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ABSTRACT
A new sample environment, called Bio-Oven, has been built for the Neutron Spin Echo (NSE) Spectrometer J-NSE Phoenix. It provides active
temperature control and the possibility to perform Dynamic Light Scattering (DLS) measurements during the neutron measurement. DLS
provides diffusion coefficients of the dissolved nanoparticles, and thus one can monitor the aggregation state of the sample on a time scale of
minutes during the spin echo measurement times on the order of days. This approach helps to validate the NSE data or to replace the sample
when its aggregation state influences the spin echo measurement results. The new Bio-Oven is an in situ DLS setup based on optical fibers
decoupling the free space optics around the sample cuvette in a lightproof casing from the laser sources and the detectors. It collects light from
three scattering angles simultaneously. Six different values of momentum transfer can be accessed by switching between two different laser
colors. Test experiments were performed with silica nanoparticles with diameters ranging from 20 nm up to 300 nm. Their hydrodynamic
radii were determined from DLS measurements and compared with the ones obtained by a commercial particle sizer. It was demonstrated
that also the static light scattering signal can be processed and gives meaningful results. The protein sample apomyoglobin was used for a
long-term test and in a first neutron measurement using the new Bio-Oven. The results prove that the aggregation state of the sample can be
followed using in situ DLS along with the neutron measurement.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0136367

I. INTRODUCTION

Neutron Spin Echo Spectroscopy (NSE) has the highest energy
resolution (< neV) among neutron scattering techniques allowing
the direct measurement of the time-dependent intermediate scat-
tering function S(q, t), where q denotes the momentum transfer.
NSE is well suited to investigate the dynamics of soft matter sam-
ples, such as polymers or proteins in solution.1 Recently it has been

used to investigate protein dynamics and to understand its role in the
functionality of the respective protein.2,3 Typically, a comparatively
high concentration of the respective biological sample in the order
of 1 to 5 wt. % is necessary to achieve a good signal to noise ratio.
These high concentrations increase the probability of a spontaneous
aggregation (or agglomeration) of the sample, which is a clustering
of dispersed particles sticking to each other. Usually, one wants to
investigate the monomeric nanoparticles, and thus this aggregation
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is a serious problem, since NSE measurement can take more than
one day and a change in the sample aggregation state leads to unreli-
able NSE data. Moreover, aggregation depends on many parameters
like sample purity and oxygen content of the solvent, which are
difficult to control. Therefore, aggregation even differs from one
sample mixture to another made under the same conditions. For this
reason, in situ monitoring on a minute time scale of the sample is
required to detect the aggregates formed.

Dynamic Light Scattering (DLS) is a well-suited method, since
it has no influence on the neutron measurement and allows the
user to get an informative overview of the sample aggregation
state for subsequent time intervals in the minute time range. DLS
or also known as photon correlation spectroscopy is commonly
used in laboratories as a bench top method for analyzing dissolved
nanoparticles or macromolecules. It enables to measure the diffu-
sion coefficient of the dissolved particles caused by the Brownian
motion. The obtained diffusion coefficient can be used to calculate
the so called hydrodynamic radius, which is a measure for the size
of a hard sphere, which has the same diffusion coefficient as the
dissolved particle.4 Since properly dissolved sample particles and the
aggregates have different dimensions in size and also different diffu-
sion coefficients, it is possible to distinguish between particles and
aggregates. This approach also holds true for low concentrations of
the aggregates due to the Rayleigh scattering law, which states that
the intensity of the scattered light scales with the particle diameter
to the sixth power. Therefore, for example, Li et al. used DLS to
characterize protein aggregation.5 Recently, Austin et al. used a com-
mercial multi-angle dynamic light scattering setup equipped with
three scattering angles to quantify various nanoparticle concentra-
tions in a range from 108 to 1014 ml−1.6 In addition to size and
concentration measurements, DLS can further be used for the study
of internal dynamics and interactions, e.g., the dynamics of charged
macromolecules7 or interactions between proteins.8

Both scattering techniques, NSE and DLS, measure the
intermediate scattering function directly and are complementary
with respect to their q- and time-range. This feature makes both
techniques attractive to use in combination for further analysis9–13

and especially interesting for the study of protein dynamics.14–16 In
contrast to ex situ DLS measurements, the in situ DLS measure-
ments will provide data to the very same sample and guarantees
the same solvent and temperature conditions as in the NSE mea-
surement. In situ DLS measurements have also been performed in
combination with Small Angle Neutron Scattering experiments17–19

and also recently an experimental setup offering one scattering angle
was tested successfully at the J-NSE Phoenix spectrometer at the
Heinz Maier-Leibniz Zentrum (MLZ).16,20 Also the spin echo spec-
trometer IN15 at Institut Laue-Langevin supplies a sample changer
allowing to perform in situ DLS with one scattering angle.13

