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THE EXPERIMENTAL VERIFICATION 

�

INTRODUCTION 

 



In Chapter 5 the distributed parameters model is validated applying it to the study of current distribution in 

different experimental situations. In Section 5.1 the simple case of current distribution in a 2-strand cable is analysed, 

studying current distribution in the presence of ramps or cycles of the external field applied to a loop formed between 

the two cable strands. The influence of different choices of the boundary conditions on the final results is shown. 

In Section 5.2 an extensive measurement of the magnetic field in the bore of a short LHC dipole magnet is 

presented and analysed. A very similar behaviour is found between the amplitude of the modulation of the magnetic 

field along the magnet axis and the amplitude of supercurrents in the much simpler situation found in the two strand 

cable reported in Section 5.1. Moreover, the dependence of the amplitude of the magnetic field oscillations on the 

parameters of the current cycle is found to be qualitatively identical to that shown by the average value of the field. This 

correlation confirms the present understanding of the interaction between current distribution, filament magnetization 

and field decay in superconducting accelerator magnets.  

 The current distribution in the Rutherford cable of the magnet is finally simulated by means of the distributed 

parameters model. The use of appropriate meshing strategies leads to a very high reduction of the number of unknowns 

of the problem, up to a factor of about 60-70 with respect to the lumped parameters network model, when equivalent 

superstrands are considered. 

 A qualitative agreement between the behaviour of the calculated current distribution in the magnet cable and 

the amplitude of the masured field oscillations in the magnet bore has been found. 

 

5.1 THE 2-STRAND CABLE EXPERIMENT 

 

The experiment described in Section 2.4.1 and in detail in [12] was aimed to an experimental verification of the 

theory of “supercurrents”. The strand diameter of the NbTi/Cu multifilamentary conductor is equal to 0.3 mm, the 

cabling pitch and the transverse conductance are respectively equal to 10 mm and 0.5 108 Ω-1m-1. Current loops are 

induced by an external field in a test loop in the middle of the cable, when no transport current is present. 

 

We have applied the electromagnetic model described in Chapter 3 to the evaluation of the amplitude of the 

supercurrents in the presence of field ramps. We have calculated magnetic parameters as explained in Appendix B with 

reference to a cable pitch length sector and helicoidal trajectories of the strand axis. 

 



In our model the parameter /� reported by Krempasky and Schmidt is equivalent to O��+O��–2O��. In order to take 

into account the mutual induction coupling of strand sectors which are in different coil layers, the distance/radius ratio 

of the two strands is used as a fitting parameter. In our model this corresponds to an arbitrary variation of the mutual 

inductance O��, while O�� and O�� are nearly constant. 

 

A value of G�U equal to 3.1, with g12 = 0.52 108 Ω-1m-1 has been taken. In this case we obtain O11 = O22 = 8.36 10-7 

H/m, O���= 5.57 10-7 H/m and /� = 5.58 10-7 H/m.  

Following our calculations the inductance of the test loop is not large enough to explain the difference of this 

ratio from the cabling theoretical one (G�U=2, with which we obtain O11 = O22 = 8.33 10-7 H/m, m12 = 6.44 10-7 H/m, 

/�=3.78 10-7 H/m).  

The additional contribution to the effective inductance /� should be due to geometric imperfections increasing 

this distance and to the inductance of the coil formed by the two strands. We have evaluated the influence of this last 

term by means of a calculation of magnetic parameters made taking into account the coil geometry, which gives for /�

the value of 3.94 10-7 H/m.  

In Fig. 5.1 we report the comparison between the experimental and numerical results, during a magnetic field 

ramp, with reference to the current in the middle of the cable. A good agreement is obtained. 

The numerical results reported in Fig. 5.1 were obtained by imposing the boundary conditions (3.16), with strand 

currents equal to zero at the cable ends. This condition reproduces exactly the experimental conditions. In fact the cable 

ends were cut before the experiments impeding the current circulation between the two strands at the cable ends. 

 

Figure 5.2 reports a comparison with the results obtained if the equipotential condition (cable ends in short 

circuit) is used. The two solutions coincide till current diffusion reaches the end surfaces of the cable, then significantly 

differ because, in the equipotential surface case, a supercurrent loop is formed and current can flow continuously from 

one strand to the other through the end surfaces. 

 

Figure 5.3 reports a comparison between the experimental results and the numerical results obtained when 

exciting the cable with a different field cycle, made of a ramp up, a flat top with constant current, and a ramp down. The 

agreement with experimental results is satisfactory. 

 



CONCLUSIONS 
 

A current distribution imbalance in multistrand superconducting cables can decrease the cable performances in 

transient conditions, with a remarkable limitation of the maximum current carried by the cable. Moreover, a non 

uniform current distribution can affect the field quality in accelerator magnets. A correct modeling of these phenomena 

can be useful for their understanding, for the improvement of the cable design, and for the compensation of their effects. 

An electromagnetic model for the analysis of current distribution in multistrand superconducting cables has 

been developed. 

7KH�PRGHO�LV�VXLWDEOH�IRU�WKH�DQDO\VLV�RI�ODUJH�V\VWHPV�DQG�LV�IOH[LEOH�HQRXJK�WR�EH�DSSOLHG�WR�
GLIIHUHQW� JHRPHWULF� FRQILJXUDWLRQV� RI� PXOWLVWUDQG� FDEOHV�� 7KLV� FDQ� EH� DFKLHYHG� E\� PHDQV� RI� DQ�
DSSURSULDWH�HYDOXDWLRQ�RI�WKH�PRGHO�SDUDPHWHUV��

7KH PRGHO�LV�EDVHG�RQ�D�VHW�RI�SDUWLDO�GLIIHUHQWLDO�HTXDWLRQV��ZKLFK�PDNHV�LW�VXLWDEOH�IRU�WKH�
FRXSOLQJ�WR�D�WKHUPDO�K\GUDXOLF�GHVFULSWLRQ�RI�WKH�UHIULJHUDWLQJ�V\VWHP��

7KLV� ZRUN� VWDUWV� IURP� WKH� WKHRUHWLFDO� DQG� H[SHULPHQWDO� UHVXOWV� RQ� FXUUHQW� GLVWULEXWLRQ�
REWDLQHG� E\� VHYHUDO� UHVHDUFKHUV�� ,Q� SDUWLFXODU�� WKH�PRGHO� H[WHQGV� WKH� WKHRU\� RI� ³VXSHUFXUUHQWV´�
GHYHORSHG�E\�.UHPSDVN\�DQG�6FKPLGW�>��@�IRU�D���VWUDQG�PRGHO� WR�D�PRUH�FRPSOHWH�VWXG\�RI� WKH�
WLPH�GHSHQGHQW�FRXSOLQJ�FXUUHQWV�LQ�D�JHQHULF�N VWUDQG�FDEOH��$QRWKHU�EDVLF�IXQGDPHQW�RI�WKH�ZRUN�
DUH� WKH�QHWZRUN�PRGHOV� IRU� FXUUHQW�GLVWULEXWLRQ� LQ� IODW�5XWKHUIRUG�FDEOHV�GHYHORSHG�E\�$NKPHWRY�
DQG� 9HUZHLM� >�����@�� 7KLV� DSSURDFK� RYHUFRPHV� WKH� PDLQ� OLPLWDWLRQ� RI� QHWZRUN� PRGHOV� IRU� WKH�
DSSOLFDWLRQ�WR�ORQJ�FDEOHV��ZKLFK�LV�WKH�YHU\�ODUJH�QXPEHU�RI�XQNQRZQV���

7KLV� KDV� EHHQ� GHPRQVWUDWHG� FRPSDULQJ� WKH� WZR� PRGHOV� LQ� WKH� HYDOXDWLRQ� RI� ORQJ� UDQJH�
FRXSOLQJ�FXUUHQWV��DQG�REWDLQLQJ�D�JRRG�TXDQWLWDWLYH�DJUHHPHQW�ZLWK�D�YHU\�UHPDUNDEOH�UHGXFWLRQ�
RI�WKH�QXPEHU�RI�XQNQRZQV��UDQJLQJ�IURP�UDWLRV�RI�WHQ�WR�RQH�KXQGUHG�LQ�GLIIHUHQW�VLWXDWLRQV��

The model also overcomes the strong dependence on cable configuration implicit in network models. In order 

to show this we have compared it with a lumped parameters network model of cable in conduit conductors, obtaining a 

good agreement in the study of current redistribution after quench of one strand in a short triplex cable. 

 An important advantage of this formulation is the possibility to determine the analytical solution of the model 

equations in particular conditions of symmetry of the electrical parameters of the cable. A very good agreement has 

been obtained between the numerical and analytical solutions. 

A validation of the model has been also performed against experimental results on the development of long 

range “supercurrents” in a two-strand cable, obtaining a good quantitative agreement. 

Moreover, an extensive measurement of the magnetic field periodic modulation along the length of a LHC 

dipole has been presented and analysed. It has been shown that the amplitude of the modulation is strongly dependent 



on the powering history of the magnet and that the features of this dependence are very similar to those found in a 2 

strand cable in a much simpler situation. The scaling of the amplitude of the field modulation with powering history is 

essentially the same as the decay observed on average harmonics. This result confirms the idea that current distribution 

and field decay are intimately correlated. 

The possibility to apply the distributed parameters model to the study of a real long cable has been finally 

demonstrated, obtaining a good qualitative agreement with the experimental data on the measured periodic pattern. 

 

$ GHHSHU�LQVLJKW�LQ� WKH�PRGHO� HTXDWLRQV� FDQ�
KHOS� XQGHUVWDQGLQJ� LWV� XQGHUO\LQJ� K\SRWKHVHV�
DQG� WKH� FRUUHFW� PHDQLQJ� RI�WKH�SDUDPHWHUV��
 The superconducting cable is made of 1 strands 

having a circular cross section and curvilinear axis. The 

geometry of each strand is supposed to be known. Let’s 

consider a segment of cable of length ∆[ and let LK �[�W� be the current carried by strand K at time W at the first extreme of 

the segment. Let -K�N([, W) be the current flowing from strand K to strand N, in correspondence to coordinate [, per unit 

length of cable. The following equation is derived from conservation of charge: 
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From equations (A.2), the following expression of the electric field by means of the scalar electric potential 9
and the magnetic vector potential $ is derived: 
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Let’s suppose that the magnetic vector potential $ has no component parallel to the cross section of the cable: 

( ) ( ) 0,, =× [[ FW$ ηξ (A.4) 

where WF is the unit vector tangent to the cable axis at position [ and ξ and η are the local coordinates in the cross section 

of the cable. 

The following equation is then derived from eq. (A.3): 
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From equation (A.1) the following equation is obtained: 

 

( ) ( ) ( ) ( )[ ]∑
=

−=
∂

∂ 1
N KNNKK W[9W[9W[JW[[

L
1

, ,,,, (A.7) 

 



Let a sector of cable of length ∆[ be considered. 

By neglecting the variation of the electric potential in the cross section of the strand, the following equation is 

obtained for a sector of strand K, with reference to a point 3K�with coordinates ξ and η in the cross section of the strand 

(see figure A.1): 
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ZKHUH��
- τH[W�i is the volume of the LWK external coil, -ext,i is the current density vector in that coil and 1H[W� is the 

number of external coils, 

- -K is the current density vector in strand K,

- τK�1 ([) is the volume of strand K from the inlet section to the section at coordinate [,
- τK�2 ([) is the volume of strand K from the section at coordinate [ to the outlet section, 

- ∆ τK ([��∆[) is the volume of strand h included between section at coordinate [ and [ �∆[� 



7KH YHFWRU�SRWHQWLDO�FDQ�EH�GLYLGHG�LQWR�WZR�SDUWV��FRUUHVSRQGLQJ�WR�WKH�VHFWRU�FRQVLGHUHG�
DQG�WR�WKH�UHVW�RI�WKH�PDJQHWLF�VWUXFWXUH��
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where: 
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From Equations (A.10) and (A.9) we obtain: 
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The longitudinal resistance per unit length along the strand axis of strand K, UVK, is defined by the following 

relation: 
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In equations (A.19 - A.21) UK is the longitudinal resistance of strand K per unit length of cable, and γK the angle 

between the direction of the strand axis and the direction of the cable at coordinate [ along the cable length. 

(TXDWLRQ� �$����� LV�HTXDO� WR�HTXDWLRQ� ������� VR� WKDW�DOO�SDUDPHWHUV�DSSHDULQJ� LQ� WKH�PRGHO�
KDYH�EHHQ�LGHQWLILHG��
 

APPENDIX�B
NUMERICAL CALCULATION OF SELF AND MUTUAL INDUCTANCES 
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7KH�FDOFXODWLRQ�RI�PXWXDO� LQGXFWDQFHV�EHWZHHQ�VHFWRUV�RI�GLIIHUHQW� VWUDQGV� LV�QHFHVVDU\� WR�
GHYHORS�WKH�HOHFWURPDJQHWLF�PRGHO�RI�PXOWLVWUDQG�VXSHUFRQGXFWLQJ�FDEOHV��

Several computer codes have been developed in order to calculate the induction coefficients for the case of a 

generic geometric disposition of the strands. 

7KH� LQGXFWLRQ�FRHIILFLHQWV�DUH� FDOFXODWHG�PDNLQJ� WKH� IROORZLQJ�DVVXPSWLRQV�� ,W� LV�DVVXPHG�
WKDW� WKH�JHRPHWU\�RI� WKH�ZLUH� LV�JHQHUDWHG�E\�D�FRQWLQXRXV�PRWLRQ�RI�D� IODW�VXUIDFH� LQ�VSDFH��7KH�
VXUIDFH�PRYHV�SHUSHQGLFXODU�WR�WKH�WUDMHFWRU\�RI�WKH�VXUIDFH�FHQWHU�RI�PDVV��ZKLFK�LV�WKH�ZLUH�D[LV��
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RI� WKH� WDQJHQW� WR� WKH�ZLUH�D[LV� LQ� WKH� FHQWHU�RI�PDVV�RI� WKH� FURVV� VHFWLRQ�FRQVLGHUHG�� ,Q� WKH� FDVH�
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7KH FXUUHQW�GHQVLW\�-�P� LQ�D�JHQHULF�SRLQW�P RI WKH�ZLUH�FDQ�EH�WKHQ�H[SUHVVHG�DV�IROORZV��
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where W is the unit vector normal to the cross section of the wire which includes 3 (and obviously tangent to the wire 

axis), 6 the area of the cross section and L the current flowing in the wire. 

Under these hypotheses the mutual inductance between a generic sector L of strand K and a generic sector M of 

strand N with volumes τK�L and τN�M can be obtained by means of the following expression: 
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where: 
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µ0 is the permeability of vacuum, U34 is the distance between two generic points 3 and 4 “moving” in volume τK�L and 

τN�M respectively. 

The self inductance of a generic sector L of strand K with volume τK calculated in the same hypothesis is given 

by: 
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where the meanings of symbols are analogous to those defined for equation (B.2).  

The approximation introduced considering a uniform current density in the strand cross section is equivalent to 

neglect the non uniformities of current distribution inside each strand due to the presence of different materials 

(superconducting filaments and copper matrix) and to the coupling currents flowing among the filaments through the 

copper matrix. 



Equations (B.2) and (B.4) can be integrated numerically by means of a recursive adaptive integration based on 

Gauss formula. Most problems arise when integrating equation (B.4) for the calculation of mutual inductances, because 

of the singularity obtained when 3 coincides with 3¶.
The numerical integration of equation (B.4) can be performed using the following numerical artefact: 

 ’
’

0
,,

, ,

)’()(

4 33
33

KK
LK GGU

33/
LK LK

∫ ∫ +
⋅

=
εε

II
(B.5) 

where ε is a distance which should be taken as small as possibile, verifying the convergence of the integral. It can be 

shown that the values of /K�L�ε calculated with definition (B.5) converge to the definition (B.4) when ε tends to zero. In 

fact it is possible to demonstrate the following relation [71]: 
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It is useful for the following calculations to introduce two different coordinate systems defined in the following 

way. The first system is a rectangular cartesian coordinate system with origin in point O and axis D, E and F.
The second coordinate system is a curvilinear coordinates system defined as follows: 

[ = parametric coordinate which follows the trajectory of the strand axis  

U = radial polar coordinate varying in the strand cross section  

 D]LPXWK�DQJOH��LQ�WKH�UDQJH�����π���
A generic cross section of strand K is defined by means of two unit vectors )([KX and )([KY orthogonal to 

vector )([KW . The generic point 3K�([) in the cross section of the strand K at coordinate [ can be expressed as follows: 

 )()(sin)()cos()()( [U[U[5[3 KKKK YX αα ++= (B.7) 

where 5K([) is the point of the strand axis corresponding to the same cross section as point 3.

The three unit vectors of the local reference frame can be found as follows: 
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If the trajectory of each strand axis is analytically known, i.e. if 5K�([) is analytically known, all the terms of 

equations (B.8) through (B.10) can be the easily evaluated by means of direct derivation. If the line of the strand axis is 

defined by the position of a sufficient number of points along the strand axis, the terms in equations (B.8)-(B.10) can be 

calculated via spline interpolation. 

