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Abstract - During the investigation of 1 m model dipoles for 
the LHC a considerable number of quenches are performed at 
high ramp rate. In this paper the results are presented of these 
quenches which are made both at 1.7-2.1 K and at 4.3 K for 
ramp rates varying between 10As-’ and 300As-’. The quench 
current is strongly affected by the inter-strand coupling currents 
and the heat due to these currents. Furthermore, the influence of 
a current precycle is considered which can result in a significant 
increase of the quench current (at the same ramp rate). It will be 
shown that this increase can be attributed to the presence of so 
called “super coupling currents” which strongly influence the 
current distribution among the strands, exhibiting a 
characteristic time in the order of a few hundred to a few 
thousand seconds. Generally, the origin of the ramp rate 
induced quenches is close to the midplane of the inner coil of the 
magnet, where the field perpendicular to the wide side of the 
cable is maximum. 

I. INTRODUCTION 

Although the LHC dipole magnets will be operated under 
normal condition at a low cable ramp rate of about 10 As-’, 
quenches at higher ramp rates are also performed. Higher 
ramp rates of up to 150As.’ are relevant for the machine 
during a fast ramp down after the occurance of a quench in 
the magnet system. The main mechanisms that influence the 
ramp rate sensitivity of the quench current will be discussed 
in section 11. These are mainly the Inter-Strand Coupling 
Currents (ISCC’s) and the heating generated by these 
currents. The heating due to the inter-filament coupling 
currents can be disregarded compared to the inter-strand 
heating [ 11. Also the degradation of the transport current due 
to the inter-filament coupling currents which flow in the outer 
layer of filaments in a strand turns out to be very small 
compared to the degradation caused by the ISCC’s. 
Furthermore, spatial variations of dB/dt (and probably also 
R,) along the length of the cable result in additional eddy 
currents [2], [3] which will be denoted here by the term 
‘Super Coupling Currents (SCC’s) ’. These SCC’s generate 
almost no heat (compared to the inter-strand coupling power) 
but influence strongly the distribution of the current among 
the strands and therefore the maximum transport current in a 
strand. In section 111 the main parameters of the model 
magnets that can influence the ramp rate sensitivity will be 
given. In the next section the results are presented of six 1 m 
long model magnets followed by a discussion. 

11. THEORY 

If a Rutherford type of cable is exposed to a changing 
magnetic field, coupling currents are generated between the 
strands in the cable and between the filaments in the strands. 
In this paper the attention is focused on the ISCC’s since it 
can be calculated that they influence the ramp rate sensitivity 
far more (at least for the model magnets under consideration) 
than the inter-filament coupling currents. The inter-strand 
coupling power Pisc is given by (41: 

with Lp [m] the cable pitch, h [m] the average height of the 
cable, w [m] the width of the cable, N, the number of strands 
in the cable, R, [Cl] the contact resistance between crossing 
strands in the cable, and B, [TI the magnetic field 
perpendicular to the wide side of the cable. The 
dimensionless constant K p  is a fitting constant resulting from 
the numerical network model that is used to simulate the 
cable and is equal to 0.0087. Taking into account the 
geometry of the magnet (see Fig. l), the average inter-strand 
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Fig. I .  View of the cross section of the windings of one 
quadrant of an aperture and numbering of the blocks. 

coupling power for each block of the dipole magnets, having 
a field factor of 6.9.10-4 TA-’, can be expressed as a function 
of the cable ramp rate dl/dt: 

Manuscript received October 17, 1994 with Lp [m], R, [pCl], dl/dt [As-’] and C, A constant [T2A-’] 
which is given for each block in Table I. 
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TABLE I 
SURVEY OF THE CONSTANTS C, AND C, 

present due to the sensitivity of R, to the transverse pressure 
onto the cable or manufacturing tolerances). 

w 

In the ends of the magnet, where the cable bends over the 
beam pipe, the field component perpendicular to the wide 

Block number c p  (lOVA-*) CI (TA-") 

