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Both Differential Scanning Calorimetry (DSC) and Quasi-elastic Neutron Scattering (QENS) are powerful

analytical tools actively used in studies of phase transitions in complex solid and liquid systems. DSC is typical-

ly used to map phase transition temperatures and identify sample states, and QENS provides information on the

molecular scale dynamical motions, such as molecular self-diffusion or glassy dynamics, associated with such

transitions. Both techniques provide highly valuable complementary information about the sample and in many

cases it would be advantageous to measure in parallel with a view to linking the two observables. The biggest

challenge is that the cell design which differs greatly between the two methods. Here we present a first attempt at

designing a cryogenic system which will allow the simultaneous measurement of calorimetric transitions and

QENS measurements, as tested on the neutron spectrometer IRIS at ISIS neutron scattering facility. The system

temperature range is from 10 K to 300 K. We present and discuss the initial design of the system, preliminary

test results, current challenges and limitations, and future directions.

Keywords: neutron spectroscopy, calorimetry, simultaneous thermodynamic and dynamical characterisation,

quasi-elastic neutron scattering.

1. Introduction

In recent years the popularity of analytical tools in the
area of cryocrystal research has been rapidly growing. In
situ and in operando techniques with neutron measure-
ments are also becoming more popular. Two of the meth-
ods, Differential Scanning Calorimetry (DSC) and Quasi-
elastic Neutron Scattering (QENS) [1] have attracted par-
ticular interest because of high sensitivities and relatively
short time required by complete measurements. In addi-
tion, these two methods are fundamentally complimentary
because DSC is typically used to map phase transition
temperatures and identify sample states, and QENS pro-
vides information on the nanoscopic scale dynamical mo-
tions, such as molecular self-diffusion [2] or glassy dynam-
ics, associated with such transitions.

The first system where DSC was combined with neu-
tron measurements was in the area of Small Angle Neutron
Scattering (SANS), which measures structures in materials
in the range of 1-100 nm [3]. In this case the small sample
size and the simple transmission geometry and sample ar-

rangement in the neutron beam, significantly simplifies the
design of an in situ calorimeter.

In this paper, we present results of the first in sifu calo-
rimeter which will allow the simultaneous measurement of
calorimetric transitions and QENS. The design is completely
different to that used with SANS and much more challeng-
ing to conceive. The system has been tested on the neutron
spectrometer IRIS at ISIS neutron scattering facility [4]. The
operating temperature range is 10 K to 300 K, as it is to be
used with the standard IRIS cryogenic system. We present
and discuss an initial design of the system, preliminary test
results, current challenges and limitations, and directions for
its further development. Between the different existing
calorimetry methods, DSC has been chosen as method for
the design, as it is the most commonly used laboratory tool
used in the areas of science of relevance.

Various challenges were faced considering simultaneous
measurements with QENS. Firstly, commercially available
DSC equipment typically requires very small sample sizes,
milligrams including the sample container, due to a need of
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achieving accurate and homogeneous temperature distri-
bution across the sample. Sample sizes required for neutron
spectroscopy are at least two orders of magnitude bigger,
due to typical neutron beam sizes being of the order of cen-
timeters and the sample container design having to with-
stand typical geometrical and sample environment con-
straints, resulting in total sample masses of the order of tens
of grams. Secondly, in order to achieve temperatures in the
range of 10-300 K, which is typical for QENS measure-
ments, the common method is to use a closed-cycle refriger-
ator based on compressed helium. This requires evacuation
of He gas environment around the sample. Thirdly, sample
geometry is also different, with QENS spectroscopy detec-
tors typically covering ~20—-160 degree and thus favouring a
cylindrical geometry. Fourthly, of crucial importance for
QENS measurements is the need for an annular geometry
where the annular gap is typically small (from 0.1 mm to
1 mm) to avoid multiple scattering events. Finally, the sam-
ple container material is the same, typically aluminium, as it
offers very good thermal conductivity and is almost trans-
parent to the neutrons. In addition, the neutron scattering
measurement requires minimal extra material around the
sample to avoid contaminating scattering signals. To our
knowledge, there is no other known sample cell design that
allows the combination of QENS and DSC. In this paper we
describe an initial cell design and show preliminary thermo-
dynamic results, which point towards a working prototype.