Here, we report on a newly designed sample environment
called Bio-Oven at the J-NSE Phoenix,21 which involves an in situ
DLS setup with three scattering angels. This multi-angle scattering
setup guarantees a higher reliability and the option for a more exten-
sive data analysis after the completed neutron measurement. Since
it also provides two different laser wavelengths (red and green),
the intermediate scattering function at six values of the momentum
transfer q, ranging from 0.016 to 0.027 nm−1 can be measured. A
temperature control of the sample is provided by a temperature con-
trolled air stream and two temperature sensors close to the sample

cuvettes. This provides an accurate temperature control, which is
crucial for the temperature sensitive biological samples. The laser
safety is guaranteed by a complete lightproof DLS setup and an
additional laser safety interlock when opening it. The DLS setup
is controlled via the neutron instrument control software NICOS,
which is under continuous development at MLZ.

II. MEASURING PRINCIPLES
DLS is a commonly used technique to characterize nanoparti-

cles or macromolecules dissolved in a liquid and, in particular, also
well suited to investigate polymers and proteins in solution.4,22,23

Stetefeld et al. give a detailed introduction to this technique
considering the fundamental theoretical aspects as well as the
employed applications of DLS. This section includes only the basic
principles of DLS and summarizes the work of Stetefeld et al.8

The scattering technique is based on the Brownian motion of
the dissolved particles, a random movement caused by collisions of
these particles with the fast moving molecules of the fluid due to
thermal fluctuations. A basic setup includes a laser as a monochro-
matic, continuous and coherent light source, the fluid sample in a
glass cuvette, a single photon detector, and a correlator card. Opto-
mechanical elements are used to focus the laser beam on the sample
and to collect the scattered light in a certain angle with respect
to the incident laser beam. The momentum transfer q is given by
formula (1) with the refractive index n of the solution, the vacuum
wavelength λ0 of the laser, and the scattering angle ϑ,

q = 4πn
λ0

sin(ϑ
2
). (1)

The scattered light waves interfere with each other and due
to the random movement of the dissolved particles this can either
result in constructive or destructive interference leading to a time-
dependent intensity signal I(t) of the scattered light. This stochastic
signal contains information about the particles movement over time
and thus size. Basically, small particles move faster and as a con-
sequence intensity fluctuations show up on a smaller timescale. In
the homodyne detection method, where only scattered light reaches
the detector, the stochastic intensity signal of the scattered light is
analyzed with the normalized second order autocorrelation function
g(2) (q, τ), which correlates the intensity at times t and t + τ,

g(2)(q, τ) = ⟨I(q, t)I(q, t + τ)⟩
⟨I(q, t)⟩2

. (2)

For the data analysis, the first order autocorrelation function
g(1) (q, τ) can be calculated via the Siegert relation,

g(2)(q, τ) = 1 + ∣g(1)(q, τ)∣
2
. (3)

The first order autocorrelation function is also known as the
intermediate scattering function and can be modeled by a super-
position of exponential decays with characteristic decay times τi,

g(1)(q, τ) =
N

∑
i

Ai e−τ/τi. (4)

These characteristic decay times τi extracted from stochas-
tic fluctuations in light intensity can be directly related to the
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momentum transfer q and the diffusion coefficient D as following:
1/τi = Diq2. Furthermore, the Stokes–Einstein Eq. (5) allows us to
calculate the hydrodynamic radius rH,i with known viscosity η and
temperature T of the solvent for the corresponding diffusion coeffi-
cient Di. It provides the radius of a hard sphere in solution, which
diffuses as fast as the sample molecules,

rH,i =
kBT

6πηDi
= 16πn2kBTτi

6λ2
0η

sin2(ϑ
2
). (5)

For a monodisperse sample (N = 1), a single exponential decay
A1 ⋅ exp(−τ/τ1) can be used to fit the data and, thus, to estimate the
size of the dissolved particles assuming only translational diffusion
and a spherical shape.

