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Abstract 
Smirnov N.L. On Using the Stretched Wires Method for UNK Dipole Field Direction Measure
ment: IHEP Preprint 92-57. - Protvino, 1992.- p. 16, figs. 6, tables 1, refs.: 5. 

The UNK under construction at IHEP, requires more than 4400 dipoles. The dipoles field 
direction is one of important features of dipoles. 

The stretched wires method for UNK dipoles field direction measurement is being grounded. 
The physical ground of the method and detailed analysis of errors are presented. 

ABBoTa~Bj(  
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INTRODUCTION 

. The' magnetic structure of the accelerating and storage complex (UNK) un
der construction at IHE:P. consists of more than 4400 dipoles [iJ. One of the 
fundamental dipole quantitieS is the f\eld direction, and the required measure
ment accuraoy is very 4igh (tV 2 . 10-4 rad). To provide' this accurac~  in se
rial measurements unde,: the faciIityconditions requires from the measurement 
method' efficiency and high protection against internal conditions (huniidity, 

.t~mperature  deviations" viprations, etc.). Oepending on the p'eculiarities of the 
magnets and,test facilities there are different methods to measure this quant~.  

Tevatron SC-dipoles, with no ~a.ggitta, have been measured by the stretched 
wires method, and,HERA's SC-dipoles, with 19 mm sagitta, by spotting mea
sUrement probe 'which includes two mutually orthogonal hall generators and 
tilt sensor [2]. In both ,examples the serial measurement .experience shpwed 
that these measurements were most complicated, time-consumin& and expen.. 
siv'e.. For the "UNK dipoles, without sagitta, the stretched' wires metHod waS 

.proposed'for, field directi~n measurement. Essence -of'·method consists i~  de
terming th~  a.ngl~  between average magnetic field vector and plane formed by , 
twomutua.l1y;· vertical located wires stretched through the dipole bore. For this 
purpose the'flfuc change$ with current'are measurea. The application of this 
method for real' magnets ~ispossible  if some requirements to, the magnet. a:ild 
measurement system are 'provided. The aim of this article is the des'cription 

.of the stretched wires method ,physical growl?, measurement system and de
termination of magnetic field requirements which makes it. possible to use thi~ 

method and qualita.tive analysis of measurement results. 
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. 1. TIt:t METHOD DESCRIPTION· 
.; 

. Figure i 8how~  the mea:su;ement'syBt~!llscheme iIiclu~ measureddlpofe ".: ~~:I 

D plac~d on the bench suppQ!:ts. stretched' through the dipole bore meaSUre- .. .ii:;!.) 
ment frame, returning drawin~r~er'R,'basic.qua.rtzcylinders C creating the ;'/ t.'1 

coil,surface, measurement tilt seIi$Ors,of tbe basiceyIkders C:T.S. alid dipole ':;' V 
reference surface measurement tilt sensOrs D.T.s. The aim of ~  measurement~  ',' \~  

is to determine t~e  angl~  between. the averag~  lon'~tudin~m~~~ic.field ;ector ". ,.' ..\ \ 
and the perpendicular to the hOflzJntallevel obtamed With tlie;,~aslc  cyli~ders  ,,;i'\'/ 
tilt sensor for the present diP9le position w.r.t. the horizonta.llevel. AU'phe- . ,. , 'j 
nomenona caused by ~<tHD.ensionalit~  will be considered below. 
consider only a fiat case. ';, 
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Figure 1. The scheme of the measurement system. 
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wh~,:,~ is ~ri).e  ~~,A.jw;areds~ti01J.~plitude'a.nlfr~uency,  At ~ , 
'in~~~~~!~e;lh~d AS 8I;4liniti6l'filild and its change, ~i8  phase differen~  

,to,t '@pera,ld ~ow~r  Wires.' ,,' .,.., . . " 'j " . 

,::,\,:~:<~  ~ fro~~on (-33) theerror9!the',JneaBured angle has additive . 
·(~.'F'.,¢ent o.f ~i):.~d;tn~tiP.licative,co~pon~ts. :'he most i~portan~.(o,r  

ut~~~~  18 ilulti~ljcative compone:llt., l~ ~ductlOIlby ch~g the mte- '! 

;~e.tiOIl  tune m~ple  to .~  is practically very difficult. because.of temperature 
'da.viatio~  ofown frequency and the'wires be<:ome I=o~red wit~ ice. ,. 

