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40-tesla pulsed-field cryomagnet for single crystal neutron diffraction
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We present the first long-duration and high duty cycle 40-tesla pulsed-field cryomagnet ad-
dressed to single crystal neutron diffraction experiments at temperatures down to 2 K. The
magnet produces a horizontal field in a bi-conical geometry, +15 and +30° upstream and
downstream of the sample, respectively. Using a 1.15MJ mobile generator, magnetic field
pulses of 100 ms length are generated in the magnet, with a rise time of 23 ms and a repetition
rate of 6-7 pulses per hour at 40 T. The setup was validated for neutron diffraction on the
CEA-CRG three-axis spectrometer IN22 at the ILL.

PACS numbers: Valid PACS appear here
Keywords: Suggested keywords

I. INTRODUCTION

Limited for a long time to 15T and finally to 17T
produced by superconducting coils’*2, the magnetic field
strength of DC magnets for neutron experiments has
been raised very recently to 26T at the Helmholtz-
Zentrum Berlin (HZB)*%. A new series-connected hy-
brid magnet with a horizontal field orientation was de-
signed and constructed by the HZB and the National
High Magnetic Field Laboratory (NHMFL), Tallahassee
(Florida, USA)?. Combined with the Extreme Environ-
ment Diffractometer (EXED)Y, the High Field Magnet
(HFM) enables neutron studies in static fields up to 26 T
and temperatures down to 0.65 K™,

Encouraged by the development of x-ray diffraction
and spectroscopy in pulsed field up to 40 T at synchrotron
sources' 14 sionificant activity aiming at increasing the
magnetic field available at neutron facilities has arisen
all over the world. Whereas the duty cyclet® is rather
low in pulsed field set-up, the combination of pulsed
field and neutron scattering environments is an alterna-
tive choice, of moderate cost, whose relevance has been
proven over the past decade. Several pulsed field devices
using mini-coil systems developed by the Nojiri group
from the Institute for Materials Research (Tohoku Uni-
versity, Japan) have been used at different neutron fa-
cilities: a 30T solenoid magnet with pulse durations of
the order of 1 to 10 ms and a 25kJ capacitor bank have
been first installed in the research reactor JRR3 (JAEA,
Tokai, Japan)® and later at the japanese spallation neu-
tron sources J-PARCIME and at the Spallation Neutron
Source (SNS), Oak Ridge National Laboratory (USA ™.
Currently, a 40-tesla horizontal coil system and a 250kJ
compact power supply are being developed by the same
group and planned to be used at J-PARC and at ISIS
in United Kingdom®). Meanwhile, two successive ex-
periments performed on the IN22 spectrometer from the
Commissariat & ’Energie Atomique (CEA) at the high-
flux neutron source of the Institut Laue Langevin (ILL,

Grenoble) have demonstrated the feasibility of the tech-
nique: combining a mini-coil system of the Nojiri group
and a transportable pulsed field generatorl? developed
by the Laboratoire National des Champs Magnétiques
Intenses (LNCMI, Toulouse), they led to the first suc-
cessful experiments associating pulsed magnetic fields up
to 30 T and neutron diffraction®*22. These experiments
have also clearly demonstrated the necessity of improv-
ing the duty cycle of the coils, in particular by increasing
the duration of the field pulse by at least an order of
magnitude.

In this paper, we present the first long-duration and
high duty cycle pulsed-field cryomagnet producing a
maximum horizontal field of 40T designed for neutron
diffraction. Compared to mini-coils, this magnet of-
fers improved experimental conditions for single-crystal
neutron diffraction studies. Remarkably better counting
statistics with fewer number of pulses, i.e. a ten to fifteen
times superior duty cycle, result from an increased pulse
duration combined with a faster cooling of the magnet.
A twice as wide angular access in the scattering plane al-
lows probing larger parts of the reciprocal space. In addi-
tion, longer rising times greatly reduce heating by eddy
currents so that lower temperatures and accurate con-
trol of the sample temperature can be achieved. Finally,
the larger bore provides not only a larger volume for the
sample but also allows for a better and more sophisti-
cated sample environment than the mini-coil system. A
sapphire cold finger connected to a heat exchanger inside
the cone of the magnet allows to cool the sample down
to 2 K whilst decoupling mechanically and thermally the
sample from the magnet.