Considering g(1) (q, τ) as a superposition of several decay times
τi the term Ai is the amplitude of the respective exponential decay.
Therefore, for many N, the amplitudes Ai can be seen as a smooth
continuous distribution G(τ) of decay times τ,

g(1)(q, τ) = ∫ G(τ′)e−τ/τ′ dτ′. (6)

A size distribution of hydrodynamic radii can be obtained
directly from G(τ) by using the Stokes–Einstein equation. However,
to obtain G(τ) from formula (6), one has to calculate the inverse
Laplace transformation of g(1) (q, τ), which is an ill-posed problem.
The CONTIN algorithm by Provencher can be used to calculate the
distribution G(τ) under the assumption of a smooth distribution.
This is implemented in an algorithm used for data treatment as a
weighted least square problem with an additional quadratic term for
smoothness.24

III. EXPERIMENTAL SET-UP
A. Design

The new sample environment reported here consists of two
parts: A light-proof aluminum cylindrical casing and an inset, which
is fixed to the removable top cover of the casing and carrying
the optical components needed for the DLS measurements. The
temperature is controlled through an air stream entering the cas-
ing on its bottom side and exiting it at the top. Two temperature
sensors are placed in drillings next to the two sample cuvettes for
monitoring.

Figure 1(a) shows the schematic cross section of the remov-
able inset and Fig. 1(b) a photograph of the inset on an external
holder. This inset includes two fixtures, one for the main sample
cuvette and one for a second sample cuvette (for instance, a refer-
ence sample or a buffer solution). Figure 1(c) shows a photograph of
the Bio-Oven mounted at the sample stage of the J-NSE instrument
and in Fig. 1(d) a schematic top view is presented. The Bio-Oven is
placed between the superconducting magnetic coils, directly behind
the π-flipper. The yellow arrows in Figs. 1(a) and 1(d) indicate the
neutron beam path. The inset is located inside the lightproof cylin-
drical casing, which has a reduced aluminum thickness of 1 mm at
the height where the neutron beam passes in order to increase the
neutron transmission through the aluminum casing. Both cuvettes
can be moved into the neutron beam using the motorized translation
stage of the J-NSE instrument by moving the whole sample holder in
height.

For the optical alignment of the free space DLS setup or sam-
ple changing, the inset is taken out of the cylindrical casing as
shown in Fig. 1(c) and put onto an external holder as shown in
Fig. 1(b). The restricted available place for the DLS setup and laser

FIG. 1. (a) Schematic cross section of the newly developed sample environment, which allows in situ DLS measurements with three scattering angles at the J-NSE Phoenix
at MLZ. The laser beam (red solid line) leaves the lens of the fiber collimator (black rectangle) and is guided by a mirror to the sample. The scattered light (red dashed
lines) is redirected by mirrors and collected by collimators on the top. The neutron flight path is indicated with yellow arrows. (b) Photograph of the inset put onto an external
holder. (c) Photograph of the J-NSE instrument with the mounted Bio-Oven, which is a light proof casing containing the inset shown in (a) and (b). (d) Schematic top view
of the J-NSE instrument. (e) Photograph of the mobile cart carrying all components used for DLS measurements including an optical bench with laser and optics, detectors,
correlator cards, laser safety interlock, and a PC.
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safety was the main challenges in the design of this setup. Moreover,
the usage of non-magnetic materials was essential, since neutron
spin echo spectroscopy uses the polarization of the neutron spin.
Magnetic materials in the vicinity of the beam path cause a depo-
larization of the neutron beam. Therefore, the structural elements
are made out of AlMg3 and all opto-mechanical elements used are
nonmagnetic.

The inset includes two circular supporting plates, which carry
the optical elements necessary for the in situ DLS. Light scattering
is possible for the upper cuvette, and the light scattering plane is
arranged in a way that it is orthogonal to the neutron scattering
plane. As schematically drawn in Fig. 1(a), three scattering angles
are installed. The laser light is guided by a polarization maintain-
ing single mode fiber to the Bio-Oven and focused with a lens of a
fiber collimator and a mirror onto the sample. The scattered light is
coupled with mirrors and collimator lenses into optical fibers, which
guide the light to single photon detectors. The scattering angles,
which could be achieved, were mostly restricted by the available
space and the size of the available non-magnetic optical compo-
nents. Mirror mounts were purchased from LIOP-TEC GmbH,
Radevormwald, Germany (custom-made out of non-magnetic mate-
rials based on the model SR050). Single-mode fibers and fiber
collimator lenses were bought from Schäfter + Kirchhoff GmbH,
Hamburg, Germany (Table S1 in the supplementary material).

