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Abstract:

The quench performance of the first three short model prototypes for the LHC interaction region high gradient quadrupole magnets revealed a plateau at  ~85 % of short sample limit current at 1.9K. Since magnets are designed to reach short sample field, efforts were undertaken to understand the cause of the premature quenches, limiting the magnet performance. The fact that after a training cycle at 1.9 K all three magnets reached short sample limit at 4.5 K is considered as strong argument in favor of the adequacy of the cable design. However, in the effort to find eventual deficiencies in the magnet design and assembly procedures, it was also decided to scrutinize the cables and strands used for the HGQ 1-3 magnets with respect to stability related parameters. The stability evaluation of the HGQ cable proceeded as a systematic comparison of the stability related parameters of LHC dipole and HGQ cables and strands to reveal eventual discrepancies between the 2 designs. With many LHC model dipole magnets successfully operating at short sample limit at 1.9 K, the dipole strand and cable design was considered as “state of the art” and thus as reference for the stability comparison. The comparison included all parameters which are known to be relevant to the Minimum Quench Energy (MQE) of the conductor, thus far the only known quantitative measure of technical superconductor stability. On the strand-level this comparison for nominal operating conditions showed no disadvantage related to the HGQ strand design, except for a slightly higher current sharing heat generation rate (due to the lower Cu/Sc ratio and the higher critical current density at the lower “operating” peak-field). On the cable-level minor differences appeared in the electrical/thermal cross-contact resistance and the compaction factor (which both are higher in the HGQ cables). Former Minimum Quench Energy (MQE) measurements (at BNL) on LHC-dipole cables showed that these parameters can affect MQE. Some of these results are presented. The example of SSC dipole magnets having operated at short sample limit at 1.9 K with cables made from the same strands as the HGQ magnets is cited as an additional argument of the soundness of the basic HGQ strand design with respect to stability. Furthermore the example of SSC magnets showed that variations in the Cu/Sc ratio of the inner strand (usually a critical parameter for the MQE) in the range 1.3-1.5 did not noticeably influence their performance. Finally a cable-stability test program was launched at BNL, using the training behavior at 1.9K during critical current (Ic) tests in perpendicular field as a relative indication of stability. It was formerly observed at BNL that the training behavior during Ic tests was reproducible and correlated with stability relevant parameters (e.g. Cu/Sc ratio). The training curves of a series of HGQ type cables with varying contact resistance, compaction factor and Cu/Sc ratio were measured. The test program was not completed and thus the results of the test program were inconclusive.

1) Introduction

In the frame of the US-CERN collaboration for the LHC, half of the high-gradient quadrupole (HGQ) magnets for the final focusing triplets of the interaction regions of the LHC will be built at Fermilab. The short model R&D program is near completion. The performance of the first 4 short model magnets at 1.9 K was limited to ~87 % of the design limiting field (short-sample limit). At 4.2 K the design limit was reached after long training at 1.9 K. The following evaluation of the conductors used in the HGQ models with respect to their electro-thermal stability is part of the attempt to analyze the limited performance of the first model magnets. It should be mentioned that the first training quenches of the HGQ prototypes 1 to 3 and 3a occurred at 65 % of short sample limit at 4.5 K and at ~70 % of short sample limit at 1.9K. Since, the Minimum Quench Energy (MQE) increases by 1-2 orders of magnitude between 87 % and 70 % of short sample limit the perturbations causing the first training quenches must have been orders of magnitude stronger than the MQE at nominal conditions. Especially in the case that these perturbations do not disappear during magnet training, there is no way to ensure reliable magnet operation with typical accelerator magnet type conductors. This applies to those first HGQ models, in which many training quenches were concentrated in one weak spot. It is known from the LHC dipole model R&D program that mechanical perturbations originating in one (weak) spot can travel before causing quenches in other spots[
]. This means that some quenches that originated somewhere else may have to be attributed to the weak spot also. The fact that after training at 1.9 K all 4 existing prototypes finally reached short sample limit at 4.5 K indicates that there is no major deficiency of the cable such as strong degradation due to cabling. However, it was decided to investigate if the shortcoming in performance in the first HGQ models could be explained by an insufficient stability margin of the conductor. This note reports results of this analysis.