In order to evaluate the volume integral of eq. (B.2) and (B.4), it is necessary to calculate the Jacobian of the 

coordinates transformation from the coordinates D�E�F to the coordintaes [��U��α. The Jacobian is the determinant of the 

transformation matrix -m:

All the terms comparing in the Jacobian matrix can be easily determined given the strand geometry. Defining with [K�
UK� DQG�αK, the mixed coordinates referred to strand K and with [N� UN� and�αN the mixed coordinates referred to strand N,
the evaluation of the integral in eq. (B.2) is straightforward: 
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where 5V is the radius of all strands, -PK and -PN�are the Jacobian matrices relative to strand K and strand N and /K�L and 

/N�M the developed lengths of the strand sectors considered. 

In a similar way the integral in eq. (B.5) can be calculated as follows: 
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([DPSOH�RI�DSSOLFDWLRQ��D�WULSOH[�FDEOH��
,Q WKH� FDVH� RI� D� WULSOH[� FDEOH�ZLWK� VWUDLJKW� D[LV� DORQJ� z� WKH� FDUWHVLDQ� FRPSRQHQWV� RI� WKH�
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7KH�PXWXDO�LQGXFWDQFHV�EHWZHHQ�DQ\�WZR�VHFWRUV�RI�WZR�JHQHULF�VWUDQGV�h DQG k FDQ�EH�WKHQ�
GHWHUPLQHG�ZLWK�DQ�DSSURSULDWH�FKRLFH�RI�WKH�LQWHJUDWLRQ�H[WUHPHV�LQ�HT���%������
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([DPSOH�RI�DSSOLFDWLRQ��5XWKHUIRUG�FDEOH��
7KH VWUDQGV�LQ�D�IODW�FDEOH�DUH�DVVXPHG�WR�EH�PDGH�RI�VWUDLJKW�F\OLQGHUV�OD\HUHG�DOWHUQDWLYHO\�LQ�

WKH� XSSHU� DQG� ORZHU� IDFH� RI� WKH� FDEOH�� 6WDUWLQJ� IURP�D�JHQHULF� SRVLWLRQ� DORQJ� WKH� FDEOH� D[LV�ZH�
FRQVLGHU�DOO�WKH�F\OLQGHUV�RI�HDFK�VWUDQG�ZLWKLQ�D�FHUWDLQ�QXPEHU�RI�FDEOH�SLWFKHV��LQ�RUGHU�WR�VPHDU�
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If we consider S pitches of cable the total number of cylinders for each strand introduced in the calculations is equal 

to 2S or 2S + 1, depending on the strand chosen. As an example, the cylinders considered for the calculation of the 

mutual inductances matrix for strand 1 (2 cylinders) and strand 3 (3 cylinders) in the case of a calculation for 1 pitch are 

shown in Fig. 2.3. 

The mutual inductance between a generic cylinder L of strand K and a generic cylinder M of strand N is calculated by 

means of an adaptive recursive numerical integration of formula (B.2): 
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τK�� L , τN�� M are the volumes of the strands segments. Once the mutual inductances between all the strand sectors are 

known, the elements of the matrix of the self and mutual inductances per unit length (see section can be calculated as 

follows: 
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where & (K) is the number of cylinders owing to strand K along the S pitches considered. 

It is worth remarking that the absolute values of the mutual induction coefficients change with the number of 

cable pitches chosen for the smearing. However, only differences between these coefficients appear in the final 

equations in the matrix JO�of equation (3.7). We have verified that the elements of matrix JO are quickly convergent with 

the number of pitches, obtaining a constant value within 6 - 7% after 10 twist pitches. As we are interested to study 

effects that involve many twist pitches (up to the whole cable length), we believe that in general these variations do not 

affect substantially the final current distribution, and we have verified it in the test cases reported in this thesis. 

$V DQ�H[DPSOH�� WKH�PXWXDO�LQGXFWDQFHV�PDWUL[�SHU�XQLW� OHQJWK� O FDOFXODWHG�IRU�D����VWUDQG�
FDEOH� XVHG� IRU� WKH� VLPXODWLRQV� UHSRUWHG� LQ� 6HFWLRQ� ���� LV� UHSRUWHG� LQ� �%������ 7KH� PDWUL[� ZDV�
FDOFXODWHG�XVLQJ�HT���%�����ZKHUH�p ZDV WDNHQ�HTXDO�WR����

,W FDQ� EH� QRWLFHG� WKDW� WKH� YDOXHV� RI�PXWXDO� LQGXFWDQFHV� SHU� XQLW� OHQJWK� DUH� HTXDO� IRU� DOO�
VWUDQGV� KDYLQJ� WKH� VDPH� GLVWDQFH� EHWZHHQ� WKHLU� D[HV� DORQJ� WKH� FDEOH� OHQJWK�� $V� DQ� H[DPSOH��
FRQVLGHULQJ�VWUDQG���DQG�VWUDQG����WKHLU�GLVWDQFH�LV�HTXDO�WR�WKDW�EHWZHHQ�VWUDQG���DQG���RU�VWUDQG�
� DQG���DQG�VR�RQ��7KH�VDPH�KDSSHQV�IRU�VWUDQG���DQG����RU���DQG����7KLV�SURSHUW\�PDNHV�WKH�PDWUL[�



RI� PXWXDO� LQGXFWDQFHV� circulant� �VHH� >��@� DQG� $SSHQGL[� &��� 7KLV� SURSHUW\� LV� YHU\� XVHIXO� IRU� D�
VWUDLJKWIRUZDUG�HYDOXDWLRQ�RI�WKH�HLJHQYHFWRUV�DQG�HLJHQYDOXHV�RI�PDWUL[�O WKDW�DUH�QHHGHG�IRU�WKH�
DQDO\WLFDO�VROXWLRQ�RI�WKH�SUREOHP�HTXDWLRQV��VHH�&KDSWHU�����

�

m/H10

1.681.491.371.301.271.241.231.221.221.231.231.241.271.301.361.49

1.491.681.491.371.301.271.241.231.231.221.231.231.241.271.30361.

1.371.491.681.491.371.301.271.241.231.231.221.231.231.241.271.30

1.301.371.491.681.491.371.301.271.241.231.231.221.231.231.241.27

1.271.301.371.491.681.491.371.301.271.241.231.231.221.231.231.24

1.241.271.301.371.491.681.491.371.301.271.241.231.231.221.231.23

1.231.241.271.301.371.491.681.491.361.301.271.241.231.231.221.23

1.221.231.241.271.301.371.491.681.481.361.301.271.241.231.231.22

1.221.231.231.241.271.301.361.481.681.491.371.301.271.241.231.22

1.231.221.231.231.241.271.301.361.491.681.491.371.301.271.241.23

1.231.231.221.231.231.241.271.301.371.491.681.491.371.301.271.24

1.241.231.231.221.231.231.241.271.301.371.491.681.491.371.301.27

1.271.241.231.231.221.231.231.241.271.301.371.491.681.491.371.30

1.301.271.241.231.231.221.231.231.241.271.301.371.491.681.491.37

1.361.301.271.241.231.231.221.231.231.241.271.301.371.491.681.49

1.491.361.301.271.241.231.231.221.231.231.241.271.301.371.491.68

6−⋅
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APPENDIX�B
NUMERICAL CALCULATION OF SELF AND MUTUAL INDUCTANCES 

 *HQHULF�VWUDQG�JHRPHWU\�
�

7KH�FDOFXODWLRQ�RI�PXWXDO� LQGXFWDQFHV�EHWZHHQ�VHFWRUV�RI�GLIIHUHQW� VWUDQGV� LV�QHFHVVDU\� WR�
GHYHORS�WKH�HOHFWURPDJQHWLF�PRGHO�RI�PXOWLVWUDQG�VXSHUFRQGXFWLQJ�FDEOHV��

Several computer codes have been developed in order to calculate the induction coefficients for the case of a 

generic geometric disposition of the strands. 

7KH� LQGXFWLRQ�FRHIILFLHQWV�DUH� FDOFXODWHG�PDNLQJ� WKH� IROORZLQJ�DVVXPSWLRQV�� ,W� LV�DVVXPHG�
WKDW� WKH�JHRPHWU\�RI� WKH�ZLUH� LV�JHQHUDWHG�E\�D�FRQWLQXRXV�PRWLRQ�RI�D� IODW�VXUIDFH� LQ�VSDFH��7KH�
VXUIDFH�PRYHV�SHUSHQGLFXODU�WR�WKH�WUDMHFWRU\�RI�WKH�VXUIDFH�FHQWHU�RI�PDVV��ZKLFK�LV�WKH�ZLUH�D[LV��
7KH�FXUUHQW�GHQVLW\�LV�FRQVLGHUHG�WR�EH�KRPRJHQRXV�LQ�HYHU\�ZLUH�FURVV�VHFWLRQ��ZLWK�WKH�GLUHFWLRQ�
RI� WKH� WDQJHQW� WR� WKH�ZLUH�D[LV� LQ� WKH� FHQWHU�RI�PDVV�RI� WKH� FURVV� VHFWLRQ�FRQVLGHUHG�� ,Q� WKH� FDVH�
FRQVLGHUHG�KHUH�DOO�ZLUHV�DUH�DVVXPHG�WR�KDYH�D�FLUFXODU�FURVV�VHFWLRQ��VR�WKDW�WKH�FHQWHU�RI�PDVV�
VLPSO\�FRUUHVSRQGV�WR�WKH�FHQWHU�RI�WKH�VHFWLRQ��

7KH FXUUHQW�GHQVLW\�-�P� LQ�D�JHQHULF�SRLQW�P RI WKH�ZLUH�FDQ�EH�WKHQ�H[SUHVVHG�DV�IROORZV��
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where W is the unit vector normal to the cross section of the wire which includes 3 (and obviously tangent to the wire 

axis), 6 the area of the cross section and L the current flowing in the wire. 

Under these hypotheses the mutual inductance between a generic sector L of strand K and a generic sector M of 

strand N with volumes τK�L and τN�M can be obtained by means of the following expression: 
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where: 
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µ0 is the permeability of vacuum, U34 is the distance between two generic points 3 and 4 “moving” in volume τK�L and 

τN�M respectively. 

The self inductance of a generic sector L of strand K with volume τK calculated in the same hypothesis is given 

by: 
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where the meanings of symbols are analogous to those defined for equation (B.2).  

The approximation introduced considering a uniform current density in the strand cross section is equivalent to 

neglect the non uniformities of current distribution inside each strand due to the presence of different materials 

(superconducting filaments and copper matrix) and to the coupling currents flowing among the filaments through the 

copper matrix. 

Equations (B.2) and (B.4) can be integrated numerically by means of a recursive adaptive integration based on 

Gauss formula. Most problems arise when integrating equation (B.4) for the calculation of mutual inductances, because 

of the singularity obtained when 3 coincides with 3¶.
The numerical integration of equation (B.4) can be performed using the following numerical artefact: 
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where ε is a distance which should be taken as small as possibile, verifying the convergence of the integral. It can be 

shown that the values of /K�L�ε calculated with definition (B.5) converge to the definition (B.4) when ε tends to zero. In 

fact it is possible to demonstrate the following relation [71]: 

 LKLK // ,,,
0

lim =
→

εε
(B.6) 

It is useful for the following calculations to introduce two different coordinate systems defined in the following 

way. The first system is a rectangular cartesian coordinate system with origin in point O and axis D, E and F.
The second coordinate system is a curvilinear coordinates system defined as follows: 

[ = parametric coordinate which follows the trajectory of the strand axis  

U = radial polar coordinate varying in the strand cross section  

 D]LPXWK�DQJOH��LQ�WKH�UDQJH�����π���
A generic cross section of strand K is defined by means of two unit vectors )([KX and )([KY orthogonal to 

vector )([KW . The generic point 3K�([) in the cross section of the strand K at coordinate [ can be expressed as follows: 

 )()(sin)()cos()()( [U[U[5[3 KKKK YX αα ++= (B.7) 

where 5K([) is the point of the strand axis corresponding to the same cross section as point 3.

The three unit vectors of the local reference frame can be found as follows: 
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 )()()( [[[ KKK XWY ×= (B.10) 

If the trajectory of each strand axis is analytically known, i.e. if 5K�([) is analytically known, all the terms of 

equations (B.8) through (B.10) can be the easily evaluated by means of direct derivation. If the line of the strand axis is 

defined by the position of a sufficient number of points along the strand axis, the terms in equations (B.8)-(B.10) can be 

calculated via spline interpolation. 



In order to evaluate the volume integral of eq. (B.2) and (B.4), it is necessary to calculate the Jacobian of the 

coordinates transformation from the coordinates D�E�F to the coordintaes [��U��α. The Jacobian is the determinant of the 

transformation matrix -m:

All the terms comparing in the Jacobian matrix can be easily determined given the strand geometry. Defining with [K�
UK� DQG�αK, the mixed coordinates referred to strand K and with [N� UN� and�αN the mixed coordinates referred to strand N,
the evaluation of the integral in eq. (B.2) is straightforward: 
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where 5V is the radius of all strands, -PK and -PN�are the Jacobian matrices relative to strand K and strand N and /K�L and 

/N�M the developed lengths of the strand sectors considered. 

In a similar way the integral in eq. (B.5) can be calculated as follows: 
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([DPSOH�RI�DSSOLFDWLRQ��D�WULSOH[�FDEOH��
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7KH�HOHPHQWV�RI�WKH�-DFRELDQ�PDWUL[�UHVXOW�LQ��
ZKHUH�Ji,j�LV�WKH�HOHPHQW�i, j�RI�PDWUL[�-mh�
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7KH�PXWXDO�LQGXFWDQFHV�EHWZHHQ�DQ\�WZR�VHFWRUV�RI�WZR�JHQHULF�VWUDQGV�h DQG k FDQ�EH�WKHQ�
GHWHUPLQHG�ZLWK�DQ�DSSURSULDWH�FKRLFH�RI�WKH�LQWHJUDWLRQ�H[WUHPHV�LQ�HT���%������

�

([DPSOH�RI�DSSOLFDWLRQ��5XWKHUIRUG�FDEOH��
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WKH� XSSHU� DQG� ORZHU� IDFH� RI� WKH� FDEOH�� 6WDUWLQJ� IURP�D�JHQHULF� SRVLWLRQ� DORQJ� WKH� FDEOH� D[LV�ZH�
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If we consider S pitches of cable the total number of cylinders for each strand introduced in the calculations is equal 

to 2S or 2S + 1, depending on the strand chosen. As an example, the cylinders considered for the calculation of the 

mutual inductances matrix for strand 1 (2 cylinders) and strand 3 (3 cylinders) in the case of a calculation for 1 pitch are 

shown in Fig. 2.3. 

The mutual inductance between a generic cylinder L of strand K and a generic cylinder M of strand N is calculated by 

means of an adaptive recursive numerical integration of formula (B.2): 
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τK�� L , τN�� M are the volumes of the strands segments. Once the mutual inductances between all the strand sectors are 

known, the elements of the matrix of the self and mutual inductances per unit length (see section can be calculated as 

follows: 
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where & (K) is the number of cylinders owing to strand K along the S pitches considered. 

It is worth remarking that the absolute values of the mutual induction coefficients change with the number of 

cable pitches chosen for the smearing. However, only differences between these coefficients appear in the final 

equations in the matrix JO�of equation (3.7). We have verified that the elements of matrix JO are quickly convergent with 

the number of pitches, obtaining a constant value within 6 - 7% after 10 twist pitches. As we are interested to study 

effects that involve many twist pitches (up to the whole cable length), we believe that in general these variations do not 

affect substantially the final current distribution, and we have verified it in the test cases reported in this thesis. 

$V DQ�H[DPSOH�� WKH�PXWXDO�LQGXFWDQFHV�PDWUL[�SHU�XQLW� OHQJWK� O FDOFXODWHG�IRU�D����VWUDQG�
FDEOH� XVHG� IRU� WKH� VLPXODWLRQV� UHSRUWHG� LQ� 6HFWLRQ� ���� LV� UHSRUWHG� LQ� �%������ 7KH� PDWUL[� ZDV�
FDOFXODWHG�XVLQJ�HT���%�����ZKHUH�p ZDV WDNHQ�HTXDO�WR����

,W FDQ� EH� QRWLFHG� WKDW� WKH� YDOXHV� RI�PXWXDO� LQGXFWDQFHV� SHU� XQLW� OHQJWK� DUH� HTXDO� IRU� DOO�
VWUDQGV� KDYLQJ� WKH� VDPH� GLVWDQFH� EHWZHHQ� WKHLU� D[HV� DORQJ� WKH� FDEOH� OHQJWK�� $V� DQ� H[DPSOH��
FRQVLGHULQJ�VWUDQG���DQG�VWUDQG����WKHLU�GLVWDQFH�LV�HTXDO�WR�WKDW�EHWZHHQ�VWUDQG���DQG���RU�VWUDQG�
� DQG���DQG�VR�RQ��7KH�VDPH�KDSSHQV�IRU�VWUDQG���DQG����RU���DQG����7KLV�SURSHUW\�PDNHV�WKH�PDWUL[�



RI� PXWXDO� LQGXFWDQFHV� circulant� �VHH� >��@� DQG� $SSHQGL[� &��� 7KLV� SURSHUW\� LV� YHU\� XVHIXO� IRU� D�
VWUDLJKWIRUZDUG�HYDOXDWLRQ�RI�WKH�HLJHQYHFWRUV�DQG�HLJHQYDOXHV�RI�PDWUL[�O WKDW�DUH�QHHGHG�IRU�WKH�
DQDO\WLFDO�VROXWLRQ�RI�WKH�SUREOHP�HTXDWLRQV��VHH�&KDSWHU�����

�

m/H10

1.681.491.371.301.271.241.231.221.221.231.231.241.271.301.361.49

1.491.681.491.371.301.271.241.231.231.221.231.231.241.271.30361.

