e~ent. 

(SEde 3) 
The O~2 ~~0':n here is on ~nrly one ~ith two se~ar2~2 c~ils for t~c ~easurc~~nt 
of ficLs i:l thrc·-.' )"r;,)Cl! !ic::13r c!iC=CtiC:E,. :lot:.c; th2t t'le 2::i~ o~ t::<= coi:'_ 
t' ~i. \,\;n : y :: :~2 .!~ =:-lr -3 is .? t ~ i ~:"' t F1!1~J.c s to t.~le tlS1..!(~ 1 '.-~ =- rr:;c ':.ion. ~:ii s coi 1 is 
S(~;l~) i t.: 1 ':0 t:~ t:-:e £ iel.. ELl. 'Jr ~ :: h~ 2:-:i 1. 
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This brings me to the main subject of this presentation, the new TESLA
METER. I have been told that many people are working in high fields using 
cryogenic magnets, and a good reliable magnetometer is needed for use in the 
range of zero to 20 Teslas or higher. Although they can use Hall probes in the 
liquid helium, these need calibration at high field strengths. The magnets are 
usually solenoids with the field in the axial direction, and only the most 
expensive ones are uniform enough for m1R measurement. I have been working 
very hard to fill this need, and the new T:'pe 788 is a resul t of this. 
Improvements over previous models have been made in a number of areas. 

NEH AXIAL COIL DESIGN 
In the previous design shown in the picture, it was difficult to get more 

than three digit stability in the output of the axial coil (the one driven by 
the gears). The outside diameter of the probe in this case was only a little 
more than one centimeter. The coil bearings were so close together that any 
loose fit in the biarings allowed the axis of rotation to shift, and this 
affected the output. In our new model, we have eliminated this by using spring
loaded conical bearings spaced further apart,as shown in this sketch. 

(Slide 4) 
We had to increase the outside diameter of the probe to 3/4 inch to do this, 
but we now get a stability of four or five digits in the readings, a truly 
remarkable increase. I have a sample of the improved coil structure, if you 
would like to see it after my talk. 

DESIGN FOR LOH EDDY CURRENTS 
\Vhenever you rotate a piece of conducting material in a strong magnetic 

field, eddy currents are produced which dissipate energy. I know most of you 
have people around who can calculate the amount of these currents, but I had to 
do it the hard way, myself! It took a while, ,.ith sketches of the probable 
current distributions follOl.ed by calculated current values. I checked the 
calculations by rotating a large copper tube in a convenient magnetic field and 
measuring the power losses. Knowing what the eddy currents would be made it 
possible to evaluate desi?,n chan3es until I could come up lVith a design which 
would ",ork at very hi3h fields and which we could builrl.. It also makes it 
possible to calculate the torque required to rotate the design in the field. 
The ne'" design has reduced eddy currents to very lov values in t"IO ways. 
First, insl1lating materials have been used wherever possible. Instead of 
rotatina 2 ~etal shaft in a plastic bearin2, it is now a plastic shaft rotating 
in a F'.etC!l i)earing. Onr long shaft to the Fiotor is nOlo! a fi berr;lass tune. 'The 
only rotating net.:1l parts at t:1e tip arc the tj,n~' tC'.pered silver shafts aih1 t;:G 
coil itself. 

vr.,?.y SLUil r:cJTATIOi~ r-~ATE. Host important to tile 1m' edd:' current losses is t~1e 
use oi a very low speert for the rotatin~ coil. The ?resent prototype has a 
rotation freql~ency of 5 .;ertz and it reacilCs 2v Teslas \>iitilO1.1t difficulty. At 
this vcry slow speG~, the we~r on the ~ovinG parts is very low. In addition, 
the pro'ie outer tUJin'~ is fillet! 1-'ith lu~)ricRtillC:: oil, S() tile rot;J.tin~; ~al·ts 
should las t Fo 1 ;.,r,c:: to fnrever. 

Here is a photograph of the prototype of our new type 788 Tesla-Meter. 
(Slide 5). 

This one has a speed of 5 Hertz, and it operated successfully in a field of 20 
Teslas at the HIT Magnet Laboratory. I am now in the process of changing the 
I,'otation speed a further step down to 100 RP:i .or 1.666 Hz, at which speed I am 
confident that the instrument will have no difficulties going all the way to 40 
Teslas. The magnet lab at XIT has already promised me a test at 30 Teslas. If 
anyone of yOll j~:lOc':S of a ~:·O Tesla field I CRn borrow to test this new 
jn~-;trqn~entJ. 'If!.~~:;'~ 12t mr k:iO\v! 



