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Abstract 
N.L.Smirnov, A.V.Tikhov,On Measuring the UNK SC Dipole Bending Strength with Rotating 
Pick-up CoIl: IHEP Preprint 93-2. - Protvino, 1993. - p. 19, figs. 7, tables 3, refs.: 9. 

The experience in measuring the SC-dipol~  bending strength with the spotting method 
shows this measurement to be the most complicated and expensive. A conve!lient and simple 
method of rotating pick-up coil, which can not provide the required accuracy, may be used for 
this meas'lrement combined with NMR measurements in the dipole central part. The physical 
ground and description of the method are given in the paper. The analysis of the errors and 
measurement results of the series SPDM1 SC-dipoles etre presented. 

Abstract 
CMHpHOB H.JI., THxoB A.B. IbMepeHHe oTKnomnomeH CHnaI CII-JlUIIOneH YHK MeTO.ll.OM 
BpamaIOmeHCjl paMKH: IHEP Preprint 93-2. - Protvino, 1993. - p. 19, figs. 7, tables 3, refs.: 9. 

OIIhIT H3MepeHHjI OTKnOHjlIOmeHCjl CHnhI CII-JlUIIOneH :v1eTOJlOM TOqeqHOH MarHHToMeTplU! 
IIOKMblBaeT, qTO 3TH H3MepeHHjI jlBnjlIOTCjl HaH60nee cnmKHhIMH HJlOporocTOjlmHMH. YJl06HhIli 
H IIpOCTOH MeTOJl BpamaIOmeHCjl paMKH, He 06na,lIaIOmHH Tpe6yeMoH TOqHOCTbIO, MO)f{eT 6hITh 
IIpHMeHeH Jlnjl 3TIiX H3McpeHHH B COqeTaHHH C H3MepeHHjlMH 5IMP B ueHTpaJIbHOH 06nacTH 
JlHIIQ;'IjI. B pa60Te JlaeTCjI <pH3HqecKoe o6ocHoBaHHe H OIIHcaHH:e MeTOJla. IIpOBOJljlTCjI ananH3 
IIorpelliHOCTeH MeTona H pe3ynbTaThI H3MepeHHH'MOJleneH CII-JlHIIOneH cepHH CIIllMl. 
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,~  INTRODUCTION, 
The bending strength of the accelerator dipole is one of the important pa

rameters which requires a very high aCC'.lracy of its measUfement (2· 10-4). 

A big number of SC-dipoles for UNK (2500 dipoles) demand that the method 
of the bending strength measurement should be simple and reliable as well as 
highy eflkient and accurate. 

The experience in using the spotting methods (NMR and Hall-gauges) for 
the bending strength mpasurements shows that these measurements do provide 
the required accuracy, however they are most complicated and expensive out of 

" I; all magnetic measurements carried out for SC-dipoles [1,21. 
The'rotating pick-up coil method does not provide the desired accuracy due 

" ' 
to the reasons described below and therefore can not be used in a pure case. The 

~~, 

reference method, which assumes the presence of the reference dipole allo'ws us.. ,.~ 

", to reduce the requirements for the measuring equipment. However, this method 
<~  can not be used for SC-dipoles due to many reasons. 
,'.- The proposed method is some' combination of the rotating pick-up coil 
,,) method and NMR method. The bending strength here is measured with the 

...,';t 

,} 

rotating coil, and NMR gauge is used for absolute calibration of the measur
ing frame and electronics. This calibration is performed by the central field 
measurement of the tested magnet, and the reference magnet, therefore, is not 
needed. 

The SC-dipole bore has such peculiarities as high humidity, significant gradi
ent and deviation of th~ teplperature etc. To provide the measuring equipment 
stability under such conditions is a very serious problem. The proposed method 

,~ can cancel all these obstacles. 
"~ The description and physical grounds of thifi method are presented in ,this 
,~1· 

!' paper. The analysis of the errors and ways of taking into account all fact.ors 
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influence upon the errors are given. The results of the series SPDM-l SC-dipole 
measurements are presented. 

