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Abstract— New Linear Superconducting Accelerators need 

superconducting magnet packages installed inside SCRF 

Cryomodules to focus and steer electron or proton beams. A 

superconducting magnet package was designed and built as a 

collaborative effort of FNAL and KEK. The magnet package 

includes one quadrupole, and two dipole windings. It has a 

splittable in the vertical plane configuration, and features for 

conduction cooling.  The magnet was successfully tested at room 

temperature, in a liquid He bath, and in a conduction cooling 

experiment. The paper describes the design and test results 

including: magnet cooling, training, and magnetic measurements 

by rotational coils. The effects of superconductor and iron yoke 

magnetization, hysteresis, and fringe fields are discussed.  

 

Index Terms—Accelerator, Cryomodule, Linac, Magnet, 

Superconducting, Conduction cooling. 

 

I. INTRODUCTION 

EW Linear Superconducting Accelerators need 

superconducting magnet packages installed inside 

Cryomodules which are based on the superconducting radio 

frequency technology (SCRF).  In recent years various magnet 

packages were built and successfully tested for Linear 

Accelerators. Besides a large International Linear Collider 

(ILC) [1], there are now a number of smaller linear 

accelerators [2]-[4] under design and construction: FNAL 

ASTA and PIP-II, KEK STF, SLAC LCLS-II. 

   First superconducting magnets for Linear Accelerators were 

bath cooled by liquid helium (LHe). In recent years there were 

investigated several conduction cooled magnets for linear 

accelerators. These magnets did not have a LHe vessel. To 

avoid the magnet installation in the clean room together with 

SCRF cavities the magnet package had a splittable in a 

vertical plane configuration. These magnets could be installed 

in the cryomodule (see Fig. 1) after the final SCRF cavities 

string assembly in the clean room. The magnet package is 
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conductively cooled by pure aluminum channels thermally 

connected to the LHe supply pipe. The magnet current leads 

are also conductively cooled and have thermal interceptors at 

2 K, 5 K, and 50 K temperature levels (see Fig. 1). The 

FNAL-KEK collaboration built and successfully tested the 

first magnet prototype for ILC [9]-[10]. The ILC quadrupole 

integrated gradient of 36 T is an order of magnitude larger 

than for other accelerators [2]-[4]. So, an even more compact 

splittable conduction cooled magnet was built and tested. 

 
 
Fig. 1. Magnet package inside the SCRF Cryomodule. 

 

II. MAGNET PACKAGE DESIGN AND FABRICATION 

The magnet package design and fabrication is based on the 

previously built and tested model magnets. It has a splittable 

in the vertical plane conductively cooled configuration. 

Besides the easier magnet installation in the cryomodule, the 

absence of a LHe [5]–[8] vessel allows a more precise magnet 

alignment to a beam center axis.  The magnetic field in the 

aperture is formed by four iron poles and generated by 

racetrack type superconducting coils (see Fig. 2). The magnet 

package parameters for LCLS-II [4] pre-prototype are shown 

in Table 1.  One can see that the peak quadrupole magnet 

integrated gradient is 2 T, which is 40 times larger than the 

minimal value of 0.05 T.  This means that the magnet at the 

front end of the accelerator, where the beam energy is low, 

will work at a very low field, and residual magnetization 

effects should be taken into account. The magnet package 

includes three windings: the quadrupole, vertical and 

horizontal dipoles. 

N 
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Fig. 2. The magnet package cross-section. 

 

 The magnet has a large bore defined by SCRF cavity 

aperture and rather short length which includes the pole 

length, coil ends and field clamps (see Fig.3).  