1. CRYOMAGNET DESIGN AND PERFORMANCES

The coil has been designed and built by the LNCMI-
Toulouse. Its construction is based on the combination
of a “standard” rapid-cooling technique? with a winding
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FIG. 1. Three-dimensional views of the magnet for neutron diffraction. (a) The coil is wound around a stainless steel double-
cone. The nitrogen circulates through cooling channels and exits through the exhaust pipe highlighted in blue colour in view
(b). (c) Overview of the 40-tesla cryomagnet showing the coil at the bottom of the liquid nitrogen bath and the liquid He

jacket used to cool the sample down to 2 K.

around a conical bore, as was already performed for a coil
developed for x-ray scattering??. The rapid-cooling tech-
nique consists in inserting liquid nitrogen cooling chan-
nels directly into the winding to increase the cooling effi-
ciency of the coil and reach a high duty cycle. The major
technological novelty is the winding of the coil around
a double-cone constituting a main part of the cryostat
since the cryomagnet should have conical openings on two
sides for maximising neutron beam access. For that pur-
pose, a highly non-magnetic 1 mm thick double-cone of
stainless steel X2CrNil9-11 (EN 1.4306 / AISI 304L) was
machined to provide opening angles of £15° and +30°
in the scattering plane for respectively the incident and
scattered beams (see Fig. [1).

The coil was wound of CuAg wire (CuAg 0.08%; ul-
timate tensile strength of 384 MPa at room temperature
and 515MPa at 77 K) reinforced with Zylon using the
optimized reinforcement density techniqué?. It is com-
posed of 32 layers of 4 to 40 turns. The inner diameter
(winding diameter) is @24.5mm (?16.5mm inside the
stainless steel double-cone). Its external diameter and
height are ¥280mm and 210 mm, respectively. To en-
sure high mechanical strengths, the wire was wound onto
a coil-body of glass fiber-epoxy composite (FR4/G11).

The resulting magnet has an inductance of 60 mH
and a resistance of 259 and 1632 mf2 at liquid nitrogen
and room temperature, respectively. Using a 1.15MJ
(C = 4mF, V = 24kV) transportable power supply2%
developed at the LNCMI-Toulousé?Z, it produces a max-
imum pulsed-field of 40 T with a rise time of 23 ms and
a total duration of more than 100 ms every 9min (Fig.
2fa)). At lower fields, the time between pulses is reduced:
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FIG. 2. (a) Time profile of the field pulsed up to 40T. (b)
Magnetic field homogeneity calculated from the centre of the
magnet. The longitudinal (axial) and radial distribution are
denoted by B(z) and B(r), respectively.

every 7 and 5 min at 36 and 31 T, respectively. For fields
below 20T, the duty cycle is limited by the time neces-
sary to charge the capacitors, i.e., about a minute. The
duty cycle of this new cryomagnet is of 28 s per day at
30T, and of 16 s per day at 40 T28, with tggy, ~ 15.5ms
(tggw is defined as the time per pulse during which the
field is greater than 90% of the maximum field), meaning
that we have a field higher than 36 T for 2.5 s per day.

These performances remain far more superior than
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FIG. 3. Overview of the tail of the cryomagnet. The coil is immersed in liquid nitrogen and the gas evaporated after a pulse
is evacuated through a chimney. The sample is under vacuum and fixed at the end of a cold finger made from sapphire. This
finger is cooled down with a helium flow controlled with a cold-valve. The temperature is stabilised with a heater mounted on

the finger.

those of mini-coil systems, which store less energy
but have shorter pulse duration. Neutron scattering
experiments2 2229 performed with miniature coils pro-
ducing field pulses of less than 10ms duration had in-
deed an overall duty cycle of less than 2 s per day for a
maximum field value of 30 T, with tgqy; >~ 1.9 ms.