2.6 
2.8 
98 
80 
27 

6 1 1  3.1 

1.2 
1.6 
9.1 
8.3 
5.1 

side of the cable becomes relatively small. During a field 
sweep this results in a non-uniform dB/dt distribution along 
the cable which cause SCC's to flow through the strands. The 
main characteristics of these SCC's are [3]: 

The additional ohmic power, generated in the splice between 
the inner and outer coil, is not treated here as it turns out that 
the quenches do not have their origin in these parts. Also the 
other loss components (such as the eddy current loss in the 
copper spacers and the collars and the magnetisation loss in 
the filaments and iron yoke) will be disregarded. To what 
extent the power Pi,, will heat up the cable depends, besides 
the parameters as mentioned in (2), also on the cooling 
capacity of the helium. The effect of the cooling will be 
estimated by the following simple formula (even though this 
formula is not a good representation ,of the real thermal 
behaviour of superfluid helium): 

[ ~ c m - ~ ]  , (3) 

with T, [K] the cable temperature, T b  [K] the helium bath 
temperature and q [ W C ~ - ~ K - ' ]  the heat conductivity 
coefficient between the cable and the helium bath which 
depends on T, and Tb.  Measurements on short samples, with a 
similar insulation as in the model magnets, have shown that q 
is about 0.01-0.02 W C ~ - ~ K - '  at steady state conditions and a 
bath temperature of 1.9 K [5]. 

The maximum coupling current Is,- in the strand at the 
edge of the cable is given by [4]: 

(4) 

with KI again a dimensionless constant determined by the 
numerical simulation model of the cable that is equal to 
0.042. I.r,,, can be rewritten as a function of the cable ramp 
rate: 

( 5 )  

with CI [TA-"] a constant which varies per winding over the 
cross section of the magnet, Lp [m], R, [ m l  and dI/dt [As-']. 
The maximum Crvalues for each block are given in Table I. 
Table I shows that ramp rate induced quenches are likely to 
start in block 3 or 4 due to the large generated power and 
coupling currents. A quench origin in block 5 or 6 only seems 
to be possible if there are large non-homogeneities in R, over 
the cross section (N.B. these non-homogeneities can be 

- they decay along the cable with a characteristic length far 
larger than the cable pitch, 
they generate no significant loss, 
they are linear with the field sweep rate dB/dt, 
they have a characteristic time ,that is several orders of 
magnitude larger than the average time constant of the 
ISCC's. 

The amplitudes of these currents is difficult to estimate but 
they can easily be larger than the ISCC's. 

The total strand current can therefore be represented by a 
summation of the strand transport current, the ISCC and the 
SCC. The maximum transport current in a strand Itr,q can now 
be calculated assuming that the whole cable will quench if 
locally the strand current exceeds the critical strand current 
(at a certain field and temperature). Using the empirical 
scaling formula as derived by Lube11 [6], the quench current 
I , ,  can be deduced from: 

- 
- 
- 

( K l  - K 2 B ) [ l - & ( l - & r )  [Al. (6) 

Here the field B is mainly generated by the transport current 
and only slightly by the ISCC's. The index I,yar denotes that 
the SCC's depend on variations of dB(dt along the length of 
the cable. The constants KI [A] and K2 [AT-'] are fitting 
constants which are deduced from the quench data (after 
training) of the magnet at 1.9 and 4.3 K (assuming a 
homogeneous current distribution). T, is the temperature of 
that part of the cable where the quench starts. 

In Fig. 2 the results, by solving (6), are given of the 
relative reduction of the quench current as a function of the 
ramp rate due to ISCC's and heating (assuming constant q 
and stationary condition i.e. T, constant and Pcoo~=Pisc). It 
shows that the ISCC's should result in a decrease in the 
quench current Iq which is linear with (dZ/dt)/R, while the 
generated coupling power should cause a decrease which is, 
by approximation, linear with (dI/dt)'/(h.R,). The SCC's will 
give a similar linear reduction as the ISCC's. The figure also 
shows that for q smaller than 0.02 W C ~ - ~ K - '  the generated 
heat causes most of the decrease (at higher ramp rates). The 
reduction of the quench current will have a different shape: 
- when q depends on the temperature of the cable, 
- when the time constants are of the same order as the 

ramping time, 
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- when the ramp time is too small to reach thermal 
equilibrium. 

