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Abstract—The high energy sections of the Fermilab HINS 

R&D proton linac will utilize superconducting spoke resonator 
(SSR) RF cavities.  These will be assembled into cryomodules 
with strong solenoid focusing lenses closely interleaved with the 
cavities.  A design for lenses has been made for the lower (SSR1) 
and higher (SSR2) energy ranges of the SSR-section. Prototype 
lenses for both SSR1 and SSR2 sections have been built and the 
SSR1 has been tested. Shielding is needed to reduce the solenoid 
fringe field on the cavity wall below the 10 µT level, and a 
preliminary design was built and tested with the SSR1 prototype 
lens. We discuss the design requirements and challenges, and the 
results from quench testing and magnetic measurements of the 
SSR1 prototype lens. 
 

Index Terms— Superconducting, Solenoid, Cryomodule, 
Accelerator Magnet, Magnetic Shielding 
 

I. INTRODUCTION 
NE of the problems associated with acceleration of high 
intensity ion beams in RF linacs is the development of a 
low loss beam transport line.  Within this task, building a 

high quality transport line in the low energy section is 
considered to be one of the critical issues.  A proton (or H-) 
accelerator which uses superconducting spoke resonator (SSR) 
cavities is now in development at Fermilab [1]. It was shown, 
for the front end of this superconducting linac, that 
superconducting solenoid-based focusing lenses can provide 
the required focusing while leaving some space for diagnostic 
equipment.  Moreover, attempts to use quadrupole triplets for 
the same purpose proved unsuccessful.  A program to develop 
and test a high current proton linac front end has been ongoing 
at Fermilab for several years and is known as a High Intensity 
Neutrino Source (HINS) linac R&D [2].  The HINS R&D 
linac uses SSR accelerating RF structures and beam transport 
technology based on superconducting solenoid focusing 
lenses. 

The HINS linac solenoid-based focusing lens design 
challenges have been discussed previously in detail [3], [4].  
The focusing lens design is subject to constraints imposed by 
the accelerator lattice configuration, as well as the 
requirements for installing and operating in the cryomodule 
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environment in close proximity to SSR cavities.  The lattice 
defines the lens focusing length, which is inversely 
proportional to the integral of the squared magnetic field over 
the total length of the lens. As the beam energy grows, the lens 
strength must also increase.  The short focal length of ~0.5 m, 
needed to ensure low loss beam propagation through the beam 
transport channel in the HINS linac, requires a focusing 
strength FSl = 1.8 T2-m for the lowest energy section from 2.5 
to 10 MeV (which utilizes room temperature cross-bar H, or 
CH, cavities) [4].  The SSR cryomodules operate at higher 
energies, with the first section (SSR1) accelerating beam from 
10 to 30 MeV, and the second (SSR2) from 30 to 60 MeV.  
The SSR1 solenoids must provide a focusing strength of about 
3.0 T2-m in SSR1, and ~5.0 T2-m in SSR2.  Limited allowed 
flange-to-flange length of focusing lenses (that must fit 
between accelerating cavities), and the required 30 mm beam 
tube aperture affects the peak field that can be achieved with a 
given (NbTi) superconducting strand.  

 In the HINS linac front end, the superconducting focusing 
lenses were initially designed to operate at the temperature of 
boiling liquid Helium, that is ~4.2 K. Radiation safety 
regulations allow beam loss in the linac transport channel not 
to exceed 1 W/m. Having in mind uncertainty of the loss value 
at different parts of the transport channel, to ensure reliable 
operation of the accelerator, it is beneficial to choose lens 
operating current well below the quench current. The design 
choice was made to have a current margin of about 25%; this 
design can be adjusted, if necessary, after initial tests of 
cryomodules with beam.  

Tolerances on alignment precision during installation and 
cool down are challenging: positioning accuracy of the ends of 
each lens must be within ±0.15 mm if no correction dipoles 
are used. Adding steering dipoles to center the beam helps 
somewhat to relax this requirement, to ±0.3 mm. Space 
constraints require these dipoles to be embedded within the 
solenoid.  The required bending magnetic field integral for the 
horizontal and vertical corrector dipoles in the SSR1 section is 
~0.005 T-m. 