At the centre of the magnet, the field factor B/I is
equal to 8.3140.02 T/kA (i.e. I/B = 120.340.3 A/T)30
and shows less than 1% of variation over a sphere of ra-
dius 4mm (see Fig. 2[b)). This indicates that the mag-
netic field remains relatively constant over a large vol-
ume.

The coil is installed horizontally inside a cryostat devel-
oped by the ILL and constructed by AS Scientific (UK).
To allow easy replacement and efficient cooling of the coil,
the liquid nitrogen bath is central, large and surrounded
by a liquid helium jacket (see Fig. [I). The initial cool-
down time is 2.5 hours. The maximum liquid nitrogen
consumption to cool down the magnet is ~ 1000 litres
per day at 40T. To cope with this demand, a vacuum
insulated pipeline has been installed to automate the re-
fills. It is connected to a 10.000 litres tanks shared with
other instruments, which allows to perform experiments
for several days.

The vertical access for the neutron beam is limited by
the presence of the heat exchanger to £7°. This opening
matches the height of the ~ 315 mm x100 mm window
of the scattered beam. To minimise background issues,
the incident and outgoing windows are both made from
2mm thick single crystalline silicon.
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FIG. 4. Photos of the heat exchanger: (a) the Joule-Thomson
thermal expansion of “*He is performed against the flange of
sapphire screwed at the end of the Torlon tube in which *He
circulates. Liquid *He is injected into the capillary that can
be seen at the right bottom of the image. The flexible pipe
through which *He is pumped is also shown. (b) Detailed
assembly of the sapphire cold finger and sample holder.

Il. SAMPLE TEMPERATURE CONTROL

The main current leads being fixed on one side of the
coil, we have installed the heat exchanger on the opposite
side along the top surface of the cone onto which the
coil is wound (scattered beam side) (see Fig. [3). In
order to reach 2K, a standard ILL cold-valve has been
installed at the bottom of the liquid “He bath on the



same side to reduce the length of the capillary driving
liquid “He to the heat exchanger. The Joule-Thomson
thermal expansion is performed by pumping *He in the
heat exchanger with a pump connected to a ¥30 mm tube
located at the top of the cryostat. The sample is placed in
the central ()16.5 mm cylinder where the magnetic field is
maximal without touching the double-cone cooled down
to liquid nitrogen temperature.

To avoid eddy currents and minimise neutron back-
ground, the heat exchanger (developed at the ILL) was
made in Torlon and sapphire (Fig. @) Torlon is insensi-
tive to magnetic fields and rigid enough to build flanges
tight to *He. Two holes were drilled into the Torlon
bar: one of @3mm for injecting the liquid *He coming
from the cold-valve and one of @4.5mm for pumping it
out. The injection is performed with a J0.6x1 mm cap-
illary brazed to the cold-valve flange and inserted in the
(@3 mm hole up to its end. The thermal expansion is thus
realised at the end of the Torlon bar against a piece of
single crystalline sapphire called cold-finger and shown
in Figure [f{b). It consists of a bar wound with a Man-
ganin wire for regulating the temperature (heater) and
an octagonal hole in which the sample holder is placed.
This shape prevents the sample from rotating around the
axis of the coil. With the provided sample holders, it also
allows a quick rotation of the single crystalline sample by
30° or 45° without realignment and regluing®!.

The length and shape of the cold finger was designed
to reduce as much as possible the presence of sapphire
in the beam and to avoid neutron scattering by the Tor-
lon bar. Two thermometers are installed: one near the
heater (T.zcn) and one on the sample holder (Tsqmp). To
prevent heat production by eddy currents, we have cho-
sen to glue compact Cernox CX-1050-SD sensors packed
inside a sapphire base with alumina body and lid*Z.

The sample is glued on a holder also made from single
crystalline sapphire and sits in the vacuum of the cryo-
stat. The maximum available volume is 8 x 6 x 6 mm?.
The incident monochromatic beam hits the sample and
then crosses 24 mm of sapphire as shown in Figure [4
The transmission is about 96% at \; = 2.36A (or
ki = 2.662A-1) and almost 98% at \; = 1.52A (or
ki =41A1).

