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Abstract

Magnets are important for studying magnetism and are commonly used as sample environment devices of neutron scattering in-
struments. However, the the use of magnets was prevented at the time-of-flight direct-geometry neutron spectrometer 4SEASONS
in Materials and Life Science Experimental Facility (MLF) at J-PARC, because the instrument is surrounded by iron components,
and it is equipped with a piece of equipment operated with magnetic bearings. In the present work, we investigate the influence
of stray magnetic fields from a superconducting magnet which is shared among neutron scattering instruments in MLF. Based on
the investigation, we modified 4SEASONS such that it can be used with the magnet. Finally, we successfully performed the first
inelastic neutron scattering experiments with applied magnetic fields using this sample environment.

Keywords: J-PARC, Materials and Life Science Experimental Facility, 4SEASONS, Time-of-flight direct-geometry spectrometer,

Superconducting magnet

1. Introduction

In neutron scattering experiment facilities, sample environ-

ments are as important as neutron scattering instruments. Cryostats

that can cool samples to around the liquid helium temperature
are the most popular sample environment (SE) devices. The
need to realize more extreme conditions has arisen with the
progress of material science, and larger or more complicated
SE devices have been introduced in facilities. In the Materi-
als and Life Science Experimental Facility (MLF) at the Japan
Proton Accelerator Research Complex (J-PARC), the MLF-SE
group prepared SE devices that are difficult for each instrument
to maintain and are shared among instruments in MLF. Exam-
ples of such devices include a *He refrigerator, 2-K cryostats,
a dilution refrigerator, a furnace, and a superconducting mag-
net [1]].

The inelastic neutron scattering instrument 4SEASONS has
a 4-K closed-cycle refrigerator as a standard SE device [2]].
Moreover, we are developing the instrument to diversify the
available SEs. One of the most important devices for our in-
strument is a magnet because a large proportion of the exper-
iments performed using 4SEASONS is related to magnetism.
To operate magnetic devices, it is desirable to construct the in-
strument with non-magnetic materials. Indeed, recent neutron
scattering instruments have adopted stainless steel to build in-
strument components that are to be installed around the sample
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position [3H6]]. However, stainless steel is more expensive com-
pared to normal steel, and it increases the cost of constructing
large components such as large vacuum scattering chambers,
and at times, one cannot help using normal magnetic steel. This
is the case for 4SEASONS. In this instrument, many compo-
nents surrounding the sample area are made of iron. Moreover,
large turbomolecular pumps (TMPs) with magnetic bearings
are attached just below the sample position. The Fermi chopper
used to monochromatize the incident beam has magnetic bear-
ings as well, although it is located 1.7 m away from the sample.
These components of the instrument constrain magnet opera-
tion at the instrument.

Accordingly, in this paper, we report the steps implemented
to facilitate use of MLF-SE superconducting magnet on 4SEA-
SONS. We estimated the influence of the stray field from the
magnet by performing calculations and conducting magnet op-
eration tests. We found that the TMPs pose the most severe
constraint and relocated them to facilitate magnet usage. Fi-
nally, we successfully performed an experiment with applied
magnetic fields, although we limited the maximum applied field
at the instrument.

2. Sample area of 4SEASONS and calculation model

4SEASONS is a time-of-flight direct-geometry neutron spec-
trometer for inelastic neutron scattering experiments using ther-
mal neutrons, and it is installed on the BLO1 beamline at MLF [2,
7.[8]l. Fig.[T]shows a transverse section of 4SEASONS along the
beam path (before relocation of the TMPs, as described later).
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Figure 1: Side view of 4SEASONS around the sample position.