2) HGQ Model Quench Analysis

The training curves of HGQSO3 / HGQSO3A (Fig.1) show that the first quenches at 4.5 K / 4.25 K occurred at 67 % / 71 % of short sample limit at magnetic gradients of 129 T/m and 135 T/m. At 1.9 K, the first quenches occurred at gradients of 183 and 205 T/m, which is below the nominal gradient of 210 T/m[
] (see Table 1). Although, at 1.9 K, the prototypes finally reached nominal operation conditions after a few quenches they did not improve above a limit of approximately 12000 A, which corresponds to ~84 % of the short sample limit, even after many quenches. Finally when returning to 4.5 K after approximately 20 training quenches at 1.9 K the models reached the short sample limit (see table 1). A similar behavior was observed as well in the models 1 and 2 (see table 1). The quench-locations revealed no particular pattern, although in model 1 quenches occurred mainly in the outer layers whereas in the subsequent magnets the quenches were 

4.5K
HGQSO1
HGQSO2
HGQSO3
HGQSO3A

1st quench current [A]  [3]
8776
7366
7057
7438

1st quench location  [
]
outer
outer
outer
outer

% of short sample-limit current 

calcul. for the layer where quench occurred [
]
83
70
67
71

field gradient at 1st  quench [T/m] [3]
160
134
129
135

short sample limit current/field [kA/T]
inner coil:
11.12 /7.7
outer coil:
10.55/6.12

1.9K
HGQSO1
HGQSO2
HGQSO3
HGQSO3A

1st quench current [A]  [3]
10327
9191
10019
11228

1st quench location  [3]
outer
inner
outer
inner

% of short sample-limit current 

calcul. for the layer where quench occurred [3]
0.73
0.64
0.71
0.78

field gradient at 1st  quench [T/m] [3]
188
167
183
205

plateau-current  [A] [3]
12200
11400
11800
12100

location of most plateau quenches [3]
inner turn outer coils at  lead ends 
inner layer, innermost turn and weak point in turn 4 Q4
inner layer, innermost turn and layer jump
inner layer, innermost turn and layer jump

% of short sample-limit current 

calcul. for layer where most quench. occurred[3]
0.86
0.79
0.82
0.84

field gradient at plateau [T/m] [3]
222
208
215
221

short sample limit  [kA / T]
inner coil:
14.39/9.93
outer coil:
14.17/8.83







known weak spots (#..turn, Q…coil, re..return end)

#4 in Q4 re
Q4 int ramp
Q4 int ramp

Table 1: Characteristics of the quench-curves of the HGQ models 1,2,3,3A. 

concentrated in the inner layers. Model 2 had a weak point in the 4th turn from inside in the inner layer (return end) in coil #4 causing ~30% of the quenches. The layer jump in coil 4 in models 3 and 3A caused as well about 1/3 of the quenches (erratically distributed over the testing cycles). The 1.9 K plateau-quenches in HGQSO3 were located in the innermost turn of the inner layer return end in Q01(#17,26), Q02(#20) and Q04(#21) and in the inner turn, inner layer, lead end in Q03(#22) and the layer jump (edge) in Q04. Two additional quenches originated in the straight section 4th inner turn inner layer Q03(#16), and close to the lead end 4th inner turn, inner layer of Q01(#19). In HGQSO3A the plateau-quenches appeared mainly in the innermost turn of the inner layer of Q01(#23), Q02(#17,21,18,22), Q03(#16,25), Q04(#28,15) and the inner ramp in Q01(#24) and Q04(#19). Two additional quenches appeared in the big inner block (4th innermost turn) in Q02(#26) and Q04(#20). The temperature dependence of the quench plots follows the Ic(T) curve only at 4.5 K [3], indicating that the 1.9 K quenches did not occur at critical current. The following line of argument was used to explain the behavior 
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Figure 1: Training quenches in HGQSO3 and HGQSO3A: thermal cycle 1 (4.5K-1.9K-4.5K) and cycle 2 with 1.9K quench tests. Version 3A used collared coil of 3 introducing shims between collar and yoke (to transfer some of the stress from the collars to yoke & skin).

