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ABSTRACT

A novel set of superconducting main precession coils has been built and installed in the Jülich-neutron spin-echo (J-NSE) spectrometer at
the Heinz Maier-Leibnitz Zentrum (MLZ) in Garching. These unique new coils comprise a field-integral optimizing field shape, fringe field
compensation, and high stability. They yield an enhancement of a factor of 2.5 in the intrinsic field-integral homogeneity, i.e., the resolution.
The coil concept has been developed for the ESSENSE instrument proposal for the European Spallation Source.We report on the construction
of and on the first results from the new superconducting neutron spin-echo spectrometer at the MLZ in Garching where the coils are the main
part of a refurbishment of the J-NSE spectrometer after twenty years of operation.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5084303

I. INTRODUCTION

Novel superconducting solenoid sets, replacing the previous
precession coils of the J-NSE spectrometer in Garching,1 increase the
useful resolution of the instrument by a factor of 2.5. The new coils
have been designed following a field-integral homogeneity optimiza-
tion goal for maximum resolution. Further simultaneously observed
conditions were very low fringe fields, practical feasibility in the
superconducting form, compatibility of the overall field shape with
the functional requirements of the flippers and other genuine NSE
elements, and finally also to fit into the available space as defined by
the previous installation.2 The total development of this concept was
mainly triggered and enabled by the preparation of the ESSENSE
instrument proposal for the European Spallation Source (ESS). The
present coil configuration is just a slight modification (enforced
by the present length limitations) of the proposed ESSENSE
design.2,3

Spin-echo instruments are essential to extend the effective
energy resolution of thermal neutron spectroscopy down to the
neV range. This is possible because the spin precession of neutrons

is used to encode tiny velocity changes, introduced upon scatter-
ing at a sample, into changes of the final spin state.4 As a result
of the instrument’s spin manipulations, the final polarization of the
detected neutron intensity corresponds to the normalized interme-
diate scattering function

I(Q, t)�I(Q, t = 0) = 1
S(Q) � S(Q,ω) exp(iωt)dω, (1)

with Q being the scattering wavevector and S(Q, ω) being the scat-
tering function and ω relating to the energy transfer ∆E = �hω. The
spin evolution in the precession field region separated by the π/2-
flippers that define start and end and the “time reverting” π-flipper
is illustrated in Fig. 1. At symmetry between the primary (π/21 →
π-flipper) and secondary (π → π/22-flipper) neutron flight paths,
the spin-precession angles cancel independent of the initial neu-
tron velocity. Thus, the final polarization is the same as that at start.
If inelastic scattering at the sample, which is located close to the
π-flipper, changes the neutron energy, cf. its velocity, the final pre-
cession angle deviates from zero and the polarization is changed.
Integration over many neutrons, the sampling velocity changes
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FIG. 1. Schematic setup of NSE and of its functional principals: The Larmor pre-
cession of the neutron spin between the π/21,2 flippers and the central π flipper,
where the spin is rotated by 180○ (above). Below: the main components of the
magnetic fields inside a π/2 flipper.

according to the spectrum of the inelastic scattering leading to
Eq. (1). The sensitivity of velocity changes depends on the magnetic
field in the precession region; this determines the time parameter
in Eq. (1) t = Jλ3γm2

n�(2πh2), with J = �|B|dl being the field inte-
gral over the neutron path in one spectrometer arm, λ being the
neutron wavelength, γ = 2π × 2.91306598 × 107 s−1/T, mn being
the neutron mass, and h being Planck’s constant. Neutron spin-echo
(NSE) spectroscopy is a Fourier method. The notion “resolution” for
NSE instrument is commonly understood as the maximum value of
t for which useful experimental data can be collected. Typically, this
is limited by the variance δ =

��(∆J�J)2� of the precession coding
field integral J values of neutron paths within the beam. In a coarse
approximation, this leads to a reduction in the echo signal by a fac-
tor R � exp(−[δJgλ]2) with g = γmn/h. In order to be useful, the
resolution factor must be larger thanR � 1�e.

The new precession coils have been designed according to an
optimization procedure in order to minimize the variation of mag-
netic field integrals along the paths within the neutron beam.2 The
idea of this type of field shaping was originally investigated by
Zeyen,5 and the spin-echo instrument iNSE (C2-2)6 at the JRR-3
reactor in Tokai was built according to the original scheme. More
recently, this idea was extended to instruments with a divergent
beam that comprises a larger solid angle, at least at the detector
side. The 2016 refurbished solenoids of the ILL instrument IN15
were constructed accordingly.7 Furthermore, the viability of using
dipole moment compensated superconducting coils as precession
solenoids in a high resolution NSE instrument was demonstrated by
the SNS-NSE at the Spallation Neutron Source (SNS) in Oak Ridge.8

After 10 years of operation at the research reactor FRJ-2 in
Jülich9 and 10 further years at the FRMII reactor in Garching,1

the original water-cooled copper precession solenoids of the J-NSE
spectrometer were now (2017) replaced by the more sophisticated
superconducting solenoid arrangements described here. The novel
solenoid design achieves a reduction in the initial field integral
inhomogeneity by a factor of 2.5 compared to previous generation

designs. This reduction leads to a corresponding diminishment in
the final δ-value after correction and thus to a more than twofold
extension of the Fourier time range at a given neutron wavelength
λ. The previous coil design of the J-NSE spectrometer allowed to use
a maximum field integral of J = 0.48 Tm at lower wavelength, while
at longer wavelength rather δJ was the limiting factor. At a wave-
length of λ = 8 Å, the maximum useful Fourier time was between
35 and 40 ns, and with the new coils, now it surpasses 90 ns. Due
to the superconducting coil-design, the new “J-NSE Phoenix” has
important further advantages, besides the reduced power needs: (i)
an efficient fringe field compensation that allows for easy operation
at larger scattering angles due to minimal cross talk between the
precession coils on both arms and (ii) decoupling of any position
fluctuation (e.g., by thermal expansion of the main solenoids) from
variations of the effective field integral J. The latter is a key to signal
stability.