The base temperature measured near the sample is
slightly less than 2 K. This is a little more than the
1.5K expected with a helium flow system because of
the radiation of the surrounding screens thermalised at
77K. The sample temperature can be stabilised at any
value up to room temperature and the cool down time
does not exceed 30min. The helium boil-off rate is of
~ 1litre/hour at base temperature which leads to an au-
tonomy of 1.5 day.

IV. APPLICATION TO NEUTRON DIFFRACTION
A. Data acquisition scheme and analysis

The efficiency of this new 40-tesla cryomagnet was
tested and commissioned on the IN22 spectrometer at the
ILL in elastic mode without any modification of the spec-
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FIG. 5. IN22 triple-axis spectrometer equipped with the mo-
bile pulsed magnet system consisting of the mobile 1.15 MJ
pulsed field generator and the 40-tesla cryomagnet.
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FIG. 6. Schematic view of the experimental set-up installed
on the triple-axis spectrometer IN22 operated in double-axis
mode. An example of neutron scattering geometry in the
environment of the 40-tesla cryomagnet is shown. The di-
rection of the incident and scattered beams are given by the
wavevectors k; and ky, respectively. The reciprocal lattice of
the sample located at the centre of the magnet is represented
by the blue lattice. The scattering vector Q=k;-k; and the
direction of the applied magnetic field are indicated in red.

trometer. The coil was energised by the transportable
1.15MJ pulsed field generator of the LNCMI Toulouse
(Fig. . A schematic view of the neutron scattering ge-
ometry is shown Figure [0}

The IN22 spectrometer is operated either in double-
axis or triple-axis mode depending on the sample used. In
this later mode, the signal-to-noise ratio can be improved
by using a pyrolytic graphite (PG) analyser crystal. The
incident neutron wavelength is chosen between \; = 1 A
and \; = 2.36 A with a PG monochromator in order to
avoid the blind zone of the magnet. The sample is usually
oriented with a crystallographic axis parallel or slightly
misaligned with the horizontal magnetic field to reach the
most interesting part of the reciprocal space.



30000 L TbB, Hllc
e)
§ L (Z126 pulses) 4Q§ Q =(100)
X 3 ;
Q e S e x5
4 - +§'§§I =x -
5 20000 ﬁiﬂ%%{ﬁxﬁ L E ]
® [ %i%ﬁﬁ%i = T=2K
£ tig
S (30 pulses) %I§§ =,
8 10000 |- %;Kﬁ%%ﬁ ]
~ Iig =
L 5 i
(10 pulses) 50 K 130 Kz
0 E 5 P TS B *. ;Ei i o ie xZ
0 5 10 15 20 25 30 35

uH (T)

FIG. 7. Field dependence of the diffracted intensity at the mo-
mentum transfer Q = (1 0 0) in fields up to 35T at T = 2, 30
and 50 K, measured with the 40-tesla cryomagnet. The mag-
netic field was applied along the c-axis. Data are integrated
within field steps A(uoH)= 0.75T. The error bars Al are
given by the square root of the neutron counts (Al= +/I/T
where 7 is the total accumulation time over the number of
pulses indicated for each temperature). Open and full sym-
bols correspond to rising and falling fields, respectively.

Neutron counts are measured with a 3He fast single-
detector starting saturating above 18000 neutrons per
second. The detector is oriented horizontally in the
double-axis mode but vertically in the triple-axis mode
to take advantage of the horizontal focalisation. Neutron
pulses are recorded with a digital data recorder (HIOKI
Memory HiCorder model 8860) measuring the generator
voltage and current, and the voltage on a pick-up coil.
After correction for the neutron time of flight, the field
dependence of the neutron intensities at each momen-
tum transfer is extracted by summing data accumulated
over a few identical pulsed-field shots, with either con-
stant time- or constant field-integration windows (rises
and falls of the pulsed field are analysed separately).