2. Design

The type of experimental samples imposes limitations
on the choice of cell design. A number of considered po-
tential samples are volatile liquids. This, combined with
the requirement of vacuum environment imposes a need
for vacuum tight container, as the calorimeter is expected
to work with standard equipment, namely 100 mm center
stick and top loading cryocooler (CCR) [5]. For a good and
accurate calorimeter, there is a need to provide a homoge-
nous temperature environment for both sample cell and
reference cell. The presence of ionising radiation limits the
choice of materials in the proximity of neutron beam.
However, even more importantly, transmission of the neu-
trons is critical for an optimal design, so that the scattering
signal arising from the cell material does not dominate the
observable neutron signal. Instead, it should be the sample
signal which dominates the scattering signal. Therefore
both sample and reference cell material has to be chosen to
be “neutron friendly”. In addition, a critical parameter for
the chosen calorimetry method is that the mass ratio be-
tween the sample and the sample cell is kept as small as
possible, to resolve the calorimetric signal.

The calorimeter design consists of a sample and a refer-
ence cell (Fig. 1) that are connected through good conduct-
ance thermal link to the CCR. Helium exchange gas is used
within the CCR chamber to provide additional thermal sup-
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Fig. 1. Conceptual sketch of an in situ calorimeter for QENS meas-
urements: vacuum/exchange gas (I); temperature sensors (2);
thermal anchor (3); thermal links (4); empty/reference cell (3);
annular cell with sample (6); individual heaters (7); weak thermal
links (8); neutron beam line (9); CCR (Z0).

port via convection. The sample and reference cells are con-
nected to homogenous temperature thermal link with CCR
via weak thermal links. The design of the cells is partially
derived as a result of manufacturing challenges in traditional
machining/welding processes imposed by cell’s design re-
quirements. A 3D printing Selective Laser Sintering (SLS)
method has been chosen as method for creating the cell.

The sample and reference cells have been designed to
have annular shape (Fig. 2) with 0.5 mm sample gap and
0.5 mm cell wall thickness (currently limit for manufactur-
ing method used), to be used only for liquids. The sample
is filled through the top and fills the 0.5 mm gap (shown in
black in Fig. 2). The cells are terminated from both ends
with hollow conical shapes for ease of sample load-
ing/unloading and cell cleaning. This allows for substantial
reduction of the size of the sealing flanges in comparison
to the cells used for standard QENS measurements on
IRIS. The cell manufactured as per above drawing reduces
the critical parameter of cell to sample volume ratio (trans-
lated to thermal mass) to an approximate value of 3,
whereas for standard QENS cells it is closer to 10.

DETAIL C
DETAIL D

SECTION A-A SECTION B-B

Fig. 2. Design of 3D printed in situ DSC/QENS cell.
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Fig. 3. (Color online) Diffraction patterns of 3D-printed sample

cell. Black shows the empty CCR, red is the standard IRIS annu-
lar cell, and green shows the 3D-printed cell.

As previously mentioned, the material used for the cells
needs to be neutronically compatible (e.g., in terms of its
“transparency”’). The cell has been made of laser sintered
AlSi10Mg a commercially available material. The diffrac-
tion pattern (Fig. 3) was measured on IRIS and compared
with the standard annular IRIS cell made of an aluminium
alloy. The resulting patterns are shown in Fig. 3 and show
that the signals are very similar, except that the calorimeter
cells have some Bragg peaks arising from the Si in the cell
material. The contribution to the signal from this is small
and thus the chosen material is deemed good for the set-up.