1.� DEFINITION OF THE DIPOLE 
BENDING STRENGTH 

In order to define the dipole bending strength it is necessary to consider its ~. 

function in the accelerator. This function consists in deflecting the accelera.ted 
protons in the orbit plane: The ,direction of the beDding force is nl;>rmal to 
the particle velocity vect~r  coinciding with the dipole 10ngitu9inal axis and J,�
averaged over the dipole length fiel?'vector. The plane,normal to the average� 

.'1
f";field vector is !:alled a median plane. Different methods of the magnetic field )� 

measurement allow us to get either the module of the field vector, or the field� 
projection on the measurement system plane. Therefore the measured .dipole� 
a.!l~lar position should coincide with the measurement system [5] ..� 

Let us consider the Cartesian coordinate system -Where z a.xis coincides with 
the longitudinal dipole axis, X and Y axes ha.ve been chosen so that the fol

,.1· 

lowing condition is realized: 

Jsina(z)dz = 0,� (1) 
L.. 

where a(z))s the angle between th'e field vector B(z) and Y axis, Lm is the .� \ 
.~,~,magnet length. Equation (1) determines the median plane,Le. the plane w.r.t. 

which it should measure the dipole bending strength. In this coordinate system. 
the dipole strength may be defined as: " 

F = J IB(z)lcosa(~)dZ,  [Tl.m]. (2) 
Lm '. 

The parameter F is called the longitudinal field integral. For the definition of 
the dipole strength the longitudinal integral normalized1>y the current is used. 
Fn = f [T:~m],  where I is excitation current during measurements. 
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-
, Note that some magnets of this s~ries  have a transfer function which signif- - ~-, ·!VJIA eNe-HALL. rl/lrll 

icantly differs from the average one over the whole series. The analysis of the 
harmonics in the central part pf these dipoles shows its abnormal magnitudes 
as well of the alloWed normal harmoniCs B3 and B5. The increase of Cm corre

, ~~ 

sptmds to the increase ofBJ and d~rease  of B5. As it follows' from the. Table ." 
, .?~:\ 

of the derivatives of harmonics by the coil sizes [7], this distortion of the coil is '5r

• 

corresponding to the elliptical form of the coil distortion. Since a lot of other _ t: 
parameters influence the harmonics magnitude we can say only about the qual
itative dependence shown in Table 3, where .6.B3 and .6.B5 are the calculated I
changes of the harmonics determined by the coil' geometry distortion. These hI 
changes were calculated from the value of the difference between the average ~li 

over the series transfer function and the measured one - .6.Cm , assuming that iJ 
";~ ~.the dipole coil has pure elliptical distortion. B3 and B5 ate the measured har-' , ~fmonics. The last column presents the average over the series magnitudes of em, "(1 

B3 and C5 [81. 

TA!2k:J. 

-Dipole SPDMI-14 . SPDMl-17 SPDMl-18 SPDMl-20 SPDMl-22 Average� 

Parameter� tleries 
-3.4 -1.4 0.9880D.Cm(fi] x +3.6 -1.9 +3.4� 

x10· 1=2 kA.� 

.1.C3·10· +3.4 -0.6 -2.4 +3.2 -u.2 
C3 ·10· +1.9 -2.6 -3.8 +3.2 -2.3 -0.7� 

D.C5·104 -3.6 +0.6 +2.4 -34 0.2 
C5·104 -4.3 0� 4.5 -2.1 -00.2 0.8 

;;: 
J <~  

It should be noted that the deviation of the parameters shown in ':'able 2 
~. 

V 
includes the measurement error as well as the dispersion of these parameters \.~  

itself in the series. The reproducilibity of measurement was researched with 
>~ 

a few dipoles of this series. The carried out research allows one to make the 
following c(\ndusioIl."l: . 

- the suggested method provides the requiTed accuracy of the bending 
strength measurement in the full field range. The error In the point of at .. j
tachment to NMR - measurement does not exceed io-4 

j • 

- mostly the error is determined. by the pick up coil edges misalighment. 
, ,,

The efforts for this method itnprovement are continuing.. In the present� 
time this method is being ~ppleid  to the conventional dipoles bending strength� t 
measurement. The results of the research and measurement will be published. } 
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Fig. 1. The longitudinal distribution of the main field for SC-d:poles. 