(3) 
NEI'JELECTRm:IC CIRCUITS 

I have not yet said anything about the electronic circuits used with our 
rot3ting-coil magnetometers. Usually ':Ie can use a simple amplifier "'ith a full
wave rectifier to provide DC for the digital voltmeter. This usually requires 
a low-pass filter to eliminate the ripple. A very long time-constant "'ould be 
required at the new 10'" frequency of 1.66 Hertz, so a different approach has 
been used here. I like to use an integrating amplifier with these rotating 
coils, because the amplifier output then is the wavefor~ of the flux in the 
coil instead of the derivative of it. The l/f frequency response of the 
amplifier makes the output independent of the rotation frequency, and high 
frequencies in the coil output due to the gears or bearing roughness are 
largely eli~inated. vIhen the inte~rating amplifier is used, the best 1Ilay to 
get a D~ output for the digital volt8eter is to measure the peak to peak value 
of theAC voltage. We accomplish this by two Sa~ple and Hold amplifiers, one 
for the pIlls peak and t!-:e other for the neciative. The sum of the two outputs 
is then applied to the DGV;;. The SAH amplifiers are s\·:itched by pulses from 
two photochoppers controlled by a slotted disc on the motor shoft. The 
response to changes in the field is fast, because the amplifier outputs are 
being up-dated continuously with each revolution. A \lorm gear coil phase 
adjust~ent is provided to maximize the reading. Here is a simplified diagram 
of the electronic indicator circuit. 

(Slide 6) 
The circuit is actually a very narrO\,-cand-,.,idth amplifier, with a 

correspondingly low noise level. Because of the low noise, three ranges can be 
proviced, 0 -.39999 T, 0 - 3.9999 T, and 0 - 39.999 T, the ran3es being 
obtained from high precision resistor dividers. With this circuit, you can get 
an indication from 0.1 gauss to 400,000 gausses, LINEAR ALL THE ~·;·AY. If the 
response is adjusted against an r';;·!R standard at one convenient magnetic field, 
all readings ~.,rill be inside .05~; of full scale. UnlH::e ;~HR field meters, this 
one does not require uniformity of field over the coil volume, and i~ reads all 
the \lay JO'.m to zero. Try that on an ~r;R! 