II. DESIGN OF FOCUSING LENSES FOR THE SSR SECTIONS  
The solenoid-based lens design [6] is strongly driven by 

close proximity to SSR cavities within the cryomodule.  The 
allowed magnetic field level on the walls of SSR cavities was 
specified [5] to be <10-5 T; this is at a distance only 225 mm 
from the center of the SSR1 solenoid, where the peak 
operating field is about 6.6 T.  The rapid reduction in magnetic 
field outside each lens is effectively achieved by optimizing 
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the use of bucking coils and a low carbon steel flux return. 
These measures bring the fringe magnetic field on the axis of 
the lens at the distance 225 mm from its center to below 5·10-4 
T.  Further reduction to reach <10-5 T requires the use of a 
specially designed cryogenic magnetic shield, which must 
accommodate penetrations for the solenoid support post, 
helium lines, instrumentation and current leads, beam tube, 
and alignment target support beams. 

With several (up to 10 in the current studies) cavities in each 
cryomodule, design of cryomodules and focusing lenses must 
ensure the possibility to make optical survey of each lens 
position in the cryomodule, first during installation and later 
during evacuation and cooling down by liquid helium (LHe). 

An assembly of two orthogonal steering dipoles is placed 
inside each lens. Each dipole consists of two thin single-layer 
superconducting coils wound on the surface of the beam pipe. 
This design helps to keep the inner diameter of coils in the 
lens small, which benefits the goal of having small fringe 
magnetic field. The coil winding scheme was optimized for 
the best possible dipole field quality.  Fig. 1 shows 
schematically the main features of a focusing lens design. 
Only one quarter of the lens cross-section is shown. 

 
Fig. 1. Design schematic of a solenoid-based focusing lens. 

 

Most of design challenges and solutions are common to the 
lenses of the SSR1 and SSR2 sections.  The increased 
focusing strength needed for the lenses in the SSR2 section is 
achieved by increasing the solenoid coil length (aperture, coil 
peak field, and margin being equal).  Quench protection of 
these magnets has been extensively modeled [7]-[8], and the 
stored energy in the SSR2 solenoid is such that the 
superconductor is at risk to high temperatures and voltages if 
no special care is taken.  A prototype design for a lens in the 
SSR2 section is similar to that of a lens in the SSR1 section, 
but the longer main coil is split into two coils separated by an 
insulating wall [9].  This requires an extra pair of leads, but 
allows more options for powering, quench detection, and 
protection.  A prototype SSR2 lens has been built, and a 
performance test is planned to occur soon. 

III. FOCUSING LENSES FOR THE SSR1 SECTION  
OF THE HINS LINAC 

A lens for the SSR1 section of the HINS linac front end has 
advanced through several iterations of design, prototyping, 
and testing.  The first constructed prototype, SS1_SOL_01, 
did not include dipole corrector coils.  Test results at 4.2 K 
confirmed the predicted maximum 220 A quench current in 

the solenoid main coil. Magnetic measurements agreed very 
well with the as-built predictions for field strength in all 
regions from the peak to the fringe field area [10].  As 
expected, the magnet was self-protecting and survived 
numerous quench events without energy extraction. 

The second lens, SS1_SOL_02d, was built with steering 
dipole coils embedded within the solenoid [11] with the main 
goal to test the steering dipole fabrication technique, which 
proved successful.  This lens was built using lower grade NbTi 
strand, that was available in sufficient amounts for production 
of all the lenses needed for the SSR1 section of the linac. 
Magnetic design of this lens was substantially different from 
that of the SS1_SOL_02d lens because of larger bore to 
accommodate the steering coils; also there was a need to 
compensate for lower strand performance and quality. These 
changes were limited to changing only geometric parameters 
of the coils in the lens: the main coil (MC) and the bucking 
coils (BC). The two bucking coils in the lens, “left” (BCL) and 
“right” (BCR) were placed at different radial and axial 
distances from the MC (a difference of ~0.5 mm) to check 
sensitivity of the fringe field to BC placement.  