II. INSTRUMENT LAYOUT

A. General

The basic instrument layout had to be compatible with the
geometry of the (old) J-NSE instrument.1 Thus, the length of
the spectrometer arms and the positions of flippers and auxiliary
solenoids had to stay at their previous values within a few centime-
ters. The mechanical supports and the bulk of auxiliary coils were
also kept the same. However, the diameter of the main solenoid
coils is increased, the outer dimensions of the cryostats just being
compatible with the given support structure and beam height. A
picture of the J-NSE setup with the new coils in place is shown in
Fig. 2.

All auxiliary current sources were replaced by modern state-of-
the-art switching power supplies with full digital regulation loops.10

B. Main precession coils

The replacement of the previous water-cooled copper coils
by the new optimized shape superconducting main precession coil
sets was the core of the refurbishment of the J-NSE-spectrometer
(Table I).

The new coil sets consist of 3 main sections and 2 axial fringe
field modulators, each having an inner and an outer part (see the
inset in Fig. 4). The outer coil parts serve to compensate the net
dipole moment of the assembly; they basically “catch” the flux
lines and return them in the space between inner and outer par-
tial coils. The optimization computations revealed that increasing
the number of partial coils beyond these 5 compensated sets yields,
if any, only marginal improvement of the field integral homogene-
ity.2 Even the thus obtained 10 partial coils within one cryostat are a
manufacturing challenge.11

All 10 partial coils of one arm are wound on an assembly of
concentric rigidly connected aluminum cylinders that are kept at an
operation temperature of 5–6 K inside a cryostat. This ensures that
the geometry of the current carrying wire is absolutely stable. Any
movement of the rigid assembly as a whole has a negligible influence
on the field integral on paths between the flippers since the field of
the rigid coil assembly is virtually zero at the flipper positions.

This is one of the important virtues of using superconducting
coils. Furthermore, the geometrical accuracy of the effective current
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FIG. 2. Photo (image credit: Tobias Hase) and simplified sketch of the J-NSE
Phoenix installation at the FRMII in Garching; most prominently shown are the
two large cryostats that hold the main precession coil sets on the first (right) and
second (left) spectrometer arms. The leftmost auxiliary coil shown in red in the
sketch holds the analyzer mirrors, and the detector placed behind it is not shown
here. The rightmost box-like structure on the other side is a lead shield around
the beam entrance with a monitor counter and first π/2-flipper. The secondary (left
side) arm can be rotated around the sample position on air pads in order to set
nominal scattering angles between −1○ (3○ for scattering) and 85○.

flow paths is—due to the at least 15 times smaller wire diameter—
much better than in the case of the normal conducting coils. More-
over, the complete fringe field compensation (i.e., zero net dipole
moment) for a coil with a comparable field integral is hardly pos-
sible to realize with normal conductors. In any case, the resulting
assembly would be prohibitively massive and power consuming, e.g.,
even without complete compensation, the new normal conducting
coils of the IN15 instrument at ILL dissipate about 700 KW at J0
= 1 Tm.7 The higher direct costs of the superconducting coil sets
are largely compensated by the considerably less effort to install the
electrical power and the corresponding cooling for an equivalent
normal conducting coil. In addition, there will be significant savings
of operation cost for electrical power and cooling water. The latter,
however, depends somehow on the average modes of usage since the

TABLE I. Coil comparison.

Jmax Current Wire size Power
Coils (Tm)

√
δJ2�J0 (A) (mm) (KW)

Cu (old) 0.48 900 440 14 200
NbTi (new) 1.5 350 220 0.9 32

cooling power for the superconducting coils has to be supplied con-
tinuously, irrespective of spectrometer settings, whereas the normal
conducting coil power directly depends on settings. A reasonable
estimate is 1/3 of the maximum power during neutron production
cycles. In numbers (assuming 700 KWmaximum power), this would
be 32 × 24 × 365 = 280.32 MWh/year for the superconducting
system compared to (assuming between 120 and 200 day neutron
operation per year) between 700/3 × 24 × 120 = 672 MWh and
1120 MWh for a normal conducting system. But we emphasize that
this is just an additional benefit that comes with the essential features
of fringe field compensation and geometric winding accuracy and
stability.

The layout of the new J-NSE Phoenix superconducting coil set
is illustrated in Fig. 3. Figure 4 displays the field along the neu-
tron path through the solenoids together with the arrangement
of the active windings (top inset). The curve is not as smooth as
the ideal theoretical one from the semi-analytical optimization in
Ref. 2 but, nevertheless, fulfills all conditions concerning low intrin-
sic field integral inhomogeneity, compatibility with a correction
scheme with two parabolic correctors only, and efficient fringe field
compensation. The knobby shape at the maximum is a consequence
of the restriction to the lowest possible number of simple cylindrical
partial coils that still meet the abovementioned conditions.