Most of all the remaining parts of the in situ DSC assem-
bly are machined of aluminium alloy, except of PTFE baffle
rings (see Fig. 4). Weak thermal links between sam-
ple/reference cells and thermal anchor are machined of G10
resin for small thermal conductivity reasons. The DSC calo-
rimeter assembly is attached to a standard 100 mm centre
stick (as shown in Fig. 4). Heaters are mounted on the sur-

Fig. 4. DSC assembly 3D image (left) and real system mounted
on the CCR stick (right).
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face and sensors are inserted to 3D printed pockets on coni-
cal part of the cans. Top and bottom parts of the cells have
capability of being heated and temperature monitored.

3. Preliminary results

Initial tests were performed using two common glass-
forming liquids, glycerol and toluene. Once the system is
cooled and thermally equilibrated in the CCR, a measure-
ment is done by heating both sample and reference cells
independently with a set value of the ramp rate, which is
the same for both, in degrees per minute. The difference in
heat output between sample and reference cells is directly
proportional to the enthalpy change of the sample includ-
ing any phase change. An important part for achieving a
good control of the system is minimizing the temperature
difference between sample and reference cells, achievable
with the two heater design. Figure 5 shows recorded tem-
perature differences between extreme ends of the setup,
namely between sample cell’s bottom sensor and reference
cell’s top sensor. Both graphs are for 1 K/min temperature
ramp rate. The graph Fig. 5(a) is for glycerol and Fig. 5(b)
is for toluene. Just from recording the changes in tempera-
ture, transitions in the liquids are already visible, one for
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Fig. 5. Temperature difference between sample cell’s bottom sen-
sor and reference cell’s top sensor for glycerol (a), and toluene (b).
Temperature ramp rate is 1 K/min.
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Fig. 6. Preliminary glass transition results (a), (c) in comparison with TA2000 Instruments DSC Industry standard test results (b), (d).

Current subtraction Al = Igampie = Iref, A.

glycerol at around 190 K [6] and three for toluene 117 K
[7], 148 K [8], 178 K [8]. All agree nicely with what is
expected for these liquids. A much more accurate reading
for the DSC signal is through the measurement of changes
in the heater output (as a current). This is shown in Fig. 6
for the same liquids; the transitions are visible as before.
This set-up is able to pick-up the smaller glass transitions
in addition to larger crystallization and melting first order
transition. For comparison, DSC signals from an industry
standard TA2000 Instruments DSC are shown in Fig. 6,
where the glass transition for glycerol 190 K [6] and to-
luene 117 K [8] are clearly seen.

4. Discussion

The developed sample cell has its limitations regarding
what types of samples can be used and in what regimes.

Firstly, due to small opening for sample loading (essen-
tial for sealing and reduced weight) in the developed cell,
only liquid samples are feasible and highly viscous liquids
are restricted (although loading with evacuated cell works
with glycerol — relatively viscous liquid). An alternative
solution would have to be developed for powder samples.
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Secondly, the current sample cell design allows for
measurements in temperature range 10-300 K. Due to the
manufacturing method, the cell cannot be pressure rated
(pressure system regulations do not allow yet for 3D printed
equipment being used as pressure vessels), therefore heating
the sample can only be considered for a temperature range
not approaching the boiling point of the sample. Moreover,
the sealing method for the sample cell is based on indium
wire, therefore temperature limit for that is set to be 373 K.
Modifications (machining of sealing surface) to the sample
cell would be required for implementing an alternative seal-
ing method.

Thirdly, QENS is typically used to measure the dynam-
ics of hydrogenated materials which commonly require a
sample thickness of 0.1 mm. The design does not currently
allow this, but is ideally suited for deuterated materials or
for hydrogenated components in deuterated solution. One
good example is for use with amphiphilic molecule self-
assemblies in DO (e.g., surfactant micelles or model lipid
membranes).