1.371.491.681.491.371.301.271.241.231.231.221.231.231.241.271.30

1.301.371.491.681.491.371.301.271.241.231.231.221.231.231.241.27

1.271.301.371.491.681.491.371.301.271.241.231.231.221.231.231.24

1.241.271.301.371.491.681.491.371.301.271.241.231.231.221.231.23

1.231.241.271.301.371.491.681.491.361.301.271.241.231.231.221.23

1.221.231.241.271.301.371.491.681.481.361.301.271.241.231.231.22

1.221.231.231.241.271.301.361.481.681.491.371.301.271.241.231.22

1.231.221.231.231.241.271.301.361.491.681.491.371.301.271.241.23

1.231.231.221.231.231.241.271.301.371.491.681.491.371.301.271.24

1.241.231.231.221.231.231.241.271.301.371.491.681.491.371.301.27

1.271.241.231.231.221.231.231.241.271.301.371.491.681.491.371.30

1.301.271.241.231.231.221.231.231.241.271.301.371.491.681.491.37

1.361.301.271.241.231.231.221.231.231.241.271.301.371.491.681.49

1.491.361.301.271.241.231.231.221.231.231.241.271.301.371.491.68
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Fig. 5.2 &XUUHQWV� LQGXFHG� LQ�D� WZR� VWUDQG�FDEOH�D��([WHUQDO� ILHOG� VZHHS�E��&RPSDULVRQ�EHWZHHQ�GLIIHUHQW�ERXQGDU\�
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Fig. 5.3 &XUUHQWV� LQGXFHG� LQ� D� WZR� VWUDQG� FDEOH� D�� )LHOG� VZHHS� E�� &RPSDULVRQ� EHWZHHQ� H[SHULPHQWDO� GDWD� DQG�
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5.2 MEASUREMENTS OF MAGNETIC FIELD PATTERN IN A SHORT LHC DIPOLE MODEL 

 

������,QWURGXFWLRQ�
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$V DQWLFLSDWHG� LQ� 6HFWLRQ� ������� ORFDO� ILHOG�PHDVXUHPHQWV� LQ� VXSHUFRQGXFWLQJ� DFFHOHUDWRU�
PDJQHWV� KDYH� UHYHDOHG� D� PRGXODWLRQ� ZLWK� ORQJLWXGLQDO� SHULRGLFLW\� RQ� DOO� KDUPRQLF� FRPSRQHQWV��
6XFK�SHULRGLFLW\�KDV�EHHQ�PHDVXUHG�RQ�ORQJ�PRGHOV�RI� WKH�/DUJH�+DGURQ�&ROOLGHU��/+&��GLSROHV�
>���� ��@�� ,Q� SDUWLFXODU�� V\VWHPDWLF� PHDVXUHPHQWV� KDYH� EHHQ� SHUIRUPHG� LQ� WZR� ���P� ORQJ� /+&�
PRGHO�GLSROHV�WR�H[SORUH�WKH�GHSHQGHQFH�RI�WKH�SHULRGLFLW\�RQ�ORQJLWXGLQDO�SRVLWLRQ�DQG�WLPH�>��@��

7KH PDLQ� PRWLYDWLRQ� IRU� WKH� H[SHULPHQWDO� ZRUN� LQ� WKLV� ILHOG� LV� WKH� LGHD� WKDW� WKH� VWUDQG�
PDJQHWL]DWLRQ� FDQ� EH� DIIHFWHG� E\� LQWHUQDO� ILHOG� FKDQJHV� LQ� WKH� FDEOH� DVVRFLDWHG�ZLWK� WKH� FXUUHQW�
UHGLVWULEXWLRQ�� D� SKHQRPHQRQ� YLVLEOH� ZKHQ� WKH� WUDQVSRUW� FXUUHQW� LV� KHOG� FRQVWDQW� >���� ��@�� 7KLV�
HIIHFW�FDXVHV�D�GULIW�RI�WKH�ILHOG�LQ�WKH�PDJQHW�DW�FRQVWDQW�RSHUDWLQJ�FXUUHQW��DQG�PXVW�EH�NQRZQ�DQG�
FRUUHFWHG� IRU�DFFHOHUDWRU�RSHUDWLRQ�HVSHFLDOO\�GXULQJ� WKH�SDUWLFOH� LQMHFWLRQ�SKDVHV�DQG� WKH� LQLWLDO�
VWDJH�RI� WKH� HQHUJ\� UDPS��$V� DQWLFLSDWHG� LQ� 6HFWLRQ�������� WKH� LQWHUQDO� ILHOG� FKDQJHV� FDXVLQJ� WKH�
ILHOG�GULIW�DW�LQMHFWLRQ�FDQ�EH�H[SODLQHG�LQ�WHUPV�RI�D�GLIIXVLRQ�RI�D�FXUUHQW�GLIIHUHQFH�DPRQJ�VWUDQGV�
LQ D�FDEOH��$�FXUUHQW�GLIIHUHQFH�DPRQJ�VWUDQGV�LQ�WKH�FDEOH�LQ�WXUQ�JHQHUDWHV�VSDWLDO�YDULDWLRQV�RI�
WKH� ILHOG� LQ� WKH�PDJQHW�ERUH��ZLWK�D�SHULRGLFLW\� HTXDO� WR� WKH� FDEOH� WZLVW�SLWFK��*LYHQ� WKH� UHODWLRQ�
EHWZHHQ� FDEOH� FXUUHQW� GLVWULEXWLRQ�� ILHOG� SHULRGLFLW\� DQG� ILHOG� GULIW�� LW� VKRXOG� EH� SRVVLEOH� LQ� ODVW�
DQDO\VLV� WR�HVWDEOLVK�D�FRUUHODWLRQ�EHWZHHQ� WKH�PHDVXUHG�SHULRGLF�SDWWHUQ�DQG�WKH�PHDVXUHG� ILHOG�
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0%607��� XVLQJ� DQ� DUUD\� RI� VKRUW� URWDWLQJ� FRLOV�� :H� JLYH� LQ� WKH� IROORZLQJ� WKH� GHWDLO� RQ� WKH�
PHDVXUHPHQW� SURFHGXUH� DQG� PDLQ� UHVXOWV� RI� WKLV� PHDVXUHPHQW�� :H� FRQFHQWUDWH� RQ� WKH� UHVXOWV�
UHODWLYH�WR�WKH�QRUPDO�VH[WXSROH�DQG�QRUPDO�GHFDSROH�FRPSRQHQWV�RI�WKH�PXOWLSROH�H[SDQVLRQ�RI�WKH�
PDJQHWLF� ILHOG� �VHH� (TXDWLRQ� ������ DV� WKH\� DUH� WKH� ILUVW� DOORZHG� KDUPRQLFV� LQ� WKH� JHRPHWULF�
FRQILJXUDWLRQ�RI�WKH�GLSROH�>�@��



������ ([SHULPHQWDO�VHW�XS�
 

The measurements of the dipole model magnet MBSMT1 have been performed in a vertical test set-up, shown 

in Fig. 5.4. The magnet is suspended inside the cryostat. A λ�SODWH separates the pool boiling helium bath from the 

superfluid bath, both at atmospheric pressure (Claudet bath). The subcooled superfluid state in the lower portion of the 

cryostat is achieved by means of a heat exchanger, where saturated superfluid helium conditions are obtained via Joule-

Thomson expansion of liquid helium from 1 bar down to approximately 15 mbar. The λ-plate has a number of leak-

tight feed-throughs for superconducting bus-bars, instrumentation wires and a sliding bearing for the rotating shaft used 

for the magnetic measurements described below. 

�
������0HDVXUHPHQWV�RI�WKH�PDJQHWLF�IOX[�GHQVLW\��
 

The measurement of the field and its harmonic components has been performed using radial coil arrays�
mounted on a glass-fibre shaft rotating in the bore of the magnet (see Fig. 5.5). Three arrays of coils, each composed of 

five adjacent coils sections, are installed to measure the field dependence along the magnet bore. Each coil is 25 mm 

long, so that each coil group covers approximately 125 mm. The top group is placed with the topmost coil at the 

beginning of the straight region at the layer jump, (connection end). The center group is placed with its topmost coil in 

the center of the magnet. The bottom group is placed with the bottom coil at the end of the straight part in the opposite-

connection end. The coils rotate in the superfluid helium bath. The shaft axis is held at four places: by bearings at both 

ends of the magnet, a sliding bearing to intercept heat conduction across the λ-plate, and a pressure-tight bearing in the 

cryostat top flange.
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The transitions from the magnet to the λ-plate and from cold to warm temperature are equipped with bellows, 

which are designed to be stiff with respect to torsion but allow axial misalignments. A DC motor mounted on the top 

flange of the cryostat drives the shaft via a belt transmission, while an encoder, rigidly mounted on the top end of the 

shaft, determines the angular position of the shaft. The rotation frequency is tipically in the range of 1 Hz. Because of 

dead times between rotations, the time interval between two measurements is of the order of 20 s. 
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DQJXODU�HQFRGHU��7KH�LQWHJUDWHG�YROWDJHV�DUH�WKXV�HTXDO�WR�WKH�IOX[�FKDQJHV�WKURXJK�WKH�PHDVXULQJ�
FRLO� IRU� DOO� DQJXODU� VWHSV�� DQG� URWDWLRQ� YHORFLW\� YDULDWLRQV� GXULQJ� WKH� PHDVXUHPHQWV� DUH�
FRPSHQVDWHG�XS�WR�WKH�ILUVW�RUGHU��$�UHDO�WLPH�SURFHVVRU�FRQILJXUHV�WKH�LQWHJUDWRUV�DQG�UHDGV�WKH�
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'LIIHUHQW� NLQGV� RI� PHDVXUHPHQW� F\FOHV� ZHUH� SHUIRUPHG� LQ� RUGHU� WR� REWDLQ� GHWDLOHG�
LQIRUPDWLRQ�RQ�WKH�SDUDPHWHUV�LQIOXHQFLQJ�WKH�JHQHUDWLRQ�DQG�WKH�GHYHORSPHQW�RI�WKH�PDJQHWLF�ILHOG�
SDWWHUQ��7KH�PDJQHW�ZDV�TXHQFKHG�EHIRUH�HYHU\�F\FOH�LQ�RUGHU�WR�HUDVH�WKH�µPHPRU\¶�RI�DOO�LQGXFHG�
FXUUHQWV��

,Q D�ILUVW�VHULHV�RI�WHVWV�WKH�PDJQHW�ZDV�UDPSHG�XS�LQ�D�VLQJOH�VWHS�IURP�D�VPDOO�FXUUHQW�WR�D�
IODW�WRS�FXUUHQW��GHVLJQDWHG�DV�IFT� DW�YDU\LQJ�UDPS�UDWHV�RR� 7KH�DQDO\VLV�RI�VLPSOH�VWHS�UHVSRQVHV�
FDQ�SURYLGH�XVHIXO�TXDOLWDWLYH�DQG�TXDQWLWDWLYH�LQIRUPDWLRQ�DERXW�WKH�PDJQHWLF�SDWWHUQ��DQG�FDQ�EH�
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VWDUWHG�DIWHU�D�SUH�F\FOH� FRQVLVWLQJ�RI�D� OLQHDU� FXUUHQW� LQFUHDVH�XS� WR�D�PD[LPXP�YDOXH� �IODW� WRS�
FXUUHQW���D�FRQVWDQW�FXUUHQW�SHULRG��IODW�WRS���DQG�D�OLQHDU�GHFUHDVH�RI�WKH�FXUUHQW�WR����$��%RWK�WKH�
FXUUHQW�UDPS�XS�DQG�UDPS�GRZQ�UDWHV�ZHUH�VHW�WR����$�V��7KH�IODW�WRS�FXUUHQW�DQG�WKH�IODW�WRS�WLPH�
ZHUH�VHSDUDWHO\�YDULHG�WKURXJKRXW�WKH�H[SHULPHQWV�LQ�RUGHU�WR�H[SORUH�WKHLU�LQIOXHQFH�RQ�WKH�SDWWHUQ�
JHQHUDWHG��7KH�PHDVXUHPHQW�SKDVH�FRQVLVWHG�RI�D�OLQHDU�LQFUHDVH�RI�WKH�RSHUDWLRQ�FXUUHQW�XS�WR�����
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We will refer in the discussion to the harmonic components of the following complex expansion of the 

magnetic field in the magnet bore: 
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where V = [ + i\ is the complex co-ordinate in the ([, \) coil cross sectional plane, 5� is the reference radius for LHC (17 

mm) and %Q and $Q are the multipole coefficients. 

There are five working coils in the bottom and top coils array while only four are correctly working in the 

middle coils array. We indicate with 1FR the total number of coils of a generic coils array. Each array provides a set of 

1FR values for every field harmonic up to the 15WK component for every measurement. Each value is referred to a 

different position along the magnet bore axis; we indicate with ]i, (L=1, 1FR) the positions along the magnet axis, and 

with KQL the measured values of the harmonic KQ at position ]L.
7KH� IROORZLQJ� H[SUHVVLRQ� LV� XVHG� WR� ILW� WKH� H[SHULPHQWDO� GDWD� DQG� WR� ILQG� FKDUDFWHULVWLF�

TXDQWLWLHV�GHVFULELQJ�WKH�ORQJLWXGLQDO�ILHOG�YDULDWLRQV��
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where ] is the abscissa running along the magnet axis and )�� )�� $ and ϕ are the fitting parameters. In particular )� is a 

constant offset� )� the slope of a linear term taking into account field gradients along the magnet axis, $ the amplitude 

of the sinusoidal variation and ϕ its initial phase. 

Finally, in order to evaluate the drift of the field harmonics during the constant current phases, we consider the 

arithmetic average of the measured values: 
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Several step response measurements have been 

performed with different ramp rates (ranging from 50 A/s to 

200 A/s) and final flat top currents (ranging from 2000 

A to 8000 A). A longitudinal variation of the field 

harmonics is found in every step response measurement. 

These longitudinal variations have different features for the three positions along the magnet. At the top part of 

the magnet we observe a strong longitudinal gradient of the field harmonics, so that it is not possible to recognize a 

precise and repeatable pattern (see Fig. 5.8). This could be due to the end field deformation at the connection end. 

In the middle and bottom parts of the magnet, however, the field harmonics exhibit an oscillation characterized by a period equal to the 

inner cable twist pitch, so that we can consider them as part of a periodic pattern. The measured values of the normal sextupole and normal decapole 

components are shown in Figs. 5.9 and 5.10 for the middle and the bottom part of the magnet respectively, after 100 s from the beginning of the flat 

top in the step response measurement with 2000 A of final current and 450 A/s of ramp rate. 

The experimental data can be well fitted by equation (5.2). 

Figure 5.11 shows the temporal evolution of the amplitude of the sextupole pattern calculated by means of the fitting function (5.2) in the 

case of a 450 A/s ramp rate and a 2000 A final current. The step response to a ramp with the same ramp rate (450 A/s), but higher final current 

(8000A) is shown in Fig. 5.12, while the responses to ramps with low ramp rate (50 A/s) are reported in Figs. 5.13 and 5.14 for a final current of 2000 

A and 5000 A respectively. 

 

A typical feature is always exhibited by the pattern amplitude of the sextupole component: it is about null before the current ramp, then 

quickly increases during the ramping up, and finally decays when the flat top is reached. We observe that this behavior is very similar to that shown 

Amplitude of the magnetic field 

pattern 



by the amplitude of the “supercurrents” induced by a flux density variation in a loop between two strands measured in the experiments performed by 

Krempasky and Schmidt (see Fig. 5.1). In [12] the experimental results were compared with the analytic solution of the equation of diffusion of the 

supercurrents (4.41). From (4.42) it can be shown that the following equation holds locally for the diffusion of the supercurrent during its decay after 

the field ramp: 
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for W�> W�, where W� is the time at which the flat top is reached, τQ is the decay time constant of each component of the infinite sum and ,Q its amplitude. 

In particular ,Q is a function of the driving voltage of the loop, the transverse conductance between the two strands and the length of the cable (see 

4.42). 