of the magnets: HGQS01 suffered from quenches originating mainly in the transition regions (from straight section to turn). Therefore from model 3 on, the magnets have so called extended wedges. Magnet 3 showed a different quench pattern, with the quenches occurring in the inner coils and not in the outer coils as in magnet 1. But already magnet 2, which had still non extended wedges had its quenches mainly in the inner part. One could argue that magnet 2 never reached the quench-current of magnet 1 (because of a weak spot in the end region of the inner coil) and that therefore the former hypothesis still holds (magnet 3 almost reached the quench-current of magnet 1). Another possible explanation is, that the quenches disappeared from the outer layer from model 2 on because of an increase in pre-stress in models 2 and 3. It is believed that the weak spot in HGQS02 was related to an adhesive used to bond the coil during cooling (polyimide instead of epoxy, which was used in magnet 1). Model 3 had a general problem in the transition region and in the internal splice in coil 4. Magnets 2 and 3 had inner and outer coils with different elastic modulus. Future magnets are designed to avoid differences in elastic modulus. The use of Ultem material for the end-spacers in magnets 2 and 3 is believed to have caused weak support in the magnet ends because of the mismatch of thermal contraction between Ultem and coil-material. In fact magnets 2 and 3 showed more quenches in the ends than magnet 1. Furthermore magnets 1-3 were not pre-stressed
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Figure 2: Training curve (points represent quench current) obtained during the first Ic-measurement at 1.9K / 8.7T (field perpendicular to broad-face) of an HGQ inner type cable (#660). Reported by A. Ghosh, BNL.

longitudinally. The collar design was changed to “full collar packs” from magnet 5 on. As can be concluded from the quench analysis of model magnets 1-3 there are numerous possible explanations for the shortcoming in their performance related to the end-, collar-, transition region- and splice-design. As argued above, the perturbations triggering the quenches in these magnets were by far stronger than a typical MQE at short sample limit. However, Fig. 2 shows a training curve of an HGQ inner cable sample tested in the BNL Ic facility. Here the cable showed a training curve similar to the model magnets (Fig. 1). This is attributed to the strong mechanical disturbances generated in the Ic sample holder. Nevertheless this measurement result could as well be indicative of a low stability margin in the cable. At 4.5 K the HGQ inner-cable Ic measurements did not reveal any unusual behavior: the critical current was reached after 1-3 training quenches. The measurement result reported in Fig. 2 triggered the evaluation of the stability of the HGQ conductors, reported here. 

3) Comparison of the HGQ and Dipole Strand and Cable Parameters 

The following table compares the design- as well as stability- relevant parameters of the HGQ inner and outer strands and cables to the LHC dipole inner and outer strands and cables. The LHC dipole-prototypes are considered as a reference in this study because they have repeatedly operated at short sample limit. The strand parameters in table 2 show that the strands in the dipoles operate with less margin (see: current sharing temperature Tcs in operating conditions, critical temperature at nominal operation conditions Tc, ratio of operating current and critical as well as short-sample limit current Iop/Ic, Iop/Iss, enthalpy-density at current sharing temperature e(Tcsop) in Fig. 3). The higher margin in the HGQ conductor design is related to the operation under high radiation heat loads emanating from the interaction points. On the other hand the HGQ conductors have comparatively low Cu/Sc ratios. Added to the fact that the conductors operate at lower fields than the dipole conductors and therefore have higher critical current-densities at nominal conditions, this feature results in higher current sharing matrix heat generation rates at nominal conditions (gmax). On the other hand the discrepancy in matrix heat generation between dipole and HGQ strands is smaller in the cooled case because the smaller diameter of the HGQ strands results in a more favorable ratio of heat generation per unit of cooled surface (Fig. 4). In what refers to cooling the Stabrite (SnAg5%) coating of the dipole strands is believed to be superior to bare strands such as those in the HGQ [13].  However, single strand QE and MQE simulations (Fig.5, Fig.6) indicate that, in terms of stability, there is only little difference between the dipole and the HGQ strands. Under restricted cooling conditions, as expected to prevail in these magnets, the differences in cooling do not strongly affect the Minimum Quench Energy. Furthermore, referring to the different Cu/Sc ratio in the designs mentioned above, MQE simulations [
] have shown that in poor cooling conditions the optimum Cu/Sc ratio is only weakly dependent on Cu/Sc ratio over a large range of Cu/Sc ratios (Cu/Sc=1 to 2).

Referring to the cable, both dipole and HGQ use similar designs. But, unlike the strand case, there are differences in contact resistance and cable heat treatment. The LHC dipole cables are designed to operate with a cross contact resistance of ~20 µ, whereas rough estimations from AC-loss measurements indicate that the Rc values in the HGQ prototypes have so far been ~100 µ. Past experience [16] has shown that the Rc in bare-stranded Rutherford-cables is difficult to control and varies over 1-2 orders of magnitude. Cables from Stabrite coated strands tend to have more reproducible and lower Rc than their bare homologues. HGQ cables contract more during magnet curing than the limit specified for the LHC cables. This is related to the fact that the HGQ cables receive less heat treatment during the final stages of production (explaining as well that their RRR before cabling is often smaller than that of the dipole strands at the same stage). As shown in chapter 4 and 5 Rc and RRR can have some impact on stability. 