The second form of the bending strength expression i~ the effective length 
(or magnetic length): 

F
Lelf =~, [m] (3)B 

eent 

where Beent is the dipole field averaged over central region. It should be.noted 
that the longitudinal distribution of the main field even in the dipole c~nter  

has significant amplitude of its deviation. Fig.1 shows the typical longitudinal 
distribution of the SC-dipole field. The field deviation at the flattop can achieve 
2; 10-3• Therefore Ceent is determined as: 

.'.... - 1 f,Beent=L Lc~ntB(r)dr,  ' ,[Ti] (4) 
eent. \ . 

where L eent is the dipole area without edge field (in fact 3 + 4 bore diametEn' 
inside the magnet end). 
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The dipole transfer function is an important parameter influencing the bend
·ing strength. It is defined as the ratio of the main field to the energizat.ion 
current: 

em(I) = B~I).  [;~l. (5) 

All enumerated parameters describe and characterize the dipole bending 
strength. ' 

For beam dynamic calculations it's more convenient to use the field integral. 
The defleCting impulse magnitude might be calculated from the field integral 
very easily~ This parameter is critical to any features of the magnet design 
and magnetic properties of the materials. Actu.ally, as it follows from definition 
(2), the local or avp-rage dipole field change will affect the longitudinal integral 
field magnitude. The Teason for this change may be the deviation'of the coil 
geometrical sizes; magnetic properties of the yoke or collar, coil or yoke length. 
Moreover, since this parameter is proportional to the field, the function }~(I)  

depends on the yoke, collar and superconductor magnetization. 
The magnetic length, as it follows from its definition (3), is not so sensitive 

to the main field deviation but allows one to control the coil and yoke length 
·changing because of electromagnetic force in the coil, thermo-exspantion or 
some imperfections in production tools. The excitation current influence on 
the magnetic ltmgth du,e to different saturation in tlle central and fringe parts 
of the dipole is much smaller than this influence on the, field integral. 

The transfer function, though it is a supplementary parl'l.m~ter,  allows one 
to control important field properties as the saturation at high fields, where B 
a.nd I lose their proportionality, stability of the coil si:t-es below iron saturation, 
nonlinear behaviour of transfer function due to the remnant fieid at low fields. 

The diversification in analysis of all these parameters allows one to charac
terizethe bending strength more completely and reliablely reveal the reason of 
the SC-dipolc bending stlength failures as well. 

2. THE DESCRIPTION OF THE METHOD 

The essence of the me$od is to measure the 'longitudinal field integral with 
the rotating pick-up coiL-land then to calibrate all measurement equipment. 

•This calibration is realized in the central part of the dipole by NMR - meas~e

ments. Figure 2 pres~nts  the structural scheme employed for bending strength 
measurement. equipment. This measurement has two !Eteps: 
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Fig. 7. 

\' . Table 2. 

Parameter L.,It\mm].' OLe" Pm ['.t~"'l em [1j/kAJ
Dip"le (~  kA) (3 -;- 5 kA) (2 kA) , (2 kA) 

SPDMI-12 5664.7 -8.6, 10-· 5596.3 0.98793 
'" .' SPDMI-13 1)663.2 -7.6 ·10-· 
~. 5595.1 0.987975� 

SPDM1·14 5670.0 -8.1'10-· 5604.02� 00.988363;-.. SPDM1-.15 5665.7 -7.8 ·10-· 559':'.3 0.987931 
SPCMI-17 5666.1 -7.6·10-· 5596.6 0.98781 
SPDM1-i8 5663.4 -7.1· 10-· 5594.9 0.98764 
SPDMI-19' 5661.0 -::7.4·10-· 5592.9 0.98795 

,~ SPDM1·20 5664.8 -8.8 ·10-· 5598.7 0.988335 
SPDMI-21 5668.2 -8.3 .10-4 

• 
5602.5 0.988422 

SPDMI-22 5663.5 -8.G·1O-· 5594.8 0.987861 
SPDMI-2S 5664.1 -8.7 ·10-· 5595.4 0.987867 
SPDMI-24 5662.8 -8.4 ·10-· 5595.0 0.988044t. I SPDMI-25 5662.7 . -8.2 . 10-· 5594.9 0.988014 • 

Average 5664.45 8 ·10-· 5596.6 0.987998 
(Tn 4 .1O-.j 10-·0.4 6 ·10-· 2..3· JO-. 
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Fig.7 presents the typical plot of the normalized field integral Fti(I). The 
form of Fn(I) curve is almost the same as Cm(I) one. It displays that the field 
integral is determined m9stly by the,central field. 

The total results of the bending strength measurements for some SPDM-l 
series dipole are summerized in Table 2. 