cm:CLl;SIO~:. I have brought along ·..,ith me bulletins si10Hing many of the 
instru~ents my cor"pany can make, includin3 the ne· .... one. 1 eJ:.Be ft8'v'e LJi iIlted-
~~~~ I must say t:1at my co:::pany is a ve:-y sr.:all one, but it has 
been ~~~in~ fine laboratory equi~nent since 1918. l~ have made thousands of 
roto.tin~~-coil :;c.ussrr.et0rs in tl:e l:lst fort;' y'2nrs or so. ~'le can make special 
variations on any of these instrur.:ents, special proce 10ngths, rRnges, 
dir:eDsions, prot~cti ve sleeves for ver:' cold or vE~ry hot envir:Jni~,e"lts. Let 11S 
knoH '.:hat Y011 need. I ,'~nt vcr'; r:~uch to hear fron YOt: a:)out ot:1cr types of 
inst!"l::::~nts ~.'2 ri!i;;~t be a;]l'2 to su~:;ly. I ',·o:.iLJ like to have your na~',8S on Ol:r 

r:mi} ir..i li.~~t i.f ~'OU are int::!rested. ..E' ho.vc 1'een ('!dve~ti.sin~; i~ the ~evie'.! of 
ScientiE:c In.stnL~0.nt:; fo!" nCD3' y~3rs. I ~:!"();.' I 2~ cn_1I')yi:1'~ t;t1s '.:or1.:s i:()). I 
i:o~)C ~;"·Ot; ~r:= ~~l~o. r~:·;nnt: yeu. 



Rawson-Lush Type 905 Gaussmeter 
One Microgauss to 20 Gausses 



Operating Principle of the 
Rotating Coil Gaussmeter 



Gear-Driven Coil for 
Axial Field Measurement 

Enlarged cut-away view: Probe tip 
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COMPARE DIGITAL, ANALOG BUCKING 

Measuring coil: 

1 m long, 2.5 cm diameter sse mole (F A3) 
Windings designed for analog bucking 
Five windings: tangential,2 dipole buck, 2 quad buck 
Windings not connected on coil form ( ... digital bucking) 
For analog bucking, connect coils in series temporarily, 

beyond coil form 
Also, take data with digital3-winding program 

"Air" magnet: 

Eight precisely-placed, 2 m-Iong conductors (cf. A. Jain talk) 
I = 1 kA, about M!F dipole field 0./ g T 
strong quadrupole (7%) 
higher terms fall of quickly with increasing multipolarity 

P. Wanderer IMMW8 September, 1993 



Harmonic coefficients: 

Usual system -- 104/BO 
Reference radius is 1 cm 

Mean values: 

Dipole amplitude -- from bucking windings, same for all 
Dipole phases -- slightly different 

Quad amplitude -- from bucking windings (except for 
the 3-winding digital data), same to within 1/1000 even 
for 3-winding data 

Quad phases -- most of the difference from difference in 
dipole phase 

Sextupole, octupole -- amplitudes very close for analog and 
5-winding data, small phase difference; 
3-winding data not quite as good 

Decapole, Dodecapole -- differences not understood 
(this is work in progress) 

14-pole, 16-pole -- similar to sextupole, octupole 

R.M.S variation: 

analog, 5-winding digital-- comparable, with 5-winding 
slightly better in some cases 

3-winding digital-- much larger than the other two, 
presumably due to lack of quadrupole bucking 



COMPARISON OF VARIOUS BUCKING SCHEMES -- MOLE FA3 IN AIR MAGNET (1000A) 

Prog. Run No. bO b1 b2 b3 b4 b5 b6 b7 b8 b9 b10 b11 b12 
MA1 FA3001.024 -3861.9 -612.5 -13.52 -14.17 0.39 3.00 0.17 -0.37 0.00 0.00 0.00 0.00 0.00 

MOLE66 FA3001.025 -3820.3 -608.6 -14.48 -14.06 -0.06 5.97 0.27 -0.37 0.00 0.00 0.00 -0.01 0.00 
MDQ6 FA3001.026 -3877.6 -612.0 -13.88 -14.10 0.31 5.94 0.18 -0.37 -0.01 0.00 0.00 0.00 0.00 

Prog. Run No. aO a1 a2 a3 a4 a5 a6 a7 a8 a9 a10 a11 a12 
MA1 FA3001.024 -9224.1 -285.8 35.68 -12.73 14.42 0.26 -1.56 -0.02 0.07 0.00 0.00 0.00 0.00 

MOLE66 FA3001.025 -9241.4 -290.8 35.65 -13.00 14.45 0.79 -1.57 -0.02 0.06 0.01 0.00 0.02 0.01 
MDQ6 FA3001.026 -9217.5 -285.7 35.58 -12.76 14.42 0.72 -1.56 -0.02 0.07 0.00 0.00 0.00 0.00 

Prog. Run No. slg-bO sig-b1 sig-b2 slg-b3 slg-b4 slg-b5 sig-b6 sig-b7 slg-b8 slg-b9 slg-b10 slg-b11 slg-b12 
