
JANVIER 15, 2018 

IN22 : Trois-axes thermique sur le guide H25. 
 

u Options: 
§  Standard 
§  LPA : longitudinal polarization analysis 
§  CPA (cryopad) : spherical polarization analysis 
§  40T pulse magnet (100ms) 
§  ZETA-NRSE (Zero-field spin echo triple-axis - neutron 

resonance spin echo) 

IN22 
 

F. Bourdarot  CEA-100% 
W. Schmidt  JCNS-30% 
F. Mantegazza  CEA-33% 
B. Longuet  CEA-33% 
P. Fouilloux  CEA-33% 
B. Vettard  CEA-33% 

Frédéric BOURDAROT : 1er responsable d’IN22 

Frédéric Bourdarot DRF/INAC/MEM/MDN 1 



"Collaborating Research Group" (CRG) IN22  (ILL7 guide hall) 

H25 supermirror guide  
(thermal neutrons) 

TAS IN22 Polarized 
three-axis 

2 Frédéric Bourdarot DRF/INAC/MEM/MDN 



JANVIER 15, 2018 

IN22 

Option 40T sur IN22 : pourquoi 40T 
 
Mesures macroscopiques anomalies => Modèles théoriques => Vérification (neutron) 

Frédéric Bourdarot DRF/INAC/MEM/MDN 3 

For since three decades, a huge experimental and theoretical
effort has been employed to try to determine the ground
state of the heavy-fermion material URu2Si2, where a

second-order phase transition occurs at the temperature
T0¼ 17.5 K and for which the order parameter has resisted
experimental identification1. The case of URu2Si2—which is also
superconducting2—is not isolated, since mysterious electronic
phases, identified as ‘pseudo-gap’ and ‘nematic’ phases, have also
been reported in high-temperature cuprate and iron-based
superconducting materials3,4. Initially, a small magnetic
moment of 0.02 Bohr magneton per uranium (mB/U)
antiferromagnetically aligned along c and modulated with the
wavevector k0¼ (0 0 1) has been considered as the order
parameter of URu2Si2 below T0 (ref. 5). However, this moment is
too small to account for the large entropy associated with the
transition and is now suspected to result from sample
inhomogeneities6. In the hidden-order phase, the low-energy
magnetic fluctuations are peaked at the hot wavevectors k0 and
k1¼ (0.6 0 0)7,8, and the Fermi surface presents nesting with these
two wavevectors9–15, suggesting an itinerant origin of the
magnetic properties. Recent experimental works have been
interpreted as the signature of nematicity, that is, a correlated
electronic state associated with a breaking of the fourfold
symmetry, in the hidden-order phase16–18.

The application of extreme conditions permits to modify the
ground state of a system and get new insights about it. In URu2Si2
under pressure, the hidden-order state is replaced by an
antiferromagnetic phase19, whose order parameter is a moment
of C0.3–0.4 mB/U aligned antiferromagnetically along c with the
wavevector k0 (refs 20,21). From the similar Fermi surfaces
observed in the hidden-order and pressure-driven
antiferromagnetic phases, it has been proposed that the hidden
order, although of unknown nature, has a periodicity of
wavevector k0 (ref. 19). Under a high magnetic field applied

along the easy magnetic axis c, a cascade of first-order
phase transitions at the fields m0H1¼ 35 T, m0H2¼ 36/37 T
(rising/falling fields), and m0H3¼ 39T, leads to a polarized
paramagnetic regime above H3, where a magnetization of
E1.4 mB/U is reached (Fig. 1b)22,23. Quantum oscillations
probes have shown that a magnetic field along c induces Fermi
surface instabilities deep inside the hidden-order phase, as well as
at the magnetic transitions H1, H2 and H3 (refs 24–28). By
comparison with 3d itinerant magnets, a novelty in heavy-
fermion compounds is that a large magnetic polarization can be
induced by a magnetic field, opening the path to new phases
driven by combined changes of magnetic order and Fermi
surface. Such interplay of metamagnetic and Lifshitz transitions
has been evidenced in the heavy-fermion paramagnet CeRu2Si2
(ref. 29).