The three scattering angles ϑ1, ϑ2, and ϑ3 depend on the angles
α, β, γ, and δ drawn in Fig. 1(a) and the refractive index of the
sample solution ns. They can be determined by formulas (7)–(9) (for
derivation see Fig. S1 in the supplementary material),

ϑ1 = sin−1(nair

ns
sin α) + sin−1(nair

ns
sin β), (7)

ϑ2 = 180○ − sin−1(nair

ns
sin α) − sin−1(nair

ns
sin γ), (8)

ϑ3 = 180○ − sin−1(nair

ns
sin α) − sin−1(nair

ns
sin δ). (9)

The measured values are α = 55○, β = 55○, γ = 65○, δ = 40○ and
so the scattering angles can be calculated with nair = 1.00 and
ns = 1.33 assuming water as a typical sample solvent. Using these
values the scattering angles are ϑ1 ≈ 75○, ϑ2 ≈ 100○, and ϑ3 ≈ 115○. A
different approach to determine the scattering angles is a DLS mea-
surement using reference particles with a known size. The resulting
momentum transfer values from Eq. (1) are shown in Table I for
a green and red emitting laser, which are used for this setup. The
uncertainty of the calculated q-values obtained by Gaussian error
propagation is ∼6%, assuming a maximum error of 5○ in both mea-

TABLE I. Achievable momentum transfers q in units of nm−1 resulting from the three
installed scattering angles and two different laser wavelengths.

ϑ1 = 75○ ϑ2 = 100○ ϑ3 = 115○

λred = 632.8 nm 0.016 0.020 0.022
λgreen = 532.1 nm 0.019 0.024 0.027

sured angles and a negligible error in the refractive index and laser
wavelength.

B. The modular setup of the Bio-Oven
The other components needed to perform DLS measurements

are located on a wheeled cart next to the instrument, which is shown
in Fig. 1(e).

A lightproof casing includes two different lasers and other opti-
cal elements for polarization control, intensity adjustment, laser
safety and fiber incoupling (shown in Fig. S2 in the supplementary
material). Either a He–Ne laser with a wavelength of 632.8 nm
and a power of 22 mW (Model 1145/P by JDS Uniphase, Enin-
gen, Germany) or a diode-pumped laser with a wavelength of
532.1 nm and a power of 100 mW (Cobolt Samba 150 532 nm
by HÜBNER Photonics GmbH, Kassel, Germany) can be cou-
pled into the fiber. A mirror placed on a motorized translational
stage allows switching between both. A filter wheel is used to
adjust the intensity of the incident laser light. It is equipped with
eleven neutral density filters with a transmission ranging from
0.1% to 75% and an additional open position (100% transmission).
Furthermore, the casing includes two beam blockers and a shutter
for laser safety reasons.

The single photon detectors SPCM CD 3296 by Excelitas Tech-
nologies GmbH and Co. KG, Wiesbaden, Germany are located in
an extra casing. One fiber is connected directly with one of the
detectors, whereas a filter wheel is installed between the other two
fibers and detectors in order to reduce the intensity if necessary.
A full list of the collimators and optical fibers used can be found
in Table S1 in the supplementary material.

An electric cabinet hosts the correlator cards, a personal com-
puter and the electric management for the laser safety interlock. The
photon hardware correlator is based on a field-programmable gate
array development board (FPGA SP605 board by Xilinx Inc., San
Jose, United States). The implementation from Kalinin et al. was
used.25 The measurement software is based on python and devel-
oped in the framework of the Neutron Instrument Control Software
NICOS. This way, it can be controlled by an external computer and
integrated into the neutron measurement.

The laser safety is independent of the software and guaranteed
through contact switches on top of the Bio-Oven. This mechanism
takes care that no laser light leaves the laser box when the Bio-Oven
is not fully closed. A more detailed and schematic overview of the
whole setup is shown in Fig. S3 in the supplementary material.

The temperature of the cuvettes is controlled with an air stream
generated by the commercial instrument ThermoJet ES Precision
Temperature Cycling System by SP Scientific, Warminster, PA,
United States. Its air stream temperature can be set from −80○ to
225○ and the airflow can be set from 2.3 to 9.4 L/s. However, the
operational temperature of the Bio-Oven lies between 5 and 70 ○C,
limited due to the condensation of water at low temperatures and
increasing thermal fluctuations at higher temperatures. The air is
guided from the apparatus to the Bio-Oven with a hose connected
to the airshaft at the bottom of the Bio-Oven and leaves through
the output on the top cover. For a better thermal insulation, a
plate out of MONOLUX®-800 is mounted between the Bio-Oven
and the J-NSE sample stage. For the temperature read-out the
Cyrogenic Temperature Controller 336 by Lake Shore Cyrotronics,
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Inc., Westerville OH, United States is used. A long-term test over
hours showed a constant temperature with a standard deviation of
∼0.15 ○C (see Fig. S4 in the supplementary material).