 
TABLE I 

LCLS-II MAGNET PACKAGE PARAMETERS 

Parameter Units Value 

Integrated peak gradient at 10 GeV T 2.0 

Integrated peak gradient at 0.4 GeV T 0.05 

Clear bore aperture mm ≥78 
Ferromagnetic pole tip bore diameter mm 90 

Effective length mm 230.7 

Peak quadrupole gradient T/m 8.67 
Quadrupole field non-linearity at 10 mm diameter % ≤0.5 

Quadrupole magnet inductance H 0.66 

Number of superconducting coil packages  4 

Number of superconducting sections in the coil  3 

Number of turns in the quadrupole section  426 
Number of turns in vertical/horizontal dipole 

sections 

 39 

Peak superconductor current A ≤20 
NbTi superconductor dia. mm 0.5 

Superconductor filament size µm 3.7 

Dipole corrector integrated strength T-m 0.005 
Max magnetic center offset in Cryomodule mm ≤0.5 

Magnet physical length mm 340 

Magnet width/height mm 322/220 
Quantity required  37 

 

Further magnet length reduction will compromise the 

magnet field quality. Because the beam size in SCRF Linacs is 

less than 1 mm and the magnet is positioned with an accuracy 

of 0.5 mm, the needed good field area is also small. This 

substantially reduces demands on the magnet fabrication, and 

assembly tolerances. 

 
Fig. 3. Magnet package view. 

   The FNAL-KEK collaboration built two splittable 

conduction cooled magnets (see Fig.4). One was installed in 

the KEK ILC Cryomodule and another is used for the design 

verification and high precision magnetic measurements. These 

magnets have the same geometry but 6 % lower number of 

turns (for more homogeneous coil packing) to those of   

LCLS-II, shown in Table 1.   

 
Fig. 4. The quadrupole magnet package cold mass. 

III. MAGNET PACKAGE MAGNETIC MEASUREMENTS 

   The magnet package magnetic measurements were 

performed by rotational coils at FNAL Stand 3. This stand has 

a LHe vessel and the warm finger placed inside the magnet 

aperture. The rotational coil system utilizes a novel PC Board 

design [13], and provides a measurement accuracy better than 

1 unit (10-4). Initially, integrated field strength was measured 

at different currents (see Fig. 5).  

 
Fig. 5. Quadrupole magnet integrated gradient. 

 

   The magnet field grows linearly with the current and without 

iron yoke saturation effects. The 2 T peak integrated gradient 

was reached at 16 A current. The dipole corrector 

measurement results are shown in Fig. 6. 

 
Fig. 6. Dipole corrector integrated field. 
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Field harmonic normal coefficients bn measured by the 

rotational coil system are presented in Fig. 7 for the 

quadrupole, and in Fig. 8 for dipoles, versus harmonic order 

(where dipole n=1) at a wide range of currents. 

 
Fig. 7. Quadrupole normal integrated field harmonics. 

 

One can see that the low order harmonics have a substantial 

increase at low currents.  It might be caused by several effects: 

superconductor magnetization, iron yoke hysteresis, or 

external fringe fields.  

 
Fig. 8. Vertical dipole normal integrated field harmonics. 

 

   Fringe field levels near the top of the cryostat were 

investigated. In some areas the field reached 4 Gauss, a level 

capable of substantially disturbing the field quality at low 

currents. To eliminate this effect, a series of measurements 

were obtained at positive and negative currents and subtracted, 

with the following results (see Fig. 9).   

 
Fig. 9. Quadrupole normal integrated geometric field harmonics. 

 

   The geometric harmonics for the quadrupole are less than 10 

units at 10 mm radius and meet specifications. The magnet 

was removed from the cryostat and magnetic measurements 

were repeated at room temperature for currents in the range of 

±0.4 A. The measured harmonics coefficients at 10 mm radius 

were: b3=4 units, a3=0.7 units, b6=3 units. This confirms that 

the large harmonics of cold measurements were caused by 

external fringe fields. The influence of superconductor 

magnetization effects were shown to be negligible during field 

measurements made at 180 K as the magnet warmed up.  

   Another parameter of interest is the magnetic field 

reproducibility. The quadrupole winding was cycled in the 

range of 0–10 A. In Fig. 10 the magnet strength normalized to 

that at 10 A is shown for two successive ramp cycles. 

 

 
Fig. 10. Quadrupole strength reproducibility for multiple ramps. 

 

   Above 2 A the reproducibility is ~0.1 % and looks very 

good. For 0.4 A the difference in mean values is about 1.5 %. 