Moreefti,ciem methods to counteract to this co~poneI!tare:  

-,to tune the own reson3n~  frequency far from the hapnomc of excitating 
vibratiou, . . ' .. 

- muCh measurement 8~tisties.  . 
, The experience sho:JVs, fust,the method allows ~ne to get suppression'" 10. 

The typical ma,gnitude!>f multiplicative component is about E 0.5· B1 • 10-3 rad 
v.ile~l·eso"nancefrequency is'optim.aJlyt~.  So the r~uired  accuracy achieved 
for the number of'me8Burement '" 100. The study of the prol:ilems connected 

/with! USing lltretched wires uiethod for the U,NI< dipoles field direction measure
'ment.now is berng continued. The resultS. of this study an~  measurementsof the· 
dipolesofthe I-st a.nd II-nd t1tages ofthe UNK will be puplished~  . 

I w~d  like to thank Gertse~  K,F" Balbekov V.I., Myznikov K,1>. for useful 
di~~  arid l~boratory  staff for the measurements performing. 
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The influence of vibrations 

" Th~ measurement system from vibrations point of,view represents .two me
chauic811y disconnected strings '" in mlong. 'the mutual' 4lfl.uence of these 
'lltrings consists only in approximate equality of both wire tension forces due to 
,th~  returning drawing roller, and in the interaction of the cUrrent on the frame, 
formed by two wires with the field. Because of high quality of the pscillation 
system, the outside vibration will lead to standing waves in the wires; The 
stationary waves i~ the wires·are described by the equation: 

, , , 00 'Jr·k·z 'Jr·k'a'
i(tz) = " dl: . sin-- . sin~ . t (31) 

, ~I 1 . ,1 ' 

where I is the length of th~ wire, z is the longitudinal coordinate, k is the number 
of harmonics [4J. SO each harmonic cr~tes  the 'stationary waye, with its own' 
resonance frequeD:CY "'r a and ainplitude d/:. " " 

The flux ,throUgh the measurement frame which w,ires, oscillate in plane ?'
nomal to the field vector can be presented as: ' 

, , 

"'00 ' , I ''Jr.'k;z 
~  =BolL d:1. sin(w1kt + ~I) Jsin--:;z-dz

" 1:=1 ,.0 ' 

,- I'J 'Jr·k·,z·'- L00 
dI:2sin(~2kt + ~2) 8in~dzJ,  ',(32) " 

1:=1 0,' 

where du, WI, <PI - are the amplitude; oWn frequency and phase of the firs!; wire 
osciUa.tions; index 2 belongs to the second wire. Froin'exPression(32) 'it. follows" '" 
that for even harmonics (k =2n) ~2n  -= 0, i.~. only o~d ~ar~onics infhlentll; the;·: 
measurements accuracy. , . " . ' i 

It.is knowri. from the meas~ement  that the third harmonic a.x:nplitude is ap- , 
proximately 10 times ~aller  than the first one. So further ,we will consider only 

,the first h~onic. Note, that the totaI view of oscillations is very complicated." 
" , I ' ' 

The wires C8J4 oscilatewith different ~plitudes dUe'td the wire nonhomogene.. 
outy and different teIl8ion forces because of the friction in the drawing roller. 
Moreover, the directions, of the wires oscillations diff~r ,a:Dd they can rotate is ' I 
time. The velocity of this rotation depends on many accidental factors like: the 
direction of exciting vibrations, the bore gas 'flux ,and so on'. 

F~paiticular case when vibration amplitudes and frequencies for the upper 
and l~er  wires are equ31 and oscillation planes are normal to the field direct:ion, 
the meaSured angle is: ' . . ' " ' 

, 4AI: ' BAkBI . e,;"t.t . wt.t ' , 
:a~.  =, a + 'Jrd cos(wt.t+~) + irdtlB sm2 sm(-2- + ~), (33) 
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, ,The dipole field' may be treated &s'; a superPosition from a remnant 
fiel~,  which does not depend on the exciting current, and also on the main field 
created by current: '. '. ..' .' 