IV. RESULTS
A. Dynamic light scattering measurements
with silica nanospheres

The Dynamic Light Scattering setup was aligned and charac-
terized using silica nanospheres (SiO2). The samples were bought
from nanoComposix, San Diego CA, United States in three different
particle sizes with diameters of 20, 100, and 300 nm. The parti-
cles were dissolved in deionized water to obtain a concentration of
1.0 mg/ml for all three samples. The particle radii measured by trans-
mission electron microscopy (TEM) can be found in Table II. The
samples were filled in quartz glass cuvettes from Hellma GmbH and
Co. KG, Müllheim, Germany with a sample thickness of 4.0 mm. The
DLS setup was aligned by means of the particles with 100 nm size
and was not optimized or realigned for other samples after sample
changing. The alignment process maximized the absolute intensi-
ties under the boundary condition of a meaningful autocorrelation
function.

A measurement duration of 120 s was used for each sample.
All autocorrelation functions g(2) (q, τ) were recorded at the same
time and show an intercept at the y-axis above 0.9 and exhibit the
shape of a single exponential decay as expected. Using the Siegert
relation (3) the first order autocorrelation functions g(1) (q, τ) of
both laser colors were fitted with a single exponential decay of the
form y(τ) = A1 × exp(−τ/τ1). Figure 2 shows the recorded autocor-
relation functions of the 100 nm sample with their fit functions. The
nanoparticles of 20 and 300 nm diameter yield similar curves (see
Fig. S5).

Using the Stokes–Einstein Eq. (5) the hydrodynamic radii rH
were calculated. The temperature was constant at T = 20 ○C where
the viscosity of water amounts to η = 1.00 mPa s.26 The refractive
index of water is assumed to be n = 1.33 for the green (λ = 532.1 nm)
and the red laser (λ = 632.8 nm).27

In order to compare and discuss the results the same samples
were measured with a commercial instrument, the Zetasizer Nano
S by Malvern Panalytical GmbH, Kassel, Germany, also in a quartz
glass cuvette by Hellma with a lightpath of 10.0 mm at a temperature
of 20 ○C. The fixed scattering angle of the Zetasizer device amounts
to ϑZetasizer = 173○ and it used also a He–Ne laser with a wave-
length of 632.8 nm. Neglecting the refraction yields a momentum

FIG. 2. Second order autocorrelation functions of 100 nm silica nanospheres dis-
solved in water using all three scattering angles simultaneously and two laser
sources successively (λ0 = 532, 633 nm) resulting in six different momentum
transfer values q. The green and red plotted symbols indicate the measurements
with the respective laser color used and the shape of the symbol the scattering
angle (rectangle: ϑ1 = 75○, circle: ϑ2 = 100○, triangle: ϑ3 = 115○). Single expo-
nential decay functions were fitted using the Siegert relation (black solid lines).
Inset: Plot with the linear y-axis.

transfer of qZetasizer = 0.026 nm−1. The fit procedure and calculation
of rH were done manually with the raw g(2) (q, τ) data of the Zeta-
sizer in the same way as with the data from the Bio-Oven setup. All
determined hydrodynamic radii are listed in Table II together with
the radii obtained by TEM.

B. Static light scattering with silica nanospheres
The possibility to perform static light scattering was explored,

since setup provides six different q-values by using two differ-
ent laser wavelengths and the scattering angles. In this case,
the time dependence of the signal is no longer of interest, but the
absolute intensity I(q) of the scattered light in dependence of the
momentum transfer q contains structural information e.g., form and
size, of the dissolved particles. For normalization of the measured
intensities at different angles, a sample with scatterers of a small
size was used, whose scattered intensities are expected to be inde-
pendent of the momentum transfer and, therefore, can be used for
the normalization. Here, the protein Bovine serum albumin (BSA)

TABLE II. Determined hydrodynamic radii of silica nanospheres in different sizes measured with the Bio-Oven and the commercial instrument Zetasizer for comparison. The
radii of the particles measured with transmission electron microscopy (TEM) as given by the manufacturer are shown in the last column.