Lastly, the sample geometry, thickness, materials, may
vary due to scientific requirements; therefore new cell de-
sign may be required.
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There are also limitations with the system developed
with regards of control. Initial QENS+DSC measurements
show a loss in DSC sensitivity owing to the measurement
methods used for QENS. While the data shown for the
DSC proof of concept is based on a continuous tempera-
ture ramp and the measurement of the current every few
seconds, the standard neutron ramp is based on a ‘step and
wait/count’ ramp where the wait/count step is of the order
of 10—15 mins to achieve enough statistical accuracy. Fur-
thermore, standardised calibration scans of the equipment
may be required for more accurate results. Also, control
algorithm/software development is required for convenient
use of the equipment as part of the routine neutron user
service.

5. Conclusions

The DSC system developed in its current design allows
thermodynamic measurements and is compatible with
neutronic measurements (sample size and cell material).
Further developments are required to couple the system with
QENS measurements and extend to a range of sample types,
as currently it is only suitable for non-viscous liquids.
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OpaHovacHa TepmogMHaMivyHa Ta AMHaMiYHa
Xapakrepusadis metogamu in situ kanopumeTpii Ta
HEWTPOHHOI cneKkTpocKonii

D. Fornalski, V. Garcia Sakai, S. Postorino,
I. Silverwood, C. Goodway, J. Bones, O. Kirichek,
F. Fernandez-Alonso

Hudepentiiina ckanytoda kanopumerpiss (DSC) rta kBasi-
npyxue poscisuas HelTpoHiB (QENS) — noTyxkHi aHamiTH4HI
IHCTPYMEHTH, sIKIi aKTHBHO BHKOPHCTOBYIOTHCS INPH BHBYCHHI
(a30BUX MEpexXoAiB y CKIAJHUX TBEPAUX 1 PIAKHX CHCTEMaX.
DSC 3a3Buuail BUKOPUCTOBYETbCS AJIS 3HAXOMKECHHS TEMIIEPATyp
¢azoBoro mepexoxy Ta imenrudikamii craniB 3paska, a QENS
Hajae iH(OpMAIilo Npo MOB'A3aHy 3 (a30BUMH NEPEXONaAMH JH-
HaMiKy SIBHII MOJIEKYJIIPHOTO MaclITady TaKUX, SIK MOJICKYJIIpHA
camoaudy3is abo ckiyBaHHs. OOuBa METOHM HAJAIOTh MOJKIIHU-
BiCTb OTPUMaHHS AyXe€ L[IHHOT B3a€MOJIONOBHIOUOI iHpopManil
Hpo 3pa3ok, i B 0araTb0X BHMAAKaX AOLITBHO MapajebHO BHKO-
HYBaTH BHMIPIOBaHHS 3 METOI 00'€HAHHS JBOX CIIOCTEPEKEHb
3arajlbHUM TpakTyBaHHAM. CyTTe€BOIO MPOOJIEMOIO € BHOIp KOH-
CTPYKIii KOMipKH, BUMOTH JIO SIKOi JIJIS ITUX JBOX METOJIB Pi3Hi.
VY miit po6GOTI MU IPEACTABISIEMO TIEpINY CpoOy CTBOPEHHS Kpi-
OTeHHOT CHCTEMH, IO JI03BOJISIE OHOYACHO MPOBOAUTU KaJOpPH-
MeTpHYHI BUMiproBaHHs Ta BuMiproBanus QENS, a morim 3icTaB-
JSITH pe3yJibTaTé 000X crocTepexeHb. JloCiiPKeHHs] BUKOHAHO
Ha HeiitpoHHOMy criekTpomerpi IRIS Ta ycraHoBLi po3ciroBaHHS
HeltpoHiB ISIS, poGounii fiama3on Temreparyp CHCTEMH CKIIa-
nae Big 10 1o 300 K. Y po6oTi HaBeieHO Ta 0OTOBOPEHO BUXITHY
KOHCTPYKIIIFO CHCTEMHM, IOHEpEe/Hi pPe3yJbTaTH BUIIPOOYBaHb,
MOTOYHI MPOOGJIEMHU Ta HEJOJIKH, @ TAKOXK HMEPCIEKTUBH 3aCTOCY-

BaHHS.