,B(I) ='Erm +n(I)Cm · II' (1) 

where i1rm is the remnant ~eld,  C,;, iii the dipol~  transfer fuD.ction, I is excitation 
current, nis orth of the alternating Pllrl of the'field. In general case it is depent, 
on the excitation current. For the fia(case the field within magnet length Lm 
eq~ E(I)'and equals 0out of it. The frame length was chosen more tl\an Lm ' 

,in order to catch the' edge dipole field. In this case' the flux t~ough the frame " 
, width d, with its surface turned at angle~Q  w.r.t. to direction B ~s: 

Lm 
~(I) = si~,' d· JIB(I)/dz, = IE(I)/' Lm . d . ~ina. . (2) " 

o ' 

For deterInining value a it's neccesary to measure f1.ux~.  However the frame 
~is -a passive' ga\Jge and is sensitive only to the flux change. The fltbc can be 
change.either by rota.tirig the £ra.II1e while excitation current is constant, or by 
alternlloting the cUrrent wbUe the frame is f!xed. Since ~otating' SUch, frame is 
very difficult it's reasonable to change energization current meanwhile to record 
,E.M.F. induced on fr~e  V,: / 

'. U ,(t) _ ... -'L de . 8(Isina) ('3)
" ".Ir -~- m m 8t . . .... - . . . 

, Here and below vie'll supp~ that transfer function Cm within fi~ld  operatingl 
: region is independent of the current value l ..· 

After ta.k.iilg an integr~  of E.~.F. from the frame we'll obtain the flux
 
change ' ,I , , '
 

fl.'Uoat(I) = -Lm . d . Cm . I· sma(I),- (4)
," ,r ' 

'" 'where T - is the t,ime constant of integrator. 
" Hence one ma.y calcula.te the wanted value a(I) by measuring the integrator'
 

output voltage during the excitation current ramp from 0 upto I. How.ever, in
 
practice the using of su~  method to determine required Q(I) in pure case.is '
 
not possible because of many reasons.' Let us consider some of them.
 

,The current ramping time from Oto the maXimum value ma.y be several tens
 
of seconds and cannot decrease due to pow~r  supply output voltage limitation.
 
It, is quite difficult to provide the required integra.te linearity within such time
 

IWithinfie1d'operatiDg region em deviation u.uallY is 1_ than i% and ita ilifluence onametv 
'.ufement accuracy is neglir;able. 

, 14 .\ ,3j ,I. 
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,( ~n~~nal, ~ually, in'exp~()n (3}t~~e .i!l,an~ditii~,etr()r ..C&)1se~ W· t~e in,put I'. 

biliS voltage',!f6m the;a.mp~erllli~~topand, ~Pi~lt ,c,itcuit,lr~rinil1"olta;g¢.1 

It i8not possible cempetely to take into account this.err~rbecaU8e~of .lting' 
" integrate time and this error time 4Pft. ?' .. , .. '.' 

,to' , •. MoreOver; the 4P,p~sipili~i  to syn~OOize the. ~e integrate with the in
dus,~ria1 ~q~ency ~es,si~~t th~,4tduce(~. . ' .. ' ' ',.,.. ', • 

.. ,' ,. Olle c~ng~trid Qn~es~,di~dvatag~;W~thth.~~method, J:laa#, on th~fl~  

change ~easurement  whtirie~cita.tioll  c.tba:s !'. gefinite small Clla.1lge. Fig.2 
~ ... ,shows' the str~ctural  sCheme.of the eqwPJn~tusiJigtl).is mJiliod ,and'ita oper~  

~ting  time diagram. ' .' , .. '; ::,> ' " "I " ",',,' 

. , 
Dipole

.1 I I. ------i·-----...--;,.,---·1 I I > " 

, 1 I I -·------------------1 I I > / 

,
 
,,'
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• :.1: 

.r ..'~'  
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~ '" 
I 
I

t r 
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Figure 2, The strod)11"lU kheme and time di/loll"am. 
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;;~J:I ;'i ;,., , , 

.';.":.'''C '1)if. : .IAtWU.. 
• .. ~ .. ~,r· 

- 'j 
,.;'/" ')' P~ameter ' :Thletance : . Conditions of

"'::[ . "'NotatIOns "E'xpIAIlMlon tolerancee definitiop"', . ."'\' -~ ...",..' SloPe-of a(1) < 3; 10-4rcli/kA AI,.. O.lkA: "'·'1 !-•. 
function I.;" Ii'" =O.7kA 

Qr..m,,- AniuIar 8IilI~ < 0.151"4d ·B..... $ 1(),~3Tlj 

-, hetween remnant B,,,j = 0.71'1
 
field vector ~d.
 

main fi~d,·.:
 

Bi NonlineNitliMof < 8 .10-4 
~~=~Y=O 

~ .m8g1\etic field < 24: 10-· ·B=8,,,/+B;....,-, 
.~5 which' t~pi&rl < 16.10-3 

' ,B5 4n measuted flux < 32.10-4 

."J •"K%1~1I Measurement frame <7mm A'i, B2, $ 10-3 

cen.ter <UspIFment 
with re!~nce to .
 