rH (nm) r (nm)

Bio-Oven ϑ1 = 75○ Bio-Oven ϑ2 = 100○ Bio-Oven ϑ3 = 115○ Zetasizer TEM

λ = 532 nm λ = 633 nm λ = 532 nm λ = 633 nm λ = 532 nm λ = 633 nm

20 nm 1.0 mg/mL 11.1 ± 1.5 11.8 ± 1.6 11.8 ± 1.5 14.9 ± 1.9 11.3 ± 1.3 14.7 ± 1.8 13.0 ± 1.6 11.1 ± 1.6
100 nm 1.0 mg/mL 53 ± 7 55 ± 7 51 ± 6 53 ± 7 50 ± 6 51 ± 6 54 ± 7 49 ± 6
300 nm 1.0 mg/mL 141 ± 19 138 ± 18 152 ± 19 142 ± 17 157 ± 19 140 ± 16 141 ± 17 139 ± 6
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FIG. 3. Normalized scattered intensities of 300 nm silica nanospheres dissolved in
water for three different concentrations in dependence of the momentum transfer
q. The green and red symbols correspond to the respective laser color, which
was used to measure the data. The shape of the symbol indicates the respective
scattering angle: rectangle: ϑ1 = 75○, circle: ϑ2 = 100○, triangle: ϑ3 = 115○. Black
solid lines are fit functions using the form factor F(q, R) of a hard sphere and
provide radii between 150 and 155 nm.

dissolved in water was used with a concentration of 60 mg/ml for
the normalization.

Silica nanospheres with a diameter of 300 nm were measured
in water with three different concentrations ranging from 0.01 to
1.0 mg/ml. The measured count rates CR300 nm reach over several
orders of magnitude depending on concentration and momentum
transfer. Therefore, the laser intensity was reduced with different
neutral density filters to avoid a saturation of the detector. The mea-
sured signal CR300 nm was normalized with the signal of BSA CRBSA,
respectively, for each momentum transfer q and corrected by the
transmission T of the neutral density filter used to reduce the laser
intensity,

Inorm =
CR300nm

CRBSA ⋅ T
. (10)

The resulting normalized intensities are plotted in Fig. 3 vs the
momentum transfer q using the values from Table I. The data were
fitted with the function I(q) = A ⋅ F(q, R)2 using the form factor of
a hard sphere with radius R, which is given by Eq. (11),

F(q, R) = 3(sin(qR) − qR cos(qR))
(qR)3 . (11)

The obtained parameters from the fit functions are shown
in Table III.

TABLE III. Fit parameters of the static light scattering experiment with 300 nm silica
nanospheres shown in Fig. 3.

0.01 mg/mL 0.10 mg/mL 1.0 mg/mL

A 10.1 ± 0.7 120 ± 6 1142 ± 55
R in nm 154.8 ± 0.9 155.3 ± 0.6 150.0 ± 0.7

C. Long-term test with a protein sample
A DLS measurement series over a typical duration of a spin

echo beam time on a realistic sample was carried out. This test
was performed at the NSE instrument, but without the neutron
beam being present during a reactor break period. The investigated
sample was a solution of horse-heart apomyoglobin in heavy water.
The apomyoglobin solution was prepared by dissolving the pro-
tein pellets in heavy water (99.9 at. % D) and filtered using 100 nm
syringe filters (Anotop Filter–Whatman) to remove aggregates. Deu-
terium chloride was added to change the folding state of the protein
(pD = 4). The final concentration was 30 mg/ml, and the sample was
filled into a 4.0 mm path length quartz glass cuvette. Measurements
were carried out over a duration of five days at a fixed temperature of
10 ○C. A single DLS measurement amounted to 300 s and the green
and red laser were used alternately.

A typical measurement of both lasers is shown in the upper part
of Fig. 4, which was recorded one day after the start. The scattered
intensity signal is in the low kHz regime or even below, since pro-
tein is very small in size (≈1 nm). The signal-to-noise ratio and also
natural misalignment due to thermal changes and vibrations in
the floor lead to low intercepts in the range of 0.4 to 0.8 in the
autocorrelation functions g(1) (q, τ).

The angle ϑ3 = 115○ in combination with the red laser
resulted in an unusual autocorrelation functions with a reproducible
oscillatory feature at the second decay (see top most curve in Fig. 4).