C. Hysteresis effects

A particular concern connected with the use of superconduct-
ing coils in a spin-echo spectrometer pertains the hysteresis fields
due to trapped flux in the type II superconducting wires. However,
the hysteresis influence on NSE performance is small and benign
since:

FIG. 3. Cut through one main solenoid assembly giving a view inside the coils and
the warm bore installations. The light green cylinder in the warm bore indicates
the phase coil, and the dark red indicates a lining with boron absorber. At both
ends, held by the green cylindrical supports the correction elements can be seen.
Further elements in the warm bore are current sheets (shifters) and circular boron
absorber apertures.
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FIG. 4. Field on the axis for a current of 150 A for the coil sets in cryostat A
(one spectrometer arm) comparing measurement (thick magenta line) and model
calculation with slight fitted adjustment of the geometric parameters compared to
those underlying the construction (thin black line on top of the thick line). The fit
curves and the measurement coincide within the plot line-width. The upper part
shows a cut through underlying superconducting coil conformation (only showing
the active current conductor winding). The arrangement consists of 5 compen-
sating pairs (red-blue), with minor exceptions: inner windings consist of 8 lay-
ers, and outer windings consist of 4 layers (shorter large ring coils have 2 or
4 extra layers). For manufacturing reasons, spaces between the segment coils
are needed, so they have been included during the whole optimization of this
geometry.

● The volume occupied by the superconductor is small. The
thicknesses of the coils are 8 mm for the inner and 4 mm
for the outer windings as compared to the diameters that all
exceed 450 mm; moreover, the used wire has a diameter of
0.825 mm plus isolation, the same type as was used for the
coils of the SNS-NSE spectrometer. It has a comparatively
low hysteresis; see the inset in Fig. 5 and Ref. 8. Nevertheless,
as shown in Fig. 5, we observe residual fields in the 10−4 T
range after a cycle up to 150 A and return to 0 A.

● The physical requirement is that the net circulating cur-
rent in the winding must be zero; when the external cur-
rent is forced to zero, Amperes law ∫ ∞−∞ �B ⋅ d�l = µ0I (with
I being the total current circulating around the path along
d�l) implies that for a sufficient length of the considered path,
the field integral effect is virtually zero. For off axis paths
used typically in an NSE-experiment, this is still approxi-
mately valid. The computed absolute effect (maximum at
lowest field) of the hysteresis fields on the phase over a
path limited by the flipper positions corresponds to ∆J � 4.3
× 10−5 Tm, about 20% of the effect of typical ambient fields
(“earth field”) in a guide hall. Both influences are tolerable if
they are constant within a few tenth of a percent.

To compensate for this potential phase deviation, the two
solenoid sets are as identical as possible, having the same geom-
etry and corresponding partial coils being wound from the same
wire batches such that any residual hysteresis effects will cancel as
long as both coils exhibit the same current history. The latter is

FIG. 5. Residual hysteresis field on axis (thick magenta line) and 125 mm paral-
lel to it (thick green line) after a current cycle of 0 A-150 A-0 A. The measured
curves are displayed together with the result of a simplified empirical model (black
thin lines), confining current to the winding volumes and zero integral circulating
current. To empirically model the hysteresis curve, the windings in each coil are
considered as two counteracting layers that fill the original volume of the winding.
The total circulating current must be zero. The virtual layer currents of the resulting
model are fitted such that the computed field matches the measured curve. The
inset shows the (measured) hysteresis curve for the used wire type with the field
direction perpendicular to the wire axis.

ensured by operating both coil sets from the same current source in
series.12

The simple approximate model for the hysteresis field that rea-
sonably fits the measured residual field in Fig. 5 was also used to
assess the possible influence on the field integral homogeneity. The
results show that this influence is far below from being an issue; see
Sec. IV for experimental verifications.

III. CONFIGURATION OF THE SECONDARY
SPECTROMETER

An overview of the spectrometer configuration in terms of
functional magnetic elements is shown in Fig. 6. The set of 10 cylin-
drical coils in the center of each arm represents the superconducting
partial windings; supports and cryostats are only shown in the lower
part. The large current rings around the central sample position as
well as the large rectangular/square type coils consisting of 1 or two
windings that surround the flipper locations serve to compensate
environmental fields there. The somehow smaller concentric coax-
ial coils tailor the longitudinal fields needed by flippers and serve to
adiabatically transport the neutron spins. At the outer sides (right),
a coil to turn the polarizer field and (left) a coil set containing the
analyzer mirrors are shown.

The field in the sample region is first of all provided by two
0.8 m diameter ring coils at 0.6 m distance from the sample, each
attached to the main coil cryostat on the primary or secondary spec-
trometer arm. These enable precise control of the longitudinal field
component (i.e., perpendicular to �Q) at the sample. Further smaller
ring coils (solpic) between the π-flipper andmain coil serve to reduce
the residual fringe field of the main coil at the flipper position.
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FIG. 6. Spectrometer solenoid configuration shown for Q = 0.5 Å−1 at λ = 8 Å
(upper part). Only active current carrying elements are shown. S indicates the
sample position, D indicates the detector position, A indicates the analyzer, P indi-
cates the polarizer, and N indicates the entry point of the neutron beam. SC1 and
SC2 are the superconducting main solenoid sets (cryostats not shown). Flippers
are indicated by π/2 or π. eπ1 and eπ2 are one turn rectangular coils to com-
pensate the “earth field” components at the π/2-flipper positions and esz indicates
vertical compensators for the sample region (2 turns). Short spin-echo and phase-
coils are omitted for clarity. The lower part shows a side view of the spectrometer
construction including the mechanical supports and cryostats.

A pair of 0.6 m diameter ring coils concentric to the sample table
column at 0.3 m above and below the scattering plane allows to set
the z-component of the magnetic field embedding the π-flipper to a
(small) value that ensures proper flipper operation by rendering the
field direction outside of the flipper perpendicular to that inside the
flipper. Larger two turn ring coils (diameter 2.4 m) at the floor and
1.2 m above the sample can be used to compensate the vertical earth
field component. A shape-variable one-turn coil that adapts to the
scattering angle dependent geometry changes allows us to create an
extra field component in the scattering plane that is perpendicular
to the longitudinal component (i.e., parallel to �Q). In case of mag-
netic scattering, these coils can be used to orient the magnetic-field
vector at the sample position either parallel or perpendicular to the
scattering vector, for a full-polarization analysis.