Here is a brief analysis of these results. First of all it should be noted, that 
the relative magnitudes of these parameters changes are in a good agreement 
with formula (3) in the exciting current range from 3 kA to 5 kA: 

oJ"',. =oLefl + oCm (24) 

where OLe/I ~ 0.08% as it follows from Table 2, and of ~  0.8%, oCm ~ 0:7% 
are not presented in Table 2. " 

16� 

- central part measurement using the NMR-gauge; 
- field integral measurement with the rotating pick-up coil (the whole set of 

facilities is presented on the scheme). ' 

Dipole NMR-detector 
'r, 
':i. ..l. 

~ 

f 
\.~ 

-' 

!. 

~ Compute,

.'.".. Fig. 2. The structural scheme of the equipment usee for SC-dipole bending strength measure
ment.1,. 

Let's consider in detail every step.� 
Central field measurement.� 
The nuclear magnetic resonance - detector is put in the center of the SC -'� 

dipole with the help of an extending shaft. The magnet is excited with 2 kA 
current. Under this current NMR-gauge scans 3 m central part of the dipole 
(±1.5 m from longitudinal ceatre) with 100 rom step. Thesignal from the NMR 
- gauge through the frequency meter goes to the computer. The excitation 
current is mea.')ltred at the 'lame rate. The length of the scanning step ,,'as 

,,' chosen from the longitudinal field distribution ~ 

J 
As it is known, the NMR-gauge does not sense the field direction within a 

rather wide angular region, i.e. these meas'urement" give us -the module of the 
field vector [2,6]. If the data are sufEcient (sc~ng step length), the average 
value of the measured field can be represented as: 

" " 

~' 

"', 
'''The UNK dipoles bending strength measurement by using of spotting method" - too be published. 
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::u. TIneA� .. I ltPDll-l I I I I~I...
BNMR = ~NIMR J IBNMR(Z)ldz, (6)� I I 

8.99 5cent L~~R  

where L~~R=3 m is m.easu:ed by the NMR-gauge central part length.� 8.99" Rotating pick-up coil meaEurement. 
This method was described in detail earlier [4,5}. Here we'll point out only 

the features of the method important for the main field,measurement. 
Mechanically the measuring frame is inserted into the detector provided 

with all devices needed for installation, rota~ion  and electrical coanectio~.  A~  

present one employs a system oftwo mutually calibrateddetectors with a 1.5 m 
long measuring frame and a set of extending shafts. Placing this system in two 
1011giiu'dinalpositions one gets the transfer function in fOO1r sections of the SC
dipole. Further it is planned t'J use one det~ctor with a 2.2 m long frame 
sequentially installed in three positions. 

Fig. 3.� The id,~al  measurement (Bme in the 
dipole coordina.te system. 

Figure 3 presents the cross-section of an ideal radial measuring fnJIle in 
the coordinate system, whose Y-axis coincides with the field v~ctor and Z
axis with the dipole longitudinal &.Xis. Let's suppose, for simplicity, that the 
measured dipoie is ideal, i.e. it haS neither longitudinal field component nor 
nonlinearities or lengthwise twist. The ideal dipole field flux through the frame 
way be presented as: 

4» :::; WDcos8 JB(z)dz,� (7) 
LJr 

where L,,. is the frame length, D is the width, W is the number of the frame 
winding turns, B(z) is the longitudinal distribution of the field, 8 is the angle 
between the frame surface and t.he X Z plane . 

* u~...'J do
8.992� 

'. ..8.99 -

, 8.98B ~  .. 
,~I

~ 

8.986
::.".� ~ 

8.984� --, 
,. 

.....-: 

+-�
\ 

-� _. 8.982'>i' 

._,
8.98� 

I 
8.97 It·� -- '.

I 
I, Jell 

8.91� L 

8.8 8.5 1.8 1.' 2.9 2.5 3.8 3.5 4.8 4.5 5.8 5.5 6.8 

~~  

On fig.6 we show the dependence Le,,(1). Let's point out, that the slope 
of this parameter is ,..., 8 .1Q-4 in the regiotl of high fielns. There are two main 
factors influencing the behaviour of the Le" curve in the following way. 

:",; The ma.gnetic forces in the edge of the dipole coil'try t:> remove tae cur
. rent carrying conductor out of the field. These force3 tend to stretch the coil. 

''1\ The cal~tioI1S  [9} show that these forces can reach a few tons at high fields. 
Obviously these forces tend to increase Le". 