Dipole inner
Dipole outer
IR HGQ inner
IR HGQ outer

magnet





Tb [K] operating temp
1.9[1]
1.9[1]
1.9[2]
1.9[2]

Iop [A]
11500[1]
11500[1]
11100[2]
11100[2]

Peak field coeff. [T/kA]

Fe-saturation not taken into account
0.766[1]
0.64[1]
0.69[3]
0.58[3]

Bpeakop [T] calculated from operating current, checked with ref
8.81[1]
7.37[1]
7.7[3]
6.5[3]

cable





Ic(B,T) [A] ([T],[K])

specified in reference
>13750

(10,1.9)[1]
>12960

(9,1.9)[1]
14100

(10/1.9)[3]
14800

(8/1.9)[3]

Ic(B,T) [A] measured 
15000

(7,4.22K)[BNL]
15000

(6,4.22)[BNL]
14390

(7,4.22)[BNL]
12540

(6,4.22)[BNL]

Ic at specified B,T [A] calculated with [5]/[18] from measured Ic at 4.2K 
13270/13775

(10,1.9)
13248/13608

(9,1.9)
12730/13186

(10,1.9)
13984/14536

(8,1.9)

Ic(9T,1.9K) [A] calculated with [5]/[18] from measured Ic at 4.2K 
17612/18452
13248/13608
16872/17670


11086/11362



dB/dIc  [T/kA] specified
-1/1.96[1]
-1/3.65[1]
-1/4.5[3]
-1/2.9[3]

short-sample-limit current/peakfield [A/T] calcul. fr.  specif. Ic(Top), Bpeak-coeff and specif. dB/dIc
13500/10.34
14150/9.06 
14390/9.93
14170/8.22

short-sample-limit current/peakfield [A/T] calcul. fr.  measured Ic acc. to [5]/ [18], Bpeak-coeff + specif. dB/dIc
14300/10.96

14670/11.24
13820/8.84

13925/8.91
13976/9.64

14171/9.78
13865/8.04

13970/8.1

training in Ic-test 1.9K
?
No[BNL]
Strong[BNL]
?

number of strands
28[1]
36[1]
38[2]
46[2]

mid-thickn.[mm] measured 
1.9[1]
1.48[1]
1.456[14]
1.15[14]

width [mm]measured 
15.1[1]
15.1[1]
15.4[14]
15.4[14]

angle [deg]
1.25[1]
0.9[1]
0.98[2]
0.7[2]

cable pitch [mm]
110[1]
100[1]
114[2]
102[2]

contraction after 1h/190C
<0.15%[1]
<0.15%[1]
0.28%[17]
0.42%[17]

inner helium voidage 

[% of  envelope volume], *calculation
3-5[4]
3.7[4]
4[*]
4[*]

inner exchange surface [% of total strand surface after cabling], *calculation
19-28[4]
25[4]
25[*]
25[*]

Compaction calculated from geometrical data
~90%[4]
~93.4%
90.4%

87.6% (37-str.)
90.4%

Rc [µ]
20[1]
20[1]
100 [estimated by T.Ogitsu from AC-loss on HGQ1and2]
100 [estimated by T.Ogitsu from AC-loss on HGQ1and2]

strand





d [mm]
1.065[1]
0.825[1]
0.808[2]
0.656[2]

Cu/Sc Vol ratio
1.6[1]
1.9[1]
1.3[2]
1.8[2]

Atot [mm2] calculated
0.891
0.535
0.513
0.338

ACu [mm2] calculated
0.548
0.350
0.290
0.217

ASc [mm2] calculated
0.343
0.184
0.223
0.121

coating
SnAg5%[1]
SnAg5%[1]
bare
bare

filament diam. [µm]
7[1]
6[1]
6[2]
6[2]

twist pitch [mm]
25[1]
25[1]
13[2]
13[2]

RRR (after magnet curing)
150[23]
150[23]
200[15]
100[15]