Following changes to the test stand that increased the 
helium pressure (using refrigeration plant supply and return, 
rather than portable Dewar supplies), the test of 
SS1_SOL_02d took place at higher temperature, ~4.4 K.  To 
properly compare quench data obtained at different 
temperatures, a calculated correction to the NbTi strand 
critical surface was applied to the quench predictions for both 
solenoid and dipoles [12]. The solenoid reached a stable 
quench plateau in the MC at the expected 200 A current in 8 
quenches.  

 Magnetic field measurements showed good (1 % at the 
peak) agreement with predictions; a slight disagreement at the 
BC locations can be readily explained by small (~0.1 mm) 
difference of the actual BC positions from those in the model.  
The fringe field in the region of a cavity wall (225 mm from 
the cavity center) also agrees well with the calculated level at 
the operating current.  Since the flux return can saturate in 
some regions at higher currents, the current dependence of the 
fringe field was studied and found to match the Opera2D 
prediction very well, as shown in Fig. 2. 

 
Fig. 2. Model and data axial field strength versus current for SS1_SOL_02d 
showing the fringe field on axis 150 mm from the solenoid center. 

 

The dipole corrector coils performed as expected, quenching 
just above 40 A with the solenoid operating at 190 A, and 
reaching the required 0.005 T-m integral strength with plenty 
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of margin at 23.5 A.  An additional study of the dipole field 
quality was also made by performing warm integral magnetic 
field harmonics measurements, with each coil separately 
powered at ±0.25 A. This was successfully done before the 
dipole package was assembled into the lens, to validate the 3D 
model prediction of dipole field errors for these single-layer 
coils. A tangential coil probe of radius 12.2 mm was used, and 
the resulting map of field errors was in good quantitative 
agreement with the model. 

It was realized after this test that increased LHe temperature 
can cause significant reduction of the current margin. Studies 
of a cryo-system for the linac indicated that the maximum 
temperature of LHe can be  expected to be as high as ~4.6 K; 
in this case, the margin would be only ~9 %. This lead to 
another design iteration that resulted in the SS1_SOL_03d coil 
geometry, in which the MC was lengthened to increase the 
focusing strength [13].  During this iteration, design of the 
corrector insert was finalized and an additional magnetic 
shield was introduced to bring the fringe magnetic field to the 
desired level. This “pre-production” version of the focusing 
lens also met its quench and magnetic performance 
expectations for both the solenoid and correctors, but 
demonstrated quite erratic quench behavior [14].  This 
behavior was found to be due to inadequate pre-load applied 
to the ends of the lens, which allowed some motion of the 
bucking coils and caused them to quench.  A method to fix 
this problem was devised, and a re-test of the repaired cold 
mass was completed [15].  One training quench was seen 
before a stable plateau of a dozen quenches was made, with no 
degradation or retraining after a thermal cycle, to show 
convincingly that this problem was fixed.  Fig. 3 plots the 
quench history of the original and modified solenoid, made 
over 5 thermal cycles (TC) from room temperature to 4.4 K.  
Vertical lines in the figure correspond to warming up and 
cooling down at each thermal cycle. 

 
Fig. 3. History of quench currents and quench locations for SS1_SOL_03d. 
 

After all functionality tests were made, the design of a lens 
for the SSR1 section of the HINS linac was approved for 
production. Main design feature of the lens are summarized in 
the Table 1. The distance between the bucking coil and the 
main coil is an important parameter that is chosen to minimize 
the fringe field; in our case this distance was 8.4 mm. Flange-
to-flange length of the focusing lens is 260 mm; magnetic 

shielding is assembled around the lens and thermally 
connected to its LHe vessel. 
 