1 

0.9 

1 : R c = 2 p Q  

2: R , = l  p.Q 

1 \ \ 7-1 

5:R,=1 @, 5:R,=1 @, 
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Ramp Rate, dl/dr (Ah) 
Fig. 2. Simulation of the reduction of the relative quench current as a 

function of the cable ramp rate dl/dr. the reductions of curves 1 and 2 are 
due to ISCC's (independent of q )  and the reductions of curves 3.4 and 5 are 

due to heating. 

111. DESCRIPTION OF THE MODEL MAGNETS 

All the 6 model magnets have in principle the same 
geometry but different cables are used as can be seen in 
Table 11. The main parameters of these cables are given in 
Table 111 (only the parameters of the cable used for the inner 
coil are given as the ramp rate induced quenches start in this 
coil, see section IV). The field factor of the magnets is about 
6.9.10-4 TA-'. The maximum cable current is about 15 kA at 
1.8 K and about 11.5 kA at 4.3 K. In Table I1 also the 
average R,-value and average time constant T~~ of the ISCC's 
are given, as deduced from AC loss measurements [ 11. 

TABLE I1 
OVERVIEW OF THE MODEL MAGNETS 

Magnet Cooldown Inner coil Singlenwin R, L V  

Cable aperture (pR) (s) 

ANI 3 1-1 Twin 3.7 1.6 
CEI 314 1-2 Twin 1.3/1.6 4.U3.3 
ELI 3 1-3 Twin 1.6 3.2 
EL2 2/4 1-3 Single 2.7/2.7 1.811.8 
HOI 3 1-3 Twin 6.1 0.8 
JSI 315 1-1 Twin 3.713.0 1.5/1.8 

TABLE 111 
MAIN PARAMETERS OF THE INNER LAYER CABLES 

Name 1-1 1-2 1-3 
~ 

Dimensions (mm2) 
# of strands 26 
0 strand (mm) 1 30 
C d S C  ratio 1 74 
L p  (mm) 130 
Soldering/coatmg P m a l l y  sold 

17 0x2 04/2 50 

with SnPb 

~ 

17.0x2.04/2.50 
26 
1.295 
1.60 
130 
95%Sn/5%Ag 

coating 

~~ ~ 

17.0x2.04/2.50 
26 
1.29 
1.90 
130 
95%Sn/5%Ag 

coating 

The variation in R, between the models is probably due to 
different curing circumstances, surface conditions of the 
strands or prestress of the magnet. All the cables are insulated 
with two layers of 25 pm kapton (with 50% overlap) and one 
layer of preimpregnated glass fibre tape of 125 pm thickness. 

IV. RESULTS 

Two different types of quenches are performed, without 
(NP) or with (P) precycle. The procedures of the quench tests 
are the following: 
NP: Ramping up the current starting at lo to quench Zq,np with 

a constant ramp rate dl/dt. 
P: Ramping up the current from 10 to II with a small ramp 

rate. 
Waiting for a time t1=600 s. 
Ramping down the current from Zl to 12 with a constant 
ramp rate dl/dt. 
Waiting for a time t2.  
Ramping up the current starting at I2 to quench Iq,p with 
a constant ramp rate dl/dt. 

For both types the temperature of the helium bath Tb is kept 
constant during the quench procedure. The waiting time tl is 
included to let the SCC's decay. The current Il is chosen 
close to the expected quench current (typically within 
500 A). Fig. 3 shows the relative quench current, scaled to the 
measured or estimated (from the quench current at 4.3 K) 
quench current at dl/dt+O As-', as a function of (dl/dt)' for 
NP-quenches at Tb=1.8-2.0 K. 