':.:';';~; . , , iliPQle axis \ . ' .
 

;,;<U·~ Aft ' Frame width < 0.7mm , · a. < 10-1 rad \'
 

'," ·~_t~ . ' ~. 

\,;,;::Kt,[: 4F, ! nUference of the .< 111% Q. <.10-1 rad
 
..~;' wires tension

',~ 

,~,,~'" l~·;:· \ 

'.. 
.-1_1:

I ~~  17'4l'-tJ 'lQogitudljlal < 1.2mm·tad L",~6m 
 

It-:,. ' uYJ1lJDetryof-dipole
 
" 

' .. . . . 
( . ,with .reference to 

" the frame l~h
 

AI, fJ -lo~t. 

,
 
. 'twi,tof!rame \ 

.
, 

FI(Ri" +R/r ) later&!;ti~nbetween >6·1CJ3N·(1 , ,.B = O.3TI/a 
, . '.f\eld" and frame B=5TI 

Current: . ·.a•.< 11)-~rad 

, '6K '6r •·EtrO~ of measuring . < 2% ' .' a. < lO-'rad , 
: ~\' I " electroniCs 

'<).' " 
,,'~ . ' . K, amplifier.coeff.

'., r --, time'constant 

-. ~ .. '0'-. 

... 
-, 

13
 

'.... 

l;" 



• , 
To estimate this effect one can propose. that the whole force is applied to For ,quantity.~s~tioD,s  below are given the main properties of the equip-. 

. one point ~  the center of ~he wire and equals: / meni and its operating regimes: 

2 8B 1 .F == L . d ~ 0:: • Bo • - • (29) 
m at ~np  + R/~ , , , , 

, thus the frame be roJ1ihg at the angle:, , 
~ '" Bo.' Em

2 
. 1/ . B

• 
. 0:: 

(30) 1Q' = 2; Jt . (~np  +:k/)' 
I • • ..,. 

where Ft 'is the wire tension force, I, is the frame length. I 
. Note that, this effect is very weak even for a short' circuit fr~e:  ~n  = 

0; RI = 2000; Jt = 30N; B = 0.3 TI/s;o:: = 10-2 rad and Bo = ~  Tl" the 
magnitude ilIa'" 3.10-4 rad. 

3.3. Theel~ctr~nics errors: 
" \ 

As follows from expression (3), the tolerance to the m~urementelettronics
 
parameters (the amplifer coefficient - k a.,nd time coiistant - T)' depends on th~ 
 

measured angle magnitude, i.e. on: the initial placing of the magnet. Proceeding
 
from the required accuracy of measurement 2.10-4 rad and setting the accuracy
 
'" 10-2 ra,9.., the tolerance to values k and Tis'" 2% an.g e~i1y achi~ved:
 

In the table presented the tolerances to parameters-which influence en the
 
systematic errors of measurement and th~  conditions :which these tolerances '
 
were defined for. .
 

3.4. Accidental errors 

The accidental errors peculiar for the described me,thod are the fonowing~_. 
 

,- vibrations of the measurement frame wires due /to the vib~ation  o~  't~e 
 

cryogenics, vaCUll1Il and other equipment;
 
- industrial frequency E.M.F.·induced OJ! the measureIJ;lent frame; ,
 
- temperature noise of input circuits of measurement lelectronics.
 
The method of eliminating the temperatur~  noise,. more preci~ely,  loW fre- • .
 lquency- comp'onents has been described earlie~.  '
 
The effective method of tlle E.M.F. industrial frequency suppression is' to
 

c~oos~  t~e  integration time multiple to tlle main h~onic  or" in~iIstria1 ~e


1'\'
I

quency ,..., 50 Hz. Thus the average integrated signal Will be zero for main and 
higher harmonics. . , \ 

~ ~, 

Technically a more difficult problem is to l'educe the accidental. error due to I 

wires vibrations. Wotice that this error is the biggest and is, in general, decisive 1 
derterminati1;lg the meaSurement accuracy. 

- wire CuBe, 0100pm; 
I,. 

- frame width d = 35 mm.
 