MA1 FA3001.024 24.2 2.4 0.18 0.09 0.03 0.03 0.01 0.02 0.01 0.01 0.01 0.00 0.01 

MOLE66 FA3001.025 40.8 3.6 1.17 0.34 0.32 0.14 0.12 0.09 0.07 0.06 0.05 0.04 0.02 
MDQ6 FA3001.026 39.4 2.0 0.11 0.04 0.02 0.04 0.01 0.01 0.01 0.00 C.OO 0.00 0.00 

Prog. Run No. slg-aO slg-a1 slg-a2 slg-a3 slg-a4 slg-a5 slg-a6 slg-a7 slg-a8 slg-a9 slg-a10 slg-a11 slg-a12 
MA1 FA3001.024 10.1 1.4 0.15 0.07 0.06 0.03 0.01 0.02 0.01 0.01 0.01 0.00 0.01 

MOLE66 FA3001.025 16.8 4.6 0.83 0.22 0.27 0.29 0.08 0.09 0.07 0.05 0.05 0.03 0.03 
MDQ6 FA3001.026 16.9 1.2 0.15 0.05 0.03 0.03 0.01 0.01 0.01 0.00 . 0.01 0.00 0.00 

MA1: ANALOG BUCKING MOLE66: 3 WNDG. DIGITAL MDQ6: 5 WNDG. DIGITAL 

ANADIGBK.XLS 9/21/93 









RHIC DIPOLE INTEGRAL FIELD 

MEASURED WITH A STATIONARY COIL 

People: 

G. Ganetis, 1. Herrera, R. Hogue, A. Jain, R. Thomas, 
P. Wanderer, E. Willen 

Items affecting design of measurement system: 

Accelerator requirement for reproducibility: 
r.m.s fractional variation of integral < 5 x 10-4 

Liron = 9.64 m 
Magnet coil inner diameter = 80 mm 
Sagitta = 46 mm 

size of sagitta, aperture => curved (flexible) coil 

All magnets will be measured warm, not all cold 
=> nice to have same hardware for warm, cold 

warm: 30A => 0.02 T 
cold: 5 kA => 3.45 T 

Magnet diode => warm measurement is unipolar 

Advantageous to be independent of angular orientation 
=> two coils, orthogonal 

P. Wanderer IMMW8 September 1993 



RHIC STATIONARY INTEGRAL DIPOLE COIL 

L = 9.8 m (= LFe + 2 x 4 x inner coil diameter) 
radius = 25.4 mm 
no. turns = 30 per coil (Litz wire ... aggh!) 
2 coils, orthogonal 

CURRENT WA VEFORM 

WARM MEASUREMENTS: 

dI/dt = 60 Alsec (30A, 500 ms) => 0.6 V signal 

HP3458, direct integration of voltage 

COLD MEASUREMENTS: 

dI/dt = 83 Alsec (accelerator design - 60 sec, 5 kA) 
=> 0.8 V signal 

HP3458, integrate voltage for 10 power line cycles, with 2ms 
deadtime for readout => 

382 points/ramp (plus 40 more at beginning and end of 
ramp to establish endpoints) => 

can calculate integral field for many intervals of current 
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09:46:29 RaMp: 60.0 .010 30.401 .201971 66./459275 
09:46:39 RaMp: 60.0 .010 30.400 .201975 66.459459 
09:46:48 RaMp: 60.0 .009 30.400 .201972 66.458277 
09:46:56 RaMp: 60.0 .008 30.400 .201967 66.454623 
09:47:05 RaMp: 60.0 .008 30.400 .201970 66.456284 
09: 47:'14 RaMp: 60.0 .008 30.399 .201978 66.458350 
09: 47:23 RaMp: 60.0 .007 30.399 .201979 66.458336 
09:47:32 RaMp: 60.0 .007 30.399 .201970 66.456716 
09:47:41 RaMp: 60.0 .006 30.398 .201966 66.454764 
09:47:50 RaMp: 60.0 .006 30.398 .201972 66.456681 

2 09:47:50 RaMp: 60.0 .008 30.399 .201972 66.457277 (2182)1643 
+0.3416 C2 -0.2450 sqrt( Cl"2+C2"2 ) +0.4204 ABS(CI )-ABS(C2) +0.0967 
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ACCURACY 

Compare with integral from mole z-scan to bring out any major 
errors. (More work would be needed to make precise comparison.) 

DREOU Transfer Function 

Current Z-scan Integral 
Coil 

660 A, 660 A 66.77 67.46 

1450 A, 1447 A 66.80 67.11 

2400 A, 2406 A 66.74 66.96 

5000 A, 5010 A 64.48 64.56 

SENSITIVITY TO ORIENTATION 

Condition 

C1 positive 

C1 = 0.34, C2 = 0.24 

C1 = 0.24, C2 = 0.34 

C1, C2 about equal 

,C1 = 0.11, C2 = 0.41 

Line Labels 

2,3,4 

6, 7, 8 

9, 10, 11 

12, 13, 14 

66.4565 

66.4709 

66.4621 

66.4892 

SHORT-TERM VARIATION (fractional r.m.s.) 

Includes effect of setting coil angle to make coil amplitudes about 