The sample position is 1452 mm above the floor of the exper-,,,
imental hall [9]]. The sample and the detectors are enclosed in
a large vacuum scattering chamber. The downstream end of
the vacuum scattering chamber houses *He position-sensitive
detector tubes, and the distance between the sample and the
detector is 2.5 m. The vacuum scattering chamber consists of
stainless-steel walls and steel beams. The vacuum scattering
chamber is equipped with three concentric flanges for installing
SE devices above the sample position. These flanges are made
of stainless steel, and their dimensions are compatible with JIS
(Japanese Industrial Standards) 400-mm, 800-mm, and 1000-
mm flanges. The 400-mm and 800-mm flanges are defined
as the standard SE attachment flanges in MLF [1]. Two sets
of four-quadrant motorized beam slits located upstream of the
sample define the beam size. The downstream set of slits is lo-
cated at the end of a B4C beam collimator, which is 256 mm
upstream of the sample. This set of slits and the end part of
the collimator are detachable. The vacuum scattering chamber
has three evacuation ports at the bottom, whose flanges have
a nominal diameter of 250 mm. One of them is connected to
a roughing pump. Two vertically oriented TMPs are attached
directly to the other two ports. They are used in combination
with the roughing pump and a cryopump to realize cryogenic
vacuum in the vacuum scattering chamber (Only one of them is
operated, and the other is kept as a spare.). Two different types
of Fermi choppers are installed 1.7 m upstream of the sample
to monochromatize the incident neutron beam [10]. They are
mounted on a translation stage that is fixed on a 35-mm-thick
base plate, and they are surrounded by a thick steel shielding.
The vacuum scattering chamber is housed in a concrete shield-
ing house, and the SE devices are loaded through a hatch above
the sample position. The hatch lid is made of a combination
of a 50-mm-thick steel plate and a plate of boric acid, and it,,,
is mounted on a 230-mm-thick steel base. The entire floor of
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the experimental hall is reinforced with steel rods measuring
35 mm in diameter, and these rods are buried ~80 mm under
the floor.

The MLF-SE magnet is a vertical field superconducting mag-
net with split-pair coils, and its maximum available magnetic
field is 7T [1]. It is equipped with a JIS 800-mm flange, and
the diameter of the outer vacuum chamber is ~700 mm. This
magnet is installed on 4SEASONS by attaching it to the 800-
mm flange, and the detachable part of the B4C collimator and
the downstream set of the four-quadrant beam slits are removed.

The stray fields and forces induced by the MLF-SE 7T su-
perconducting magnet were calculated by using the computer-
aided engineering system Femtet™ [11]. To test our magnet
model, we calculated the magnitude of the stray field along the
horizontal direction as a function of distance. We confirmed
that the obtained values coincided well with those provided by
the magnet manufacturer. Then, we built a model including the
vacuum scattering chamber, steel shielding around the Fermi
chopper, steel part of the hatch and its base, and steel reinforc-
ing rods under the floor. The reinforcing rods are arranged in
a grid pattern, but we replaced them with a steel plate to sim-
plify the model. We ignored other components such as concrete
shields, and assumed they are filled with air. To calculate the
magnetic properties of metal components, we used the magne-
tization curve data of JIS SS400 [12]] and JIS SUS304 for steel
and stainless steel, respectively. These are the typically used
iron materials in Japan.

3. Study of stray fields

First, we investigated the effects of the steel components on
the magnet. The stray field around the sample position is atten-
uated by the steel components because they absorb magnetic
flux. The steel components are magnetized by the stray field,
and they may remain magnetized even when the applied mag-
netic field is switched off. According to our calculation, when
the applied magnetic field H is 7 T, the magnetized steel beams
of the scattering chamber induce a magnetic field of ~30G at
the sample position. However, the remanent magnetization can
be reduced by lowering H to zero while oscillating the direc-
tion of the field. In our test operation of the magnet, which
is described later, the remanent magnetic field on the surfaces
of steel components after demagnetization was less than 1 G.
Another problem caused by the steel components is that they
attract the coils in the magnet during operation. Because the
coils are arranged vertically in this vertical-field magnet, any
extraordinarily strong force on the coils along the horizontal di-
rection may damage the magnet. Accordingly, we estimated the
forces exerted on the coils by calculation. We found the total
magnitude of the forces to be ~190N at H = 7T. This force
is smaller than the force generated between the coils by three
to four orders of magnitude. The horizontal component of the
force was estimated to be 180 N. We do not have the exact crite-
ria for the horizontal force on the coils, but the magnet has oc-
casionally been operated on another beamline at an inclination
of ~5°. In this situation, approximately 10% of the coil weight
is applied horizontally on the coils. Because the total weight of
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the coils is approximately 200 kg, the magnet has been operated
safely with a horizontal force of ~200 N. The estimated magni-
tude of force along the horizontal direction was lower than this
value, even at the maximum applied field of 7 T. Therefore, we
concluded that the force between the steel components and the
magnet coils is not a problem.