Kitro4oBi clioBa: HEHTPOHHA CIIEKTPOCKOMIs, KaJIOPUMETPIsl, 0J-
HOYacHa TepMOJMHAMIYHA Ta JUHAMIYHA XapaKTepu3allis.

OaHoBpeMeHHas TepMoanHaMn4eckas u
OVHaMmn4yeckaa xapakrepusaums metogamu in situ
KanopumMmeTpumn N HEMTPOHHOW CNEKTPOCKONUn

D. Fornalski, V. Garcia Sakai, S. Postorino,
I. Silverwood, C. Goodway, J. Bones,
O. Kirichek, F. Fernandez-Alonso

Judpdepennmansras ckanupyromas kanopumerpust (DSC) u
KBazuymnpyroe paccesnue HeUTpoHoB (QENS) spnsiorca mormu-
HBIMH aHAJMTHYECKUMU HWHCTPYMEHTaMH, aKTHBHO HCIIOJb3Ye-
MBIMH TIPH H3y4eHUH (a30BbIX IEPEXOJIOB B CIOKHBIX TBEPIBIX U
xuakux cucreMax. DSC 0ObIMHO MCTIONB3YeTCs ISl HaXOXKICHHS
Temmeparyp (a3oBoro nepexoia U MACHTU(DHUKALMU COCTOSHUI
obpasna, a QENS npenocTaBisier HHPOPMALUIO O CBSI3aHHOH ¢
(ha3oBbIMM TIEpEXOJaMH AMHAMUKE SIBICHUH MOJIEKYJISIPHOTO
Macmraba Takux, Kak MOJEKyJsIpHas caMOIUGQy3Hs WIN CTEK-
noBanue. ObGa MeTona JalOT BO3MOXKHOCThH IIOMYUEHHUS! OYEHb
LEHHOH B3aMMOJOMNONHSIOMEeH HH(popManuu o6 obpasme, U BO
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MHOTHUX CITyJasiX I[esiecoo0pa3Ho MapauieNbHO BBIIOIHATH H3Me-
peHHS ¢ Iebl0 O0beIUHEHHS ABYX HAOIIOJCHUH oOmeid Tpak-
ToBKO#. CylecTBeHHOH MPOOIeMOi SBJISETCS BHIOOP KOHCTPYK-
UM SYEHKH, TPeOOBaHHS K KOTOPOH IUISI 3THX ABYX METOMOB
pa3nuyHel. B 3T0it paboTe MBI MPEACTABIAEM MEPBYIO MOMBITKY
CO3JaHHUSI KPUOTEHHOH CHCTEMBI, IO3BOJIAIONIEH OJHOBPEMCHHO
MPOBOJMTH KaJIOpUMETpUUeckue u3Mepenus u uameperus QENS,
a 3aTeM COMOCTAaBIIATH pe3yNabTaThl obomx HabmrogeHuid. Mccre-
JIOBaHMs BBIIIOJHEHBI Ha HeHTpoHHOM criekTpomerpe IRIS u ye-
TaHOBKE paccestHust HeWTpoHoB SIS, paGounii quamazon Temrre-
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patyp cucreMsl coctasisier ot 10 1o 300 K. B pabore npexncras-
JIeHB! U OOCYKAEHBI UCXOJHAs KOHCTPYKIMS CHUCTEMEI, IpeiBa-
PHUTENbHBIE PE3yNbTaThl UCTIBITAHUH, TEKYIHe MPOOIEMbl U He-
JIOCTATKHU, a TAKIKE NEPCIECKTUBBI IPUMCHEHHUS.

KitoueBble c10Ba: HEHTPOHHAsS CIIEKTPOCKONUS, KAJIOPUMETDHS,
O/IHOBPEMCHHAs TEPMOJAMHAMHUYECKAsh M TMHAMHYCCKAs XapakTe-
pu3anys.
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