equal, changing coil angle, then resetting for equal amplitudes --

warm: 0.2 x 10-4 cold: 0.1 x 10-4 

(more work is needed, but the magnet was taken away ... ) 
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Laser Wires 
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Fluxgate Vy vs X 
Imag = 0.5 A 
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Fluxgate Vx vs Y 
Imag = 0.5 A 
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METROlAB Instruments SA PRELIMINARY 02.92 

1062 INTEGRATED NKl PROBE 

'nle 1062 Incegraced Probe combines me funccion of the 1030 amplifier 
and the 1060 NMR Probe in che same housing thac the 1060 Probe. 

To be connected to Te.lamecers model : BERCH 

Main feacures : 

0.043T co 2.1T sample (lH) 
1.ST CO l3.7T D20 sample (2H) 
Rugged conscruction 

BACZ 19- : 

Aucomacic probe idencificacion" 
Axial AD.Sl Transverse measuremenCs 

n 2025 
n 4025 

8 probes can be mulciplexed through the mulciplexer 2030. 

Specificaticma 

AcU-ve ...suring va1u..: elia 4 x 4.s-. to d1a 8 x 4.5_ 

T..,.racv.re dependence of the p:r::obea 1 .... thCl 100 ppbr-C 

~ (18) })robe 1. built with a 50licl ... 1. COftcattdns a lars_ aIIOUDt of 
byd:cosn. 

'!'he (2H) Fobe is buUe n1:b. • .-.pIe" or ~u ,oeavy vater) aD4 
consequently ccmot be: exposeel below free:1ng lJOint. 

Exceraal dimensiOllS : 16.5 x 12.5 x 230..; f1.t hole dh ..... f"",r of 19mm. 

Hous ing : CuBe. 

Incegral 10m lengch scandard cable. For special 1engchs. up to 100m, 
consulc faccory. 

" " " 

Special low profil cable can be supplied. RF COAX DIA 1.05I11III. + signal "5 
wir.. shielded cable DlA abouc 3I11III., lengch up Co 18 .. ters. 

PaeIIIon ot 1M - ..... , 
AU. DIMENSIONS IN MM. 

1062 PROBE 

I 
I 

.t-.~~------------------ -II;T~' ----.~~ 

I 

110. en. du Pont-du-Centenoire 
CH-1228 Genevo/Plon-les-Ouotes 
SwitZerland 

1.0 % 0.2 I 
mAHOUt~1' ..... 

--- --_._.-. -- -+."-~t--,~-3-+I---, .... 1"" I 

Telephone 41 (22) 7941121 
Telefox 41 (22) 7941120 

Bank. Cr6d1t Suisse Gen$ve 
No. 443 820-51 



METROLAB 
Instruments SA 

For magnet mapping 

• One operator 
• Standard or custom -..... 

array of NMR probes 
• Digital interface: RS-232C 

NMR MAGNETIC 
FIELD CAMERA 

MFC 3035 

• . Field range 
Resolution 

3035193107 

: 0.08 to 2.3 Tesla 
: 10-7Tesla 
: + 5.10-9 /K 
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NEW GENERATION OF HALL SENSORS 

B.BERKES 

30 SEPTEMBER 1993 





IMMV - 8 

NEV GENERATION OF HALL SENSORS 
----------------------------------

A. Differences of the VHS (Vertical Hall Sensor) with respect to the 
common ~all Generators: 

- material 
- geometrical configuration (terminals) 
- size (thickness) 

B. Advan~ages of the VHS: 

- extremely small dimensions of the sensor chip (Hall element) 
- linearity 
- small temperature coeffi~ient 
- long-term stability and, in turn, only one calibration necessary 
- single or multiple sensors 
- custom tailored sensors 
- high reliability 
- high imunity to EM (electromagnetic) interference and mechanical 

vibration 
- additional functions (current supply, Hall voltage amplifier etc.) 

can be easily integrated; up to 5 T no influence of the magnetic 
field on the electronics 

C. Open questions: 

- Hall-voltage leads configuration (induced voltages during flying
mode measurements) 

- "planar" Hall-effect due to high internal resistance of the VHS 
[Advatage: Current lines symmetry under normal conditions (I)] 

- "planar" Hall-effect at mUltiple field-component measurements 
- thermal e.m.f.'s 

D. Applications: 

- Research: magnetic field sensing (standard and high precision) 