In Rh-doped U(Ru0.96Rh0.04)2Si2, no hidden-order phase is
reported, but first-order transitions are also induced at magnetic
fields of 26 and 37 T applied along c (refs 30–32). Between 26 and
37 T, a squared up–up–down ferrimagnetic phase was deduced
from Bragg peaks (harmonics) at the wavevector k2¼ (2/3 0 0)
and at the Brillouin zone centre kZC¼ (0 0 0)33. However, the
extrapolation to the pure case of URu2Si2 is not straightforward,
as doping may modify the low-carrier content of the pure lattice,
and, thus, the Fermi surface topology, leading to different nesting
effects. Here thanks to a new cryomagnet allowing neutron
diffraction up to 40 T, we have determined the magnetic structure
of URu2Si2 in fields between 35 and 39T. A tilt by 4.2! of the field
direction from c in the (c,a) plane allowed accessing a large
number of momentum transfers Q, with almost no modification
of the magnetic phase diagram expected for H || c (refs 26,34).
The relationship between the high-field magnetic structure, the
low-energy magnetic fluctuations and the Fermi surface is
emphasized, appealing for new band-structure calculations
describing the electronic properties of URu2Si2.
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Figure 1 | Signatures of the field-induced magnetic phases. (a) Time profile of a field pulsed up to 38T, and time dependence of the diffracted intensity at
Q¼ (0.6 0 0) and T¼ 2K, Q¼ (1.6 0 " 1) and T¼ 2K, and Q¼ (0.6 0 0) and T¼ 18 K, in fields up to 38T, integrated within time steps Dt¼ 1ms. The error

bars DI are given by the square root of the neutron counts (DI ¼
ffiffiffiffiffiffi
I=t

p
, where t is the total accumulation time over several pulses). (b) Magnetization

versus magnetic field at T¼ 1.5 K (from ref. 33) and magnetic field–temperature phase diagram deduced from magnetoresistivity versus temperature and
versus field, in falling fields (from ref. 23). (c) Field dependence of the same diffracted intensities in fields up to 40.5 T, integrated within field steps
D(m0H)¼0.5 T. Open and full symbols correspond to rising and falling fields, respectively. The magnetic field has been applied along the easy magnetic axis
c with a tilt of 4.2! along a.
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Figure 1. Dome-like magnon-condensation phase in Sr3Cr2O8 
with the highest transition temperature of 8K [2,3,4,6]. Spin 
gap Δ is closed at Hc1 with the onset of magnetization. Inset: 

Magnetization as a function of magnetic field. 
 

 

 
 
Fig. 2. Magnetization Mz as a function of magnetic field along 
the c axis in Sr3Cr2O8 at various temperatures [4]. Inset: Spin 

dimer constituted by two CrO4 tertrahedra. 
 

 
 
Fig. 3. Sound velocity of the tensile mode c11 as a function of 

magnetic field at various temperatures[4]. 
 

 
 

 
 

Fig. 4. Two dome-like phases induced by magnetic fields in 
Sr3Cr2O8: Magnonic superfluid (BEC phase) and magnonic 

liquid [4]. 
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those for H//c were collected at 1.4K up to 53T.
Figure 2 shows the magnetization curves for H//c and

for H ⊥ c, where within the experimental accuracy, no
hysteresis was observed upon increasing or decreasing
the external field. It appears that the difference between
the two curves arises only from the g-factor. As seen in
Fig. 3, the parallel and perpendicular magnetizations can
be normalized using g// = 2.28 and g⊥ = 2.05 determined
by electron spin resonance (ESR).10) Strictly speaking,
there is a slight difference around 30T, which will be
discussed later. Note that this is the first measurement
of parallel magnetization using the single crystal. The
obtained magnetization curve for H//c has more distinct