Cu [m] at nom. Bpeak and T<15K [7]
5.55.10-10
4.83.10-10
5.17.10-10
4.56.10-10

Iop [A] calculated from Iopcable and #strands
411
320
292
241.3

Ic(B,T) [A]  measurement
580[20]
(10T,1.9K)
420[20]
(9T,1.9K)
247[19]
(8T,4.2K)
132[19]
(8T/4.2K)

Ic(Bpeak(Iop),1.9K) [A], estimated with [5] / [18] from measurement 
807/817
604/620
553/598
372/413

Ic(9T,1.9K) [A]  estimated with [5] / [18] from measurement 
770/777
420/420
412/436
220/233

Iss [A] calculated from estimated  cable Iss based on cable Ic specificat. and [5]/[18], no degradation  consid., (ss lim B)
518

(10.34)
413

(9.06)
317/333

(9.93)
265/284

(8.22)

Iss [A] calculated from estimated  cable Iss based on cable Ic measure.
511/523

(10.96/11.24)
384/387

(8.84/8.91)
368/373

(9.64/9.78)
301/304

(8.04/8.1)

n (typical value –guess)
30
30
30
30

Iop/Ic calculated from table
0.51/0.5
0.53/0.52
0.53/0.49
0.65/0.58

Iop/Iss calculated from table
0.81/0.78
0.83/0.83
0.79/0.78
0.80/0.79

gmax at Iop/Bpeakop [MW/m3] calculated  with [9]
193/190
264/289
289/288
152/150

gmax at Iss [MW/m3] calculated with [9]
233/231
302/309
339/344
408/408

gmax at Iop/Bpeakop [kW/m2] calculated per cooled inner surface in cable [10]
205/202
218/238
233/233
123/120

gmax at Iss [kW/m2] calculated per cooled inner surface in cable[10]
248/246
249/255
274/278
267/268

Tcsop [K] calculated with [11]
3.86
4.25
4.21
4.11

Tc (Bpeak,Iop) [K] calculated with [8]
5.24
5.99
5.82
6.41

e(Top) [J/m3] 

calculated with [12]
1260
1064
1258
1017

e(Tcsop) [J/m3]

calculated with [12]
3925
4249
4899
3799

Kapitza coeff. n/aK 

([ ]/[W/m2/Kn])
3.55/550[13]
3.55/550[13]
3.5/458[13]
3.5/458[13]

QE [J/m3] at op.con.  calculat. with longheater model  [21]
5173
7150
6914
6328

MQE [µJ] at op.con.  calculated with MQE model [22]
30
21
21
12

Table 2: Comparison of LHC dipole and HGQ strand and cable parameters. 
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 with C0=30T, =0.6, =1, =2, Bc2(T) can be calculated from the standard Lubell formula indicated in ref.[5], Tc0=9.2K, Icref is the critical current at 5T/4.2K and can be calculated with above formula using a known Ic(B,T). In general this parametrization of the critical surface gives higher jc values (especially at low fields), than the parametrization in [5], which is older and does not reflect the latest achievements in rising jc.

[19]
Arup Ghosh, BNL, personal communication

[20]
Luc Oberli, Cern, personal communication

[21]
Long Heater Model as described in “Transient Stability of LHC strands”, D.E. Baynham, D.A. Cragg, R.C. Coombs, P. Bauer, R. Wolf, proceedings of ASC 98 Palm Springs, (IEEE Trans. on Applied Superconductivity)

[22]
MQE model as described in “Minimum Quench Energies of LHC Strands”, P. Bauer, L. Oberli, R. Wolf, M.N. Wilson, proceedings of ASC 98 Palm Springs, (IEEE Trans. on Appl. Supercond.)

[23]
Z. Chariffouline, CERN-LHC-MMS, personal communication on results of routine tests of first samples of LHC strand production;