I I I I 

0 3 6 9 12 

(dZ/dr )* (1 O4 A's.*) 

Fig. 3. The relative quench current as a function of the square of the cable 
ramp rate for quenches without precycle at Tp1.8-2.0 K ( b 3  kA). 

A similar decrease is found for quenches at Tb=4.3 K 
although the reduction is slightly larger (0-20%).The rather 
linear relationships show that the quench value is mainly 
affected by the inter-strand coupling power (see section 11). 
The fact that the curves do not cross the current axis at a 
value of 1 is probably caused by the SCC's which create a 
non-homogeneous current distribution during the ramp. The 
origins of all the ramp rate induced quenches are located in 
the blocks B3 and B4 (see Fig. 1) but are not all in the same 
pole (for the same magnet). 
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The influence of a precycle (with r2=0 s) is shown in Fig. 4, 
which pictures the increase in quench current of the 
P-quenches compared to the NP-quenches. It illustrates that 

1400 7 1 

CE1.1.9 K \ I 
A\ 

- ‘ A M  

E U .  4.3 K 
-200 4 
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Ramp rate, dI/dr (Ns) 

Fig. 4. The difference in quench current between quenches with a precycle 
and quenches without precycle as a function of the cable ramp 

rate dI/dt for I2=0 A, Tpl .9  K and T d . 3  K. 

the value of the SCC,  see (6), is larger for a NP-quench than 
for a P-quench. This is due to the fact that the time constant 
of the SCC’s is of the same order or larger than the ramp 
time. This implies that the SCC’s  which are generated during 
the ramp down of a P-quench are partially levelled out during 
the ramp up. As the SCC’s are linear with the ramp rate the 
effect will be larger for high ramp rates. However, for high 
cable ramp rates (above ca. 100 As“) the difference becomes 
smaller than expected and even negative since the ramp time 
is too small to reach a stationary temperature T, in the cable. 
For a P-quench, T, will therefore increase more since the 
ramp down from Zl to Zz is immediately followed by a ramp 
up from I2 to Iq,p. 
The effect of the waiting time fz is shown in Fig. 5.  This 
figure shows that the quench value of the P-quenches 
decreases with increasing waiting time rz. This can be 
explained by the fact that the SCC’s that are created during 
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the ramp down decay towards 0 during the waiting time tz so 
that the compensation during the ramp up is smaller. In the 
limit r2+= the quench current f,, will therefore be equal to 
Iq,np. Some curves show a sudden ‘step’ with a ‘width’ of less 
than 10 s; the origins of the quenches on the ‘left’ side and 
the ‘right’ side of the step are both in block 3 of the same 
pole but at a slightly different place. The reason for this 
behaviour is not yet fully understood. 

V. CONCLUSION 

Ramp rate induced quenches have been performed on 6 
one-metre dipole model magnets for the LHC. The cable 
ramp rate has been varied between 10 As-’ and 300 A i ’  both 
at 1.7-2.1 K and at 4.3 K. The reduction of the quench current 
is in first approximation linear with the square of the ramp 
rate and can mainly be attributed to the heat generated by the 
inter-strand coupling currents (especially for high ramp 
rates). At lower ramp rates also the inter-strand coupling 
currents influence the quench current. The relative 
degradation of the quench current as a function of the ramp 
rate is slightly larger at 4.3 K than at 1.9 K. All the quenches 
start in the inner coil near the midplane. A spread in the cross 
contact resistance over the cross section of the magnet is 
likely to be present as there is no direct relation between the 
ramp rate sensitivity of the quench current and the average 
cross contact resistance. The reduction of the quench current 
is smaller if the ramp is preceded by a current cycle. This 
effect is probably caused by the presence of so called super 
coupling currents (with a large character-istic time and an 
amplitude that is linear to the field sweep rate) which cause a 
non-homogeneous current distribution among the strands 
during and after a field sweep. 
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