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Abstract—As part of the US LHC program to develop high gradient superconducting quadrupoles for the LHC interaction regions, a series of 2 meter long model magnets has been built and tested at Fermilab. This R&D program was used to refine the mechanical and magnetic design, optimize fabrication and assembly tooling and ensure adequate quench performance. The final design, fabrication, and assembly procedures developed in this program have produced magnets which meet the LHC requirements of operating at 215 T/m with excellent magnetic field harmonics. This paper summarizes the optimization of the mechanical design, fabrication and assembly, and the magnet test results, which include quench tests over several thermal cycles and excitation current ramp rates and strain gauge measurements. 

Index Terms— Magnets, Quadrupole, Super-conducting 

I. Introduction

T
he  model superconducting quadrupoles developed by Fermilab for the LHC Interaction Region inner triplets are 2m long  and have 70 mm diameter bores. These cold iron magnets consist of two layer cos(2() coils made of Rutherford NbTi cable supported in the body by free-standing stainless steel collars. Details of the baseline design and fabrication features are described elsewhere [1]-[3].

As part of the model magnet program at Fermilab [4] nine model magnets (HGQ01-HGQ09) have been built and eight of them were tested between March 1998 through March 2000. The primary goal of the program was to develop the design and fabrication procedures for reproducible manufacturing of magnets that perform with sufficiently high quench current, adequate temperature margin and field quality at the nominal field gradient of 215 T/m.
This paper includes test results for five model magnets, HGQ05-HGQ09, on which the full length prototype magnet design is based.  New results are presented for HGQ08, HGQ09, and from the third test cycle of HGQ07.  

II. Design History


Starting from HGQ05 a set of design and manufacturing modifications were implemented to address issues which were considered to be the causes of poor quench performance in previous model magnets [5]. The most important mechanical changes, relative to the base-line design, likely to affect the mechanical and quench performance were

- use of G10/G11 as end part material;

- cure of inner coil at higher pressure, resulting in a higher    inner layer elasticity modulus and better matching of    inner and outer coil mechanical properties;

-  improved continuity of the body/end transition; 

- welded 75mm collar packs with pole filler pieces;

- aluminum end can assemblies over both ends;

- attachment of the end cans to the end plate, which   ensures contact between the coil ends and end plates and  stretches the coil straight section after cool-down. 

Some other changes were made to study their effect on the stability of the magnet, starting from HGQ06.  These included a more robust 5-block end design, and variations of the cable parameters and coil fabrication to study the effects of interstrand resistance. The goal for the last short model magnet, HGQ09, was to achieve the best performance parameters for this magnet design with all final design features included. 

III. Test Program

All models have been tested at the Fermilab Vertical Magnet Test Facility [6] in normal and superfluid liquid helium in the temperature range of 1.8K-4.5K. During quench performance studies about 70% of the stored energy was extracted and dissipated in external dump resistor. Each model magnet was instrumented with voltage taps to determine the originating location of each quench, and strain gauges to monitor mechanical stresses in various regions of the magnet at each stage of the test.

IV. Magnet Training and Mechanical Performance

The operating gradients for the inner triplet quadrupoles are 205 T/m at the high luminosity Interaction Regions (1&4) and reach a maximum of 215 T/m for injection optics at         7 TeV at the low luminosity Interaction Regions (2&8). Acceptable training was defined to be a) the number of quenches  at 1.9 K required to reach a field gradient of       230 T/m was low (~10); and, b) after warming the magnet to room temperature and re-cooling to 1.9 K, the magnet reaches 220 T/m field gradient before the first quench occur. 

The training histories are summarized in Fig. 1.  Models HGQ05-HGQ07 were trained in normal and superfluid helium while HGQ08 and HGQ09 were trained only in superfluid helium. HGQ05 and HGQ07 went through three test cycles, the rest of the magnets were warmed up only once to room temperature before they were tested again in liquid helium.
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Fig. 1. Quench training history for HGQ05-09.   The horizontal dashed line corresponds to 205 T/m field gradient. The solid line at the first test cycle corresponds to 230 T/m field gradient which was the value to be reached during training the magnet at the first test cycle. The solid line at the second thermal cycle corresponds to 220 T/m field gradient. 

At nominal temperatures in the 4.5K range, HGQ05 and HGQ07 reached the estimated critical current value of the conductor (based on measurements of cable samples – the short sample limit) after modest training. The quench current of HGQ06 at 4.3K after quenching the magnet 15 times was five percent below the short sample limit. 

Quench performance in first thermal cycle for the HGQ short models is summarized in Table I. It contains the first quench currents at 1.9 K as well as number of quenches required to reach field gradients of 205 T/m and  230 T/m. The first quench at 1.9K for HGQ06, HGQ07 and HGQ09, and the second quench of HGQ05 and HGQ08, were higher than the nominal 205 T/m field gradient value. All five magnets exhibited some re-training after the first thermal cycle, but had their first quench above field gradients of     215 T/m. 