 

Given the relation between the amplitude of the supercurrents flowing in the cable and the sinusoidal oscillations of the field harmonics, 

we plot in Figs. 8c-11c the logarithm of the amplitude of these oscillations, in order to explore the nature of their decay. After an initial phase where 

we can suppose the superposition of different time constants, the logarithmic plot can be approximated through a straight line with the slope of the 

longest time constant. Fitting the logarithmic plot with a straight line, we have found the slope of the linear fit to be dependent on the initial time 

chosen for fitting, obtaining higher time constants with a higher initial time. This is due to the relatively short measurement time (1000 s), after which 

the system has not yet reached its final exponential decay with the longest time constant. An underestimate of this time constant leads to a range of 

3000 to 4500 s. 
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Fig 5.10 /RQJLWXGLQDO� YDULDWLRQV� RI� WKH� VH[WXSROH� �D�� DQG� GHFDSROH� �E�� FRPSRQHQWV� DW� WKH� ERWWRP� SRVLWLRQ� RI� WKH�PDJQHW�� 7KH� ILWWLQJ� IXQFWLRQ� LV�
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Fig. 5.14 a) &XUUHQW�UDPS�����$�V�UDPS�UDWH�DQG������$�ILQDO� FXUUHQW���b)�$PSOLWXGH� YDULDWLRQ� YHUVXV� WLPH� �%����
c)� /RJDULWKPLF� SORW� �%���d)� $PSOLWXGH� YDULDWLRQ� YHUVXV�
WLPH��%����

Fig. 5.13 a) &XUUHQW�UDPS�����$�V�UDPS�UDWH�DQG������$�ILQDO� FXUUHQW���b)�$PSOLWXGH� YDULDWLRQ� YHUVXV� WLPH� �%����
c)�/RJDULWKPLF�SORW� �%����d)�$PSOLWXGH�YDULDWLRQ�YHUVXV�
WLPH��%����

b) 



In all measurements, the amplitude in correspondence of the middle coils is lower than that in the bottom part. This may be due 

to the greater distance of the central coils from the origin of the BICCs, which are one of the sources of the development of the field harmonics 

periodic pattern. The BICCs are mainly generated by longitudinal variations of the time derivative of the magnetic flux density perpendicular to the 

broad face of the cable, which are more pronounced at the magnet ends due to the cable bending over the magnet bore. 

 

The step responses of the pattern amplitude of the normal decapole component are reported in Figs. 5.11d-5.14d. The amplitude of the 

normal decapole pattern at the central position of the magnet shows a variation in time similar to that of the amplitude of the normal sextupole pattern, 

while a different kind of decay is sometimes shown by the measurements at the bottom position of the magnet (see for example the case of bottom 

coils in Figs. 5.11d and 5.12d). The absolute values of the amplitude of the decapole component are about one order of magnitude lower than the 

corresponding values of the sextupole component. 

 

Comparing Figs. 5.11b and 5.12b we note that the amplitude of the sextupole pattern at the beginning of the constant current phase is 

higher in the case of higher flat top current. The same observation can be made for the decapole component comparing Fig. 5.11d to Fig. 5.12d. In 

order to investigate better this dependence, we plot in Fig. 5.15 the sextupole pattern amplitude at the beginning of the current flat top as a function of 

the flat top current for different values of the ramp rate. The same plot in the case of the decapole pattern is shown in Fig. 5.16. We observe a linear 

dependence of the initial amplitude on the final current in the case of high ramp rates (450 A/s and 200 A/s). The linear fit is very good in particular in 

the case of mid coil measurements. 

 

The dependence of the amplitude at the beginning of the constant current phase on the ramp rate is shown in Figs. 5.17 and 5.18 for the 

sextupole and the decapole pattern respectively. The amplitude is independent of the ramp rate at low flat top current (Figs. 5.17a and 5.18a), while it 

slightly increases with the ramp rate for high flat top currents (Figs. 5.17c and 5.18c). 

 

In order to compare the size of the amplitude decay of the sextupole pattern in different measurements, we 

consider the pattern amplitude variation after 1000 s from the beginning of the decay: 

 δ$= $ (W�+1000 s) - $ (W�) (5.5) 

where W� is the time at which the current plateau is reached.  

This parameter depends linearly on the final current for all ramp rates, while it is approximately independent of 

the current ramp rate. This is expected, as the maximum amplitude reached after the ramp is linearly dependent on the 

final current and independent of the ramp rate and the decay time constants in different measurements are very similar. 
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Fig. 5.17 'HSHQGHQFH�RI� WKH�DPSOLWXGH�RI� WKH�QRUPDO�VH[WXSROH� SDWWHUQ� DW� WKH� EHJLQQLQJ� RI� WKH� IODW� WRS� RQ�WKH�UDPS�UDWH�RI�WKH�UDPS��a)� ,)7� ������$��b)�,)7� ������$�c)�,)7� ������$�

Fig. 5.18 'HSHQGHQFH�RI� WKH�DPSOLWXGH�RI� WKH�QRUPDO�GHFDSROH�SDWWHUQ�DW�WKH�EHJLQQLQJ�RI�WKH�IODW�WRS�RQ�WKH�UDPS�UDWH�RI�WKH�UDPS��
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7KH WHPSRUDO� HYROXWLRQ� RI� WKH� DYHUDJH�
KDUPRQLFV� RYHU� WKH� WZR� FRLO� JURXSV� PLG� DQG�
ERWWRP� >VHH� GHILQLWLRQ� �����@� LV� VKRZQ� LQ� )LJ��
����� IRU� WKH� VWHS� UHVSRQVH� PHDVXUHPHQW� ZLWK� D�
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ZKHUH� Lco� LV� WKH� OHQJWK� RI� WKH� UHJLRQ� FRYHUHG� E\� WKH� FRLOV� DUUD\�� 7KH� YDULDWLRQV� LQ� WLPH� RI� WKH�
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7KH DYHUDJH�GHOWD� LV�DOZD\V� ORZHU� WKDQ�����RI� WKH�DPSOLWXGH�GHOWD��VR� WKDW� WKH�PHDVXUHG�
GULIW�FRXOG�EH�GXH�WR�WKLV�HIIHFW��
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Fig. 5.19 $YHUDJH� YDULDWLRQ� LQ� WLPH� ������ $������ $�V��� D�� &XUUHQW� VZHHS�� E�� %RWWRP� FRLO�PHDVXUHPHQWV�� F�� 0LG� FRLO� PHDVXUHPHQWV�G��
&RPSDULVRQ�EHWZHHQ�GLIIHUHQW�SRVLWLRQV��

Fig. 5.20 $YHUDJH�YDULDWLRQ�LQ�WLPH�������$������$�V��� D�� &XUUHQW� VZHHS�� E�� %RWWRP� FRLO�PHDVXUHPHQWV�� F�� 0LG� FRLO� PHDVXUHPHQWV�� G��
&RPSDULVRQ�EHWZHHQ�GLIIHUHQW�SRVLWLRQV��
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Fig. 5.21 'HSHQGHQFH� RI� WKH� DYHUDJH� VH[WXSROH�YDULDWLRQ�DIWHU������V�RI�GHFD\�RQ�WKH�IODW�WRS�FXUUHQW�IRU�GLIIHUHQW�UDPS�UDWHV��D������$�V��E������$�V��F�����
$�V��

Fig. 5.22 'HSHQGHQFH� RI� WKH� DYHUDJH� VH[WXSROH�YDULDWLRQ� DIWHU� ����� V� RI� GHFD\� RQ� UDPS� UDWH� IRU�GLIIHUHQW� IODW� WRS� FXUUHQWV�� D�� ����� $�� E�� ����� $�� F��
�����$��
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Fig. 5.25 9DULDWLRQ�RI�WKH�DYHUDJH�QRUPDO�VH[WXSROH�YV�YDULDWLRQ�RI�WKH�DPSOLWXGH��FKDQJHG�RI�VLJQ��RI�WKH�QRUPDO�VH[WXSROH�SDWWHUQ�LQ�WKH�ILUVW������V�
RI�IODW�WRS�IRU�DOO�WKH�VWHS�UHVSRQVH�PHDVXUHPHQWV�SHUIRUPHG��

�

�

5.2.8 5HDO�RSHUDWLRQ�F\FOHV�PHDVXUHPHQWV�

�

Fig. 5.23 3KDVH�YDULDWLRQ�GXULQJ�IODW�WRS�������
$������$�V���D��%RWWRP�FRLOV��E��0LG�FRLOV�� )LJ�������Phase variation during flat top 

(8000 A, 450 A/s). a) Bottom coils.
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In every real operation cycle measurement we 

observe longitudinal variations of the field harmonics. As in 

the case of the step response measurements, only in the 

bottom and middle part of the magnet these variations have 

the sinusoidal shape of a periodic pattern. 

 

The evolution in time of the sextupole pattern amplitude for the case of a flat top time 7)7 = 30 min and a flat 

top current ,)7 = 11750 A (nominal current of this dipole model) is shown in Fig. 5.26b for the bottom and middle part 

of the magnet. The pattern amplitude decreases during the initial ramp until the injection phase starts, in contrast to 

what observed during the step response runs. 

 

$V�WKH� LQMHFWLRQ�SKDVH�VWDUWV��ZH�REVHUYH�D�VORSH�YDULDWLRQ� LQ� WKH�DPSOLWXGH�FXUYH�DQG�WKH�
EHJLQQLQJ�RI�D�VORZHU�GHFD\�RI�WKH�SDWWHUQ�DPSOLWXGH��)LJXUH�����F�UHSRUWV�D�ORJDULWKPLF�SORW�RI�WKH�
GHFD\�SKDVH�IRU�WKH�ORQJHVW�PHDVXUHPHQW�SHUIRUPHG��7KLV�SORW�VKRZV�WKDW�WKH�GHFD\�FXUYH�GRHV�QRW�
DSSURDFK�D�VWUDLJKW�OLQH�DV�LQ�WKH�FDVH�RI�WKH�VWHS�UHVSRQVH�PHDVXUHPHQWV��,W�VHHPV�WKDW�WKHUH�LV�D�
VXSHUSRVLWLRQ�RI�GLIIHUHQW�WLPH�FRQVWDQWV�DQG�WKDW�WKH�KLJKHVW�DUH�VR�ODUJH�WKDW�HYHQ�ZLWK�WKLV�YHU\�
ORQJ� PHDVXUHPHQW� ������� V� RI� LQMHFWLRQ� SKDVH�� LW� LV� QRW� SRVVLEOH� WR� UHDFK� D� VLPSOH� H[SRQHQWLDO�
UHJLPH�� ,Q�VKRUWHU�PHDVXUHPHQWV� ������V�� WKH�GHFD\�SKDVH�FDQ�EH�ZHOO� ILWWHG�ZLWK�DQ�H[SRQHQWLDO�
FXUYH��7KH�WLPH�FRQVWDQWV�RI� WKHVH�ILWWLQJ�FXUYHV�UDQJH�IURP������WR������V��7KHVH�WLPH�FRQVWDQWV�
DUH�ODUJHU�WKDQ�WKH�PHDVXUHPHQW�WLPH�DQG�KDYH�WR�EH�FRQVLGHUHG�RQO\�DV�FKDUDFWHULVWLF�WLPHV�RI�WKH�
LQLWLDO�SKDVH�RI�WKH�GHFD\��

During the final ramping up, there are evident variations of the amplitude of the sextupole pattern. The 

variation in time of the pattern amplitude is shown in Fig. 5.27 for measurements with different pre-cycle flat top times. 

Fig. 5.26 $PSOLWXGH�YDULDWLRQ�LQ�WLPH�DIWHU�D�SUH�F\FOH�ZLWK�7)7� ���PLQ��,)7� �����$��a)�&XUUHQW�VZHHS�GXULQJ�PHDVXUHPHQW��b)�&RPSDULVRQ�EHWZHHQ�GLIIHUHQW�SRVLWLRQV��c)�/RJDULWKPLF�SORW�RI�WKH�GHFD\�SKDVH 
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The pattern amplitude behaves essentially in the same way in the two locations at the bottom and center of the 

magnet, and LV�VWURQJO\�GHSHQGHQW�RQ�WKH�FXUUHQW�F\FOH��
With very short flat top times the pattern has a decreasing amplitude during the initial ramp, until it disappears 

during the injection phase (see the curves for a 1 minute flat top time in Fig. 5.27). The periodic pattern restores during 

the final ramp. 

In analogy to the study of the step response measurements we have estimated the pattern amplitude decay 

during the injection phase measured with different pre-cycles, considering the pattern amplitude variation after 1000 s 

from the beginning of the decay: 

 

δ A= A (W�+1000 s) - A (W�) (5.11) 

 

where W� is the time at which injection begins. 

 

Fig 5.27�9DULDWLRQ�LQ�WLPH�RI�WKH�DPSOLWXGH�RI�WKH�QRUPDO�VH[WXSROH�SDWWHUQ�DIWHU�SUH�F\FOHV�ZLWK�GLIIHUHQW�IODW�WRS�WLPHV��

7KH�WLPH�UHIHUHQFH�LV�VHW�WR�]HUR�DW�WKH�EHJLQQLQJ�RI�WKH�LQMHFWLRQ�SKDVH��
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)LJ�� �����Dependence of the amplitude variation of the normal sextupole pattern after 1000.s of 

constant current phase on pre-cycle flat top current. 

�
)LJ�� �����Dependence of the amplitude variation of the normal sextupole pattern after 1000.s of 

constant current phase on pre-cycle flat top time. 
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7KH� UHVXOWV� VKRZ� WKDW� WKHUH� LV� D� FOHDU� FRUUHODWLRQ� EHWZHHQ� δ $(B3) DQG� ERWK� WKH� IODW� WRS�
FXUUHQW�DQG�WKH�IODW�WRS�WLPH��7KH�FKDQJH�RI�VH[WXSROH�SDWWHUQ�VFDOHV�DSSUR[LPDWHO\�OLQHDUO\�ZLWK�WKH�
IODW�WRS�FXUUHQW�UHDFKHG�LQ�WKH�SUH�F\FOH��VHH�)LJ���������

7KH VFDOLQJ�ZLWK�WKH�IODW�WRS�WLPH��VHH�)LJ��������LQ�WKH�SUH�F\FOH�FDQ�EH�ZHOO�DSSUR[LPDWHG�
E\�WKH�IROORZLQJ�H[SRQHQWLDO�IXQFWLRQ 
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where ., %, and τ are fitting parameters and W)7 is the flat top time. The values of the fitting parameters are reported in 

Table 5.1 for different measurements.  

Bottom coils 1.82 -2.87 10-4 +6 10-6 

Mid coils 1.95 -2.36 10-4 -1.09 10-5 

7DEOH���� Fitting parameters for the dependence of the sextupole pattern amplitude variation after 

1000 s from the beginning of the injection phase on the pre-cycle flat top time. The parameters are 

calculated by means of the fitting function (5.12). 

 

As reported in [34], the decay of the average multipoles during injection follows the same scaling with the pre-

cycle flat top time and flat top current. 

 

$YHUDJH�YDOXH�RI�WKH�ILHOG�KDUPRQLFV�
 

The normal sextupole always exhibits the same kind of variation in time, as shown in Fig. 5.30 for 

measurements after pre-cycles with different flat top times in the same cases reported in Fig. 5.27. At the end of the 

decay we observe the characteristic ‘snapback’ [34], and the following enhancement of the average value during the 

final ramp. 

%�� τ ( * 103 s)



Fig 5.30�9DULDWLRQ�LQ�WLPH�RI�WKH�DYHUDJH�YDOXH�RI�WKH�QRUPDO�VH[WXSROH�SDWWHUQ�DIWHU�SUH�F\FOHV�ZLWK�GLIIHUHQW�IODW�WRS�
WLPHV��7KH�WLPH�UHIHUHQFH�LV�VHW�WR�]HUR�DW�WKH�EHJLQQLQJ�RI�WKH�LQMHFWLRQ�SKDVH��

 

,W� LV� LQWHUHVWLQJ� WR� QRWH� WKDW� WKH� YDULDWLRQ�RI� WKH� DYHUDJH� YDOXH� RI� WKH� VH[WXSROH�ZLWK� YHU\�
VKRUW�IODW�WRS�WLPHV�LV�QRW�QHJOLJLEOH��

7KLV�YDULDWLRQ�LV�QRW�GXH�WR�WKH�UHODWLRQ�RI�WKH�FXUUHQW�GLVWULEXWLRQ�ZLWK�WKH�VXSHUFRQGXFWRU�
PDJQHWL]DWLRQ�EHFDXVH�LQ�WKLV�FDVH�WKH�DPSOLWXGH�RI�WKH�SDWWHUQ�LV�QHJOLJLEOH��7KH�YDULDWLRQ�PD\�EH�
GXH�WR�WKH�WKHUPDOO\�DFWLYDWHG�³IOX[�FUHHS´�RFFXUULQJ�LQ�WKH�VXSHUFRQGXFWLQJ�PDWHULDO�RI�WKH�FDEOH��
DV�DOUHDG\�REVHUYHG�LQ�>������@��

 

3KDVH�RI�WKH�PRGXODWLRQ�RI�WKH�ILHOG�KDUPRQLFV�
�

The variation of the initial phase of the field modulation during the operation cycle measurements is always 

very small. The phase variation during the injection phase of the longest measurement performed is reported in Fig. 