TABLE 1 SSR1 SECTION LENS MAIN DESIGN FEATURES 

Parameter Main Coil Bucking Coil 
Coil Length (mm) 119.0 6.0 
Inner Diameter (mm) 80.0 90.0 
Outer Diameter (mm) 168.4 160.2 
NbTi Strand Diameter (mm) 0.808 0.5 
Number of Wound Layers 28 49 
Total Number of Turns 3850 410 

IV. MAGNETIC SHIELDING TEST 
The effectiveness of a magnetic shield can vary significantly 

from expectations, due to uncertainties in the shield material 
properties caused by, among other things, details of handling 
during assembly, or the shield temperature.  We had an 
opportunity to experimentally measure this effectiveness, due 
to availability of both a working lens, SS1_SOL_02d, and a 
Test Cryostat being prepared for use in testing of SSR cavities 
[16].  The prototype magnetic shield design [13] was 
fabricated of Cryoperm10® material and annealed by the 
manufacturer, Amuneal.  The shield was assembled around the 
solenoid lens, with an array of cryogenic Hall probes, 
commercially available from Cryomagnetics, Inc., mounted in 
a plane at the location of the SSR cavity wall, 225 mm from 
the solenoid center.  This assembly was installed in the Test 
Cryostat, which was mounted and supplied with cryogenic 
services via transfer lines in the Fermilab Magnet Test Facility 
(MTF).  The measurement system used AC excitation of the 
solenoid and the Hall probes, with low noise electronics and a 
lock-in amplifier technique.  In the test [17], the radial (R) and 
azimuthal (Z) field components were measured in the plane 
that is orthogonal to the beam tube 225 mm from the center of 
the lens, at two points along the vertical axis and two points 
along horizontal axis. The measurements were made at 
different current levels in the lens.  The data show the 
measurement system has resolution better than 10-6 T. A 
detailed 3D model of the solenoid and shield was made, with 
all the actual shield penetrations and features.  The agreement 
of measurements with the model prediction, shown in Fig. 4,  
gives us confidence in the reliability of model predictions and 
material performance. 

 
Fig. 4. Measured and predicted longitudinal and radial components of the 
fringe magnetic field at the location of RF cavity.  
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V. LENS ALIGNMENT ISSUES  
Placing the focusing lens in a cryomodule requires accurate 

knowledge of where the magnetic axis of the lens is located 
relative to its physical features, and an understanding of how 
this axis moves from the installed position during cool down 
to operating temperature.  The magnetic axis can be found 
with respect to fiducial targets using a moving or vibrating 
stretched wire technique [18] and survey. Due to complexity 
of the lens, which consists of three separate coils, and the 
inevitable uncertainties in lens fabrication, the wire technique 
measures some weighted average of the coil centers. 
Furthermore, it is not yet completely clear how the magnetic 
axis found this way relates to the behavior of charged particles 
moving through the lens.  Studies of the lens optical properties 
based upon particle tracking and simulation of the wire 
techniques [19] suggest these axes may differ at the level of 
100 µm. An alternative approach using Hall probes to find the 
coil magnetic centers may yield complementary information to 
the wire technique, and is presently under study at Fermilab 
[20]. Laser-based optical techniques are being developed at 
Fermilab [21] that can track transverse displacements through 
cryostat windows. Accuracy of these measurements is 
estimated to be ~25 µm, which seems sufficient for proper 
positioning of the lenses.  A proof-of-principle long base 
optical alignment setup is in preparation that will help us to 
identify possible limitations to the proposed method. 

VI. CONCLUSION 
The first stage of beam transport channel development for a 

high power proton linac front end at Fermilab has been 
completed with the successful testing of “pre-production” 
focusing lenses that meet the beam line and cryomodule 
requirements. The next stage of R&D includes integration of 
these elements in a prototype cryomodule. The prototype 
cryomodule in development will contain several SSR1-type 
accelerating RF cavities and solenoid-based focusing lenses. 
Building the prototype cryomodule and testing its systems, 
including cryogenic, RF, focusing, alignment, and protection 
system, will help to collect information needed to finalize 
design of cryomodules for the linac. 

The latest studies of a cryogenic system for the linac front 
end found it advantageous to use 2K LHe for cooling not only 
superconducting RF structures, but also focusing lenses [22]. 
As a side effect of this development, higher current densities 
can be used in the coils of the lenses, resulting in more 
compact systems and saving longitudinal real estate in the 

cryomodules. This saving can trigger modification of the 
transport channel having in mind reduction of the beam loss, 
which is of tremendous importance for future high current 
proton accelerator-based programs. 
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