1/4 and 1/8 plateaux compared with that obtained using
the field-oriented polycrystal10) with poor orientation, as
evaluated by nuclear magnetic resonance. On the other
hand, the result for H ⊥ c below 42T is almost identical
to that previously reported using the single crystal.9) As
shown in Fig. 2, the critical fields are determined to be
H1 = 29.6T, H2 = 31.2T, H3 = 36.7T and H4 = 43.6T
for H ⊥ c, and H1 = 26.9T, H2 = 28.2T, H3 = 34.1T
and H4 = 39.1T for H//c, which is almost consistent
with the previous results.9, 10)

A glance at Fig. 2 reveals a wide plateau at 1/3 of the
full magnetization. As mentioned earlier, the 1/3 plateau
cannot accommodate any magnetic superstructure with
a square unit cell. Therefore, this observation confirms,
for the first time, the existence of the novel stripe order,
where the magnetic unit cell is composed of four singlets
and two triplets. The onset field H5 of the 1/3 plateau
is estimated to be 43.6T for H ⊥ c and 40.2T for H//c.
As evident in Fig. 2, the 1/3-plateau phase is stable over
a much wider field range than the 1/8 and 1/4 plateaux.
Another interesting point is the sudden jump of the mag-
netization between the 1/4 and 1/3 plateaux, possibly
indicating a first-order phase transition, although there
is no hysteresis between the field increase and decrease
processes.
There are several theoretical papers concerning calcu-

lations of the magnetizations with varying J ′/J .11, 12, 17)

In Fig. 4, we compare the experimental curve with the
calculations in terms of a hard-core boson model by Mo-
moi and Totsuka11) (theory I) and Miyahara and Ueda12)

(theory II), where J = 100K and J ′ = 68K are used.
It is noteworthy that both models quantitatively repro-
duce the experimental data, particularly around the 1/3
plateau. The main difference between theories I and II,
in short, is that the former considers correlated hopping
terms and neglects long-range interactions, whereas the
case is reversed in the latter. In connection with dif-
ference, the 1/3 plateau ends at 80T according to theory
I, while theory II predicts that it ends at 110T. More-
over, theory II concluded that a 1/2 plateau appears,
whereas theory I did not. Thus, the future direction of

this

Fig. 1. Possible ordered structures between the excited triplets
(open) and the remaining singlets (solid) for the 1/8 plateau
(a) the 1/4 plateau (b) and (c), and the 1/3 plateau (d). The
magnetic unit cells are represented by broken lines.

Fig. 2. The magnetization curves measured at 0.08K for H ⊥ c
and at 1.4K for H//c. The broken lines correspond to 1/3, 1/4
and 1/8 of the total magnetization.

Fig. 3. Normalized parallel and perpendicular magnetizations for
H ⊥ c (solid) and for H//c (broken), where g// = .28 and g⊥ =
2.05 are used.
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on the other hand, are characterized by one large jump, at
Bc ¼ 16T for Bk½1 0 0# and at 12T for Bk½1 1 0#. With
further increasing field above Bc, M gradually increases
towards saturation. It is worth noting that, at first glance,
the magnetization shape is reminiscent of the metamagnetic
transition found in a helimagnetic system with the field
applied parallel to the spiral plane, where the transition is
ascribed to a change from a helical structure to a fan or
forced-ferromagnetic structure [6].

The magnetic phase diagrams along the three directions
are presented in Fig. 2. At low temperatures, the phase
diagram for Bk½0 0 1# is rather symmetric with respect to the
1
2 plateau region, which exists between 21 and 24.5 T at
4.2K, for example. With increasing temperature, the
phases above and below the 1

2 plateau seem to come
closer and merge into one above 25K. For Bk½1 0 0# and
Bk½1 1 0#, the temperature variation of Bc is rather simple
up to TN1.