On the other hand, the fact that· the edge field slightly exceeds the central 
field due to the edge effect, leads to more "rapid" saturation of the magnet yoke 
in the edge region at high field. This phenomenon is similar to some decrease 
of the yoke length and definitely leads to a decrease of L e" at high field. 

As it follows from the presented curve, second factor is excelled at first one. ~ T.he. slope due to the saturation of Le,,(J) curve begins earlier than ern (!)() 
curve, that confirms the correctness of our approach. . 

6� 15� 



..:., l 'r.'� \ . , , 

~ The table of tolerllDcee forparameten, which iD1luence the measurement errors of • During the frame rotation around Z ..:. &xis E.M.F. will be induced on the 
dipole bending strength. ' , frame: 

,I
Para.meter TolerllDce Conditions of determining 

Symbol ExplllDation the tolerllDce H 
'r~'.;'1' 

.. ~:'  ..:1Q� Amplitude of dipole < 3.5 . 10-2 rad Over the length of the mea.· 
longitudinallinea.r twist frame L/.=1.5 m surir.g 
Stability of the amplitude of The measurement central ;'~.:18� me&llurement frame < 3.5 . 10-2 rad region on the fra.rne ~ength
 

longit,udinallinea.r twist L/...l.l~  m� 
The amplitude of Lo - frame length outside� 

.:190� of mea.suring frame < 7.10-2 rad mapet Lo = 0.3 L/, J 
longitudinallinea.r twist 
The amplitude of relative Central region. l 

6De� linear longitudinal non· , «30% Longitudinal non·unifor· :','~uniformity of the frame width' mity 6B "" 2 . 10-3 

6D. < 2 ·10-~  'Ene.' region Lo :.:! 0.3 L/. , \
I 

The errors of a ooincide!1ce of < 2 ,10-' 
.:1L� of frame ends 1.2mm L... ~6m '.~ 

.:1U·a.mplitude of drift B'aj=O.7 TI 
voltage displacement < 0.13· 1()4 D=16 mm ,~ 

(FigA), Tinl. - integration [B·,ee) LI,=\.5 m " 
time, W - num~ of turns ",:,"'. 

6I Current stahility < 6 ·10-' .:1100,(29 + 'lI') 
during mea.surement .r' 

~. 

4. MEASUREMENT RESULTS 
".This section presents th~  measurement results for the bendingstreIlgth of 
\~

some dipoles of series SPDM-l, ,qualitative analysis of there results and enu-, "'1 
merates the main problems of this method. Fig.5 shows the typical transfer 

tfunction of a SC-dipole of this series. The transfer functions measured with 
".1,:NMR and with a rotating coil have different absolut~ values due to longitudinal 

non-uniformity and the fact that NMR measUres the field in one point when 
t: 

the coil.measures average over the coil length field (Fig.l), however the form of� 
its dependence remains the same. Thil transfer function hysteresis is explained .,�
by the superconductor and magn~t  yoke magrietization. The slope at high field� 
(starting from 3.5 kA) is due to the yoke saturation.. ' ii'� , . 

1
'Ii 

.. 
U 04J, WD' (}otheta 'f B( )d/. = -:- at = sm -0- "z z, (8) 

,� ,1 L1r 

where ~ is the ~gula.rspeed  of rota-tion. After amplification with coefficient 
Ie and integration with time constant T of this E.M.F. we'll get the integrator 
output voltage as: 

U:..,(9) = w~~(cos(} ~ 1) f B(z)dz.� (9) 
,� L" , ,. 

From the mea...ured amplitude of the voltage peak of the output integrator U:naz 
one can calculate the field integral on the frame length:, 

. wkDJB(z)dz = U:OO"'2;:-' (10) 
Llr , 

Changing the position of the frame along the dipole length so that the ends of 
the frame would mutually coincide one will get the longitudinal field integral. 
The required accuracy can't be achieved due to a. number of reasons. These 
reasons are: 

- enors of the frame geometric sizes (D,L,.); 
- errOrs of the measuring electronics (T, k). 
The measurement experience shows that the rotating pick-up coil method in 

a pure case (without NMR-method support) provides the accuracy not better� 
than "" 10-3 

• However this enor C&l be taken into account using precisely� 
, known coefficient w:rD obtained from the results of the central field measurement� 
with the NMR-gauge (6). The esSence of the suggested method is to measure the� 