The CUlTent impu1s~ paramet~rs
 . \ 

-,I' 

lOmin = linj = 380A for I-st rin~,  700 A . for II~nd  ring 
II IIlOma~  = 3 kA - - '5 kA' 

I _ ll, __ill = 100 A - " - 100 A 
IIi = 1000 A/s. - - 300 A/s  " 

.. 
• 

The ramping speed limitation is due to P.S. voltage limitation. , 
As follows trom the cited features, the current ramping interval (impulse
 

front) equals fr.actiohs of second. The integrato! high linearity with such inter

vals can be easily aChieved.
 

l'o, avoid input bias volt~ge  errdr the measurements ha.ve been carried out
 
during curr~t  ramping up and, ramping down (forward and backward current '
 
impulBefronts). '. . ,
 

SiJJ,Ce under such excitation of t~e  magnet the operating point....willalways 
travel; along,the samemagnetiza.tion'cyc\e, ·<;onSta.ntfor this, current, level" the 
usefulp&tt, of the output signal changeS only its tiign synchronously with the 
curreat ramping. direction but its value reD].ains constant. I.e. expression (3) "<

will be true (not including additive bias voltage err,?r) fC?r: 

UI + UII out - outUout = ... , (5) 

whe;re U!J and U£; are measured output voltages on'forward and backward 
'ct;tttentimpulse front, respectively. It should be noticed that thea.ccuracy of 
taking i~to  account the bias voltage error is quite high because the time delay 
between forward arid backward,measurements is less, than one second and the 
<hift Value of this voltag~  is negligible. 

2. THE Pl{VSICAL GROUND 

Themai~ thing as, far as the applicability of th~'  metho~  is whether the real 
.~gu1ar  shift between' the frame pla.ne"and field vector can be replaced by the 
angle: obtain~d from formula (8). . 

12 .5 
.... 

, 
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(6) 
, ; 

where AO!M - ch~gesofthe angle with thefield'AB. ' Fora ~mallch~ge  

~Ql  ~  W,· To obtain function O:M(B) from the measurement results we haye 

:, Jntllls method the r~quir~  integr~  JAA~tqde  O!M(B);=f', ar,csin~,has. ' 

'been replaced by the differential measured ma~tti&';~~fU,(Br=;  '~~r·  ," ", 
, Thus the measured angle can be presented Via tl11e angle- ,as: 
.. ,... I. " '~. . 

• ", ,1).O!M';" ,', , ,I': 

,Qmeas(B) =: O!M(B) + ,AB . B, , \) 
:"'/t, , 
, ~' 

,'~,1 ' 

',' ,
i, 

L\d '~:$: 7:0:' 10,...· r4d'•. mm.·Thus~ tol~ance for t:i.d depends on theaceu.racy • 
c6fuQden~  ot the fr~eplanearl.,dtheft¢ld ~ettor.-,  " " ' " " 
: ,':mpiacti~e~  the placiJlgof aipoleon the bench iscaqied out with angular' 

- ai:C:~i¥:Y 4' $ 10~2 radwi* r~erente'  to horizontal plane. ThUs the tolerance' 
fdrtihe Wires sagitta inequality""; 0,7mm,.whi4 giveS lthe limitation on the 
t~n$io,n  fo;ces difference ofthe wires 'wi,thin 10%. ' .. , .", ' , 

'Ine loD.etudina.1 twist of m&eet can have quite a big magnitude ' 
("" ,10 mrad) , As this ,method allows one to measure integral field' direc~ion 

;3t' a given magnet 'position on the bench'so it is necessary to control its po
to solve dilfirentiq1 equatibn (6). The solution of tliisequationis: , "' ~ , i sition on t.h~  bench by ,the tilt sensors ~fthe reference surfaces in ordei-toa· 

O!M(B) = 

, B 

6:(0) + '~ J~';'eas(B)dB"  

; ,0, , 
(7) 

i 

"~,I 

I,,;:~: 

reprognce this dipole position in thetunneI: 
'the Iqeasur~t  frame twist. we~li stand for the angle {3 between sur

faces which form' the (tame on the ends of the dipole. This ~ist  leads to the 
y 

' Bill 
w~ereCl{O)  '= T' O!rm~Theremnanta.Ji
gbdnfluence is given' on fig:3"where the 
coordkate system is' shown whose center' 
ocoincides wi~h lon,gitudin8imagneta.Xis . 
and axisOY coincides with the, measure", 

·~,'·~·t ~i ' 
\>i·~~·~f' 

;',(:>\.: 
if~\ 

, > I'~"!~
'''.1-,·1 ~~"l) .... 'r 

>;, '\1 

me&sUre~ent  error in the case of asymmetric disposition of the dipole withref
er~~ce ~o the frame length.' ,The tolerance fo~  t~e  asyinmetric value Al will be 
defined fOr the requil'edmeasurement accuracy 2 . 10-4 rad from the following 

'.. "., ;. ," ',.','It. \ ' " 

.rela.tIon: .,. , , 
, • • 2· 10..... 