As mentioned above, the geometry of the Tb sublattice
in the (0 0 1) plane is equivalent to the SSL. The magnetic
properties of a spin system on the SSL have been
intensively studied from theoretical and experimental point
of view [7], stimulated by the unusual behavior found in
SrCu2ðBO3Þ2 which has a spin-singlet ground state with a
spin gap and shows magnetization plateaus at 1

3,
1
4 and

1
8 of

the full saturation moment [8]. As discussed by Shastry and
Sutherland, the ground state in the classical Heisenberg
system has helical long-range order for J1=J241, while the
Néel-ordered state becomes stable for J1=J2o1. Here J1

and J2 are antiferromagnetic (J1; J240) intra- and inter-
dimer exchange interactions, respectively. The lack of

detailed knowledge of the magnetic structure of TbB4

prevents us from a substantial discussion on the interaction
mechanism that leads to the observed field-induced
transitions. However, the resemblance of the magne-
tization process of TbB4 with the field applied in the
(0 0 1) plane and that of a helimagnetic system may be an
indication that TbB4 is in the region for J1=J241 of the
SSL model.
The problem of the magnetization plateaus in the SSL

model has also been investigated theoretically for the S ¼ 1
2

quantum spin system in studies of SrCu2ðBO3Þ2 [7]. Among
them, several authors discussed the crystallization of
certain densities of triplet excitations in magnetic field as
the origin of the magnetization plateaus. According to the
theory, the 1

3 and
1
4 plateaus are expected to have magnetic

superstructures of stripe form, while the 1
2 plateau has a

square unit cell. In contrast to the quantum spin system of
SrCu2ðBO3Þ2, TbB4 is a classical system with a large total
angular momentum ðJ ¼ 6Þ and shows magnetic ordering,
in which rearrangement of Tb moments is one of the most
plausible origins of the magnetization jump. In addition, a
specific-heat study indicates that the first excited triplet of
the crystalline electric field (CEF) lies 10K above the
ground-state doublet, suggesting a significant effect of the
CEF in a magnetic field. At present, we do not have a
sound explanation for the occurrence of the stepwise
magnetization along the [0 0 1]-axis. One possible scenario
is a combined effect of the CEF and the competing
magnetic interactions. Based on the CEF picture, the small
initial slope of M along the [0 0 1]-axis, compared with that
along the (0 0 1) plane, can be explained to result from a
small magnetic moment in the [0 0 1] direction of the
ground-state doublet. By applying a field along the [0 0 1]-
axis, crossing or reconstruction of the CEF levels induces a
moment. The frustrated interaction due to competing J1

and J2 acts on these induced moments, and may lead to a
certain arrangement of ferromagnetically aligned dimers, in
a similar manner as for the triplet excitations in the S ¼ 1

2
system. Further investigation of the precise magnetic
structure and the CEF parameters is necessary to give a
quantitative description.
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FIG. 1. Three-dimensional views of the magnet for neutron di↵raction. (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 40T cryomagnet showing the coil at the bottom of the liquid nitrogen bath and the liquid He jacket
used to cool the sample down to 2K.

coil system. A sapphire cold finger connected to a heat
exchanger inside the cone of the magnet allows to cool
the sample down to 2K whilst decoupling mechanically
and thermally the sample from the magnet.

II. 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
around a conical bore, as was already performed for a coil
developed for x-ray scattering21. The rapid-cooling tech-
nique consists in inserting liquid nitrogen cooling chan-
nels directly into the winding to increase the cooling e�-
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 1mm thick double-cone of
stainless steel X2CrNi19-11 (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 384MPa at room temperature
and 515MPa at 77K) reinforced with Zylon. It is com-

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.

posed of 40 layers of 4 to 40 turns. The inner diameter
(winding diameter) is Ø24.5mm (Ø16.5mm inside the
stainless steel double-cone). Its external diameter and
height are Ø280mm and 210mm, respectively. To en-
sure high mechanical strengths, the wire was wound onto
a coil-body of glass fiber-epoxy composite (FR4/G10).