On the other sides of the main solenoids, several ring coils with
diameters around 0.6 m tailor the longitudinal field environment of
the π/2-flippers and the transport from polarizer and to the ana-
lyzer sections. The first of these coils is attached to the outer hull
of the cryostats and effectively reduces the residual fringe field at the
flipper positions. Together with ring coils on the outer sides of the
π/2-flippers, they are controlled such that the necessary longitudi-
nal embedding field for the flippers is generated (typically several
Gauss). The π/2-flipper zones are surrounded by one turn square
shaped current loops that compensate for external earth field com-
ponents. The ring coils that are symmetric in both arms are electri-
cally in series. Their magnetic contribution typically corresponds to
values between 100 and 1000 A turns.

Finally at the detector side, a solenoid with an outer compen-
sation surrounds the analyzer to sustain the magnetization of the

magnetic multilayers. At the polarizer side, a short solenoid around
the neutron path between the polarizer and spectrometer entrance
adiabatically turns the polarization direction from the transversal
polarizer direction to longitudinal.

Inside the warm bore of the cryostats, cylindrical coils with
2 × 80 windings are inserted in each side. A suitable selection or
combination of these serves a symmetry coil and is scanned during
the elementary “phase scans.”

Furthermore, the important correction elements are mounted
at the entrance and exit of the cryostats warm bores, as can be seen in
Fig. 7. They can be accurately positioned in the plane perpendicular
to the beam axis by amagnetic piezo drives.

In the sample area, the room between the two “solpic” coils
amounts to circa 700 mm. In the middle of this area, the sample col-
umn is located. The height of the sample platform can be controlled
by a motorized lift with a travel of circa 200 mm. On the one side of
the sample column, 140 mm from its center, the π-flipper is located,
allowing for a maximum diameter of the sample environment of
250 mm in a standard configuration.

The detector is a Denex 3He 32 × 32 1 cm2 multidetector,
positioned 4.4 m from the sample.

Extra coils and flippers to extend operation to 10 times lower
field integrals (i.e., short Fourier times) are installed in the sample
region. The short-Fourier-time setup is mainly a heritage from the
previous installation. This mode allows us to extend the minimum
useful Fourier time range limit by about one order of magnitude.
All precessions in this mode are performed in the sample zone that
the neutrons enter after the beam left (or prior reentering) the main
solenoid sets. Here the main precession coils only serve as guide
fields. An extra pair of π/2-flippers limits the precession, and the
field integral is controlled by short and compensated extra solenoids

FIG. 7. Mounting of a correction element at the π/2-flipper side of the main coil.
With S: shifters, D: diaphragm, W: tungsten insert as γ-shield, CC: correction coil
assembly, CL: connectors for CC-current and cooling water, PD: piezo drive, and
AC: (integrated) auxiliary ring coil.
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FIG. 8. Active elements in the short time NSE setup. s1, s2: sample field coils on the outside of the cryostats (also used in normal operation). h1, h2: auxiliary coils to keep the
longitudinal π/2-flipper at the required values. m1, m2: compensated main short-time precession coils; these also carry the phase symmetry coils: p1, p2, which are operated
in antiparallel mode. pc1, pc2: compensation for the π-flipper field (optional use). z: the standard z-coils to set the z-component of the embedding field for the π-flipper. The
main solenoid (parts of it are still displayed in the 3D view at the right side) serves as a guide field only and is operated at a fixed low current.

(m1, m2 in Fig. 8). With that, the effective field integral can be
reduced down to 10−4 Tm. More details on the magnetic field
configuration can be found in the supplementary material.

A. Correction elements

Even field integral homogeneity optimizedmain coils need cor-
rection elements to further reduce the residual inhomogeneity by at
least two orders of magnitude. Ideally, a perfect correction would be
achieved by radially symmetric current density distributions at three
positions along the beam axis and each covering the neutron beam
cross section area.4,13,14 The required radial current density increases
(approximately) linearly with the distance from themagnetic axis. At
the outer periphery, the needed maximum projected current density
values are of the order of up to 50 A/mm. Thus, the physical real-
ization of such elements must be able to carry the corresponding
non-trivial current density and at the same time be transparent to
the neutron beam.

Themain solenoid optimization was performed such that close-
to-optimal field integral homogeneity was achieved after correction
with just two radial current distributions with a linear radial current
density function j1,2(r) ∝ r at optimized positions and minimum
necessary strength. The effective central axial positions for the two
correction coils are about 25 mm “inside” the active winding zone
of the main solenoid set at the sample side (ccr1) and about 70 mm
“outside” the last active winding of the superconducting winding.

Thus a computed, theoretical rms field integral homogeneity of
about 1 ppm over the scattered beam was predicted.