Next, we investigated the effect of the stray field on devices
that may be damaged by magnetic fields. We considered two
types of key components in the instrument: the Fermi choppers
and the TMPs. As described in the previous section, the Fermi
choppers are 1.7 m away from the sample. The magnitude of the
field at the same distance from the magnetis ~20Gat H = 7T,
which is considerably smaller than the acceptable value for the
Fermi chopper (~0.4 T). In reality, the magnitude of the field is
smaller than this value because the steel shielding around the
Fermi choppers absorbs magnetic flux. Our calculation showed
that the magnitude of the magnetic field at the Fermi choppers
was ~0.25 G, which is harmless.

The last and most important issue we considered is the ef-
fect of the stray field on the TMPs. According to the TMP
vendor, the magnitude of the magnetic field at the TMP should
be less than 150G and 50 G along the axial direction and the
direction perpendicular to the rotation axis, respectively, when
the TMPs are stationary and not in use. When the TMPs are
operated under the magnetic field, the condition becomes more
severe. Because the MLF-SE 7T magnet can be operated with
its own outer vacuum chamber to maintain a high vacuum, we
can use the magnet without operating the TMPs. Consequently,
we tried to find the condition that satisfies the criteria of 150 G
and 50 G.

To check the accuracy of our calculation, we compared the
calculated and observed values of the stray field at low H val-
ues. The magnitude of the magnetic field was measured using
a gaussmeter. Fig. [2(a) shows the calculated spatial distribu-
tion of the absolute value of the magnetic field at H = 1T
around the TMP attachment flange at the bottom of the vac-
uum scattering chamber. Because the sample position, that is,
the center of the magnet, was located at y = +250 mm, the
magnitude of the magnetic field increased as y increased. We
then installed the magnet on 4SEASONS [Fig. [3(a)] and oper-
ated it at H < 1T [10]. Fig. Eka) shows the observed absolute
value of the magnetic field at the center of the attachment flangezoo
[marked by a cross in Fig.[2{a)]. The value increases linearly as
a function of H, and reaches 51 G at H = 1 T. The latter value
is consistent with the calculated value of ~40 G [Fig. |Zka)].

The easiest way to reduce the stray field at the TMP po-
sitions is to place the TMPs away from the magnet. However,zgs
bending the exhaust route between the vacuum scattering cham-
ber and the TMPs causes a loss of evacuating power. To reduce
the loss of evacuating power to the extent possible, the exhaust
route should be kept straight. Another way to reduce the stray
field is to surround the TMPs with high-permeability magneticaio
alloys. We investigated the size and thickness of permalloy
cover surrounding the TMPs to sufficiently reduce the mag-
netic field. However, we found that the required thickness was
too excessive, and such a thick cover would make it difficult to
maintain the TMPs. Therefore, we studied a case in which the
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Figure 2: (a)—(c) Calculated distributions of stray magnetic field around a TMP
of 4SEASONS. The z direction corresponds to the vertical direction, and the y
direction is parallel to the incident neutron beam. The center axis of the magnet
is located at y = +250 mm relative to the center of the TMP. (a) Magnetic field
in the area around the attachment flange of the TMP on the vacuum scattering
chamber (denoted by the white area) at H = 1T. (b) and (c) Vertical and
horizontal components of the magnetic field in the TMP, respectively, at H =
7T. (d) Calculated magnetic field at the flange center [denoted by circles in
(b) and (c)] as a function of the TMP position when H = 7T. The closed
and open symbols denote the values of the horizontal and vertical components,
respectively.