4

to reduce the length of the capillary driving liquid He
to the heat exchanger. The thermal expansion is per-
formed by pumping He in the heat exchanger with a
pump connected to a Ø30mm tube located at the top
of the cryostat. The sample is placed in the central
Ø16.5mm cylinder where the 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. 4). 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 Ø3mm diameter for injecting the liquid He coming
from the cold-valve and one of Ø4.5mm for pumping it
out. The injection is performed with a Ø0.6⇥1mm cap-
illary brazed to the cold-valve flange and inserted in the
Ø3mm hole up to its end. The thermal expansion is thus
realised at the end of the Torlon bar against a machined
piece of single crystalline sapphire called cold-finger and
shown in fig 4 (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 Torlon
bar and the fixation of the heat exchanger made from
G10. Two thermometers are installed: one near the
heater (Texch) and one on the sample holder (Tsamp). 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 lid25.

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⇥ 6⇥ 6 mm3.
The incident monochromatic beam hits the sample and
then crosses 24mm of sapphire as shown in Fig. 4. The
transmission is about 96% at 2.36 Å (or 2.662 Å�1) and
almost 98% at 1.52 Å (or 4.1 Å�1).

The base temperature measured near the sample is
slightly less than 2 K. This is a little more than the 1.5
K expected with a helium flow system because of the ra-
diation 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-o↵ is of ⇡ 1 litre/hour at
base temperature which leads to an autonomy of 1.5 day.

FIG. 4. Photos of the heat exchanger: (a) the thermal ex-
pansion of He is performed against the flange of sapphire
screwed at the end of the Torlon tube in which helium cir-
culates. Liquid helium is injected into the capillary seen on
the right bottom of the image. Above it, we see the flexible
pipe through which Helium is pumped. (b) Detailed assembly
of the sapphire cold finger and sample holder.

IV. APPLICATION TO NEUTRON DIFFRACTION

A. Data acquisition scheme

The e�ciency of this new 40T cryomagnet was tested
and commissioned on the IN22 spectrometer (CEA-
Collaborative Research Group spectrometer) at the ILL
in elastic mode without any modification of the spec-
trometer. The coil was energised by the transportable
1.15MJ pulsed field generator of the LNCMI Toulouse.
A schematic view of the neutron scattering geometry is
shown Fig. 5.

For di↵raction experiments, the IN22 spectrometer is
operated either in double-axis or triple-axis mode. In this
later mode, the neutron background is reduced using a
pyrolytic graphite (PG) analyser. The incident neutron
wavelength is chosen between 1 Å and 2.36 Å with a PG
monochromator 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.

Neutron counts are measured with a 3He fast single-
detector starting saturating above (18000 n/s). The de-
tector 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 cur-
rent, and the voltage on a pick-up coil. At each momen-
tum transfer, the field dependence of the neutron intensi-
ties is extracted by summing data accumulated over a few
identical pulsed-field shots, with either constant time- or
constant field-integration windows (rises and falls of the
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FIG. 6. Field dependence of the di↵racted intensity at the momentum transfer Q = (1 0 0) in fields up to 35T, integrated
within field steps �(µ0H )= 0.75T, for the temperatures T = 2, 30 and 50K. The error bars �I are given by the square root of
the neutron counts (�I=

p
I/⌧ where ⌧ is the total accumulation time over several pulses). Open and full symbols correspond

to rising and falling fields, respectively. The magnetic field has been applied along the c-axis.
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Pulse 100 msec  
1.15MJ (24kV-4500A)  

1 pulse/10min 
THmax(-10%) ≈ 12 msec 

Tmin ≈ 2K 
Durée de vie bobine! 

Vol. éch. : ≈ 6*6*8 mm3 

Référence du formulaire : ANR-FORM-090601-01-01  10/22 

C.4 RESULTATS OBTENUS 
Positionner les résultats par rapports aux livrables du projet et aux publications, brevets etc. Revisiter lȂétat de lȂart et 
les enjeux à la fin du projet. 
 