The actual correction elements are of the so-called “Pythago-
ras” type, which were already employed at IN157 and in the SNS-
NSE spectrometer and the previous version of the J-NSE,8 the latter
design is also used here. However, the new optimization compared
to the SNS-NSE allowed the omission of the 3rd (middle) correc-
tion element in each arm. Thereby, the transmission is improved and

the role of residual errors in the correction elements is reduced. The
“Pythagoras” type implies that the radial current density that affects
a correction actionΦ(r) � µ0 �j(r)dr∝ r2 is replaced by two orthog-
onal linear current zones each with an effect Φx ,y(x) ∝ x2 or ∝ y2

with a combined effect Φ∝ x2 + y2 = r2, cf. the name.
Figure 9 shows a sketch of the assembly. The return currents

(beneath the dark yellow cover plates) to close the circuit of the linear
zones adds to further (unwanted) field contributions of each half of
the Pythagoras coil sets, and further the x- and y-parts must have a
small (5 mm) axial separation from each other. Both properties lead
to a slight deviation from the ideal parabolic correction function and
contribute to the minimum obtainable homogeneity. A quantitative
view to these effects is provided by Figs. 14 and 15 in Sec. IV B. The
carrier ring (red) consists of copper and serves as heat sink; it is water
cooled (not shown here).

FIG. 9. Sketch of the correction coil for 100 mm beam width.
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At the detector side (and for symmetry reasons also on the
entering side of the neutron beam), larger coil sets of this type with
160 mm active width are installed. To reduce errors due to the cuts
between zones, here the cuts are oblique such that the projected
current density function is as smooth as possible.

We also simulated the effects of the real geometry of (Pythago-
ras) coils in the homogeneity computation. For this purpose, the
field of the Pythagoras coils in use was tabulated with a hierar-
chy of 4 levels of spatial resolution covering the potential beam
volume around the correction element and along the beam exten-
sion. The tables were created using the actual geometry of the con-
struction drawings for the current paths. Using these tables, the
program used for operation, assessment, and design of the J-NSE
spectrometer yields the field integral values for any given opera-
tional state and set of paths. The peculiarity here is that the field-
integrals have been calculated starting from a comprehensive “real”
geometrical model of the whole spectrometer. A residual field-
integral inhomogeneity of 2–3 ppm at the center of the coils is to be
expected.

Each correction element can be positioned perpendicular to the
magnetic axis by two piezo drives15 to adjust their effective cen-
ters to the true magnetic axis. The whole system of actuators and
amagnetic precision guide rails16 can easily cope with forces due
to weight and magnetic forces up to 500 N. The overall position-
ing accuracy with and without this load is better than 50 µm. In
addition, current sheet type “shifters” are installed to allow fine tun-
ing of the effective corrector centers to cope with scattering angle
depended offsets due to residual magnetic cross talk between the
spectrometer arms (see also Sec. IV D) and/or gravitation effects
on slow neutrons at long wavelength without accumulating poten-
tial mechanical positioning hysteresis. The computed necessary
shifts are less than 0.5 mm even for large scattering angles. The
corresponding equivalent shifter current densities are well below
1 A/mm.

If the overwhelming source of the field integral inhomogene-
ity is the main solenoids, the currents in the main radial correctors
must be proportional to the main current. This is the default set-
ting. However, closer inspection of the phase maps reveals slight but
distinct deviations. The linear coupling of CC-currents to the main
current leads to phase map bulging at intermediate Fourier times
associated with a minor drop of resolution. The effect recovers at
maximum current since that was determined by optimizing the res-
olution using the neutron signal. The reason for the intermediate
drop (i.e., nonlinearity) is the influence of (mainly) the solenoid that
compensates the residual main solenoid fringe field at the π/2-flipper
position. It varies differently than the main current and adds to the
inhomogeneity.

The nonlinearity has been computed using the field modeling
built into the NSE operation program; however, with the current
computing power and without parallelization (which might only be
done with some effort), the processing is a factor 10–100 too slow
to do the computation in real-time during a scan. Thus, the deter-
mination has been performed offline and a correction function was
modeled to the results. It turns out that the main change pertains the
current in the large correction coils. The computed results have been
fitted to an empirically guessed function

ICCRx � αImain + β[1 − exp{−(Imain�Ix)γ}] + ∆. (2)

TABLE II. Typical computed CC3-current function coefficients for Eq. (2).

λ/Å Q/Å−1 Bsample/G α β/A γ Ix/A ∆/A

6 0.1 1.6 0.38430 −2.6075 0.498 35.298 0.149
7 0.1 1.4 0.38449 −2.5567 0.497 33.298 0.171
8 0.1 1.4 0.38454 −2.5694 0.498 31.689 0.201
12 0.1 1.5 0.38383 −2.6837 0.522 25.496 0.317

In the simple linear setting strategy, only αImain with a slightly dif-
ferent α-value is present. Typical values for all the nonlinearity
parameters are given in Table II.

The correction according to Eq. (2) was incorporated into the
NSE operation program and verified experimentally (see the sup-
plementary material) to yield an optimal flat phase map for all
τ-settings.

B. Flippers

The flippers consist of rectangular coils wound with bare Al-
wire; the dimension perpendicular to the beam axis is 13 mm. Their
operation aspects are basically the same as in the previous version
of the instrument;8,9 we just repeat a short summary of the main
aspects. The full compensation of the main solenoids with virtually
zero field on the axis at the flipper positions is an efficient mea-
sure to ensure this reliably. Thus, a rigid main solenoid configu-
ration including compensation inside the cryostat at low constant
temperature and on one contiguous winding support leads to virtu-
ally complete insensitivity of the phase (i.e., effective field integral)
from moderate position fluctuations of the flipper or main solenoid
positions.

The proper embedding fields needed for the intended flipper
spin-rotations are then supplied by 2-3 extra ring coils (Helmholtz
coils), each with a field contribution of a few Gauss only. The
π/2-flippers at the outer boundaries of the echo coding beam sec-
tions are operated such that the internal field component along
the z-axis equals the vertical field-component along the beam
axis.