All five magnets reached 90% of their short sample limit at 1.9 K within ten quenches, but even 30 quenches were not sufficient for them to reach the short sample limit. The magnets appear to be mechanically limited for  HGQ06 at 92% and rest of the magnets between 95% and 97% of their short sample limit. Although strain gauge measurements did not indicate any unloading of the coils even at the highest Lorentz force levels, these magnets might still be sensitive to preload.

TABLE I

Quench  Performamce  Summary

Model 

Number
Iq1(4.5K), 

A
Iq1(1.9K), A
N(<205 T/m)
N(<230 T/m)



TCI
TCII



HGQ05
9553
10896
12417
1
7

HGQ06
9056
12224
12044
0
8

HGQ07
10155
12101
12855
0
2

HGQ08
-
11145
12939
1
12

HGQ09
-
12760
12688
0
3

Table II summarizes the quench locations. Most of the quenches for HGQ05 were located in the outer coils, but none or significantly fewer for the rest of the magnets were in the outer coils.  This was expected: the HGQ05 outer cable short sample limit was 3% lower than that of the inner cable; for the rest of the magnets, the inner cable short sample limits were slightly higher than those of the outer cable. It is interesting to note that for currents above 13 kA, twice as many inner coil quenches occurred in a turn next to the wedge than in the pole region.

TABLE II

Quench  Location Summary


Inner
Outer


body
end
body
end

HGQ05    pole

                    wedge
2
2
4
0


13
1
14
16

HGQ06   pole

                    wedge
9
5
0
0


19
0
0
0

HGQ07    pole

                    wedge
1
5
2
0


11
5
0
0

HGQ08    pole

                    wedge
4
1
1
0


10
0
8
0

HGQ09    pole

                    wedge
3
1
1
0


7
0
2
1

In Table II the quench locations are divided into two groups: body and end regions. The body of the magnet terminates where end cans take over support of the coil from the collar laminations. HGQ05 had many outer coil end quenches resulting from the previously mentioned cable short sample limit and the fact that the magnet end and body had very similar peak field values.  
One can also observe that the location of quenches varies somewhat from magnet to magnet.  For HGQ05, the initial training was dominantly in the outer coil body, near a longitudinal break in the coil wedge, and in a lower pre-stress (coil compression) region of the coil.  In HGQ06, the pre-stress on the outer coil was raised slightly, and that on the inner coil was lowered slightly.  All quenches in HGQ06 are in the inner coil body, with many located in turn 11, just below the wedge.  As a result, the pre-stress target in HGQ07 was raised on both the inner and outer coils to 70-75MPa, and the initial quenches in HGQ07 are located on the inner coil pole turn.  This magnet reaches 230T/m much more quickly than either HGQ05 or HGQ06.  Around 235-240 T/m, well above the operating gradient, the quench locations in both HGQ05 and HGQ07 start to vary, and quenches next to the inner coil wedge start to appear.  At this force level, we believe the mechanical discontinuity introduced by the wedge is sufficient that the continued adequate compression of the coil is difficult. Turns next to the wedge toward the midplane have non-radial alignment which might require greater pre-compression to prevent them from moving. 

To test the effect of greater pre-compression the pre-stress target for HGQ08 was raised to 90 MPa. Although it took eight quenches to train HGQ08 above 230T/m, at the second test cycle the first quench current was as high as the last quench current value at the first test cycle showing no retraining effect due to thermal cycling the magnet. Still for this magnet most of the quenches were close to the wedges, which means it has the same mechanical limitation as the others.   

Since the number of quenches to reach 230 T/m as a function of target pre-stress seems to have a minimum at around 70 MPa (see Table III), the target pre-stress for HGQ09 were chosen to be 75 MPa. Indeed the number of quenches for HGQ09 to reach 230 T/m decreased to 3. 

TABLE III

Azimuthal Coil Stress and Longitudinal End Force

Model number
Azimuthal pre-stress 300K
Longitudinal end-stress 300K


Inner layer

MPa
Outer layer

MPa
Lead end

kN
Return end

kN

HGQ05
99
55
10.5
10.2

HGQ06
59
61
9.4
9.4

HGQ07
65
74
11/0
8/0

HGQ08
86
92
8.4/8.5
9.0/9.3

HGQ09
68
77
11
9

Note: The data was obtained using strain gauges

AC loss measurements and eddy current effects observed in field harmonics measurements indicated that the interstrand resistance in the  cables  in HGQ06-07 was significantly lower than in previous magnets.  This was attributed to a change in coil curing which used higher temperature and pressure to obtain a  higher coil modulus of elasticity. According to theoretical predictions, the reduction of inter-strand resistance in the cable improves stability that could result in improved magnet quench performance. Starting from HGQ07 38 strand inner cable was replaced with 37 strand cable. It was expected that the reduction of the inner cable packing factor in HGQ07 will also improve inner cable stability by increasing the fraction of superfluid helium inside the cable. However, no significant change in magnet quench performance for HGQ06-07 was observed. The cable used in HGQ08 was coated with Stabrite™ which could increase the cable stability. However, no improvement in quench current has been observed for HGQ08 relative to  HGQ05-09.
HGQ07 was tested without longitudinal end support on the return end and without coil restraint. Test results for this magnet show that there is no positive correlation between magnet end restraint and quench performance of these magnets.