for magnetic measurements on room-temperature' as well 
as superconducting magnets, MRI-magnets etc. 

- Industry: General, transducer element (Examples: Electric power 
meter, Position detection of moving parts) 
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The Vertical Hall Device 



PRECISION HALL PROBES' PHP 

PHP are smart, self contained, high precision Hall probes with 
analog output. The probe contains a battery, bias circuit and output 
amplifier. To do a magnetic measurement, you need just a PHP and 
a good voltmeter. The probe features a very high long term 
stability: for a measurement with a 0.1 % precision, no calibration is 
needed. 

S p ecifica tions (preliminary) 

(If not .otherwise specified, T = 22 °C +/- SOC) 

Output signal (Sensitivity): 

Long term instability of sensitivity: 

Influence of temperature variations:' 
Output signal at zero field: 
Temp. coefficient of Sensitivity: 

1 V / T (100 uV / G) 

< 0.1 % over 10 years 

< 5 uV / °C (0.05 G / °C) 
< 0.3 10-4 / °C 

Output noise and ripple, peak to peak: < 30 uV (0.3 G) 
(integration time: 100 us) 

Non-Linearity of output (at B < 1· T): 

Frequency range: 

Operating temperature range: 

Sensitive votume: 

Dimensions of the sensor tip: 

In6o~m~~~on ~nd V~~~~~bu~~on: 

M'C S ~ M~gne~ Con~ul~~ng Se~v~ee~ 
V~pl.lng. B~~nko Be~ke~c 
CIIe~zen~~~~~6e 12 
CH-5430 CIIe~~~ngen 

T~mG~x: +41 56 262 904 

<0.1 % 

DC to 10 KHz 

-25 °C to 75 °c 

2 x 0.5 x 0.2 mm3 

2mmx4mm 
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PRECISION HALL PROBES' PHP 

PHP are smart, self contained, high precision Hall probes with 
analog output. The probe contains a battery, bias circuit and output 
amplifier. To do a magnetic measurement, you need just a PHP and 
a good voltmeter. The probe features a very high long term 
stability: for a measurement with a 0.1 % precision, no calibration is 
needed. 

Sp ecifica tions ~preliminary) 

(If not otherwise specified, T = 22°C +/- 5°C) 

Output signal (Sensitivity): 

Long term instability of sensitivity: 

Influence of temperature variations: 
Outpu t signal at ~oro field: 
Temp. coeiJ.·~,",~C.li.~ vi Sel1.>itivity: 

1 V / T (100 u V / G) 

< 0.1 % over 10 years 

< 5 u V I °C (0.05 G / °C) 
< 0.3 10-4 / C 

Output noise and ripple, peak to peak: < 30 uV (0.3 G) 
(integration time: 100 us) 

Non-Linearity of output (at B < 1 T): 

Frequency range: 

Operating temperature range: 

Sensitive volume: 

Dimensions of the sensor tip: 

In604ma~ion and Vio~4ibu~on: 

MOC S ~ Magne~ Conoul~ng Se4vieeo 
Vipl.lng. B4anko Be4keo: 
Weizeno~4aooe 12 
CH-5430 We~~ingen 

Tam6ax: +41 56 262 904 

<0.1 % 

DC to 10 KHz 

-25°C to 75°C 

2 x 0.5 x 0.2 mm3 

2 mm x 4 mm 
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A List of Magnet Measurement Publications 

more than 300 references with keywords 

ASCII-file for simple handling and retrieval 

can be used on HP-95 and similar pocket devices 

available bye-mail or on DOS diskette 

a list of manufacturers of magnet measurement equipment has 
also been compiled 

example of entries: 

[1853-1] 

[1856-1] 

[1993-4] 

[1993-5] 

W.Weber, "Ueber die Anwendung der magnetischen 
Induction auf Messung der Inclination mit dem 
Magnetometer", Ann. der Physik, 2 (1853) 209-247. 
/search coil 

W.Thomson, "On the magnetization of the electric 
conductivity of metals", Philosoph. Trans., 146 
(1856) 736-751. /magneto-resistivity 

A.Dael, H.Desportes, F.Kircher, C.Lesmond, R.Duthil, 
Y.Pabot, J.Thinel, "Construction and test of a 