IV. OPERATION

A. Commencing

The first echo was seen a month after installation at the
instrument, and the final acceptance test was concluded. It was
obtained for 1 ns at 8 Å without extra corrections and the auto-
matically computed current settings. This achievement is an ele-
mentary consistency and function test. It proves the proper sym-
metry of the spectrometer setup and the basic functioning of the
flippers.

To operate the spectrometer at full resolution, the correction
elements “Pythagoras-coils” must be employed and be properly
adjusted. While the current settings can be predicted within 5%, the
exact positions with respect to the beam axis are a priori only known
with an accuracy of �±1–2 mm and must be adjusted using the
neutron echo signals. The procedure is described in the supplemen-
tary material. Using this swiftly, a 50% (average) and 77% (center)
resolution at J0 �1 Tm at λ = 8 Å could be reached.
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B. Measured properties: Hysteresis effects

A basic early check pertains the verification of the computation
result that the resolution is not affected by hysteresis fields by flux
trapping in the superconductor.

The hysteresis field is largest at the lowest currents. Thus, the
fact that the measured spin-echo signals at low Fourier time set-
tings exhibit virtual full (>0.95) resolution (see Figs. 10 and 11)
immediately proves that there is no detectable hysteresis field related
deterioration of resolution.

This observation is in accord with field integral computations
using the model used also in Fig. 5 as an estimate for the extra-
hysteresis fields. No detectable extra field integral inhomogeneity is
discernible.

Operation so far also gave no hint that the difference in the
additional field integral contribution of the hysteresis field between
bothmain coil sets gave rise to any observable symmetry phase point
shifts during an experiment.

C. Resolution and phase maps

The ultimate resolution depends on the proper and accurate
action of the correction elements. Conveniently one of them, the last
one in front of the detector, allows for a position resolved inspection
of its action in terms of phase shift, i.e., field integral deviation. The

FIG. 10. Low Fourier time (J = 5.3× 10−3 Tm, 0.5 ns at λ = 8Å) mapping of phase
scan data to 2 × 2 cm2 detector bins (grid boxes). The intensity variation results
of the carbon powder resolution reference sample used here has been compen-
sated by normalizing each partial scan to its maximum count. The circular footprint
shape of beam intensity on the detector results from the apertures restricting the
scattered beam in order to reduce background. Horizontal red, blue, and green
lines through the in-cell echo signal plots indicate the “up,” averaged, and “down”
levels, and the vertical red lines indicate the symmetry phase locations. Note that
the apparent flipping-ratio on the right side seems to be reduced. This is due to
the significant drop of carbon powder scattering intensity toward this “larger”-Q
side of the detector causing general background contributions to become more
important.

FIG. 11. Map of resolution at (J = 0.005 Tm, 0.5 ns at λ = 8 Å) and Q = 0.12 Å−1

with correction elements in effect.

available spatial resolution is in the order of 1 cm. Figures 12 and
13 show the resolution as a function of detector pixel position for a
large field-integral/Fourier time (at the 50% average resolution limit,
the pixels are weighed by their average intensity).

The nominal correction function is Φ(r) ∝ r2, which is also
by design the first order of the “Pythagoras-coil” assemblies. The
next order of deviation from ideality, i.e., residual correction errors,

FIG. 12. Large Fourier time (J = 0.94 Tm, 90 ns at λ = 8 Å) mapping of phase
scan data to detector bins, exhibiting the detector area over which the correction
elements are effective. Dark blue crossed bins are rejected due to too weak signal
contents. Note that the intensities are normalized to the maximum count in the
respective “phase scan.”
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FIG. 13. Map of resolution at (J = 0.94 Tm, 90 ns at λ = 8 Å) and Q = 0.12 Å−1

with correction elements in effect.

is proportional to δΦ ∝ r4 cos(4 arctan[x/y]) = x4 − 6x2y2 + y4;
in the experiment—due to the tedious multiparameter adjustment
procedure—there still may be contributions of a not completely
matched parabolic shape (strength = current adjustment) and a
linear slope (position adjustment).

Figures 14 illustrates the residual phase difference maps corre-
sponding to the resolution maps in Figs. 12 and 13; for compari-
son, the computed phase map from the actual current model of the
“Pythagoras” correction coils used here is displayed in Fig. 15. Note
that both phase maps shown exhibit an overall linear slope; in the
calculation, this reflects the slight effective asymmetry inherent in
the construction of the “Pythagoras” coils.8 In both cases, this can
be flattened by a submillimeter shift of the correction coils in the

FIG. 14. Residual phase angle difference at (J = 0.94 Tm, 90 ns at λ = 8 Å) and

Q = 0.12 Å−1 with correction elements in effect.

FIG. 15. Computed residual phase angle difference at (J = 0.94 Tm, 90 ns at λ

= 8Å), average over 2× 2 points at the sample position (±0.0075 m, ±0.0075 m).

plane perpendicular to the beam; see the supplementary material for
more maps. The fact that the measured phase map coincides with
computed map again shows that the large magnetic field from the
superconducting coils matches the theoretical expectation without
any detectable deviation.

A quick estimate of a phase-map variation on the resolution
within a (small) pixel of size ∆r is given by

R �
2 sin(∆r gradΦ� 2)

∆r gradΦ
. (3)

Equation (3) can be obtained by averaging the cosine-function of
the echo over a zero-phase Φ that varies linearly with δr × grad Φ

over the pixel-size from −∆r/2–∆r/2. The phase accumulated by the
neutron inside the precession area is proportional to the magnetic
field-integral J(x, y) and to the wavelength of the neutron,4 Φ(x, y)
= [J(x, y) − J0] λγmn/h, with γ being the neutron Larmor constant,
mn being the neutron mass, and h being the Planck constant (γmn/h
= 4.627 × 1014 T−1 m−2).