. longitudinal field integral with a simple rotating coil method and simultaneously 
to calibrate the used equiPment from NMR-gauge measurement renults. Note, 
that the field integral is measured with the r.>tating coil at 11 excitation current 
levels (0.7; 1; 2; 3; 4; 5 kA rise and 4; 3; 2; 1; 0.7 down). Thus we've got the 
whole function of the field integral vs current. As it has been said above the 
results were brought in accordance with the NMR-measurements only at one 
ct14-rent level 2 kA, However, since the measurements are performed'at the same 
values of Ie and T one level is enough for the influence of an electronics channel 
nonlinearity is negligible. 

Note that the longitudinal integrals defined by expressions (6) and (10) are 
not identical. Actually formula (10) does not represent potential longitudinal 
twist of a magnet or detector. These twists can lead to an error tha.t can 

'\ 
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hardly be taken into account without a ftfereuce magnet. This applies to the 
lon~itudinal  inhomogeneity of the frame width, as well. Imperfect coincidence 
of the frame t'dges also gives the bending ~trength  error. All enumerated errors 
are systematic. ' 

Moreover,. there are random errors like: .\� 

- energizatiou current measurement error. ."c.� 
- instability of electronics (k, T);� 
- instability of the geomeiric sizes of the frame.� 
Two last points need some explanation. The thing is that the calibration� 

is carried out only at the central part of the measured dipole. The fringe field 
measurement is delayed w.r.t. the central one, that might be a reason of the l'

I;: 

mentioned·parameters deviation. 
Note, the geometric deviation of the frame sizes vs temperature may be ,~  

,'" ~ 

taken into account via temperature measurement and calculation of the true .~: 

frame sizes ft,om the coefficient of linear thermal expansion of the detector 
materi'll or from calibration curve. The temperature measurement may be 
easily carried out by measuring the coil resistance if we know the TCR of the 
coil winding material. Thus, measuring the average dipole field with the NMR
gauge and after measuring the same one with a rotating pick-up coil at several 
values of the frame temperature, we can plot the calibration curve, with which 
one can calculate the correction factor, that takes into li,Ccount the frame size 
changes caused by temperature variations. ' 

., 

3. ERRORS 

To make the analysis of errors simpler let's consider each parameter sepa
rately, assuming all otheI ideal. 

""~ .3.1. Longitudinal twist 
'."J 

First let's consider the case of.the magnet longitudinal twist and ide..'1.1 mea- . 
surement frame. In this case the average field measured with the frame can be 
represented as: 

B/r = -!:- J111(z)lcosa(z)dz, (11) 
/r L,r . ;J

"wherea(z) - the angle between the magnetic field induction vector (B(r) and "
nonna! to the median plane. ~ 

The systematic error between NMR - measurements and rotating pick-up 
coil measurements appear during the calibration. This error is the result of 

measured, and hence the dependenceU:U,(") is known aEiwell as dependence
1("). . . 

In fact the same deviation of the current from the average level will give dif
ferent <:ontributions to the measured integral depending on the angular position 
of the measuring coil. 

u, 
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Fig. 4. The influence of the excitation 
,:urrent pulsing on the bending 
strength measurement accuracy. 
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Fig.4 shows the time dependences of voltage on the frame U/r and the worst 
case of the dependence J(-a). Let's point out, that in this case the voltage on 
the frame will have the form: 

V/r =U/:D. Cml1osin9 +6.1sin9cos(29 + ~)J~~, (23) 

where AI is the amplitude of the current deviation. One can get the tol
erance for the current deviation vic). integrating this expression (23),therefore 
for the worst case this toleranee is 1: < 6 . 10-4 • Since this tolerance is softer 
than full tolerance and, moreover, the form of 1(9) dependence is random with 
respect to ~(9)  dependence, adual!y for calcull!.tion one can use the mean value 
of the current during measurement (period of revolution). 