Al $ Lrri~ ' '(25) 

nient frame plane. The field'v~tor'B(l:) , , 
istp.e:,sUIll of two,componetl,ts: ,the Vector 
Bt,;"which dosn'tdepend onthe'V~ue~f  

, e~cjtationC\UT~nt·a.nd  vect~r ii(l)'C;"· I. 

.=t-?~~~  

;; ~ .H' 
I 'f" 

F~t  tYPibat{3~  1O-2 t.aa and Lm ~ 6 m thistokr8.n~e  is quite 110ft (120 mm)
arid easily acb.ieved. " '' , ,

'. .' ... : -.. 

,0 x " The. errorfr~m 'remnant field (the differ~'  

,ence between"' a(Io) aildO:M fig.3) dan he 
'.~  Themteraction between field and tram, current 

. Figure 3, 

esti!Dated as 

, " ~  IBrml 
~O! $ O!rm IBI . 

~\.,  

(8) 

,f·, 

'\\1'1 
.:-"~\\" ':t' 

i;:;i~ti 

The cb&ngm.g'ilux induces;E,M.F.in the measurement frame, equal 
sm8118.ngle' ;' . ;.> 
,. ," '," . ,MI,,' ' 8B 

. Up =.- ~  Lm ' d' d . -,' ~' I\ "f)t . f)t , 

for 3 

(26) 

It should be noted that for reWimi.gnitude :nf re~t field ':V 10':"'3 TI arid.·' 
Binj =O.7'';I'lthe value arm toierance is quite soft 'a.bd,~9uals a"m :$ 0.15 rad., 
The rotating coil measurement results show thai ~iI~,~hift of t:emnant field 
with respect to tp.ema.in' field. is less than s~venildegr~;,.  ' ";,,' .• 

If this angle is independent within the requiredtolh:ii.nte of theexdtation 
current', as' follows 'from the solution, the m~asure~angh~  ~u:a~  true, an~~ with 
an account for the normalized remnant ~gle.  In this. ~~e  no ad~tional~, 

, ,f~t'l,'. 
.. ~);'"
I ': t: 

, 'i~? 

"t.J;t(.,
'f~ ) 

(27) 

-. -.... t' 

, U/
1=- ,

,R;n + R/ 

wheJ:e '~~:·~:the input imped~ce  of ~he amplifi~r. R/ is frame resistance. ' 
Th~, fdtct: dF applied to' the wifeeiement di placed in' the neld Eo by, Amper 

low equa:i.s:
I .. 

This'E,M.F.lead; to the current in'the frame: ' 
, \ 

J ' 

operations w~th.the  measur~d  angle ameos(B) are n~eded.,Otherwise, if.c~~in 

operating region B the measured ailgle O!mea.(B) cha.nge,1~:#lPre thanth(~l
eran{;e, it will cause the necessity: first, to choose the dipole~.o~itionso  as,t.Qus' 

• 
' 

" ,,1.,,\ \ , 
" I J 
'., 1 

,! 

dF = lIdl . Bol. 
: '., '.,.. ( , . ..'...... 

The !force dF direction is !lormal, to vectors d1 and Bo ' 

attempt to roll the frame.' , 

(28) 
-', .. 

i.e', this fot:ce will 
, 'j ': ~ 

;. -,\ 

6 
'. (.~. ~~ 

':'1 11 
..... , 

t > 
.J 

! 

,\ 

1". ;:\" '. , . " 



., ' 

By analogy to what was said above, from condition (19) one can get toler- . to minimize the beam'trajectory distortion, and,' second~  to use the co~ection  

ances for the coefficient magnetudesBf) ::;32· 10-4 and As, $16.10-3
• These system to mini~ze  .the beam trajectory distortion. Evidently th~  preciseesti

.' 

tolerances are also satisfied within operating field region. , . 
. I.e. in a pure turn case the tolerances are satisfied for the UNK dipoles and 

don't r~qqire  any additional errpr to be taken into <\Ccount. .. ' 
B) The -pure displacement case (a = 0) 
in this case . 