Thus if the phase variation δ =∆r gradΦ over a pixel is less than
90○, the resolution stays above 0.9. This means that concerning the
last correction element in front of the detector, pixel-wise evaluation
can significantly correct smooth variations of the phase map, as can
be seen from Table III.

TABLE III. Resolution R as a function of detector pixel size for a setting of τ = 90 ns

at λ = 8 Å (J0 = 0.95 Tm). The relative area is the fraction of pixels that is used
to determine the average R for smaller pixel size; this represents approximately the
aperture of the circular beam and illumination region at the detector.

Pixel size (cm ×cm) Rmax Raverage Relative area

32 × 32 0.049 0.049 1
16 × 16 0.316 0.167 1
8 × 8 0.580 0.241 0.94
4 × 4 0.706 0.355 0.83
2 × 2 0.724 0.445 0.74
1 × 1 0.770 0.495 0.72
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However, for the other correction elements, the correlation
between (x, y) and the detector pixel is lost and the phase differ-
ence effects have to be integrated over the whole beam cross section
at the positions of the respective elements. Note that unfortunately,
the resolution effects as expressed by R of the correction elements
residual errors are not multiplicative, but rather the phase angles
accumulate and the total phase difference enters the cosine type
integrands of the resolution expression, yielding a larger signal dete-
rioration than ameremultiplication of individualRwould give. The
relevant cross sections in the incoming beam are of course signifi-
cantly smaller than that on the detector side; thus, basically only the
central plain parabolic zone of the correction is relevant. The resid-
ual deviations there determine the limit of the resolution at pixel size
→ 0 at the detector.

Another possible source of inhomogeneity is deviations of cur-
rent density in the beam region of the correction elements on a
shorter length scale, e.g., gaps in the conductor, possible resistance
fluctuations over the conductor zone by the spatial material, or tem-
perature variation. These effects cannot be resolved in the mea-
sured phase-maps; their effect would be a general reduction in the
observed resolution, even in the single pixels.

With the characterization experiments for the instrument that
could be performed until now, we are able to extract an exact image
of the centimeter scale of the action of the last large Pythagoras coil
and corroborate the computation based on the real conductor geom-
etry of the construction. However, in order to match the current
through the correction coil (setting 90 ns at λ = 8 Å) in the compu-
tation it had to be set to 44.2 A instead of the tuned value of 47.3 A
in the experiment. An explanation probably is that this difference
depends on the detection area specified for the computational opti-
mization, which yields values between 41 A for a detection radius of
2 cm, focusing on best phase map flatness at the center, and 46 A for
a radius of 11 cm, optimizing the average overall flatness. There is
also some correlation between currents in the two correction coils of
each arm.

Similar mapping of the other correction coils would require
selection of smaller zones/patches/pixels of each of these coils by
narrow apertures positioned in front of different zones of the coils
and run an echo determination for each setting. This is time con-
suming due to the lowered intensity and the large number of scans
that have to be performed. It has not yet been tried because of lack
of available beam time.

1. Resolution values R

Assuming for simplicity a Gaussian distribution of the devia-
tions of integrals over paths P from the nominal path integral ∆JP =
JP− J0, a limiting form of the resolution function may approximately
be written8 as

R � exp�−�Σt
λ2
�2�, (4)

where Σ is a measure for the relative field integral homogeneity.
Considering the path ensemble P from start to end of the spin-
echo precession ranges yields the inhomogeneity measure δ =

[�(∆JP�J0)2�P]1�2. The parameter Σ = 2π(h/mn)δ of Eq. (4) is pro-
portional to δ, i.e., Σ � δ × 2.5 × 105 Å2/ns.

FIG. 16. Measured average resolution (weighted average over the detector area

using 1 × 1 cm2 pixels). Lines: exp�−�Σt�λ2�2�.

Figures 16 and 17 show the observed resolution values as
obtained by using the primary data from 1 × 1 cm2 pixel evalu-
ation as significance weighted average over the whole illuminated
detector area (Fig. 16) and the central spot (Fig. 17) at Q-values of
0.1 Å−1 for λ = 8 Å and 0.03 Å−1 for λ = 12.5 Å. Whether dis-
crepancies between the measured resolution and the simple estimate
from Eq. (4) at short and intermediate times are due to depolariza-
tion effects or other dephasing influences is not yet clear. In order to
understand them, further investigations are planned.

The comparison with Eq. (4) in the large Fourier time regime
suggests total inhomogeneities (δ) of about 2.5 ppm for the cen-
ter and 3.5 ppm for the large area, close to the expectation from
computation.

FIG. 17. Measured average resolution, average over the central spot (9–15

1 × 1 cm2 pixels). Lines: exp�−�Σt�λ2�2�.
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TABLE IV. Resolution at large scattering angles with correction element settings as

for low Q without further readjustment! The wavelength was λ = 8 Å.

2θ (deg) Q(Å−1) τ (ns) Pixel size Active area (cm2) Raverage

45 0.6 30 2× 2 720 0.81
45 0.6 80 2× 2 780 0.49
70 0.9 30 2× 2 710 0.63
70 0.9 70 2× 2 700 0.34

D. Large scattering angles

The efficient fringe field compensation, in particular along the
coil axis, allows for high resolution at large scattering angle with little
or even no further readjustment of corrections. In the up to now
available beam time, just the latter (no readjustment) had been tried
and used for a first experiment at Q-values up to 0.9 Å−1 using a
wavelength of 8 Å. The observed average resolution values are given
in Table IV. The average is over the useful detector area, which is
about 70% of the total detector; the resolution at the center is still
well above the quoted average values. We expect that these values
can be improved further by slightly readjusting the correction coil
positions at the sample sides or using the current sheets as shifters.
However, due to the low intensity of even the best scattering TiZr
resolution sample, in the moment, there was no beam time left to
investigate this in detail.