8 13� 



.............r�.. ,', J"'~-,l :"'~ ~.1~;:'.-·'<~: 

l( '" ' 

.' 

tolerance will be satisfied under the fol101ring condition: 

1 - J.B(z)dz,� (21)2~Utint < 2 ·10 4. 2DW' 
. \. LIp I 

where tint is integration time, W is the number of the coil turns in·'the mea
surement frame. For the least field (injection level) B"'j=O.7 T and for typical 
paranieters of the measuring frame D=16 mmj L/r=I.S m we get the tolerance: 

6.Utint < 0.13 .10-4 B . sec.� (22)
W 

Expression (22) determines the relation between the .,dmissible amplifier noise 
~U and integration titne, or in other.words - be~een  the rotation velocity and 
the number of the measuring coil turns. For typical time of the frame revolution 
",20 sec and for ordinary operational amplifiers with tYPical noise '" 5pv the 
tolerance may be satisfied when the number of turns of the measurement fr~e  

is '" 10. 

3.4. The current measurement error 

As it follows from expressions (2), (3), the sysumatic error of the magnet 
current measurement williea.d to proportional error of the normalized integral 
F,. and in the first approximation it will not influence the accuracy of LeI!' The 
influence of this error on the Lell is due to exceeding field in .the edge parts of 
the yoke with respect to the central one. It is confirmed by a different form of 
the transfer function curves (due to saturation) between the central and edge 
parts. However for insignificant errors of the current measurement this effect is 
negligibly small. 

Let's point out, that the tolerance for the systema.tic error of the current 
measurement ma.y be softer than the full tolerance of 2 . 1O~4,  if all magnets are 
measured with the same systematic error, i.e. for measurement of all elements 
of the ring magnet one Current standard is used with stability not worse than 
2 ·10-4. 

The random error for the current meaSurement includes the random error 
of the measurement eqUipment and the error caused' by current pulsation or its 
instability. The measm-ement equipment error, which consists of the magnetic
modulation detector or shunt and of the digital voltmeter or ADC, should not 
exceed full tolerance for the measurement error of the dipole bending strength 
(2 . 10-4). As it .follows from expressions (9), (10),' the error due to current 
pulsation may be taken into account if the instant values of the current are 

., " "'rs,~~"  ,. ,~:~,,: 

\, 

\� 
different measurement methods. From eomparison of expressidns (6) and (11) 
one can get the tolerance for the longitudinal twist .of the magnet on the frame 
l~ugt,h: 

.~ 2; Ja2(z)dz < 2 .10-4
.� (12)> 

v 
.q /r LIp ,� 
/l� 

.The tolerance is ~Q' < 3.3. .'10":2 rad for a linear twist with ~plitude  .~o:.  

.. '. '~~~'  The systematic error which has just been described, is present when the integral 
of magnetic field is measured by the NMR-device. At first the measUring frame 
is mounted in the median plane for each section of dipoles. However, when \,' the measurement results are summed up for all sections the systematic error is 

'J s'UIJllI1e<J up too. Therefore the tolerance of 35 mrad is a permissible amplitude 
J ' of the linear longitudinal twist over th~ full magnet length. It is known from ';\-. 

mechanical measurements, that this twist does not usually exceed 15 mrad fQr 
SC-dipoles. It is convinient to use an average angle considering the case when 
the frame has a longitudinal twist and the dipole is ideal. If O(z) is the angle " 

I,' 

between some plane, which coincides with the axis of the frame, and the plane '.:'1.' 

}, of the frame, then the average angle will be: .r: 

~~i 

...', 
8 = f-�J8(z)dz. (13) 

/r Llr .... 

Proceeding from the definition of median plane' (1), 0 = 0 for the initial position 
.;.), 

of the frame. In this case magnetic Bux through the frame standing in the 
~ ':" median plane will be: 
1), 

:~	 ~ = D· B· W Jcos[6 + ~O(z)Jdz, (14) 
"� 1/r 

_ .~l  
where D is the frame Width; 9 = OJ li8(z) - the deviation of the fr~e  plane 
with respect to the average angle (longitudinal twist). Analogously to what 
Was said above the toleranc.e for the longitudinal twist o! the frame is 35 ~rad. 

However, the twist value (i.e. the change of the frame sensitivity) is taken i-nto 
account when calibrating with the NMR-device. This tolerance concerns the 
stability of the longitudinal twist of the measuring frame in the period between . ',t 
c8llbration and measurement as well as' during the measurements themselves. 