5.31 in the bottom position of the magnet. The average translation velocity in this case is of about 9 10-8 m/s, equivalent 

to 0.3 mm/h. The longitudinal displacement of the pattern is negligible. 
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Fig 5.31� ,QLWLDO�SKDVH�RI� WKH� VH[WXSROH�SDWWHUQ�GXULQJ� WKH� LQMHFWLRQ�RI� WKH� ORQJHVW�PHDVXUHPHQW�SHUIRUPHG� �SUH�F\FOH�
ZLWK�7)7� ����PLQ�DQG�,)7� �������$���

 

&RPSDULVRQ�EHWZHHQ�DYHUDJH�DQG�DPSOLWXGH�YDULDWLRQV�
�

7KH�DPSOLWXGH�YDULDWLRQ�DQG�WKH�ILHOG�GULIW�H[KLELW�D�VLPLODU�GHSHQGHQFH�RQ�WKH�SUH�F\FOH�IODW�
WRS�WLPH�DW�ERWK�SRVLWLRQV�RI�WKH�PDJQHW��

�

7KH YDULDWLRQ� RI� WKH� DYHUDJH� YDOXH� LV� SORWWHG� LQ�)LJ�� ����� DV� D� IXQFWLRQ� RI� WKH� DPSOLWXGH�
YDULDWLRQ�IRU�HYHU\�UHDO�RSHUDWLRQ�F\FOH�PHDVXUHPHQW���

7KH DSSDUHQW� FRUUHODWLRQ�EHWZHHQ� WKH� YDULDWLRQ�RI� WKH� DPSOLWXGH�DQG� WKH� YDULDWLRQ�RI� WKH�
DYHUDJH�LQ�FRUUHVSRQGHQFH�RI�WKH�PLGGOH�SDUW�RI�WKH�PDJQHW�LQGLFDWHV�WKDW�WKH�WZR�SKHQRPHQD�DUH�
LQGHHG�GHSHQGHQW�RQ�HDFK�RWKHU��DV�K\SRWKHVL]HG�LQ�>��@��

�

,Q� WKH� FDVH�RI� UHDO�RSHUDWLRQ�F\FOHV�PHDVXUHPHQWV�ZH�FDQ�H[FOXGH� WKDW� WKH�DYHUDJH�YDOXH�
YDULDWLRQ� LV� RQO\� GXH� WR� WKH� HIIHFW� RI� PLVDOLJQPHQW� EHWZHHQ� WKH� FRLO� JURXS� DQG� WKH� VLQXVRLGDO�
RVFLOODWLRQ�H[SODLQHG� LQ�6HFWLRQ�������� IRU� WKH� VWHS� UHVSRQVH�PHDVXUHPHQWV�� ,I� WKDW�ZHUH� WKH� FDVH��
GXH�WR�WKH�OLQHDU�GHSHQGHQFH�VKRZQ�LQ�HT�������ZH�ZRXOG�H[SHFW�WKH�VDPH�NLQG�RI�WHPSRUDO�HYROXWLRQ�
IRU�WKH�DPSOLWXGH�RI�WKH�SHULRGLF�SDWWHUQ�DQG�WKH�DYHUDJH�YDOXH�RI�WKH�KDUPRQLF�FRQVLGHUHG��,QVWHDG��
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Fig. 5.33 &URVV�VHFWLRQ�RI�RQH�DSHUWXUH�RI�WKH�GRXEOH�DSHUWXUH�GLSROH�PRGHO�0%607��XVHG�IRU�WKH�
PHDVXUHPHQWV�RI�PDJQHWLF�ILHOG�SDWWHUQ��

This section is dedicated to the analysis of the experimental findings described in Section 

5.2. In this analysis we use both the network and the distributed parameters circuit model. The first 

one is based on a network approach which approximates the cable as a lumped parameters circuit. 

The network model (see Section 2.3.2) used in this study is that described in detail in [19]. 

The distributed parameters circuit model is described in Section 3.1. 

 

5.3.1 %DVLF DVVXPSWLRQV�IRU�WKH�VLPXODWLRQV�
We postulate that the periodic magnetic field pattern is due to the long current loops 

circulating in the cable. In this study we consider a single cable subjected to both a current increase 

and, proportional to it, a non uniform time dependent magnetic field. The iron saturation at high 

magnetic fields is neglected. The strands of the cable are assumed to be identical, ideally 

transposed, and soldered to current leads via electrical resistances which are much lower than the 

θ=35 °
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contact resistances of the cable. Finally, the latter are assumed to be equal, and uniform along the 

cable length. 

Therefore, among the possible sources of non uniform current distribution listed in Section 

2.1 the only source of long range current loops that we consider here is the field variation along the 

cable length. 

 

A schematic view of the coil cross section of one aperture of the LHC dipole model 

MBSMT1 is shown in Fig. 5.33. The coil has two poles (upper and lower) assembled from an inner 

and an outer layer. The inner layer of a single pole is wound from 15 turns arranged into 3 blocks, 

while the outer layer has 26 turns arranged in 2 blocks corresponding to different angular positions. 

We have numbered turns and blocks as shown in Fig. 5.33. 

 

The layers in a pole are wound individually, and the cable ends are either soldered together 

at the interconnection between layers and poles or connected through splices to the current leads. 

Because of the assumption of low splice resistance compared to the interstrand resistance in the 

cable, we can identify a cable unit length in a single layer (i.e. between two splices) as the shortest 

length to be used for analysis purposes. 

 

In order to simulate the experimental results on the amplitude of the magnetic field pattern 

reported in Section 5.2, we assume that the longitudinal oscillations of the secondary field are only 

due to the current distribution in the inner cable of the magnet. This assumption is motivated by the 

fact that the periodicity of the measured oscillations of the secondary magnetic field is equal to the 

inner cable twist pitch. 

 



Fig. 5.34�0DJQHWLF�IOX[�GHQVLW\�SHUSHQGLFXODU�WR�WKH�EURDG�IDFH�RI�WKH�LQQHU�FDEOH�RI�WKH��P�ORQJ�
/+&�GLSROH�PDJQHW�0%607���7KH�UHSRUWHG�ILHOG�LV�WKH�DYHUDJH�ILHOG�DFURVV�WKH�FDEOH�ZLGWK�
FDOFXODWHG�ZLWK�52;,(��DW�D�WRWDO�FXUUHQW�RI�������$��

 

A unit length of the inner layer cable is made of 28 strands, with a total length / of 27.8 m, a 

twist pitch of 115 mm., and a thickness of 1.88 mm. 

As we stated previously, we take spatial variations of the magnetic flux as the only source of 

long range current loops. The distribution of the magnetic flux density perpendicular to the broad 

face of the cable calculated with the computer program ROXIE [69] is shown in Fig. 5.34. We 

recognize two types of variations of the perpendicular field along the cable length. 

 

Sharp, short range variations of the field are due to the cable bending over the magnet bore, 

while step changes in the value of the field along the straight part of the cable correspond to the 

transitions from block to block. 

We have performed two sets of simulations using either the network or the continuum 

model, in order to imitate the cable excitation with current cycles made of a linear ramp up followed 

by a current plateau as were performed in the experiments reported in the previous section. 
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Simulations with the network model are aimed to look at the fine details of the origination of 

the short and long range eddy currents. The size of the network model grows quickly with the 

length of cable analyzed. For this reason we limited the simulations to a short length of cable to 

explore general features of the transient response of the long range current loops to field changes. 

We have then performed simulations of the whole cable response to current steps with the 

distributed parameters model. This model does not reproduce accurately the details, but is suitable 

for the simulation of a full cable length in a magnet. 

In both sets of simulations we have varied parametrically the flat top current and the ramp rate in 

order to study their influence on the current distribution. 

 

5.3.2 1HWZRUN�PRGHO�
The simulations using the network model have been focussed at an ideal cable close to the 

coil midplane. In order to minimize the computation time, a four strand cable has been considered. 

The cable length / is equal to approximately 23 twist pitches. We have assumed a symmetric 

magnetic field distribution along half of the cable length, shown in Fig. 5.35. The magnetic field is 

zero at the cable ends and at its center. In between, there are regions of uniform magnetic field. The 

magnetic field is twice as high at the inner edge of the cable as at the outer one.  

This geometry imitates a complete turn in a dipole magnet, where the uniform field regions 

represent the straight length of the magnet included between the low field regions at the magnet 

ends. 

Let us consider elemental current cycles made of a ramp up followed by a current plateau. 

Let also the plateau current be much less than the critical current. The results of simulations show 

that soon after the beginning of the cycle eddy currents associated with the local value of d%/dt 

appear.  
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)LJ�������Dependence of the amplitude of the magnetic field pattern on the flat top current  at the 

end of the ramp. 

 

These eddy currents produce a uniform field in the neighborhood of the cable, without any 

periodic oscillation. Gradually, however, the strand currents become different in the ends of the 

cable, where the magnetic field has a longitudinal gradient, thus originating current loops. 

$V� WLPH� DGYDQFHV�� WKH� FXUUHQW� LQ� WKHVH� ORRSV� GLIIXVHV� IURP� WKH� FDEOH� HQG� UHJLRQV� LQWR� WKH�
FHQWHU��7KH�WLPH�tp QHHGHG�WR�FRPSOHWH�WKLV�SURFHVV�LV�PXFK�KLJKHU�WKDQ�WKH�WLPH�RI�GHYHORSPHQW�RI�
XQLIRUP��VKRUW�UDQJH�HGG\�FXUUHQWV��

�

7KH�EXLOGXS�DQG�IROORZLQJ�GHFD\�RI�D�SHULRGLF�PDJQHWLF�ILHOG�SDWWHUQ�LV�VKRZQ�LQ�)LJ��������7KH�
DPSOLWXGH�RI�WKH�SDWWHUQ�LQFUHDVHV�DW�t < tP DQG�GHFUHDVHV�DIWHUZDUGV��

Calculations show that if the time of the ramp is short compared to WS, the amplitude of the 

periodic magnetic field pattern on the plateau at a certain moment, W!WS does not depend on the 

ramp rate, while it is linearly dependent on the flat top current (see Fig. 5.37). 
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�

We have performed calculations with the continuum model for a cable made of 28 strands, as in 

reality, and with a cable composed of 8 HTXLYDOHQW superstrands. 

 

In accordance with measured value in the dipole model MBSMT1, we have taken a contact 

resistance between strands in the range 10 to 20 µΩ per contact. 

We have used the magnetic field map shown in Fig. 5.34 as an input for the calculation, 

scaling the field proportionally to the current in the magnet. In the simulations performed with the 

continuum model we have neglected the field variations across the cable width. This, as 

demonstrated in the detailed analysis discussed in the previous section, is inessential for the 

development of long range current loops. 

 

The results of simulations are reported in Fig. 5.38 for a current step with a ramp rate of 50 A/s and a final 

current of 2000 A. It can be noticed that soon after the beginning of the ramp sharp current spikes appear in these 

regions of high field gradient (Fig. 5.38a). At the end of the field ramp the correspondence between the field profile and 

the current pattern is less evident (Fig. 5.38b). After 1000 s from the beginning of the current flat top, we note a 

remarkable current difference between the strand currents, but the correspondence with the field profile is lost (Fig. 

5.38c). 

 

As we have postulated that the magnetic field pattern is due to long current loops circulating 

in the cable, it is reasonable to assume that its amplitude is proportional to the difference between 

the currents flowing in the strands. In particular we have taken the values of the maximum 

difference between the strand currents in the middle of the uniform field regions, ∆,PD[, as the 

reference quantity for a qualitative comparison with the amplitude of the magnetic field pattern 

measured outside the cable and next to these positions. 

 

As an example we compare in Fig. 5.39 the amplitude of the total magnetic field pattern at 

position $ (U = 17 mm and θ = 35°) to the parameter ∆,PD[ calculated for turn 7-a which faces the 

point selected. The amplitude of the total field pattern has been reconstructed at point $ from the 



data presented in Section 5.2, obtained with the rotating coils placed in the middle of the straight 

length of the magnet. The comparison is shown for a step response measurement with ,)7 = 2000A 

and 55 = 50 A/s. We have performed the simulations with the complete 28 strands cable, for 

different values of the cross contact resistances (10 and 20 µΩ). 

 

The value of ∆,PD[ at the end of the ramp calculated in four consecutive straight parts of the 

cable (turns 7-8, see Fig. 5.33) is shown in Fig. 5.40 for the case of 55 = 450 A/s. These 

simulations have been performed with the equivalent, 8 superstrands cable for the whole set of ramp 

rates and flat top currents considered in the experiments, and the results confirm that the amplitude 

of ∆,PD[ at the end of the ramp is proportional to the flat top current and approximately independent 

on the ramp rate, as obtained in the experiments and with the network model. 
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Fig. 5.38 %HKDYLRXU� RI� WKH�FXUUHQWV� LQ� WZR� VWUDQGV� RI�WKH� ��� VWUDQG� FDEOH� DORQJ�WKH�FDEOH�OHQJWK�DW�GLIIHUHQW�WLPHV�� 55�  � ��� $�V� ,)7 �����$�D�� W� ������V� �VRRQ�DIWHU� UDPS�VWDUW��E�� W ���V��HQG� RI� WKH� UDPS�� F��W ����� V� �HQG� RI� WKH�SODWHDX��� 7KH� GRWWHG� OLQH�LQGLFDWHV� WKH� PDLQ�EDFNJURXQG� PDJQHWLF� ILHOG�SHUSHQGLFXODU� WR� WKH� FDEOH�D[LV� FDOFXODWHG� DW� L23�  �������$��
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Fig. 5.39 &RPSDULVRQ�EHWZHHQ�WKH�WLPH�HYROXWLRQ�RI�WKH�DPSOLWXGH�RI�WKH�SHULRGLF�SDWWHUQ�LQ�WKH�PLGGOH�RI�WKH�XQLIRUP�
ILHOG�UHJLRQ�DQG�WKDW�RI�SDUDPHWHU��,PD[�FDOFXODWHG�DW�WXUQ���D��7LPH�W�LV�VHW�WR�]HUR�DW�WKH�EHJLQQLQJ�RI�WKH�FXUUHQW�VWHS��
PDGH�RI�D�OLQHDU�LQFUHDVH�XS�WR������$�ZLWK�D�UDPS�UDWH�RI����$�V�DQG�D�IODW�WRS�RI������V�DW�WKH maximum current. 

 

Fig 5.40 'HSHQGHQFH�RI�SDUDPHWHU�∆,PD[�RQ�WKH�ILQDO�IODW�WRS�FXUUHQW�LQ�GLIIHUHQW�FDEOH�WXUQV��55 ����$�V���
�

7KH WHPSRUDO�HYROXWLRQ�RI�WKH�DYHUDJH�KDUPRQLFV�RYHU�WKH�WZR�FRLO�JURXSV�PLG�DQG�ERWWRP�
>VHH�GHILQLWLRQ������@�LV�VKRZQ�LQ�)LJ�������IRU�WKH�VWHS�UHVSRQVH�PHDVXUHPHQW�ZLWK�D������$�IODW�WRS�
FXUUHQW�DQG�D�����$�V�UDPS�UDWH�DQG�LQ�)LJ�������IRU�WKH�VWHS�UHVSRQVH�PHDVXUHPHQW�ZLWK������$�
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IODW�WRS�FXUUHQW�DQG�����$�V�UDPS�UDWH��7KH�YDULDWLRQ�LQ�WLPH�LV�GLIIHUHQW�IRU�WKH�WZR�SRVLWLRQV�LQ�WKH�
PDJQHW��EXW�HDFK�NLQG�RI�SDWWHUQ�LV�UHSHDWHG�LQ�GLIIHUHQW�H[SHULPHQWV��

7KH DYHUDJH� LQ� WKH�PLG� FRLO�PHDVXUHPHQWV� DOZD\V� GHFUHDVHV� GXULQJ� WKH� FRQVWDQW� FXUUHQW�
SKDVH�� ZKLOH� LQ� WKH� ERWWRP� FRLO�PHDVXUHPHQWV� LW� DOZD\V� LQFUHDVHV�� 7KH� YDULDWLRQ� RI� WKH� DYHUDJH�
YDOXH� DIWHU� ����� V� IURP� WKH� EHJLQQLQJ� RI� WKH� IODW� WRS� SKDVH� KDV� EHHQ� WDNHQ� DV� D� SDUDPHWHU� WR�
FRPSDUH�GLIIHUHQW�H[SHULPHQWV��7KH�SORW�RI�WKLV�SDUDPHWHU�YHUVXV�WKH�IODW�WRS�FXUUHQW�DQG�WKH�UDPS�
UDWH�LV�VKRZQ�LQ�)LJV�������DQG������UHVSHFWLYHO\��

,Q WKH�FDVH�RI�WKH�PLG�FRLO�PHDVXUHPHQWV�ZH�FDQ�REVHUYH�WKDW�WKH�YDULDWLRQ�RI�WKH�DYHUDJH�LV�
DSSUR[LPDWHO\�OLQHDU�ZLWK�WKH�ILQDO�FXUUHQW��DQG�FRQVWDQW�ZLWK�WKH�UDPS�UDWH��
�
Phase of the modulation 

 