,(21)Ti: - T: = [~x + i(Ay + f)r - [Ax + i(Ay  ~)r"  

, 
1 

mate of the function a(B) can be-calc\JJ.atedrfrom estimate ameas(B). This ,will 

. (9) 
1 x' " - , 
X J1/J(~)dX ::; tPm4%(X), 
, 0 ' • 

. be the reason to more detailed O'meas(B) measurements. ' I 

'Our right to replace the value of 0' by the value of O'meos(B) is confirmed by 
the inequality' , 

Second term of expressioa (4) describes the angle measurement error due to ' 

and, the flux through the fram,e ab has the form: .,' 
the angle change, and therefore it has beeii taken into ~count  when calculating 
the function O'M(B) with formula (5). 'This ,error is not taken into account ow.y

-, .. 
d'. B L J ~  An -iBn 
....ab = {) m m ~ n-1 

n-1 To • n 
(n n)

" ,Tb - Ta • . (2,2) 
for'initial point Bin;. . 

I Notethat for UNK SC-dipoles the maximum function 0'(1) slope is less than 

The fact that the flux from the~e nonlinearities haS to be less than the main 
flux 4>~~)  'at the minimum allowed ~gle a =2 . 104 

' rad can be u~ed  as th~  

~ < 10-4 rad/kA and correSponding ,to its maximum error to injection level 
equals 0.7' .10~ rad is tolerated.

criteriQn for,defining the nonlinearities and displacement tolerances., 
! As follows'from above, the tolerance fOf ha.rnwnics and displacement'D:!-ag- I 

3.·THE'ERRORS 

nitudes can be presented -as: ' , I 
) 

For real dipole'measurement. one should take into ,account the following 

A . (AX)n-l' < 2 . 10""4n _ , 
To ' 

En' (AYr-1 
::; 2 ' 10-4 . 

To ' 

I' (23) 
, . factors which· 'OCcur:' in ~ystema.tic  error of measurement: 

-magnetic field nonlinearity" I 

-, tr~verse  displacement of .the measurement frame with respect to the' 
Due to ,small relation ~r  <t:: 1, more strict tolerances.will take place,for n=2. 

~  , " 

The values A2 and B2 usually are less than 10-3 in the operating field region., 
dipole axis, , 

- difference of wires sagitta, 
Thus admissible frame centre displacement is fV7mm. N~tice,  that it' is',nbf 

, 
- crOSS twist of the measurement frame, . 

problem tp provide this tolerance even in the vertic~  direction' ' ,~ systematic errors or"measurement electionics. , 
3.2. The influence of mechanical erfors ( . " \ 
Here we imply: 
- the measurement frame wires grayity sag and the' frame width error, ' '~, 

'. Acci<leJl~al error of measurement is.dete~ed basically by the \outside f~-
tors such .as: vibration, temperature mthe operating region, humidity, param
eters of blowing gas flux, external electromagnetic field;· electronics noise. r;J:he 

-longitudinal twist of the measurement frame, . anaJ,ysisoftbe errors and methods to elimJ.naie these errors will be given below. 
<- fram~ turning due to the frame current inte~actionwith  dipole field. First of all we'll consider sys~tic  errors. 
The frame width error ,'t 

The angle a calculated from the measured flux magnitude will, contain the /, 3.1. The nonlinearities':fufluence on the systematic error of the .field 

10 

I ' 

,Proceeding from the real magmtude' d = 35 mm and required accur'acy 
Li.a ::; 2 . 1~':"4  rad" one can obtaine ~he  tolerance for the frame width 'error 

(24)Ad Li.a 
'7=--;;-' 

error Aa due to the frame width error 'Ad: . 
~J-' 

'I 

I·I 
I 

(~O)  

direction measurement. 

Thetwo-dimension8.I dipol~  field is usually represented iIi the following form: 

B" + iB% = Bo f (Bn '+ iAn)(x + iY)"-1, 
, " n=1 '\ To 

7 



"

",:~,
'f 

, 

::fr . 
i 

. . (11) -' 
'. '" ,\, '. ",' 

where L m is the magnet lengtll. 
y • . '-', .' \ 

" ',In ord~rto;sUnplify thel1Jl31ysillof tp,e ,;' 
'factoI's influence on,the nieas~ement  a:.c~.  

curacy,we'll first' consider the flat case, 
'wh\!re all fieid pa.rameters are. con~tant  

within magnet -length and, vanish outside. 
Fig.4presents ,the cross-section,'?f a mag

, n~t with the frame from two~tretched 

wires (a, b),"turned at .angl~  awjth re
spect to Y 8.:ici~:and displaced by t::.X; AY ,

,1 
w.r.t'. the m&gll.et axili.The fl~x  of:mag
netic field vectorB through the:ft6.¢e S 

,will be equ~  to: . 
Figure 4. 