Grâce au travail conjoint des différents partenaires du projet, un nouveau cryo-aimant permettant de 
réaliser des expériences de diffraction des neutrons à basse température et à forts champs magnétiques a 
été conçu. Ce cryo-aimant comprend une bobine pouvant générer un champ magnétique horizontal dȂune 
valeur maximale de 40 T grâce à un générateur transportable (banc de condensateurs) délivrant une 
énergie de 1.15 MJ développé antérieurement au projet par le LNCMI-T. LȂimpulsion de champ est 
caractérisée par un temps de montée de 23 ms et une durée totale de 100 ms (figure 3, à droite). La 
fréquence de tir est de 1 tir toutes les 10-, 7- et 5 minutes à respectivement 40-, 36- et 31 T. Pour des champs 
inférieurs à 20 T, la fréquence de tir est limitée par le temps nécessaire pour charger les condensateurs, i.e. 
de lȂordre de 1 minute. Le bobinage a été réalisé autour du double cône formant la partie centrale du 
cryostat. En effet, le cryostat dans lequel la bobine est montée a été conçu de manière à présenter deux 
ouvertures coniques offrant ainsi un accès angulaire, de respectivement ±15° et ±30°, aux faisceaux de 
neutrons incidents et diffusés. Le cryostat dans lequel est montée la bobine se compose dȂun large bain 
dȂazote central entouré dȂun bain toroïdal dȂhélium. Le refroidissement initial prend 2,5 heures. A champ 
maximum, lȂénergie dissipée par effet joule est dȂenviron 500 kJ/tir, conduisant à une consommation 
maximum dȂazote dȂenviron 1000L/jour. La température de lȂéchantillon peut être régulée entre 2 et 300 K. 
La nouvelle optique neutronique développée au cours du projet nȂa pas donné les résultats espérés. 
En effet, des tests neutroniques en position focalisation horizontale et verticale réalisés sur le 
spectromètre CRG IN22 ont permis de mesurer un gain en flux de 2.7 dans le premier cas, et de 1.5 
dans le second cas. Cette optique nȂapportant pas un gain suffisant nȂa finalement pas été utilisée lors 
des campagnes de mesure. 
 

    
 

Fig.3 : Ensemble du dispositif de mesure en champs pulsés (cryo-aimant 40 T, générateur transportable de champs pulsés) 
installé sur le spectromètre IN22 (CEA-CRG) à lȂILL (à gauche). Profil temporel du champ pulsé jusquȂà 40 T généré par la 
bobine MAGFINS (à droite). 
 

6 
Frédéric Bourdarot DRF/INAC/MEM/MDN 6 

 40T  ANR MAGFINS 2011-2015 F. DUC (LCMI-Toulouse) 
Fig. 1!

50 mm


Miniature coil


BN ceramics


Sapphire tube


TbB4 inside BN box
Co-axial electrode


“Donut” cryostat insert


Inner SUS corn


Outer SUS corn


LCMI-ILL-CEA Tohoku-Japan : 30T 

Pulse 10 msec  
250kJ 
1 pulse/10min 
THmax(-10%) ≈ 1 msec 
Tmin ≈ 5K 
< 1 expérience 
Vol. éch. : ≈ 4*4*6 mm3 

4

to reduce the length of the capillary driving liquid He
to the heat exchanger. The thermal expansion is per-
formed by pumping He in the heat exchanger with a
pump connected to a Ø30mm tube located at the top
of the cryostat. The sample is placed in the central
Ø16.5mm cylinder where the 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. 4). 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 Ø3mm diameter for injecting the liquid He coming
from the cold-valve and one of Ø4.5mm for pumping it
out. The injection is performed with a Ø0.6⇥1mm cap-
illary brazed to the cold-valve flange and inserted in the
Ø3mm hole up to its end. The thermal expansion is thus
realised at the end of the Torlon bar against a machined
piece of single crystalline sapphire called cold-finger and
shown in fig 4 (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 Torlon
bar and the fixation of the heat exchanger made from
G10. Two thermometers are installed: one near the
heater (Texch) and one on the sample holder (Tsamp). 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 lid25.