HGQ08 and HGQ09  were the first magnets to be trained directly at 1.9K  (rather than first at 4.5K then at 1.9K). Comparing the 1.9K quench training behavior of HGQ08-09 with that of HGQ05-07, no significant difference is observed.  From this we conclude that the previous quench history at lower Lorentz force levels has no discernible affect on quench training.
After HGQ06-09 were trained, a series of  spot heaters induced quenches was performed to study the performance of the quench protection strip heaters. For these tests, the external resistor was bypassed and all the stored energy was deposited in the magnet. Following the heater induced quenches, we again quench trained the magnet a few times and no quench current degradation was observed.    

V. Ramp Rate Sensitivity

The dependence of quench current on ramp rate provides information on eddy current losses in the conductor. In the case of low interstrand resistance, the eddy current heating can be used to verify that the temperature margin is sufficient to operate the magnet in high radiation environment where the heat deposition in the coils is large [7].
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Fig. 2. HGQ05-09 quench current ramp rate dependence.

The dependence of the quench current on the current ramp rate for magnets HGQ05-09 at 1.9 K is shown in Fig. 2. One can see two regions on this curve: a flat, ramp rate independent region at low rates and a region with a monotonically decreasing quench current with increasing  ramp rate. For ramp rates less than 100 A/s, the magnet quench current is well above the nominal operating current of 12 kA corresponding to a field gradient of 215 T/m(.  All quenches at lower ramp rates took place in the coil pole regions exposed to the highest field.  At higher ramp rates the quenches in HGQ05 were located in the inner-outer coil splice region. The probable explanation for this ramp rate dependence is the combination of AC losses and poor cooling conditions in the solder-filled splice cable.

In HGQ06-08, the high ramp rate quenches originated in the midplane turns, related to the low cable interstrand resistance, a result of the 190 C high pressure cure used on HGQ06-07 coils and Stabrite™ cable in HGQ08 (see Table IV).  AC loss and magnetic measurements confirmed the presence of the large eddy current component in those magnets.

TABLE IV

Ramp  Rate  Sensitivity

Model 

Number
Inner coil curing
AC loss

@100A/s

J/cycle
Ic(300 A/s),

A


Temperature OC
Pressure MPa



HGQ05
130
80
177
10519

HGQ06
190
80
1000
6433

HGQ07
190
80
589
4487

HGQ08
190
80
4538
3941

HGQ09
190/135
20/80
264
12946

VI. Temperature Dependence and Short Sample Limit

Quench current temperature dependence gives information about the critical current short sample limit, and the magnet mechanical and temperature margin.

The dependence of quench current vs. temperature for HGQ05-09 is presented in Fig. 3. This dependence was measured after the completion of magnet tests at 1.9 K. The solid line shows the nominal short sample limit for this magnet design calculated using the SSC strand parameters.
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Fig. 3. HGQ05-09 temperature dependence.

After training at 1.9 K, all magnets reached their short sample limit at 4.5 K. With nominal superconductor parameters the temperature margin at the operating current for this design is about 2.3 K. For HGQ05, quenches between 2.2-3.0 K originated in the outer coil near one of the inter-layer splices. High resistive heating and restricted cable cooling conditions  might   have   been   responsible   for   the 

reduction of HGQ05 quench current with respect to its short  

sample limit. Splice cooling conditions were improved for HGQ06 - HGQ09, and indeed no quenches occurred in the splices around the lambda temperature. The operating point for the high luminosity Interaction Region magnets is 205 T/m, but the temperature at the midplane of the coil is expected to be higher than that of low luminosity IR magnets (which operate at 215 T/m) due to higher beam losses. Under this high heating condition the temperature margin for HGQ06-09 is about 1.8 K.

VII. Summary

Test results of the short model quadrupole magnets developed for the inner triplet LHC Interaction Regions  are presented. Quench performance of the last five model high gradient quadrupoles were satisfactory for LHC operations. Their quench performance were similar leading to a conclusion that the production procedure is well controlled. All five magnets quickly reached their operating gradient and exceeded their operating gradient before quenching after the first thermal cycle. Although none of the magnets achieved their short sample limit at 1.9K, quench plateaus for all of them were well above the nominal operating current. Two thirds of quenches were in coil turns next to the wedge. Measurements of the temperature dependence indicate an operating margin of 1.8 K at 205 T/m. The magnet quench currents at current ramp rate less than 100 A/s are well above the operating current and show no sensitivity to current ramp rate. 
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( It should be noted  that the nominal ramp rate at LHC is low ~10A/sec.
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