B. Application to the frustrated antiferromagnet TbB,4

To evaluate the performances of this coil and setup, the
frustrated antiferromagnet ThB,4 was reinvestigated. In
this system, two successive antiferromagnetic (AF) tran-
sitions occur at T ~ 44K and Ty ~ 24 K33, leading
to a quasi-planar non-collinear AF structure described
by the propagation vector k = (0 0 0)**. Upon the ap-
plication of a magnetic field along the c-axis, TbB, is
known for its devil-staircase-like magnetization process,
stabilising successive magnetization plateaux for fields
pwoH > 16T32, Because of the high magnetic moment
of Th3* ions, ThB,4 has been one of the first compounds
studied by neutron diffraction combined with pulsed field
miniature coils?l. A model of magnetic structure con-
sisting of Ising spins and XY spins has been proposed to
explain the half-magnetization state21/38,

For the present work, single crystals of TbB,4 enriched
with ' B were kindly provided by Iga (Ibaraki University)

and Michimura (Saitama University). A single crystal
(~2x2x1mm? m ~ 30mg) was mounted on the sap-
phire sample holder with the scattering plane defined by
[1 00] and [0 0 1]. Magnetic field was applied along the
c-axis. In Figure[7] the field dependence of the diffracted
intensity measured at the momentum transfer Q = (1 00)
in fields up to 35T and at temperatures 7' = 2, 30 and
50K is reported. At T = 2K, these data exhibit step-
wise variations of the diffracted intensity, highlighting at
least three transitions and three AF phases. When the
magnetic field is applied, the intensity shows a step-like
increase at poH = 16/14 T (rising/falling field) followed
by a step-like decrease at pugH ~ 18T and finally vani-
shes at pugH = 30T. At T = 30K > Tho, the intensity
decreases continuously up to pgH. = 25T, indicating
a single AF phase in fields up to pgH., in agreement
with the H-T phase diagram determined by magnetiza-
tion measurements3®. At T = 50K > T, the intensity
is at the background level, attesting the absence of mag-
netic diffraction.

In Figures a) and b), a comparison of the field de-
pendences of the diffracted intensity measured on ThB4
at T = 42K and Q = (1 0 0) using the new cryomag-
net and the mini-coil system?!, respectively, illustrates
the improved sensitivity of our cryomagnet to detect fine
changes of magnetic structures. We note that, with the
mini-coil system, the magnetic field was applied horizon-
tally with a tilt of 5° from the c-axis (dimensions and
weight of the single crystal used in Ref?! are 4 x4 x 3 mm?
and m ~ 296 mg). Similar features to the ones measured
at T = 2K are detected at T = 4.2K with the new 40-
tesla cryomagnet whereas they were not observed in the
previous experiment. We note that even with a smaller
number of pulses, the new data show better counting
statistics.

The detailed study of ThB4 by neutron diffraction un-
der pulsed magnetic fields using our new cryomagnet will
be reported in a forthcoming paper.

V. CONCLUSION

We have developed a 40-tesla pulsed-field cryomagnet
for neutron diffraction featuring an unprecedented duty
cycle of 28 s per day at 30 T and 16 s per day at 40 T. The
sample temperature is regulated between 2 and 300 K in-
dependently from the pulse fields generation. We illus-
trate the performances of this magnet with the reinves-
tigation of the high field magnetic structures of the frus-
trated antiferromagnet TbB,4. At low temperature, the
field dependence of the diffracted intensity of the antifer-
romagnetic reflection (1 0 0) shows step-like variations
which reveal subtle changes in the magnetic structures
of the different magnetization plateau phases. These new
features were observed thanks to higher counting statis-
tics and a precise control of the sample temperature re-
sulting both from the combination of a longer pulse dura-
tion, a higher duty cycle and a longer rising time (much
less heating by eddy currents) than mini-coil systems.

More than four thousand field pulses, with 65% of them
at more than 30T, have already been generated with
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falling fields, respectively.

this magnet. They have allowed us to investigate various
magnetic systems such as heavy fermions materialg2®57
and quantum spins systems=o.

This equipment is available to the ILL users through
a scientific collaboration with the LNCMI.

Several improvements are planned for the near future.
First we will implement a high counting rate, high ef-
ficiency position sensitive detector, having good-enough
spatial and time resolutions. Then, modifications of the
cryogenic environment will be made, with the target to
extend the temperature range down to 1.4 K.
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