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⇥ 6⇥ 6 mm3.
The incident monochromatic beam hits the sample and
then crosses 24mm of sapphire as shown in Fig. 4. The
transmission is about 96% at 2.36 Å (or 2.662 Å�1) and
almost 98% at 1.52 Å (or 4.1 Å�1).

The base temperature measured near the sample is
slightly less than 2 K. This is a little more than the 1.5
K expected with a helium flow system because of the ra-
diation 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-o↵ is of ⇡ 1 litre/hour at
base temperature which leads to an autonomy of 1.5 day.

FIG. 4. Photos of the heat exchanger: (a) the thermal ex-
pansion of He is performed against the flange of sapphire
screwed at the end of the Torlon tube in which helium cir-
culates. Liquid helium is injected into the capillary seen on
the right bottom of the image. Above it, we see the flexible
pipe through which Helium is pumped. (b) Detailed assembly
of the sapphire cold finger and sample holder.

IV. APPLICATION TO NEUTRON DIFFRACTION

A. Data acquisition scheme

The e�ciency of this new 40T cryomagnet was tested
and commissioned on the IN22 spectrometer (CEA-
Collaborative Research Group spectrometer) at the ILL
in elastic mode without any modification of the spec-
trometer. The coil was energised by the transportable
1.15MJ pulsed field generator of the LNCMI Toulouse.
A schematic view of the neutron scattering geometry is
shown Fig. 5.

For di↵raction experiments, the IN22 spectrometer is
operated either in double-axis or triple-axis mode. In this
later mode, the neutron background is reduced using a
pyrolytic graphite (PG) analyser. The incident neutron
wavelength is chosen between 1 Å and 2.36 Å with a PG
monochromator 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.

Neutron counts are measured with a 3He fast single-
detector starting saturating above (18000 n/s). The de-
tector 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 cur-
rent, and the voltage on a pick-up coil. At each momen-
tum transfer, the field dependence of the neutron intensi-
ties is extracted by summing data accumulated over a few
identical pulsed-field shots, with either constant time- or
constant field-integration windows (rises and falls of the

Meilleur transmission 
Pas d’échauffement    (dB/dT divisé par 10) 
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Onde de densité de spin 
 

 k1=(0.6, 0, 0)  
 

 m ≈ 0.5 µB 

URu2Si2 : Ordre magnétique induit sous champ (35-39 T) 
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OPTION 40T PULSED MAGNETIC FIELD– IN22 

JANVIER 15, 2018 

u Champ magnétique pulsé de 40T 
(ANR MAGFINS partenariat CEA, ILL, 
LMCMI, I-Néel) 

•  Diagramme de phase jusqu’à 40T 

Unique in the word so far 
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Phonon et temps de vie dans les thermoélectriques 

JANVIER 15, 2018 

IN22 

Optimisation de la conductivité thermique  => Connaissance de la durée de vie des phonons 
 

Les mesures sur Clathrate Ba7.81Ge40.67Au5.33 à conductivité thermique anormale. 

ARTICLE

Direct measurement of individual phonon lifetimes
in the clathrate compound Ba7.81Ge40.67Au5.33
Pierre-François Lory 1,2, Stéphane Pailhès3, Valentina M. Giordano3, Holger Euchner 4,
Hong Duong Nguyen5, Reiner Ramlau5, Horst Borrmann5, Marcus Schmidt5, Michael Baitinger5,
Matthias Ikeda6, Petr Tomeš6, Marek Mihalkovič7, Céline Allio8, Mark Robert Johnson1, Helmut Schober1,9,
Yvan Sidis10, Frédéric Bourdarot11, Louis Pierre Regnault11, Jacques Ollivier1, Silke Paschen6, Yuri Grin5 &
Marc de Boissieu2