7KH YDULDWLRQ�LQ�WLPH�RI�WKH�SKDVH�ϕ RI WKH�QRUPDO�VH[WXSROH�SDWWHUQ�LV�VKRZQ�LQ�)LJV�������
DQG������IRU�WKH�VDPH�PHDVXUHPHQWV�UHSRUWHG�LQ�)LJV�������DQG�������:H�KDYH�IRXQG�WKH�VDPH�NLQG�
RI�SKDVH�YDULDWLRQ�LQ�HYHU\�PHDVXUHPHQW��:H�REVHUYH�WKDW�WKH�PD[LPXP�FKDQJH�RI�WKH�SKDVH�RI�WKH�
VLQXVRLGDO�ILW�RI�WKH�PHDVXUHG�GDWD�LV�DSSUR[LPDWHO\�HTXDO�WR�����UDGLDQV�GXULQJ�D�WRWDO�WLPH�RI������
V� 7KH�SKDVH�VKLIW�RI�WKH�VLQXVRLGDO�SDWWHUQ�LV�HTXLYDOHQW�WR�D�WUDQVODWLRQDO�PRYHPHQW�RI�WKH�SDWWHUQ�
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&RQVLGHULQJ�WKH�PHDVXUHPHQWV�UHIHUUHG�WR�WKH�PLGGOH�SDUW�RI� WKH�PDJQHW��ZH�QRWH�WKDW�WKH�
VDPH� GHSHQGHQFH� RQ� WKH� ILQDO� FXUUHQW� DQG� RQ� WKH� UDPS� UDWH� LV� VKRZQ� E\� WKH� YDULDWLRQ� RI� WKH�
DPSOLWXGH�RI�WKH�VH[WXSROH�SDWWHUQ�DIWHU������V�RI�GHFD\�DQG�E\�WKH�YDULDWLRQ�RI�WKH�DYHUDJH�RYHU�WKH�
PLG�FRLO�JURXS�LQ�WKH�VDPH�WLPH�LQWHUYDO��7KHVH�YDULDWLRQV�DUH�LQ�IDFW�OLQHDUO\�GHSHQGHQW�RQ�WKH�ILQDO�
FXUUHQW�DQG�LQGHSHQGHQW�RI�WKH�UDPS�UDWH��7KH�YDULDWLRQ�RI�WKH�DYHUDJH�LV�LQ�DOO�FDVHV�LQ�WKH�UDQJH�
IURP����WR�����RI�WKH�YDULDWLRQ�RI�WKH�DPSOLWXGH�RI�WKH�SHULRGLF�SDWWHUQ��VHH�)LJ���������
�

7KH YDULDWLRQ�RI�WKH�DYHUDJH�FRXOG�EH�GXH�WR�WKH�PLVPDWFK�EHWZHHQ�WKH�WRWDO�OHQJWK�FRYHUHG�
E\� WKH�PHDVXUHPHQW�FRLOV�DQG� WKH� LQQHU�FDEOH� WZLVW�SLWFK��7KH� LQWHJUDO�RI� WKH�VLQXVRLGDO�YDULDWLRQ�
RYHU�WKLV�UHJLRQ�FRQWULEXWHV�WR�WKH�GHWHUPLQDWLRQ�RI�WKH�DYHUDJH�YDOXH�DQG�GHSHQGV�OLQHDUO\�RQ�WKH�
YDOXH�RI�WKH�DPSOLWXGH�RI�WKH�VLQXVRLGDO�FXUYH��7KH�KLJKHVW�SRVVLEOH�YDULDWLRQ�RI�WKH�DYHUDJH�YDOXH�LV�
IRXQG�ZKHQ�RQH�ERUGHU�RI�WKH�UHJLRQ�FRYHUHG�E\�WKH�FRLOV�KDSSHQV�WR�EH�DOLJQHG�ZLWK�D�]HUR�RI�WKH�
VLQXVRLGDO�YDULDWLRQ�� ,Q� WKLV�FDVH� WKH�PHDVXUHG�DYHUDJH� �LQGLFDWHG�DV PHDVK � FDQ�EH�H[SUHVVHG�E\�
WKH�IROORZLQJ�HTXDWLRQ��
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,Q�WKH�FDVH�RI�WKH�PLG�FRLOV�DUUD\�WKH�UHODWLRQ�EHWZHHQ�WKH�YDULDWLRQV�LQ�WLPH�RI�WKH�DYHUDJH�
DQG�RI�WKH�DPSOLWXGH�GXH�WR�WKH�TXRWHG�PLVDOLJQPHQW�LV�JLYHQ�E\��
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7KH DYHUDJH�GHOWD� LV�DOZD\V� ORZHU� WKDQ�����RI� WKH�DPSOLWXGH�GHOWD��VR� WKDW� WKH�PHDVXUHG�
GULIW�FRXOG�EH�GXH�WR�WKLV�HIIHFW��
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Fig. 5.19 $YHUDJH� YDULDWLRQ� LQ� WLPH� ������ $������ $�V��� D�� &XUUHQW� VZHHS�� E�� %RWWRP� FRLO�PHDVXUHPHQWV�� F�� 0LG� FRLO� PHDVXUHPHQWV�G��
&RPSDULVRQ�EHWZHHQ�GLIIHUHQW�SRVLWLRQV��

Fig. 5.20 $YHUDJH�YDULDWLRQ�LQ�WLPH�������$������$�V��� D�� &XUUHQW� VZHHS�� E�� %RWWRP� FRLO�PHDVXUHPHQWV�� F�� 0LG� FRLO� PHDVXUHPHQWV�� G��
&RPSDULVRQ�EHWZHHQ�GLIIHUHQW�SRVLWLRQV��
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Fig. 5.21 'HSHQGHQFH� RI� WKH� DYHUDJH� VH[WXSROH�YDULDWLRQ�DIWHU������V�RI�GHFD\�RQ�WKH�IODW�WRS�FXUUHQW�IRU�GLIIHUHQW�UDPS�UDWHV��D������$�V��E������$�V��F�����
$�V��

Fig. 5.22 'HSHQGHQFH� RI� WKH� DYHUDJH� VH[WXSROH�YDULDWLRQ� DIWHU� ����� V� RI� GHFD\� RQ� UDPS� UDWH� IRU�GLIIHUHQW� IODW� WRS� FXUUHQWV�� D�� ����� $�� E�� ����� $�� F��
�����$��
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Fig. 5.25 9DULDWLRQ�RI�WKH�DYHUDJH�QRUPDO�VH[WXSROH�YV�YDULDWLRQ�RI�WKH�DPSOLWXGH��FKDQJHG�RI�VLJQ��RI�WKH�QRUPDO�VH[WXSROH�SDWWHUQ�LQ�WKH�ILUVW������V�
RI�IODW�WRS�IRU�DOO�WKH�VWHS�UHVSRQVH�PHDVXUHPHQWV�SHUIRUPHG��

�

�

5.2.9 5HDO�RSHUDWLRQ�F\FOHV�PHDVXUHPHQWV�

�

Fig. 5.23 3KDVH�YDULDWLRQ�GXULQJ�IODW�WRS�������
$������$�V���D��%RWWRP�FRLOV��E��0LG�FRLOV�� )LJ�������Phase variation during flat top 

(8000 A, 450 A/s). a) Bottom coils.
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�

In every real operation cycle measurement we 

observe longitudinal variations of the field harmonics. As in 

the case of the step response measurements, only in the 

bottom and middle part of the magnet these variations have 

the sinusoidal shape of a periodic pattern. 

 

The evolution in time of the sextupole pattern amplitude for the case of a flat top time 7)7 = 30 min and a flat 

top current ,)7 = 11750 A (nominal current of this dipole model) is shown in Fig. 5.26b for the bottom and middle part 

of the magnet. The pattern amplitude decreases during the initial ramp until the injection phase starts, in contrast to 

what observed during the step response runs. 

 

$V�WKH� LQMHFWLRQ�SKDVH�VWDUWV��ZH�REVHUYH�D�VORSH�YDULDWLRQ� LQ� WKH�DPSOLWXGH�FXUYH�DQG�WKH�
EHJLQQLQJ�RI�D�VORZHU�GHFD\�RI�WKH�SDWWHUQ�DPSOLWXGH��)LJXUH�����F�UHSRUWV�D�ORJDULWKPLF�SORW�RI�WKH�
GHFD\�SKDVH�IRU�WKH�ORQJHVW�PHDVXUHPHQW�SHUIRUPHG��7KLV�SORW�VKRZV�WKDW�WKH�GHFD\�FXUYH�GRHV�QRW�
DSSURDFK�D�VWUDLJKW�OLQH�DV�LQ�WKH�FDVH�RI�WKH�VWHS�UHVSRQVH�PHDVXUHPHQWV��,W�VHHPV�WKDW�WKHUH�LV�D�
VXSHUSRVLWLRQ�RI�GLIIHUHQW�WLPH�FRQVWDQWV�DQG�WKDW�WKH�KLJKHVW�DUH�VR�ODUJH�WKDW�HYHQ�ZLWK�WKLV�YHU\�
ORQJ� PHDVXUHPHQW� ������� V� RI� LQMHFWLRQ� SKDVH�� LW� LV� QRW� SRVVLEOH� WR� UHDFK� D� VLPSOH� H[SRQHQWLDO�
UHJLPH�� ,Q�VKRUWHU�PHDVXUHPHQWV� ������V�� WKH�GHFD\�SKDVH�FDQ�EH�ZHOO� ILWWHG�ZLWK�DQ�H[SRQHQWLDO�
FXUYH��7KH�WLPH�FRQVWDQWV�RI� WKHVH�ILWWLQJ�FXUYHV�UDQJH�IURP������WR������V��7KHVH�WLPH�FRQVWDQWV�
DUH�ODUJHU�WKDQ�WKH�PHDVXUHPHQW�WLPH�DQG�KDYH�WR�EH�FRQVLGHUHG�RQO\�DV�FKDUDFWHULVWLF�WLPHV�RI�WKH�
LQLWLDO�SKDVH�RI�WKH�GHFD\��

During the final ramping up, there are evident variations of the amplitude of the sextupole pattern. The 

variation in time of the pattern amplitude is shown in Fig. 5.27 for measurements with different pre-cycle flat top times. 

Fig. 5.26 $PSOLWXGH�YDULDWLRQ�LQ�WLPH�DIWHU�D�SUH�F\FOH�ZLWK�7)7� ���PLQ��,)7� �����$��a)�&XUUHQW�VZHHS�GXULQJ�PHDVXUHPHQW��b)�&RPSDULVRQ�EHWZHHQ�GLIIHUHQW�SRVLWLRQV��c)�/RJDULWKPLF�SORW�RI�WKH�GHFD\�SKDVH 

Amplitude of the magnetic field 

pattern 



0.0E+00

4.0E+02

8.0E+02

1.2E+03

1.6E+03

0 2000 4000 6000 8000 10000 12000

time (s)

C
ur

re
nt

 (
A

)

0.0E+00

5.0E-04

1.0E-03

1.5E-03

2.0E-03

2.5E-03

0 2000 4000 6000 8000 10000 12000

time (s)

A
(B

3)
 (

T
)

bottom coils
mid coils

1.0E-04

1.0E-03

0 2000 4000 6000 8000 10000 12000

time (s)

ln
 A

 (
B

3)
 

bottom coils
mid coils



The pattern amplitude behaves essentially in the same way in the two locations at the bottom and center of the 

magnet, and LV�VWURQJO\�GHSHQGHQW�RQ�WKH�FXUUHQW�F\FOH��
With very short flat top times the pattern has a decreasing amplitude during the initial ramp, until it disappears 

during the injection phase (see the curves for a 1 minute flat top time in Fig. 5.27). The periodic pattern restores during 

the final ramp. 

In analogy to the study of the step response measurements we have estimated the pattern amplitude decay 

during the injection phase measured with different pre-cycles, considering the pattern amplitude variation after 1000 s 

from the beginning of the decay: 

 

δ A= A (W�+1000 s) - A (W�) (5.11) 

 

where W� is the time at which injection begins. 

 

Fig 5.27�9DULDWLRQ�LQ�WLPH�RI�WKH�DPSOLWXGH�RI�WKH�QRUPDO�VH[WXSROH�SDWWHUQ�DIWHU�SUH�F\FOHV�ZLWK�GLIIHUHQW�IODW�WRS�WLPHV��
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)LJ�� �����Dependence of the amplitude variation of the normal sextupole pattern after 1000.s of 

constant current phase on pre-cycle flat top current. 

�
)LJ�� �����Dependence of the amplitude variation of the normal sextupole pattern after 1000.s of 

constant current phase on pre-cycle flat top time. 
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7KH� UHVXOWV� VKRZ� WKDW� WKHUH� LV� D� FOHDU� FRUUHODWLRQ� EHWZHHQ� δ $(B3) DQG� ERWK� WKH� IODW� WRS�
FXUUHQW�DQG�WKH�IODW�WRS�WLPH��7KH�FKDQJH�RI�VH[WXSROH�SDWWHUQ�VFDOHV�DSSUR[LPDWHO\�OLQHDUO\�ZLWK�WKH�
IODW�WRS�FXUUHQW�UHDFKHG�LQ�WKH�SUH�F\FOH��VHH�)LJ���������

7KH VFDOLQJ�ZLWK�WKH�IODW�WRS�WLPH��VHH�)LJ��������LQ�WKH�SUH�F\FOH�FDQ�EH�ZHOO�DSSUR[LPDWHG�
E\�WKH�IROORZLQJ�H[SRQHQWLDO�IXQFWLRQ 
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where ., %, and τ are fitting parameters and W)7 is the flat top time. The values of the fitting parameters are reported in 

Table 5.1 for different measurements.  

Bottom coils 1.82 -2.87 10-4 +6 10-6 

Mid coils 1.95 -2.36 10-4 -1.09 10-5 

7DEOH���� Fitting parameters for the dependence of the sextupole pattern amplitude variation after 

1000 s from the beginning of the injection phase on the pre-cycle flat top time. The parameters are 

calculated by means of the fitting function (5.12). 

 

As reported in [34], the decay of the average multipoles during injection follows the same scaling with the pre-

cycle flat top time and flat top current. 

 

$YHUDJH�YDOXH�RI�WKH�ILHOG�KDUPRQLFV�
 

The normal sextupole always exhibits the same kind of variation in time, as shown in Fig. 5.30 for 

measurements after pre-cycles with different flat top times in the same cases reported in Fig. 5.27. At the end of the 

decay we observe the characteristic ‘snapback’ [34], and the following enhancement of the average value during the 

final ramp. 

%�� τ ( * 103 s)



Fig 5.30�9DULDWLRQ�LQ�WLPH�RI�WKH�DYHUDJH�YDOXH�RI�WKH�QRUPDO�VH[WXSROH�SDWWHUQ�DIWHU�SUH�F\FOHV�ZLWK�GLIIHUHQW�IODW�WRS�
WLPHV��7KH�WLPH�UHIHUHQFH�LV�VHW�WR�]HUR�DW�WKH�EHJLQQLQJ�RI�WKH�LQMHFWLRQ�SKDVH��

 

,W� LV� LQWHUHVWLQJ� WR� QRWH� WKDW� WKH� YDULDWLRQ�RI� WKH� DYHUDJH� YDOXH� RI� WKH� VH[WXSROH�ZLWK� YHU\�
VKRUW�IODW�WRS�WLPHV�LV�QRW�QHJOLJLEOH��

7KLV�YDULDWLRQ�LV�QRW�GXH�WR�WKH�UHODWLRQ�RI�WKH�FXUUHQW�GLVWULEXWLRQ�ZLWK�WKH�VXSHUFRQGXFWRU�
PDJQHWL]DWLRQ�EHFDXVH�LQ�WKLV�FDVH�WKH�DPSOLWXGH�RI�WKH�SDWWHUQ�LV�QHJOLJLEOH��7KH�YDULDWLRQ�PD\�EH�
GXH�WR�WKH�WKHUPDOO\�DFWLYDWHG�³IOX[�FUHHS´�RFFXUULQJ�LQ�WKH�VXSHUFRQGXFWLQJ�PDWHULDO�RI�WKH�FDEOH��
DV�DOUHDG\�REVHUYHG�LQ�>������@��

 

3KDVH�RI�WKH�PRGXODWLRQ�RI�WKH�ILHOG�KDUPRQLFV�
�

The variation of the initial phase of the field modulation during the operation cycle measurements is always 

very small. The phase variation during the injection phase of the longest measurement performed is reported in Fig. 

5.31 in the bottom position of the magnet. The average translation velocity in this case is of about 9 10-8 m/s, equivalent 

to 0.3 mm/h. The longitudinal displacement of the pattern is negligible. 
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Fig 5.31� ,QLWLDO�SKDVH�RI� WKH� VH[WXSROH�SDWWHUQ�GXULQJ� WKH� LQMHFWLRQ�RI� WKH� ORQJHVW�PHDVXUHPHQW�SHUIRUPHG� �SUH�F\FOH�
ZLWK�7)7� ����PLQ�DQG�,)7� �������$���
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7KH�DPSOLWXGH�YDULDWLRQ�DQG�WKH�ILHOG�GULIW�H[KLELW�D�VLPLODU�GHSHQGHQFH�RQ�WKH�SUH�F\FOH�IODW�
WRS�WLPH�DW�ERWK�SRVLWLRQV�RI�WKH�PDJQHW��
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7KH YDULDWLRQ� RI� WKH� DYHUDJH� YDOXH� LV� SORWWHG� LQ�)LJ�� ����� DV� D� IXQFWLRQ� RI� WKH� DPSOLWXGH�
YDULDWLRQ�IRU�HYHU\�UHDO�RSHUDWLRQ�F\FOH�PHDVXUHPHQW���
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Fig. 5.33 &URVV�VHFWLRQ�RI�RQH�DSHUWXUH�RI�WKH�GRXEOH�DSHUWXUH�GLSROH�PRGHO�0%607��XVHG�IRU�WKH�
PHDVXUHPHQWV�RI�PDJQHWLF�ILHOG�SDWWHUQ��

This section is dedicated to the analysis of the experimental findings described in Section 

5.2. In this analysis we use both the network and the distributed parameters circuit model. The first 

one is based on a network approach which approximates the cable as a lumped parameters circuit. 