But there might be a significant systematic error because of 

manually set current values. The standardizing cycles could be 

used to reach at low currents the needed 1 % magnetic field 

reproducibility.   

IV. CONDUCTION COOLING TEST 

The magnet will be installed inside the cryomodule and will 

be conductively cooled. The conduction cooling verification 

test was performed in the FNAL Spoke Test Cryostat (STC). 

The magnet cooling configuration was reproduced as closely 

as possible to the cryomodule conditions. The magnet set up 

and current lead configuration is shown in Fig. 11.  

 

Fig. 11. Magnet package combined with current leads and thermal sinks. 

 

    The magnet and current leads were cooled by conduction 

through pure A5N aluminum channels rigidly connected to 

(and electrically insulated from) copper block thermal 

intercepts on 2 K, 5 K and 80 K pipes in the cryostat. The 

magnet and leads were heavily instrumented using Platinum 

and Cernox thermal sensors. Two independent DAQ systems 

continiously monitored temperature from 35 sensors mounted 
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on two current leads, magnet, and thermal interceptors.  The 

sensor positions are shown in Fig. 12.   

 
Fig. 12. Thermal sensors schematic. T31-35 were embedded with the coils. 

 

   The magnet, Lead 1 and thermal intercept temperatures were 

monitored using Cryocon meters through the ACNET system, 

and Lead 2 sensors using a Lakeshore LS224 meter and a PC 

running LabView. The cool down history is shown in Fig. 13.  

 
Fig. 13. Leads cooling down. 

 

   The magnet was cooled down to the superconducting state in 

48 hours during 4 K operation. Several temperature sensors 

showed elevated temperatures (see Fig. 14).  These sensors 

mounted in areas with difficult access, and thermal contacts or 

wire thermal intercepts might be compromised. 

 
Fig. 14. Temperature profile along leads from 300 K to 4 K after 67 hours. 
 

   The system was then operated at 2 K by pumping to reduce 

the He temperature. Fig. 15 shows the temperature profiles at 

4 K, and 2 K operation before magnet was powered. 

 
Fig. 15. The temperature distribution along the cold part of leads, 4 K (67 h) 

vs 2 K (97 h). 

 

   All sensors mounted on the magnet coils and yoke showed 

around 4 K temperature (sensors T_28 to T_35).  It is obvious 

that sensors T_26 and T_27 could not have >30 K temperature 

when adjacent short lengths of copper lead were near 4 K.  

     This conclusion was confirmed by measurements with 

current that followed. The magnet was gradually excited with 

steps 2 A up to 20 A, allowing 15 min waiting time at each 

current to stabilize the temperature distribution. All three 

magnets were powered simultaneously at 20 A by independent 

power supplies with no heating observed for over 17 hours.   

Later the magnet currents were increased to 50 A with no coil 

quenches or current lead runaways, showing good margin.   

   All four coil packages have wire heaters connected in series 

and powered from an external power supplies. The heater 

study showed that using a current pulse it is possible to induce 

the superconducting coil transition to the resistive condition. 

Thus it can be used to clear superconductor magnetization to 

reduce as much as possible magnet fringe field when cooling 

down SCRF cavities, to avoid trapping this field in NbTi 

superconducting material.  

V. CONCLUSION 

A short variant of the ILC splittable conduction cooled 

magnet package was thoroughly tested and showed good 

performance. It could be used in medium energy range linear 

accelerators which are now under design. The magnet package 

combines the quadrupole with dipole correctors. During cold 

tests the following features were observed and verified: 

- The field quality is acceptable in the good field region.  

- Measurements with opposite polarity confirmed that 

field geometric harmonics are low. 

- Measurements at room temperature confirmed that the 

low field distortions were caused by fringe fields. 

- The magnet was conductively cooled after 48 hours to 

the superconducting state. 

- The magnet was successfully excited to 20 A (peak 

operating current for LCLS-II). 

- The current leads and magnet have a large temperature 

margin and are able to work at the 50 A design current.   

   The successfully completed tests validated the conduction 

cooling design for use in the LCLS-II SCRF cryomodule.  

Two prototype magnets to be installed in the first 

cryomodules have been fabricated, and testing has started.  
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