E. Phase control

The most sensitive property of the NSE spectrometer, which
is most prone to influence from magnetic fluctuations, is the field
integral symmetry, often expressed in terms of the symmetry phase.
Predictability and reproducibility of phases is very important for
an unconditional validity of the ultimate values of the intermediate
scattering function that is extracted from a set of experiments com-
prising resolution, sample, and background. The resolution runs
are to be used to determine the values of the symmetry phases.
This requires sufficient statistics and echo amplitude. For the sam-
ple runs, it may be still feasible to fix the phase using the actual
data, provided that the intensity (statistics) and the echo ampli-
tude are sufficient. For a background run in general, both condi-
tions are at best only poorly met. Thus, fixing the phase by the
resolution runs would be the canonical procedure during evalu-
ation. In fact this is the best option at the SNS-NSE spectrome-
ter where all external influences are marginalized by a magnetic
shielding.8

Unfortunately the situation is worse for all other NSE instru-
ments without shielding. There, typical phase drifts between reso-
lution and sample experiments (which may be days or weeks apart)
are observed. Drifts may occur due to drifts in spectrometer compo-
nents because of thermal drift or changes in the environment, e.g.,
crane motion, magnets operated by other instruments, and mov-
ing of larger ferromagnetic structures. The latter might be mitigated
by a magnetic shielding if it can be afforded in terms of space and
cost. To cope with any kinds of such drifts, the phase informa-
tion is updated by analyzing the sample data as much as possi-
ble, a procedure that trades an increase in statistical noise with a
reduction in systematical errors. It will fail for low residual echo

amplitudes and/or weakly scattering samples. For the background,
one has no choice than to resort to the previously determined
phases.

Thus if nomagnetic shielding is possible, monitoring andmod-
eling the external influences is the only resort. The stability of the
new super-J-NSE—due to themonolithic superconducting coil set—
is such that an approach to compute phases by taking into account
all known, sufficiently weak, and distant external influences seems to
be a realistic option.

So far for a proper prediction of the required zero-phase cur-
rents by the current setting, the algorithm showed the necessity to
roughly account for the gradients of the background fields in the
guide hall by including a virtual coil and the contribution of half a
turn of the cc1 correction coil current (to account for the current
feed).

V. CONCLUSION

Figure 18 is a quick overview of the possibility offered by the
new J-NSE in terms of feasible Fourier times, as a function of the
current in the main precession coils. The curves are drawn from
experimental data. The velocity selector of the instrument allows us
to use wavelengths larger than 4.5 Å with a gap interval 13 Å < λ
< 16 Å due to mechanical resonances. So far the instrument has
been optimized and tested to work between 6 Å and 13 Å. The max-
imum main current value of 140 A in Fig. 18 is not yet determined
by the superconducting system (Imax = 220 A), but it is rather a limit
imposed by current technical constraints on other power supplies
and auxiliary coils.

FIG. 18. Experiment-verified ranges of feasible field-integrals vs Fourier times for
typical wavelengths, in the limit R ≥ 1�e. For each wavelengths, three regions
have been identified: The Fourier time delimited by the solid line is for a resolution
up to the 1/e criterion applied to the central part resolution values from Fig. 17; the
Fourier time delimited by the solid, colored region is for the same limit for R but
integrated over 70% of the detector area; the solid, black regions represent the

performance of the old J-NSE. Only the performance for λ = 16 Å is extrapolated.
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For practical use, a 1/e-limit forRaverage is a reasonable default.
Under this condition, the new J-NSE Phoenix reaches now 220 ns at
λ = 12.5 Å, while with the previous version of J-NSEwith the original
copper coils, it proved very difficult to exceed 90 ns (Rav, old � 0.399
average over the useable 68% of the detector area). Currently the cor-
rection and adjustment state of the new spectrometer is such that for
350 ns at λ = 12.5 Å, the average resolution isRaverage = 0.22 ≈ 0.6�e.
The necessary wavelength for a given maximum Fourier time is
reduced by

√
2.5, e.g., experiments that used to require λ = 12.5 Å

now can be done with λ = 8 Å with considerably enhanced neu-
tron flux. The differential neutron flux at the long wavelength side
of the cold thermal Maxwell spectrum is dΦ(λ)/dλ ∝ λ−5; however,
because of the use of a velocity selector, the fixed ∆λ/λ width leads to
a flux factor at the sample∝λ−4; together with the increasing extinc-
tion of long wavelength neutrons by windows, in-beam elements,
and air gaps, the intensity scales as λ−4 × exp(−Σa λ), with Σa being
the total absorption/extinction coefficient with 1/v-characteristics.
For a typical situation, this combination will amount to a factor of
8–10 for the above considered wavelength ratio.

Besides the primary resolution enhancement due to the opti-
mized coil geometry, the fringe field compensation allows easy
access to large scattering angles at full resolution. Furthermore, the
compensation together with the inherent lack of thermal expansion
effects of the cold superconducting coil set leads to inherent phase
(i.e., symmetry) stability independent of residual flipper position
drifts in the millimeter-range.

Even with the still limited operation experience due to
restricted availability of neutrons since the start of full operation
of the J-NSE Phoenix spectrometer, we can already say that the
expected resolution improvement of 2.5 has been fully achieved and
that the measuring efficiency gain is nearly one order of magnitude.

SUPPLEMENTARY MATERIAL

See supplementary material for more details on the optimal
setting of the correction coils and further information about the
short-Fourier-time setup.
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