The network model (see Section 2.3.2) used in this study is that described in detail in [19]. 

The distributed parameters circuit model is described in Section 3.1. 

 

5.3.1 %DVLF DVVXPSWLRQV�IRU�WKH�VLPXODWLRQV�
We postulate that the periodic magnetic field pattern is due to the long current loops 

circulating in the cable. In this study we consider a single cable subjected to both a current increase 

and, proportional to it, a non uniform time dependent magnetic field. The iron saturation at high 

magnetic fields is neglected. The strands of the cable are assumed to be identical, ideally 

transposed, and soldered to current leads via electrical resistances which are much lower than the 

θ=35 °
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contact resistances of the cable. Finally, the latter are assumed to be equal, and uniform along the 

cable length. 

Therefore, among the possible sources of non uniform current distribution listed in Section 

2.1 the only source of long range current loops that we consider here is the field variation along the 

cable length. 

 

A schematic view of the coil cross section of one aperture of the LHC dipole model 

MBSMT1 is shown in Fig. 5.33. The coil has two poles (upper and lower) assembled from an inner 

and an outer layer. The inner layer of a single pole is wound from 15 turns arranged into 3 blocks, 

while the outer layer has 26 turns arranged in 2 blocks corresponding to different angular positions. 

We have numbered turns and blocks as shown in Fig. 5.33. 

 

The layers in a pole are wound individually, and the cable ends are either soldered together 

at the interconnection between layers and poles or connected through splices to the current leads. 

Because of the assumption of low splice resistance compared to the interstrand resistance in the 

cable, we can identify a cable unit length in a single layer (i.e. between two splices) as the shortest 

length to be used for analysis purposes. 

 

In order to simulate the experimental results on the amplitude of the magnetic field pattern 

reported in Section 5.2, we assume that the longitudinal oscillations of the secondary field are only 

due to the current distribution in the inner cable of the magnet. This assumption is motivated by the 

fact that the periodicity of the measured oscillations of the secondary magnetic field is equal to the 

inner cable twist pitch. 

 



Fig. 5.34�0DJQHWLF�IOX[�GHQVLW\�SHUSHQGLFXODU�WR�WKH�EURDG�IDFH�RI�WKH�LQQHU�FDEOH�RI�WKH��P�ORQJ�
/+&�GLSROH�PDJQHW�0%607���7KH�UHSRUWHG�ILHOG�LV�WKH�DYHUDJH�ILHOG�DFURVV�WKH�FDEOH�ZLGWK�
FDOFXODWHG�ZLWK�52;,(��DW�D�WRWDO�FXUUHQW�RI�������$��

 

A unit length of the inner layer cable is made of 28 strands, with a total length / of 27.8 m, a 

twist pitch of 115 mm., and a thickness of 1.88 mm. 

As we stated previously, we take spatial variations of the magnetic flux as the only source of 

long range current loops. The distribution of the magnetic flux density perpendicular to the broad 

face of the cable calculated with the computer program ROXIE [69] is shown in Fig. 5.34. We 

recognize two types of variations of the perpendicular field along the cable length. 

 

Sharp, short range variations of the field are due to the cable bending over the magnet bore, 

while step changes in the value of the field along the straight part of the cable correspond to the 

transitions from block to block. 

We have performed two sets of simulations using either the network or the continuum 

model, in order to imitate the cable excitation with current cycles made of a linear ramp up followed 

by a current plateau as were performed in the experiments reported in the previous section. 
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Simulations with the network model are aimed to look at the fine details of the origination of 

the short and long range eddy currents. The size of the network model grows quickly with the 

length of cable analyzed. For this reason we limited the simulations to a short length of cable to 

explore general features of the transient response of the long range current loops to field changes. 

We have then performed simulations of the whole cable response to current steps with the 

distributed parameters model. This model does not reproduce accurately the details, but is suitable 

for the simulation of a full cable length in a magnet. 

In both sets of simulations we have varied parametrically the flat top current and the ramp rate in 

order to study their influence on the current distribution. 

 

5.3.2 1HWZRUN�PRGHO�
The simulations using the network model have been focussed at an ideal cable close to the 

coil midplane. In order to minimize the computation time, a four strand cable has been considered. 

The cable length / is equal to approximately 23 twist pitches. We have assumed a symmetric 

magnetic field distribution along half of the cable length, shown in Fig. 5.35. The magnetic field is 

zero at the cable ends and at its center. In between, there are regions of uniform magnetic field. The 

magnetic field is twice as high at the inner edge of the cable as at the outer one.  

This geometry imitates a complete turn in a dipole magnet, where the uniform field regions 

represent the straight length of the magnet included between the low field regions at the magnet 

ends. 

Let us consider elemental current cycles made of a ramp up followed by a current plateau. 

Let also the plateau current be much less than the critical current. The results of simulations show 

that soon after the beginning of the cycle eddy currents associated with the local value of d%/dt 

appear.  
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)LJ�������Dependence of the amplitude of the magnetic field pattern on the flat top current  at the 

end of the ramp. 

 

These eddy currents produce a uniform field in the neighborhood of the cable, without any 

periodic oscillation. Gradually, however, the strand currents become different in the ends of the 

cable, where the magnetic field has a longitudinal gradient, thus originating current loops. 

$V� WLPH� DGYDQFHV�� WKH� FXUUHQW� LQ� WKHVH� ORRSV� GLIIXVHV� IURP� WKH� FDEOH� HQG� UHJLRQV� LQWR� WKH�
FHQWHU��7KH�WLPH�tp QHHGHG�WR�FRPSOHWH�WKLV�SURFHVV�LV�PXFK�KLJKHU�WKDQ�WKH�WLPH�RI�GHYHORSPHQW�RI�
XQLIRUP��VKRUW�UDQJH�HGG\�FXUUHQWV��

�

7KH�EXLOGXS�DQG�IROORZLQJ�GHFD\�RI�D�SHULRGLF�PDJQHWLF�ILHOG�SDWWHUQ�LV�VKRZQ�LQ�)LJ��������7KH�
DPSOLWXGH�RI�WKH�SDWWHUQ�LQFUHDVHV�DW�t < tP DQG�GHFUHDVHV�DIWHUZDUGV��

Calculations show that if the time of the ramp is short compared to WS, the amplitude of the 

periodic magnetic field pattern on the plateau at a certain moment, W!WS does not depend on the 

ramp rate, while it is linearly dependent on the flat top current (see Fig. 5.37). 
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�

We have performed calculations with the continuum model for a cable made of 28 strands, as in 

reality, and with a cable composed of 8 HTXLYDOHQW superstrands. 

 

In accordance with measured value in the dipole model MBSMT1, we have taken a contact 

resistance between strands in the range 10 to 20 µΩ per contact. 

We have used the magnetic field map shown in Fig. 5.34 as an input for the calculation, 

scaling the field proportionally to the current in the magnet. In the simulations performed with the 

continuum model we have neglected the field variations across the cable width. This, as 

demonstrated in the detailed analysis discussed in the previous section, is inessential for the 

development of long range current loops. 

 

The results of simulations are reported in Fig. 5.38 for a current step with a ramp rate of 50 A/s and a final 

current of 2000 A. It can be noticed that soon after the beginning of the ramp sharp current spikes appear in these 

regions of high field gradient (Fig. 5.38a). At the end of the field ramp the correspondence between the field profile and 

the current pattern is less evident (Fig. 5.38b). After 1000 s from the beginning of the current flat top, we note a 

remarkable current difference between the strand currents, but the correspondence with the field profile is lost (Fig. 

5.38c). 

 

As we have postulated that the magnetic field pattern is due to long current loops circulating 

in the cable, it is reasonable to assume that its amplitude is proportional to the difference between 

the currents flowing in the strands. In particular we have taken the values of the maximum 

difference between the strand currents in the middle of the uniform field regions, ∆,PD[, as the 

reference quantity for a qualitative comparison with the amplitude of the magnetic field pattern 

measured outside the cable and next to these positions. 

 

As an example we compare in Fig. 5.39 the amplitude of the total magnetic field pattern at 

position $ (U = 17 mm and θ = 35°) to the parameter ∆,PD[ calculated for turn 7-a which faces the 

point selected. The amplitude of the total field pattern has been reconstructed at point $ from the 



data presented in Section 5.2, obtained with the rotating coils placed in the middle of the straight 

length of the magnet. The comparison is shown for a step response measurement with ,)7 = 2000A 

and 55 = 50 A/s. We have performed the simulations with the complete 28 strands cable, for 

different values of the cross contact resistances (10 and 20 µΩ). 

 

The value of ∆,PD[ at the end of the ramp calculated in four consecutive straight parts of the 

cable (turns 7-8, see Fig. 5.33) is shown in Fig. 5.40 for the case of 55 = 450 A/s. These 

simulations have been performed with the equivalent, 8 superstrands cable for the whole set of ramp 

rates and flat top currents considered in the experiments, and the results confirm that the amplitude 

of ∆,PD[ at the end of the ramp is proportional to the flat top current and approximately independent 

on the ramp rate, as obtained in the experiments and with the network model. 
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Fig. 5.38 %HKDYLRXU� RI� WKH�FXUUHQWV� LQ� WZR� VWUDQGV� RI�WKH� ��� VWUDQG� FDEOH� DORQJ�WKH�FDEOH�OHQJWK�DW�GLIIHUHQW�WLPHV�� 55�  � ��� $�V� ,)7 �����$�D�� W� ������V� �VRRQ�DIWHU� UDPS�VWDUW��E�� W ���V��HQG� RI� WKH� UDPS�� F��W ����� V� �HQG� RI� WKH�SODWHDX��� 7KH� GRWWHG� OLQH�LQGLFDWHV� WKH� PDLQ�EDFNJURXQG� PDJQHWLF� ILHOG�SHUSHQGLFXODU� WR� WKH� FDEOH�D[LV� FDOFXODWHG� DW� L23�  �������$��
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Fig. 5.39 &RPSDULVRQ�EHWZHHQ�WKH�WLPH�HYROXWLRQ�RI�WKH�DPSOLWXGH�RI�WKH�SHULRGLF�SDWWHUQ�LQ�WKH�PLGGOH�RI�WKH�XQLIRUP�
ILHOG�UHJLRQ�DQG�WKDW�RI�SDUDPHWHU��,PD[�FDOFXODWHG�DW�WXUQ���D��7LPH�W�LV�VHW�WR�]HUR�DW�WKH�EHJLQQLQJ�RI�WKH�FXUUHQW�VWHS��
PDGH�RI�D�OLQHDU�LQFUHDVH�XS�WR������$�ZLWK�D�UDPS�UDWH�RI����$�V�DQG�D�IODW�WRS�RI������V�DW�WKH maximum current. 

 

Fig 5.40 Dependence of parameter ∆Imax on the final flat top current in different cable turns (RR=450 A/s) 

 

0.0

0.2

0.4

0.6

0.8

1.0

-200 0 200 400 600 800 1000 1200
time (s)

 A
m

pl
itu

de
 o

f 
th

e 
pa

tte
rn

  (
m

T
)

0

20

40

60

80

100

120

∆,P
D[

(A
)

|B| at 35 degrees exp.

DI Rc=20e-6 num.

DI Rc=10e-6 num.

|B|  at position A experiment
∆, PD[  5F =10 µΩ simulation
∆, PD[  5F =20 µΩ simulation

0

20

40

60

80

100

120

140

160

0 2000 4000 6000 8000 10000
Flat top current (A)

∆Ι

P
D[

(A
)

turn 7-a
turn 7-b
turn 8-a
turn 8-b



7KH WHPSRUDO� HYROXWLRQ� RI� WKH� DYHUDJH�
KDUPRQLFV� RYHU� WKH� WZR� FRLO� JURXSV� PLG� DQG�
ERWWRP� >VHH� GHILQLWLRQ� �����@� LV� VKRZQ� LQ� )LJ��
����� IRU� WKH� VWHS� UHVSRQVH� PHDVXUHPHQW� ZLWK� D�
�����$�IODW�WRS�FXUUHQW�DQG�D�����$�V�UDPS�UDWH�DQG�LQ�)LJ�������IRU�WKH�VWHS�UHVSRQVH�PHDVXUHPHQW�
ZLWK������$�IODW� WRS�FXUUHQW�DQG�����$�V�UDPS�UDWH��7KH�YDULDWLRQ�LQ�WLPH�LV�GLIIHUHQW�IRU�WKH�WZR�
SRVLWLRQV�LQ�WKH�PDJQHW��EXW�HDFK�NLQG�RI�SDWWHUQ�LV�UHSHDWHG�LQ�GLIIHUHQW�H[SHULPHQWV��

7KH DYHUDJH� LQ� WKH�PLG� FRLO�PHDVXUHPHQWV� DOZD\V� GHFUHDVHV� GXULQJ� WKH� FRQVWDQW� FXUUHQW�
SKDVH�� ZKLOH� LQ� WKH� ERWWRP� FRLO�PHDVXUHPHQWV� LW� DOZD\V� LQFUHDVHV�� 7KH� YDULDWLRQ� RI� WKH� DYHUDJH�
YDOXH� DIWHU� ����� V� IURP� WKH� EHJLQQLQJ� RI� WKH� IODW� WRS� SKDVH� KDV� EHHQ� WDNHQ� DV� D� SDUDPHWHU� WR�
FRPSDUH�GLIIHUHQW�H[SHULPHQWV��7KH�SORW�RI�WKLV�SDUDPHWHU�YHUVXV�WKH�IODW�WRS�FXUUHQW�DQG�WKH�UDPS�
UDWH�LV�VKRZQ�LQ�)LJV�������DQG������UHVSHFWLYHO\��

,Q WKH�FDVH�RI�WKH�PLG�FRLO�PHDVXUHPHQWV�ZH�FDQ�REVHUYH�WKDW�WKH�YDULDWLRQ�RI�WKH�DYHUDJH�LV�
DSSUR[LPDWHO\�OLQHDU�ZLWK�WKH�ILQDO�FXUUHQW��DQG�FRQVWDQW�ZLWK�WKH�UDPS�UDWH��
�
Phase of the modulation 
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VLQXVRLGDO�ILW�RI�WKH�PHDVXUHG�GDWD�LV�DSSUR[LPDWHO\�HTXDO�WR�����UDGLDQV�GXULQJ�D�WRWDO�WLPH�RI������
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:H�REWDLQ�DQ�DYHUDJH�YHORFLW\�RI�DERXW����������P�V��HTXLYDOHQW�WR�����PP�K��7KLV�YDOXH�LV�
QHJOLJLEOH��DOVR�FRQVLGHULQJ�WKDW�LQ�WKH�ILQDO�SDUW�RI�WKH�GHFD\�WKH�SKDVH�YDULDWLRQ�LQ�WLPH�LV�VORZHU�
WKDQ�LQ�WKH�LQLWLDO�SDUW��
�

Comparison between average and amplitude variations 

�

&RQVLGHULQJ�WKH�PHDVXUHPHQWV�UHIHUUHG�WR�WKH�PLGGOH�SDUW�RI� WKH�PDJQHW��ZH�QRWH�WKDW�WKH�
VDPH� GHSHQGHQFH� RQ� WKH� ILQDO� FXUUHQW� DQG� RQ� WKH� UDPS� UDWH� LV� VKRZQ� E\� WKH� YDULDWLRQ� RI� WKH�
DPSOLWXGH�RI�WKH�VH[WXSROH�SDWWHUQ�DIWHU������V�RI�GHFD\�DQG�E\�WKH�YDULDWLRQ�RI�WKH�DYHUDJH�RYHU�WKH�
PLG�FRLO�JURXS�LQ�WKH�VDPH�WLPH�LQWHUYDO��7KHVH�YDULDWLRQV�DUH�LQ�IDFW�OLQHDUO\�GHSHQGHQW�RQ�WKH�ILQDO�
FXUUHQW�DQG�LQGHSHQGHQW�RI�WKH�UDPS�UDWH��7KH�YDULDWLRQ�RI�WKH�DYHUDJH�LV�LQ�DOO�FDVHV�LQ�WKH�UDQJH�
IURP����WR�����RI�WKH�YDULDWLRQ�RI�WKH�DPSOLWXGH�RI�WKH�SHULRGLF�SDWWHUQ��VHH�)LJ���������
�

7KH YDULDWLRQ�RI�WKH�DYHUDJH�FRXOG�EH�GXH�WR�WKH�PLVPDWFK�EHWZHHQ�WKH�WRWDO�OHQJWK�FRYHUHG�
E\� WKH�PHDVXUHPHQW�FRLOV�DQG� WKH� LQQHU�FDEOH� WZLVW�SLWFK��7KH� LQWHJUDO�RI� WKH�VLQXVRLGDO�YDULDWLRQ�
RYHU�WKLV�UHJLRQ�FRQWULEXWHV�WR�WKH�GHWHUPLQDWLRQ�RI�WKH�DYHUDJH�YDOXH�DQG�GHSHQGV�OLQHDUO\�RQ�WKH�
YDOXH�RI�WKH�DPSOLWXGH�RI�WKH�VLQXVRLGDO�FXUYH��7KH�KLJKHVW�SRVVLEOH�YDULDWLRQ�RI�WKH�DYHUDJH�YDOXH�LV�
IRXQG�ZKHQ�RQH�ERUGHU�RI�WKH�UHJLRQ�FRYHUHG�E\�WKH�FRLOV�KDSSHQV�WR�EH�DOLJQHG�ZLWK�D�]HUR�RI�WKH�
VLQXVRLGDO�YDULDWLRQ�� ,Q� WKLV�FDVH� WKH�PHDVXUHG�DYHUDJH� �LQGLFDWHG�DV PHDVK � FDQ�EH�H[SUHVVHG�E\�
WKH�IROORZLQJ�HTXDWLRQ��
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ZKHUH� Lco� LV� WKH� OHQJWK� RI� WKH� UHJLRQ� FRYHUHG� E\� WKH� FRLOV� DUUD\�� 7KH� YDULDWLRQV� LQ� WLPH� RI� WKH�
PHDVXUHG�YDOXHV�RI�WKH�DYHUDJH�DUH�JLYHQ�E\��
�

HUUUHDOPHDV KKK δδδ += ������
�

,Q�WKH�FDVH�RI�WKH�PLG�FRLOV�DUUD\�WKH�UHODWLRQ�EHWZHHQ�WKH�YDULDWLRQV�LQ�WLPH�RI�WKH�DYHUDJH�
DQG�RI�WKH�DPSOLWXGH�GXH�WR�WKH�TXRWHG�PLVDOLJQPHQW�LV�JLYHQ�E\��
�

$�K HUU δδ 320= �������
�

7KH DYHUDJH�GHOWD� LV�DOZD\V� ORZHU� WKDQ�����RI� WKH�DPSOLWXGH�GHOWD��VR� WKDW� WKH�PHDVXUHG�
GULIW�FRXOG�EH�GXH�WR�WKLV�HIIHFW��
�



Fig. 5.19 $YHUDJH� YDULDWLRQ� LQ� WLPH� ������ $������ $�V��� D�� &XUUHQW� VZHHS�� E�� %RWWRP� FRLO�PHDVXUHPHQWV�� F�� 0LG� FRLO� PHDVXUHPHQWV�G��
&RPSDULVRQ�EHWZHHQ�GLIIHUHQW�SRVLWLRQV��

Fig. 5.20 $YHUDJH�YDULDWLRQ�LQ�WLPH�������$������$�V��� D�� &XUUHQW� VZHHS�� E�� %RWWRP� FRLO�PHDVXUHPHQWV�� F�� 0LG� FRLO� PHDVXUHPHQWV�� G��
&RPSDULVRQ�EHWZHHQ�GLIIHUHQW�SRVLWLRQV��
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Fig. 5.21 'HSHQGHQFH� RI� WKH� DYHUDJH� VH[WXSROH�YDULDWLRQ�DIWHU������V�RI�GHFD\�RQ�WKH�IODW�WRS�FXUUHQW�IRU�GLIIHUHQW�UDPS�UDWHV��D������$�V��E������$�V��F�����
$�V��

Fig. 5.22 'HSHQGHQFH� RI� WKH� DYHUDJH� VH[WXSROH�YDULDWLRQ� DIWHU� ����� V� RI� GHFD\� RQ� UDPS� UDWH� IRU�GLIIHUHQW� IODW� WRS� FXUUHQWV�� D�� ����� $�� E�� ����� $�� F��
�����$��
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Fig. 5.25 9DULDWLRQ�RI�WKH�DYHUDJH�QRUPDO�VH[WXSROH�YV�YDULDWLRQ�RI�WKH�DPSOLWXGH��FKDQJHG�RI�VLJQ��RI�WKH�QRUPDO�VH[WXSROH�SDWWHUQ�LQ�WKH�ILUVW������V�
RI�IODW�WRS�IRU�DOO�WKH�VWHS�UHVSRQVH�PHDVXUHPHQWV�SHUIRUPHG��

�

�

5.2.10 5HDO�RSHUDWLRQ�F\FOHV�PHDVXUHPHQWV�

�

Fig. 5.23 3KDVH�YDULDWLRQ�GXULQJ�IODW�WRS�������
$������$�V���D��%RWWRP�FRLOV��E��0LG�FRLOV�� )LJ�������Phase variation during flat top 

(8000 A, 450 A/s). a) Bottom coils.
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�

In every real operation cycle measurement we 

observe longitudinal variations of the field harmonics. As in 

the case of the step response measurements, only in the 

bottom and middle part of the magnet these variations have 

the sinusoidal shape of a periodic pattern. 

 

The evolution in time of the sextupole pattern amplitude for the case of a flat top time 7)7 = 30 min and a flat 

top current ,)7 = 11750 A (nominal current of this dipole model) is shown in Fig. 5.26b for the bottom and middle part 

of the magnet. The pattern amplitude decreases during the initial ramp until the injection phase starts, in contrast to 

what observed during the step response runs. 

 

$V�WKH� LQMHFWLRQ�SKDVH�VWDUWV��ZH�REVHUYH�D�VORSH�YDULDWLRQ� LQ� WKH�DPSOLWXGH�FXUYH�DQG�WKH�
EHJLQQLQJ�RI�D�VORZHU�GHFD\�RI�WKH�SDWWHUQ�DPSOLWXGH��)LJXUH�����F�UHSRUWV�D�ORJDULWKPLF�SORW�RI�WKH�
GHFD\�SKDVH�IRU�WKH�ORQJHVW�PHDVXUHPHQW�SHUIRUPHG��7KLV�SORW�VKRZV�WKDW�WKH�GHFD\�FXUYH�GRHV�QRW�
DSSURDFK�D�VWUDLJKW�OLQH�DV�LQ�WKH�FDVH�RI�WKH�VWHS�UHVSRQVH�PHDVXUHPHQWV��,W�VHHPV�WKDW�WKHUH�LV�D�
VXSHUSRVLWLRQ�RI�GLIIHUHQW�WLPH�FRQVWDQWV�DQG�WKDW�WKH�KLJKHVW�DUH�VR�ODUJH�WKDW�HYHQ�ZLWK�WKLV�YHU\�
ORQJ� PHDVXUHPHQW� ������� V� RI� LQMHFWLRQ� SKDVH�� LW� LV� QRW� SRVVLEOH� WR� UHDFK� D� VLPSOH� H[SRQHQWLDO�
UHJLPH�� ,Q�VKRUWHU�PHDVXUHPHQWV� ������V�� WKH�GHFD\�SKDVH�FDQ�EH�ZHOO� ILWWHG�ZLWK�DQ�H[SRQHQWLDO�
FXUYH��7KH�WLPH�FRQVWDQWV�RI� WKHVH�ILWWLQJ�FXUYHV�UDQJH�IURP������WR������V��7KHVH�WLPH�FRQVWDQWV�
DUH�ODUJHU�WKDQ�WKH�PHDVXUHPHQW�WLPH�DQG�KDYH�WR�EH�FRQVLGHUHG�RQO\�DV�FKDUDFWHULVWLF�WLPHV�RI�WKH�
LQLWLDO�SKDVH�RI�WKH�GHFD\��

During the final ramping up, there are evident variations of the amplitude of the sextupole pattern. The 

variation in time of the pattern amplitude is shown in Fig. 5.27 for measurements with different pre-cycle flat top times. 

Fig. 5.26 $PSOLWXGH�YDULDWLRQ�LQ�WLPH�DIWHU�D�SUH�F\FOH�ZLWK�7)7� ���PLQ��,)7� �����$��a)�&XUUHQW�VZHHS�GXULQJ�PHDVXUHPHQW��b)�&RPSDULVRQ�EHWZHHQ�GLIIHUHQW�SRVLWLRQV��c)�/RJDULWKPLF�SORW�RI�WKH�GHFD\�SKDVH 

Amplitude of the magnetic field 

pattern 
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The pattern amplitude behaves essentially in the same way in the two locations at the bottom and center of the 

magnet, and LV�VWURQJO\�GHSHQGHQW�RQ�WKH�FXUUHQW�F\FOH��
With very short flat top times the pattern has a decreasing amplitude during the initial ramp, until it disappears 

during the injection phase (see the curves for a 1 minute flat top time in Fig. 5.27). The periodic pattern restores during 

the final ramp. 

In analogy to the study of the step response measurements we have estimated the pattern amplitude decay 

during the injection phase measured with different pre-cycles, considering the pattern amplitude variation after 1000 s 

from the beginning of the decay: 

 

δ A= A (W�+1000 s) - A (W�) (5.11) 

 

where W� is the time at which injection begins. 

 

Fig 5.27�9DULDWLRQ�LQ�WLPH�RI�WKH�DPSOLWXGH�RI�WKH�QRUPDO�VH[WXSROH�SDWWHUQ�DIWHU�SUH�F\FOHV�ZLWK�GLIIHUHQW�IODW�WRS�WLPHV��

7KH�WLPH�UHIHUHQFH�LV�VHW�WR�]HUR�DW�WKH�EHJLQQLQJ�RI�WKH�LQMHFWLRQ�SKDVH��
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)LJ�� �����Dependence of the amplitude variation of the normal sextupole pattern after 1000.s of 

constant current phase on pre-cycle flat top current. 

�
)LJ�� �����Dependence of the amplitude variation of the normal sextupole pattern after 1000.s of 

constant current phase on pre-cycle flat top time. 
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7KH� UHVXOWV� VKRZ� WKDW� WKHUH� LV� D� FOHDU� FRUUHODWLRQ� EHWZHHQ� δ $(B3) DQG� ERWK� WKH� IODW� WRS�
FXUUHQW�DQG�WKH�IODW�WRS�WLPH��7KH�FKDQJH�RI�VH[WXSROH�SDWWHUQ�VFDOHV�DSSUR[LPDWHO\�OLQHDUO\�ZLWK�WKH�
IODW�WRS�FXUUHQW�UHDFKHG�LQ�WKH�SUH�F\FOH��VHH�)LJ���������

7KH VFDOLQJ�ZLWK�WKH�IODW�WRS�WLPH��VHH�)LJ��������LQ�WKH�SUH�F\FOH�FDQ�EH�ZHOO�DSSUR[LPDWHG�
E\�WKH�IROORZLQJ�H[SRQHQWLDO�IXQFWLRQ 
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where ., %, and τ are fitting parameters and W)7 is the flat top time. The values of the fitting parameters are reported in 

Table 5.1 for different measurements.  

Bottom coils 1.82 -2.87 10-4 +6 10-6 

Mid coils 1.95 -2.36 10-4 -1.09 10-5 

7DEOH���� Fitting parameters for the dependence of the sextupole pattern amplitude variation after 

1000 s from the beginning of the injection phase on the pre-cycle flat top time. The parameters are 

calculated by means of the fitting function (5.12). 

 

As reported in [34], the decay of the average multipoles during injection follows the same scaling with the pre-

cycle flat top time and flat top current. 

 

$YHUDJH�YDOXH�RI�WKH�ILHOG�KDUPRQLFV�
 

The normal sextupole always exhibits the same kind of variation in time, as shown in Fig. 5.30 for 

measurements after pre-cycles with different flat top times in the same cases reported in Fig. 5.27. At the end of the 

decay we observe the characteristic ‘snapback’ [34], and the following enhancement of the average value during the 

final ramp. 

%�� τ ( * 103 s)



Fig 5.30�9DULDWLRQ�LQ�WLPH�RI�WKH�DYHUDJH�YDOXH�RI�WKH�QRUPDO�VH[WXSROH�SDWWHUQ�DIWHU�SUH�F\FOHV�ZLWK�GLIIHUHQW�IODW�WRS�
WLPHV��7KH�WLPH�UHIHUHQFH�LV�VHW�WR�]HUR�DW�WKH�EHJLQQLQJ�RI�WKH�LQMHFWLRQ�SKDVH��

 

,W� LV� LQWHUHVWLQJ� WR� QRWH� WKDW� WKH� YDULDWLRQ�RI� WKH� DYHUDJH� YDOXH� RI� WKH� VH[WXSROH�ZLWK� YHU\�
VKRUW�IODW�WRS�WLPHV�LV�QRW�QHJOLJLEOH��

7KLV�YDULDWLRQ�LV�QRW�GXH�WR�WKH�UHODWLRQ�RI�WKH�FXUUHQW�GLVWULEXWLRQ�ZLWK�WKH�VXSHUFRQGXFWRU�
PDJQHWL]DWLRQ�EHFDXVH�LQ�WKLV�FDVH�WKH�DPSOLWXGH�RI�WKH�SDWWHUQ�LV�QHJOLJLEOH��7KH�YDULDWLRQ�PD\�EH�
GXH�WR�WKH�WKHUPDOO\�DFWLYDWHG�³IOX[�FUHHS´�RFFXUULQJ�LQ�WKH�VXSHUFRQGXFWLQJ�PDWHULDO�RI�WKH�FDEOH��
DV�DOUHDG\�REVHUYHG�LQ�>������@��

 

3KDVH�RI�WKH�PRGXODWLRQ�RI�WKH�ILHOG�KDUPRQLFV�
�

The variation of the initial phase of the field modulation during the operation cycle measurements is always 

very small. The phase variation during the injection phase of the longest measurement performed is reported in Fig. 

5.31 in the bottom position of the magnet. The average translation velocity in this case is of about 9 10-8 m/s, equivalent 

to 0.3 mm/h. The longitudinal displacement of the pattern is negligible. 
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Fig 5.31� ,QLWLDO�SKDVH�RI� WKH� VH[WXSROH�SDWWHUQ�GXULQJ� WKH� LQMHFWLRQ�RI� WKH� ORQJHVW�PHDVXUHPHQW�SHUIRUPHG� �SUH�F\FOH�
ZLWK�7)7� ����PLQ�DQG�,)7� �������$���

 

&RPSDULVRQ�EHWZHHQ�DYHUDJH�DQG�DPSOLWXGH�YDULDWLRQV�
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7KH�DPSOLWXGH�YDULDWLRQ�DQG�WKH�ILHOG�GULIW�H[KLELW�D�VLPLODU�GHSHQGHQFH�RQ�WKH�SUH�F\FOH�IODW�
WRS�WLPH�DW�ERWK�SRVLWLRQV�RI�WKH�PDJQHW��

�

7KH YDULDWLRQ� RI� WKH� DYHUDJH� YDOXH� LV� SORWWHG� LQ�)LJ�� ����� DV� D� IXQFWLRQ� RI� WKH� DPSOLWXGH�
YDULDWLRQ�IRU�HYHU\�UHDO�RSHUDWLRQ�F\FOH�PHDVXUHPHQW���

7KH DSSDUHQW� FRUUHODWLRQ�EHWZHHQ� WKH� YDULDWLRQ�RI� WKH� DPSOLWXGH�DQG� WKH� YDULDWLRQ�RI� WKH�
DYHUDJH�LQ�FRUUHVSRQGHQFH�RI�WKH�PLGGOH�SDUW�RI�WKH�PDJQHW�LQGLFDWHV�WKDW�WKH�WZR�SKHQRPHQD�DUH�
LQGHHG�GHSHQGHQW�RQ�HDFK�RWKHU��DV�K\SRWKHVL]HG�LQ�>��@��

�

,Q� WKH� FDVH�RI� UHDO�RSHUDWLRQ�F\FOHV�PHDVXUHPHQWV�ZH�FDQ�H[FOXGH� WKDW� WKH�DYHUDJH�YDOXH�
YDULDWLRQ� LV� RQO\� GXH� WR� WKH� HIIHFW� RI� PLVDOLJQPHQW� EHWZHHQ� WKH� FRLO� JURXS� DQG� WKH� VLQXVRLGDO�
RVFLOODWLRQ�H[SODLQHG� LQ�6HFWLRQ�������� IRU� WKH� VWHS� UHVSRQVH�PHDVXUHPHQWV�� ,I� WKDW�ZHUH� WKH� FDVH��
GXH�WR�WKH�OLQHDU�GHSHQGHQFH�VKRZQ�LQ�HT�������ZH�ZRXOG�H[SHFW�WKH�VDPH�NLQG�RI�WHPSRUDO�HYROXWLRQ�
IRU�WKH�DPSOLWXGH�RI�WKH�SHULRGLF�SDWWHUQ�DQG�WKH�DYHUDJH�YDOXH�RI�WKH�KDUPRQLF�FRQVLGHUHG��,QVWHDG��
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ZH� QRWH� LQ� )LJ�� ����� WKH� FKDUDFWHULVWLF� VQDS�EDFN� RI� WKH� DYHUDJH� YDOXH�� ZKLFK� KDV� QRW� DQ\�
FRUUHVSRQGLQJ�IHDWXUH�LQ�WKH�DPSOLWXGH�YDULDWLRQ�LQ�WKH�VDPH�PHDVXUHPHQWV��VHH�)LJ���������

Fig. 5.32 $YHUDJH�GHOWD�YDULDWLRQ�YHUVXV�DPSOLWXGH�YDULDWLRQ��FKDQJHG�RI�VLJQ��IRU�DOO�RSHUDWLRQ�F\FOHV�PHDVXUHPHQWV��
�
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