~ob=;' JJBd8-: :' ".(12) 
" 

.' . 8, ~,  ..... .. . :,. 

Acco~g ~o the abov,e oonditions this ,fllDc may be:wntten as: t .:" 
.. 

:' ',' "'1~"  

~06 = L)jBt:dy ~ 7B~dxl:  .···, .•·(13) 
~d z. / 

. '.; ~.,.  '. '. . _ t . . ' . . . . t . 

i.e. the flux tm-ough the frame can be presented by the,field parameterS in~ a 
~ : ~::'~;'. ':' ""view 

.~ , '{"oo Bn +:iAn . . (rfa-:-:r:)':"" .~ ,:
~06 == BoLin ,Jm 1: r.n-1 .'ri. (tga +i)' ~'"  . 

n=1 '0 .:. , 

00' 'Bn+ iAn, ' (r:..:.~ti)}.  (14) .
--' Re E "n-l . n ~ (1 +ictga) , a .n=1 0, , 

\ '.! 

;1 4 

.
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wherer~ >;=;c't;. + iYci{ri~  z. +iY6; . ';, ..
 
, ""',, ,', , ''\' 

\'':&l!$hepure turn:cal3e·.{Llx~ Au == 0) '>: 
, .... .fc>t: tqis case , ';.... ; 

'!l:;;~Y!;':: .~  ': ':d n.' ' : .Y·.' II n • 
".' ' '" 1'6. - r c :;,{-,...) .• (SIno: + ICO$Q}.{1 -:- (,...1) I, . (15} 

',' (,~(.  '.;,,', ' , 2·, , ', .• ',' '" '., , 
wh~"d  iSihe frame width" . , ," . ,.,. '':, 
, ::"9m 'expression (15) it follows that even harinonics (n';2k) does't give 

anY:.tontrlbution to' the flUx (~M) =' O}. The odd haimoni'cS (n = 2k + 1) 
, ,~ . . . '. .
 

Pfqti,clpates. in the flux and brings the error in to ci ~easurement, 
 

'~  ,TheIO.am' (us~ful) part o~  the, flux, from the firSt hamloni~sequal 

~~~) = BoL";d(Al coSci - BI8i~}.  (16) 
\ 

. Jtn~ into acount~cindition  ~  11X, one qm 9b~ne  ~he  magn,itu:d~  of a ~eful 

'~~~) =~lioLm~ina.· " , '" . ' (17) 
• '. \' I .. 

Let us' conl!ide~ the'flux ma.gn!tudes from thelower odd harmonics ~d compare 
them with usefufflux magUit«de., '," '.' , 

- Sextupole compon~nt  (n=3). ' 
rhe flU:icfrom this D,Onlin~ty  for small angle a: 

.. ' '(3)' 'Lm d3 .' .: , . 
': \: ~i  •~~. ~, 130 121'2' (~B3a .,... A3). (18) 

..'n::'.. ,.' 0 , , ', 

Procee!:ii4gJrom the required accuracy of Q" determination (2· 10-4 rad) , the 
value, of ~,~: must satisfy .thdoll'owingconditi~n: ' ' 

.~(3) 

.' 
06 

",{I) '~  2 .10-4 (19.)
" '.""06 " 

, Fro~;thisconditioD  for llo I;eal framew~dth d~ To one ca.n get toieranc~fo~  

the ha.D:nQJ1ic coefficient m~tudes A3 ~ 24 . 10-4 and Ih-< 8 . 10-4• Ncite, 
thatf~r;~~~,UNK diPoles these coeffi~ient valt1~ usuaily 8.\"e smaller tha,n the' 
tolerll.tic~sobtained within operating field region. ' " 

'- Deta.pole component (n=5) " ,.' , '
 
,The fl.ux from this noiili.nearity fof the s~' angle a is
 

.~,;' 't " 

, , 's .' 
"'(S) ,~  B L ~(A'  +5 . B ) '. ' ('20)
'*'06'- 0 moo·.'~.s  as·., ' 

,0 • 
~l • 

I, , " ·~ ~'~Jl' t 
: 'I' , . , " ,. 9:' ';.\8 , 

I,
'·'.if 

j' " , J~  

Xi 
rtI :.j}; 