FIG. 4. Top: First order autocorrelation function of the 30 mg/ml apomyo-
globin solution in the Bio-Oven recorded one day after the measurement
beginning. The black solid lines are fit functions using the CONTIN algorithm
by Provencher. Bottom: Obtained distribution G(τ) from the CONTIN fit of
g(1)
(q, τ) = ∫ G(τ′)exp(−τ/τ′) dτ′.
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FIG. 5. Left: Distribution of the hydrodynamic radii obtained from the same measurement shown in Fig. 4 by using the Stokes-Einstein Eq. (5). No volume or mass correction
was applied. Right: Temporal variation of rH,1 and rH,2 obtained from the three scattering angles during the whole measurement time over five days. For ϑ1 in combination
with the red laser no meaningful radii could be extracted due to the oscillation feature in g(1)

(q, τ) as shown in Fig. 4.

Kang and Sadakane previously reported on oscillations in autocor-
relation functions caused by an external electric field for lysozyme
solutions.28 However, this feature was not observed at the very same
scattering angle under usage of the green laser and thus the origin is
not clear up until now.

The CONTIN algorithm by Provencher was used to fit the
other five meaningful autocorrelation functions and produced a dis-
tribution of decay times G(τ), which is shown exemplary for one
measurement in the lower part of Fig. 4. Furthermore, these decay
times can be converted into respective hydrodynamic radii using
Eq. (5) with known scattering geometry, viscosity and tempera-
ture of the sample. The viscosity of the sample was determined to
η = 2.1 mPa s using the rolling ball viscometer Lovis 2000 M/ME
from Anton Paar (T = 10 ○C). On the left hand side of Fig. 5
the resulting hydrodynamic radii distribution is shown, which is
obtained by converting the G(τ) vs τ datasets to G(τ) vs rH datasets
using Eq. (5). The graph does not represent an actual volume or mass
distribution, since size dependency of the scattered light intensity
was not taken into account, which needs to be considered to quantify
volume fractions of different species. The rH,1 value is in the order of
3 nm and is a reasonable value for the monomeric unfolded pro-
tein. A second species with a rH,2 value in the order of 100 nm could
represent aggregates of the protein.

These distributions suggest that the data can be described by
a double exponential decay. For this reason, the data over the whole
measurement time of five days was evaluated by fitting the first order
autocorrelation function with a double exponential decay of the
form y(τ) = A1 ⋅ exp(−τ/τ1) + A2 ⋅ exp(−τ/τ2). Using both decay
times from the fit function two hydrodynamic radii were calculated
as described above. The time dependent variation of these hydro-
dynamic radii rH,1 and rH,2 were plotted vs the elapsed time since
measurement start on the right hand side of Fig. 4. The time depen-
dent behavior of rH,2 for different scattering angles is noteworthy
in contrast with a rather temporally constant rH,1. The maximum

deviation from the mean rH,2 amounts to 20%. No increasing trend
was observed among the hydrodynamic radii, so the sample can be
regarded as stable over time.

D. First neutron measurement with in situ
DLS measurements

At first measurements with a graphite powder reference sample
were performed using the DLS position of the new sample envi-
ronment and compared with the reference sample position. The
reference sample was in a quartz glass cuvette with a sample thick-
ness of 4 mm. The chosen momentum transfer for the reference
sample was q = 0.1 Å−1 and Fourier times ranging from 0.50 up
to 50 ns were measured. No significant differences between the
DLS position in the Bio-Oven and the reference position could be
observed as shown in Fig. S6 in the supplementary material.

Afterward, the Bio-Oven was used for a first neutron measure-
ment with DLS on the protein sample apomyoglobin (24 mg/ml)
in 3M guanidinium chloride. It was also filled in the 4.0 mm
quartz glass cuvette. The data of the neutron measurement seemed
trustworthy and the new Bio-Oven showed no indications to have
impact on the neutron experiment.

The DLS measurement duration was set to 300 s and only
the red laser was used. Only two scattering angles (ϑ1 = 75○ and
ϑ3 = 115○) were installed at that time. Figure 6 shows some of the
recorded autocorrelation functions g(2) (q, τ).