4) HGQ and Dipole Strand Stability Calculations 

Fig. 3 shows the calculated enthalpy reserve (specific heat density of the conductor integrated over temperature) of the inner and outer HGQ and dipole strands. The enthalpy reserve at current sharing temperature is a first approximation of the quench energy margin of the conductor in adiabatic conditions (no cooling). Fig. 4 shows the heat current sharing heat generation function of the dipole and HGQ outer strands. The differences in current sharing temperature (onset of heat generation) and plateau heat generation between the 2 designs are related to the difference in Cu/Sc ratio, operating field and operating current. Fig. 5 shows the quench energy margin QE, that is the instantaneous heat pulse energy that results in a quench of the conductor for spatially distributed (“infinitely long heater”) perturbations. Fig. 6 shows the Minimum quench energy MQE for the dipole and HGQ strands. The MQE is the heat required to quench a conductor for the case of transient, point-like perturbations. In agreement with the conclusions drawn from the systematic parameter comparison in table 2, the calculated stability curves (enthalpy, QE and MQE) show no striking difference between the dipole and HGQ strands. The stability plot in Fig. 5 reflects that situation. It seems the higher  margin (see Figure 3) of the HGQ strand on one hand and its higher maximum- or plateau-heat-generation (see Figure 4) on the other hand, level out, resulting in a similar QE (Figure 5) for both types of strand. The MQE simulation in Figure 6 equally shows only small differences in MQE versus I/Ic. The factor 2 spread between the highest MQE (dipole inner strand) and the lowest (quadrupole outer strand) is probably less than the typical error margin of “state of the art”  (uncalibrated) MQE measurements.
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Figure 3: Enthalpy density of inner and outer dipole and HGQ strands in operating conditions (see table 2). Taking into account the higher operation margin of the HGQ magnet (Tcs=3.9K vs 3.4K) the difference in enthalpy between HGQ and dipole strand is ~30%. 
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Figure 4: Heat generation function per unit surface – comparison of outer LHC dipole strand and outer HGQ strand in operating conditions (see table 2).
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Resuming the calculations, there seems to be no significant difference in single strand stability between the HGQ- and the dipole-strands.

5) LHC Dipole Cable Stability Measurements at BNL

The design of the LHC dipole cables and the HGQ cables are very similar. However, unlike the single strand there are a few additional features that were introduced into the dipole cable design during the R&D for the LHC dipoles [
]. These are: 

· decreasing the packing factor below the 90 % level to increase the superfluid helium content within the cables (to increase stability).

· controlling and limiting the cross-contact resistance to 10-20 µ using a SnAg coating and adequate heat treatment cycles. Secondary benefit of the post-production heat treatment cycles are: softening the cables and reducing the “springback-effect” of the coils during magnet curing.

Fig. 7 shows MQE measurements of LHC dipole cables with varying compaction factors. Fig. 8 and 9 show measurements and simulations of the effect of contact resistance on the MQE of LHC dipole cables.
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Figure 7: MQE measurement on inner type LHC dipole cable-samples with varying compaction (full symbols: 95% compaction, open symbols 86% compaction at 1.9K/8.7T and 4.4K/6T. The effect of the improved cooling parameters as a consequence of the variation of the packing factor is to raise MQE by a factor 3 over the whole current range. The MQE measurement on an extracted single strand occurred in restricted cooling conditions (“quasiadiabatic”). Plot taken from [
].

In the frame of the LHC stability project MQE measurements were made on LHC dipole cables with varying compaction [7]. The MQE increases with decreasing compaction. The increase in MQE by a factor 3 for a compaction variation of 9% (see Figure 6) is in agreement with  the increase of MQE expected on the single strand level for the gain in helium volume associated to the change in compaction [
]. The gain in inner-cable helium voidage for this range of compaction variation is twofold (from 3 % to 6% of the total conductor envelope volume). The outstanding cooling properties of superfluid helium make it a very efficient tool for cable stability. Although the full potential of superfluid cooling can hardly unfold in a highly restricted helium geometry as in densely packed 
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Figure 8: MQE measurement on inner LHC dipole cables with varying contact resistance (triangles: Rc~30 µ,  squares Rc~1.5 µ) at 1.9 K / 8.7 T and 4.4 K / 6 T. Both samples are SnAg coated, only the sample with the higher Rc received a heat treatment to raise the Rc value. The effect of the reduced contact resistance is the shift of the so called kink to higher currents. The kink marks the transition from the single strand behavior to the multi-strand behavior. Plot courtesy of  [
].

accelerator magnets, there is nevertheless some improvement of stability to be expected even from small amounts of superfluid helium introduced into the cables. The HGQ cables are specified to have a compaction of ~90%. Improved cable prototypes (e.g. with 37 strands instead of 38 strands) could have a reduced compaction of ~88% without noticeably loosing in total current density. Latter is explained by the fact that the inner 37 strand-cables has less critical current degradation due to cabling than the similar 38 strand cables*.

cable
HGQ inner 38 strands

15.4mm width

1.456mm midthickn.
HGQ inner 37 strands 

15.4mm width

1.456mm midthickn.
HGQ inner 37 strands

15.4mm width 1.485mm midhickness
HGQ outer

compaction [%]
90.4
87.6
86.1
90.4

Table 3: Compaction rates in “old” and “improved” HGQ cables.