TMPs are moved downward from their original positions.
Herein, we investigate the stray magnetic field by decom-
posing it into horizontal and vertical components. Figs. 2[b)
and[2]c) show the calculated spatial distributions of the horizon-
tal and vertical components of the magnetic field, respectively,
near one of the TMPs at H = 7T. The central axis of the mag-
net is located at y = +250 mm relative to the TMP center. The
magnitude of the vertical component is significantly higher than
that of the horizontal component, and it increases as the posi-
tion becomes closer to the magnet. By contrast, the horizontal
component intensifies as the position becomes farther from the
magnet. This difference in the position dependence is due to
the spatial distribution of the magnetic flux from the vertical
magnet. Fig. [2(d) shows the magnitudes of the horizontal and
vertical components of the magnetic field as the position of the
TMP moves downward. It shows the values at the center of the
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Figure 3: (a) The MLF-SE 7 T superconducting magnet installed in the sample
environment flange of 4SEASONS. (b) TMPs attached to the 250-mm exten-
sions below the vacuum scattering chamber of 4SEASONS.

top flange of the TMP [marked by circles in Fig. 2[b) and [J[c)]
as a function of the moving distance of the TMP relative to its
original position. The magnitudes of both components decrease
as the TMP moves farther from the magnet. Fig. [2(d) suggests
that if we move the TMP downward by ~250 mm, the magnetic
field can be reduced to the values allowed for the TMP, even at
H=17T.

4. Modification of instrument

Based on the above investigations, we upgraded the instru-
ment. We introduced an extension pipe between the TMPs
and the flanges on the vacuum scattering chamber to relocate
the TMPs 250 mm downward relative to their original positions
[Fig.3(b)]. Subsequently, we operated the MLF-SE 7 T magnetzss
on 4SEASONS and measured the magnetic field on the flange
of one of the TMPs. Fig. f[b) shows the observed magnetic
field as a function of H. The horizontal and vertical components
of the magnetic field were measured at a position on the TMP
flange closest to the magnet [marked by crosses in Figs. [2(b)zs
and (c)]. The magnitude of the magnetic field increases in pro-
portion to the value of H. The values of the horizontal and
vertical components, and the absolute magnitude at H = 3.5T
are 30.4 G, 59.9G, and 67.1 G, respectively. Our calculations
suggest that the magnitude of the horizontal component at theees
center of the TMP flange is 1.8 times greater than that at the ob-
served position. Therefore, we decided to limit the maximum
applied field at 4SEASONS to 3 T for safety, because the hor-
izontal magnetic field at the center of the flange may reach the
criterion of 50 G at this applied field.

By contrast, the calculated values at the same H and po-
sition are 11.7 G (horizontal component), 70.9 G (vertical com-z7o
ponent), and 71.8 G (absolute magnitude). The absolute magni-
tude and the vertical component of the observed magnetic field
agree well with the calculated values, but the horizontal com-
ponent is significantly greater than the calculated value. Con-
sidering that the absolute magnitude shows good coincidence,zrs
one of the possible origins of the difference in the horizontal
component is the inclination of the gaussmeter probe. The hor-
izontal component is especially sensitive to inclination of the
probe, because it is significantly smaller than the vertical com-
ponent. We found that the inclination of ~17° helps achieveaso
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Figure 4: (a) Observed magnetic field at top-center of attachment flange
[marked by cross in Fig. |Zka)] as a function of applied magnetic field. (b) Ob-
served magnetic fields at the edge of the attachment flange closest to the magnet
[marked by crosses in Figs. |Zkb) and (c)] after relocation of the TMPs. Solid
symbols denote the total magnitude of the magnetic field, and the open squares
and open diamonds denote the horizontal and vertical components, respectively.
In all panels, the solid lines indicate linear fits.

good agreement between the observed and calculated values.
Although this angle seems too large, it is reasonable to con-
sider the inclination of the probe is the major cause of the dif-
ference. Moreover, the magnetization of parts of the TMPs can
be reduced by demagnetization during shutdown of the mag-
net, which may increase the allowed magnetic field to a value
greater than that specified in the nominal criteria. Based on
these considerations, magnet operation at H = 7T should be
feasible at 4ASEASONS. Although we decided to limit the max-
imum applied field at 4SEASONS to 3T for safety, the limit
may be relaxed in the future by reexamining the magnetic field
acting on the TMPs.