superconducting high accuracy solenoid for the SMC 
polarized target" Int. J. Mod. Phys. A, 2B 
(HEACC'92) (1993) 650-652. /fluxmeter /magnetic 
resonance /search coil/solenoid 

S.Kawabata, "Magnetic permeability of the iron yoke in 
high field superconducting magnets", Nucl. Instr. and 
Meth., A 329, (1993) 1-8. flow temperature 
/permeability /superconducting 

available from Knud N. Henrichsen, CERN 

e-mail: KNH@CERNVM.CERN.CH 



Keywords 

.. / ac measurement 

/accelerator 

/alignment 

/analog integrator 

/ballistic galvanometer 

/compass magnetometer 

/compensating coil 

/conventional magnet 

/cyclotron 

/detector magnet 

/digital integrator 

/dipole 

/dynamic measurement 

/Faraday effect 

/flip coil 

/floating wire 

/fluxgate 

/fluxmeter 

/Hall effect 

/harmonic analysis 

/harmonic coil 

/Helmholz 

/hybrid magnet 

/insertion device 

/integral coil 

/integral measurement 

/large volume 

flock-in amplifier 

flow temperature 

/magnetic resonance 

/magneto-optical 

/magneto-resistivity 

/mapping 

/multipole magnet 

/null measurement 

/on-the-fly 

/permanent magnet 

/permeability 

/probe array 

/quadrupole 

/reference magnet 

/rotating coil 

/search coil 

/sextupole magnet 

/shielding 

/shimming 

/small aperture 

/solenoid 

/squid 

/stretched wire 

/superconducting 

/undulator 

/wiggler 

15-0CT-92 







MAGNETlZA TION CURVE DATA FIT 
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(Nb, Ti)3Sn Superconducting Magnet Operated at 11 K in 

Vacuum Using High-Tc (Bi, Pb)2Sr2C~Cu3010 Current Leads 

Kazuo WATANABE 

Institute/or Materials Research, Tohoku University, Sendai 980, Japan 
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Parameters of Conduction Cooled (Nb. Ti)3Sn Superconducting Magnet System 

Magnet Systn 

Superconductor 
for coi I 

Items 

Central field 

Room temp. bore 
Room temp. depth 

Dimensions 

Weight 
Cooling type 

Material 
Dimension 

Insulation 

Parameters 

4. 0 Tat 400A 

4> 38 mm 
270 mm 
Outer diameter 320 mm 

Hight 920 mm 
190 kg 

Conduction cooling 
by refrigerator 

(Mb. TiL.SA (30 " Sn) 
1.6 m.X 2. 4. •• x O. 4 •• R 

(bare} 
Quarts-ZSO ~. 

Copper/superconductor ratio 1.2 

Superconducting 

co i I 

Oxide 
superconducting 

current leads 

Refrigerator 

Diameter of fila.ent 
Number of filament 

Type 

Cold b 0 r e 

Inner diameter 

Outer diameter 

Co i I hi g ht 

Number of turns 

Material 
Dimensions 

Critical current 

Type 

Refrigeration capacity 

Dimensions 

Maintenance cycle 

-

91 ~ II 

264 

Solenoid 

50 mm 
59 mm 

1,64 mm 

188 mm 
1659 

(B i. Pb) zSr Z Ch'Cu 30, 0 

4> 23mmx 4> 20a!mX 140mIR 

Over 1. 000 A. at 77.3 K. 0 T 

SHI SRD208 
0.4 W/l0 K, 40 W/60 K 

180 mmWX318 mmDX512 mmH 

10.000 hr 



Conduction Cooled Superconducting Magnet System 

Nb3Sn Superconducting Magnet 

High-Tc Current Leads 

1st Stage 

G.M. Cryocooler 
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Technical Advantages of a Cryogen-free Superconducting Magnet 

1. Needlessness of troublesome handling in both initial cooldown and 
liquid helium supply for the magnet. 

S() ""Itt .r&nH\ tJ,tMp. bDte II T SCM 

2. Long time operation without interrupting for liquid helium supply. 
220,""" ~().., -tettf,. hDH! 'T S"c"" 

3. Very compact cryostat enough to be combined with a unique 
apparatus. 

&'l) 1M Itt bo .. e, t D """AI' t T $ S C! M X - ttP7 , ",e It f",,, t4,t'/ft'ACf"DI1 

4. Operation of the superconducting magnet in vacuum. 

e1~dr.j tl~,~ I fIA~Wtq, A.Atl~~ , "ro"'~" 