;\ It should be pointed out that this tolerance is rather soft. 

t 
In general case, when the measurement frame has some twist and the magnet 

is not ideal the magnetic Bux through the frame can be presented as: 

~  = D· W I B(z)lcosO'cos[8+ 6.0(z)]dz, (15) 
Llr 

" . 
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where IB(z)1 is the longitudinal distribution of the field vector amplitude. 
The tolerance for the amplitude of a linear longitudinal. twist of the frame 

6.:{}0 when measuring the end region of an untwisted dipole with n - shape of 
the distribution: 

' .. ~ 6BL~ )LT(L}r - 3LJrLo - 3LJrL~ + L~) < 2.10-4
, (16)

1JJr - Jr' ,0 

where Lo is the length of the measuring 4'ame part, outside of the dipol~.  For 
real Lo ~  O.3L/r , 61J 't( 7.10-2 rad. 

3.2. Frame width 

In this section we assume that the dipole field and measuring framE: haVE:: no 
longitudinal twist. For conveniency we ~ntroduce the conception of an average 
width of the measuring frame; 

D;.. = L1 f D(z)dz, (17) 
Jr L/r 

where D(z) is the width of the measuring frame; z is the longitudinal coordinate. 
The magnetic flux through the frame, placed in the mE:dian plane, in this 

case can be presented in the form: 

~ =w f B(z)D(z)dz. (18) 
L/r 

This expression allows one to define the tolerance for the longitudinal nonuni
formity of the frame width. For the central region, whe~e the )ongitudinal 
nonuniformity of the field does not exceed 2 . 10-3 , the tolerance for the relative 
noaunifomuty of the fi'ame width is very soft ('" 30%) and it is ea..'iily satisfied. 

For the measurement of the edge field, the requirements for the longitudinal 
nonuniformityof the frame width will depend on the position of the frame w.r.t. 
the magnet end. The average width of the frame D, as'it follows from the 
method, is defined in this case in the central part of the magnet. To estimate 
the tolerance for the longitudinal nonliniformity of the frame width. assume, 
that the longitudinal <}istribution B(z} has a II-shape and Lo is a part of the 
frame in zero field. For this case expression (18) takes the form: 

L/r 

~=W·B f D(z)dz, (19) 
Lo 

where D(z) == D[l -:- oD(l- 2¢], and oD iS,a relative amplitude of the linear 
iongitudinal twist. The tolerance for the amplitude of the linear longitudinal 
twist of the frame width is 1!:LoD < 2 . 10-4•. A real contribution of the edge1:;; 
re~on to the full integral is """ 10%. It has earlier· been pointed out, that the 
tol~rance  aepends on the position of the frames and it will be softer than the 
quoted one. For a g~n:p;ral case the tolerance for oD is defined as: 

oD2LJr(LJr -,Lo) < 2. 10-4 ,~ .. (20)
LJr · Lm 

where Lm i8 the magnet length. For the real sizes Lo ~  0.3LJr; Lm=6 m the 
tolerance for longitudinal twist is 6D < 2 . 10-3. Let's note, that this tolerance 

~. 

II is quite strong and it i~  very difficult to take into ac(;ount the systematic error 
~ 

of measurements due to that. 
The mechanical errors are imperiections in the length of th~ measuring frame 

and error in attachment of the frame ends', As is clear 'fr0m the measurement 
procedure, the error of the frame length is taken into account from calibration. 

" 
\ The frame ends should coincide wit.h "'1.2 mm aCCllracy. It can be realized 

observing certain conditions. 

3.3. Electronic errors 

. ' As it follows from expression (10), the parameters of electronic channel (k, r) 
in the formula of the transformation coefficient are determined from NMR 
measurements with error < 10-4• Hence, here we coIisider the stability of these 
parameters from calibration to measurement, and additive errors (noises). 

,t 

. Let's point out, that the'stability of the parameters is important only at 
the very moment of measurements when measuring the central region, i.e. the 
stability is important within the time interval between the measurement at 
the current level 2 kA (calibration level) and the moment of measurement at 
other levels., Since this time makes up several minutes, this instability does 
not exceed 10-4• At the edge regions these intervals may be tens of minutes. 
The measurement results show, that the contribution of instability of these, measurements does not exceed 10-~. To consider the inHueuce of the bias 

, voltage drift, one should take lnto account the fact, that the contdbution of 
the integrator bias k times less than the contribution of the amplifier bias. To 
estimate the influence of the drift of input bias voltage of the amplifier let's 
consjder the worst· case when the bias has a. sinusoidal form with amplitude 
6..U, and it changes synchroniollsly with the input signal. For this case the' 
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