5. On-beam test using a real sample

After the abovementioned works, we finally carried out a
neutron scattering experiment with a real sample under mag-
netic fields by using 4SEASONS. To control the magnet re-
motely, we introduced a driver software component for the mag-
net into the IROHA?2-based instrument control system of 4SEA-
SONS [[13]]. For this demonstration measurement, we employed
a single crystal of TbB,C,. This compound is known to exhibit
antiferroquadrupolar ordering under magnetic fields [14-17]. A
previous inelastic neutron scattering study by Mulders et al. us-
ing a powder sample of TbB,C, reported that magnetic excita-
tion appears around 3.5 meV at low temperatures, and it shifts
toward higher energies under applied magnetic field of the or-
der of 1T [18]]. Therefore, this compound is suitable for our
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experiment under low magnetic fields. A ~300 mg single crys-sss
tal of Tb''B,C, was grown with the Czochralski method by us-
ing a tetra-arc furnace. To reduce neutron absorption, we used
enriched ''B. The crystal was aligned to have the (4, 0, [) hori-
zontal scattering plane, and a magnetic field was applied along
the [010] direction. The crystal was attached to the end of the
center stick of the magnet and was cooled to 4 K. An incident
energy of 10 meV was selected by rotating the Fermi chopper at®*°
200 Hz. The scattered neutron intensity was measured with ro-
tating the sample horizontally over 97° in steps of 1°. The data
were converted into the scattering function S (Q, E) and were
powder-averaged by using the software package Utsusemi [19]
for comparison with the powder data in Ref. [18]]. Because the
vertical aperture of the magnet was +£10° relative to the sample,,,
we masked the data out of this angular range in the powder-
averaging process.

Fig. [5] shows the magnetic excitation spectra sliced in the
range of Q = 1.5-2 A~! under applied magnetic fields with the,,,
data of the zero field. At H = 0T, we observed a broad exci-
tation peak around 3 meV. As H increased, the peak sharpened
and changed its position toward higher energies. These obser-
vations reproduce well the results in Ref. [18], although the,
peak position at 3T, 3.8 meV, is slightly lower than the value
reported in Ref. [18] (4.1 meV). The difference may have orig-
inated from the imperfect powder-averaging using the single-
crystal data and the strong magnetic anisotropy of TbB,C, [[14)s4,
17]. The first magnetic field experiment at 4SEASONS was
thus successful.

However, we found that the intensity of background scat-
tering was higher as compared to that in experiments using thesgs
standard cryostat, although we used an oscillating radial col-
limator dedicated for the magnet. The background was espe-
cially high in the small scattering angle region, and fortunately,
we could avoid this region to produce the data shown in Fig. [5s7
However, in general, this background would be a problem. One
of the probable causes of the high background is that we re-
moved the end part of the beam collimator and the downstream
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set of beam slits to install the magnet. This causes a severe in-
crease in unwanted scattering from the thick aluminum walls
and the complex components inside the magnet, despite the
use of the radial collimator. We are developing a new set of
beam slits operated by ultrasonic motors, which are usable un-
der magnetic fields. We expect that these slits will reduce the
background scattering caused by the magnet.

6. Summary

We investigated the influence of the stray magnetic field
from the MLF-SE 7T superconducting magnet on the 4SEA-
SONS spectrometer by considering iron components and de-
vices operated with magnetic bearings such as TMPs and Fermi
choppers. We found that the most serious issue is the influence
of the magnetic field on the TMPs. Based on the investiga-
tion, we relocated the TMPs downward by 250 mm. Finally,
we performed the first inelastic neutron scattering experiment
under magnetic fields by using a single crystal of Tb''B,C,.
The observed field dependence of the magnetic excitation spec-
trum was consistent with a previous report, which proved the
experiment was successful.
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