Engineering lattice thermal conductivity requires to control the heat carried by atomic

vibration waves, the phonons. The key parameter for quantifying it is the phonon lifetime,

limiting the travelling distance, whose determination is however at the limits of instrumental

capabilities. Here, we show the achievement of a direct quantitative measurement of phonon

lifetimes in a single crystal of the clathrate Ba7.81Ge40.67Au5.33, renowned for its puzzling

‘glass-like’ thermal conductivity. Surprisingly, thermal transport is dominated by acoustic

phonons with long lifetimes, travelling over distances of 10 to 100 nm as their wave-vector

goes from 0.3 to 0.1 Å−1. Considering only low-energy acoustic phonons, and their observed

lifetime, leads to a calculated thermal conductivity very close to the experimental one. Our

results challenge the current picture of thermal transport in clathrates, underlining the

inability of state-of-the-art simulations to reproduce the experimental data, thus representing

a crucial experimental input for theoretical developments.
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ZETA (Neutron-Resonance-Spin Echo) 
Ça fait quoi? §  Mesure le temps de vie des excitations élémentaires (phonon et 

magnon) de quelques meV (ω) avec une résolution de Δω ~ 10µeV. 
§  Diffraction de Larmor de haute résolution : (Δd/d ~ 10-5-10-6) 

•  Expansion thermique macroscopique 
•  Distribution de paramètre de maille 

Importance du temps de vie des excitations : 

§  Optimisation des thermoélectriques 
Largeur attendue ≈ 5-15 µeV - résolution pour les 3 axes thermiques 250µeV 

 
§ Pour les HTC, durée de vie magnétique => informations sur l'interaction magnon-
magnon et magnon-phonon inconnues dans ces systèmes. 

JANVIER 15, 2018 

IN22 
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En pratique le temps de vie est donné par la largeur réelle de l’excitation 



Au cours de la mesure, seul le ωRF change: le 
spectromètre reste au maximum de 
l'intensité et du côté défocalisé de la 
dispersion pour réduire ∂q. 
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Vitesse de groupe du phonon 
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NRSE 

Principe encodage par la phase du neutron polarisé… 
Φ = γnB0 x t  
Avec t = L/v 

Autre avantage de NRSE, la 
dépolarisation est du 3ième ordre au 
lieu du 1er ordre pour un solénoïde.  

!
Cq0
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Principe … 
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Fig.28. The illustration of the phenomenological rule to define the inclination of the resolution ellipsoid
in the case of a transverse phonon.

Today there are a number of possibilities for performing Monte Carlo ray-tracing
simulations in order to estimate the resolution function or resolution ellipsoid in � �,Q Z

G

space for a given configuration of TAS which give reasonable results [49, 50, 51].

P(τ ) = P0 (τ ) e−Γ.τ
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Les bobines RF 

JANVIER 15, 2018 

Fort courant (jusqu’à 14A)  
⇒ Refroidissement par air 

⇒ Résonance du circuit RLC pour chaque ωRF 
⇒ Capacités variables de1nF à 200nF 

IN22 

Les bobines statiques 

Fort courant (jusqu’à 24A) 
Ø  Refroidissement par eau et air 
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Flippers RF 



1.3m|1.7m|1.3m 

IN22 
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2 bobines champ-guide 

2 bobines champ-guide 
+ 1 bobine de compensation 

2 bobines de compensation 

+ 8 flippers RF =16 bobines 
 
Total : 23 bobines  

Deux autres spectromètres de ce 
type dans le monde: 
- FLEXX à HMI-Berlin (bientôt fermé)  
-  TRISP à FMRII-Munich  
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IN22 

IN22 triple-axes assez unique au monde grâce à ces 
options 40T-pulsé et ZETA-NRSE 
 

    Merci 
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