[image: image14.wmf]0.01

0.10

1.00

10.00

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

I/Ic

MQE [mJ]

3-strand adiabatic 0.001µOhm/m, 100W/K/m

3-strand adiabatic 0.1µOhm/m, 100W/K/m

3-strand adiabatic 0.001µOhm/m, 10000W/K/m

3-strand adiabatic 0.1µOhm/m, 10000W/K/m

single strand adiabatic

Measurements of the Minimum Quench Energy of cables for the LHC dipoles [
] have also shown that the contact resistance is a decisive factor because it determines the position of the so-called kink in a MQE versus operating current plot. Below the so called “kink” the MQE rises rapidly by 1-2 orders of magnitude. If the operating current is chosen to be just above the kink a dramatic improvement in MQE can be obtained by tuning the contact resistance. MQE experiments / simulations are shown in Fig. 8 / 9. 
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Figure 9:  3 parallel strand MQE simulation at 4.2K/7T in adiabatic conditions, with varying contact resistance (in /m) and contact heat-conductivity (q=hT, h given in figure in W/m/K), personal communication from S.W. Kim, CERN.  The increase in electrical contact resistance clearly shifts the “MQE-kink” to higher threshold-currents. The heat conductivity of the contact affects MQE mainly below the threshold current, where it reduces MQE significantly when raised. Similar results can be found in literature[
].

A simulation of the effect of electrical cross-contact resistance and cross-contact heat conductance on the MQE of a hypothetic 3-strand LHC dipole inner cable (Fig. 9) shows qualitatively the same characteristic: lower Rc shifts the kink to lower currents, whereas higher contact heat conductance is detrimental to MQE at currents below the kink (but does not affect the kink position).

LHC dipole cables are specified [
] to have a RRR>100 (RRR>70 for strands before cabling). The HGQ cables typically have RRR~40 before curing and 200/100 (inner/outer) after curing (exception: HGQS01). It was shown experimentally and theoretically that RRR<100 should be avoided because of strong degradation of MQE.


HGQS01
HGQS02
HGQS03

inner
43 / 145
? / 225
? / 215

outer
34 / 57
34 / 95
? / 105

Table 4: RRR of the inner and outer cables of prototype HGQ magnets 1-3 before/after curing. “?” indicates that RRR values were not available.

It is known that the parameters mentioned above do affect the MQE. The HGQ magnets are not yet optimized with respect to these parameters (see table 2). It is not proven yet that conductor MQE is correlated with magnet quench behavior.

6) Past Experience with SSC magnets

The HGQ magnets use strands originally destined to the SSC magnets. The SSC model DCA322, tested at 1.8 K, reached short sample limit (Fig. 10). Table 5 shows that it operated at a force- and heat generation- level comparable to the HGQ magnets (see table 5). SSC magnet performance was found to be independent of stability relevant parameters like RRR and Cu/Sc ratio. For example SSC magnets (DCA320-DCA323) with varying inner strand Cu/Sc ratio (1.31-1.58) did not show any difference in quench behavior [
].

magnet

Cu/Sc

RRR
current

short sample limit  [A]
tot current density [A/mm2]
peak field [T]  neglecting iron saturation
Lorentz-force density [N/m3 ]

f=jtotB
composite normal resistivity

[m]
max.heat generation at T<15K [mW/m3]

DCA322 

1.5 / 65
10000
650
10.5
6851
9.66(10-10
0.408

HGQS03

1.3 / 200
14000
710
9.8
6955
7(10-10
0.353

KEKIRQ

1.2 / 130
8300
611
10.9
6665
10(10-10
0.374

Table 5: Comparison of SSC dipole DCA322, HGQS03 and KEK HGQ model 1 at short sample limit. The Lorentz-force levels and max. heat generation rates are similar in all three magnets.
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Figure 10: Quench behavior of SSC dipole magnet DCA322. The magnet reached short sample limit at 1.8K (10000A / 9.5T). Except for the inner strand Cu/Sc ratio (1.5) the cable follows the SSC cable specification [
].

The strand design used in the HGQ model magnets has operated at short sample limit in SSC magnets which operated in conditions comparable to the HGQ magnets.

7) Cable Stability Test Program Outline

Following the correlation found between Cu/Sc ratio and training behavior of SSC cables during critical current tests[
] a similar test program was proposed as part of the HGQ conductor R&D program. The measurements are to be conducted at BNL (A. Ghosh). The following preliminary comments apply: 

1. The training observed in short sample tests is to be viewed as a measure of the relative stability of the cables to quench disturbances. The idea is that, when cables that are tested under very similar conditions exhibit different training characteristics, we can then say that one cable is relatively more or less stable than another. 

2. Conditions in the test can be made such as to increase or decrease the incidence of pre-mature quenching. Test conditions can be set to more prominently observe the relative stability of the cables. 

3. If a cable does not train under the short sample test conditions, it does not imply that the magnet will not train. Conversely, if training is observed under certain conditions of short sample tests, it does not imply that the magnet will train. What one can say is that when two cables are compared for their training under the short sample test conditions, the one that shows markedly more training than the other is more likely to train in a magnet. In other words, cables that show more training would be less forgiving of mechanical defects in the magnet.
The BNL Ic test set-up is described in detail in [
]. As shown in Fig. 11 the go and return part of the cable are clamped into a G10 sample-holder. The external magnetic field is applied perpendicular to the broad face of the cable. In this field configuration the forces react against the side-walls of the U-channel part of the sample-holder. In the other possible configuration, with the field parallel to the broad face of the magnet, the forces are directed against the vertical support provided by the clamping mechanism. The training behavior is typically more pronounced in the perpendicular field configuration. For that reason the perpendicular configuration was chosen for the training test series. The current in the samples is increased until quench occurs. The quench-current is plotted as in Fig. 12. Eventually the samples reaches the critical current after a series of training quenches.

Figure 11: Current and field direction in BNL Ic test set-up.

The following list of HGQ cable samples were chosen for the BNL test program:

 sample
type
# 

str.
Cu/Sc
coating
heat treat.
pass
compaction
#

sam.
comment

PHASE1










standard
inner
38
1.3
bare
no
1
90.4%
2-3
reproducibility 

37-strand
inner
37
1.3
bare
no
1
87.6%
1
compaction

standard
outer
46
1.8
bare
no
1
90.4%
1
Cu/Sc

45-strand
outer
45
1.8
bare
no
1
87.2%
1
Cu/Sc + compa

PHASE2










37-strand
inner
37
1.3
Stabrite
no
1
87.6%
1
Rc low

37-strand
inner
37
1.3
Stabrite
no
2
87.6%
1
int. stress

diff thick
inner
37
1.3
bare
no
1
86%
1
compaction

45-strand
outer
45
1.8
Stabrite
no
1
87.2%
1
Rc low

45-strand
outer
45
1.8
Stabrite
no
2
87.2%
1
int. stress

37-strand
inner
37
1.3
bare
special
1
87.6%
3
Rc-series

Table 6: HGQ cable samples for Ic testing.
In phase 1 of the test series the samples were standard HGQ inner and outer cables in 2 configurations, differing in compaction. In addition the effect of Cu/Sc ratio was tested indirectly as a result of the inner and outer cable Cu/Sc ratio variation. In phase 2 the effect of Stabrite coating and cable production parameters (strand annealing, number of passes during cabling) were to be varied. Based on the fact that the LHC dipole outer cable has dimensions and strands comparable to the inner HGQ cable (15.1 instead of 15.4 mm width and 0.825 mm instead of 0.808 mm), results from the routine Ic tests on the LHC dipole outer cables were to be considered in the analysis of the experiments. Fig. 12 shows the 1.9 K training curves for 2 samples (LHC-3-I-00660) of type 1 (referring to table 6) with slightly varying pressure, 1 sample (LHC-4-A-00661) of type 3 
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Figure 12: Training of HGQ cable samples 1-4 (see table 6) during critical current measurements at 1.9 K / 8.7 T. Measurements reported by A. Ghosh, BNL.

and one sample (LHC-3-I-00660) of type 1 after a one hour heat treatment at 190 degrees C in Ar. As given with the 2 identical samples (type 1 in table 6), measured at different clamping pressures, the reproducibility of the measurements is satisfactory. The sample, which received the extra heat treatment to increase the RRR and to reduce spring-back reached the highest current. All samples heavily train. The test program could not be completed because of a tight measurement schedule in the BNL test facility due to routine LHC cable testing. Therefore the test results have to be considered inconclusive. In case the measurement series will be completed, a new publication with a detailed analysis of the cable training measurements and the latest HGQ model results is foreseen.
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