For both scattering angles, two characteristic decay times could
be observed in all autocorrelation functions and, thus, were fit with
a superposition of exponential decays providing τ1, τ2, A1, and A2. It
turns out that the fit parameters of the first decay stay nearly constant
over the whole measurement duration, but the second decay shows
some nonsystematic fluctuations. A closer look at the extracted τ2 at
q = 0.022 nm−1 over time shows a slight continuous linear increase.
The amplitude ratio A2/(A1 + A2) is also of interest, because it is
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FIG. 6. Recorded second order autocorrelation functions g(2)
(q, τ) of the protein sample apomyoglobin during the first neutron measurement with two scattering angles

ϑ1 = 75○ (upper graphs) and ϑ3 = 115○ (lower graphs). Here, as an example 0, 5, 10, . . ., 30 h after the neutron measurement start. The data were fit with a superposition
of the exponential decays. The extracted τ2 and normalized amplitudes of the second decay are plotted vs time to detect a possible change in the aggregation state of the
sample.

proportional to the volume fraction of particles with larger size. Also
here a slight increase is observed over time, but only in the second
scattering angle with q = 0.022 nm−1.

V. DISCUSSION AND OUTLOOK
The newly developed sample environment Bio-Oven for the

Jülich Spin Echo Spectrometer J-NSE Phoenix features a fine tem-
perature control and a three angle two laser colors in situ dynamic
light scattering setup. It is in routine user operation now and
has proven its reliability. It follows a similar fiber based modular
concept as shown in Balacescu et al.20 It takes into account that
spin echo measurement times on one sample are often on the
order of hours to days, so a multi-position sample changer is less
important than in small angle neutron scattering (SANS) beam
times. Instead, a fine temperature control is required, which is
provided by the presented Bio-Oven. Its in situ DLS option is con-
structed in a way that always two scattering angles are aligned
independent of the thickness of the cuvette. These are the scatter-
ing angles on the left side in reflection geometry to the incoming
laser beam [see Fig. 1(a)]. The third scattering angle needs some
adjustment depending on the thickness of the cuvette in use. This
provides the possibility to switch between cuvettes of different thick-
nesses without the need for re-alignment for at least two scattering
angles. A similar concept has been followed by Schmid et al. for an
in situ DLS at a future SANS instrument.18 Here, a big optical
table is used as a base on which the pre-aligned DLS setup is fixed
together with a 96 position sample changer. This also minimizes
optical alignment needs when switching to the in situ DLS option.
Just the optical table as a whole has to be aligned to the neu-
tron beam. This is also true for the Bio-Oven presented here. The
sample stage of the J-NSE Phoenix moves vertically to change the
sample.

The in situ DLS setup has been characterized first with silica
nanospheres. Here, dynamic light scattering and even static light
scattering could be performed. The results could be compared with
values obtained by standard bench top lab instruments such as the
Malvern Zetasizer. The obtained hydrodynamic radii in Table II are
consistent with one another and, in general, show good agreement
with the measured values obtained by the commercial device. The
radius of gyration as determined from transmission electron micro-
scopy images is given for a reference in Table II and furthermore
confirms our measurements.

The static light scattering experiment with the silica
nanospheres with a nominal diameter of 300 nm showed that
it is basically possible to perform meaningful static light scattering
with six different momentum transfer values q. The fit functions
describe the recorded data well and also the obtained fit parameters
of Table III are in good agreement with the nominal values supplied
by the manufacturer of the nanoparticles. The amplitude A increases
linearly with the concentration and the radius R reflects the size of
the nanoparticles remarkably well.

However, these measurements were made with rather large
particles and real samples are typically one or two orders of
magnitude smaller. This is why a realistic protein test sample
has been employed to perform a long term test of the Bio-Oven
setup.

The collected autocorrelation curves of the protein sample
apomyoglobin could be fitted either with a CONTIN algorithm or
with a double exponential decay function. The first approach pro-
vides a realistic size distribution plot at all times during the neutron
measurements and the second approach leads to a data reduction,
which makes it simpler to set limits for events such that an e-mail
is sent out to the actual user of the current beam time in order to
raise awareness that the sample aggregation state has changed above
these limits. The implementation of the Bio-Oven in the instrument
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control software allows here for many options that the user can
choose from.

Figure 4 shows a typical set of autocorrelation functions
recorded one day after the measurement beginning. The observed
differences between the measurements with the red and green
laser can possibly be explained due to different scattering volumes.
A different beam displacement is caused at the air-glass-solvent
interface using two lasers, because the refractive index n(λ) depends
on the wavelength. The difference was theoretically calculated to
approximate 8 μm, which is significantly below the beam diameter
and, therefore, the scattering volume only changes slightly.

Due to high concentrations of the apomyoglobin sample of
30 mg/ml also the phenomenon of multiple scattering can finally
not be excluded to impact the measurements. Furthermore, for a
quantitative analysis of the DLS correlation functions the phenom-
ena related to collective effects have to be kept in mind at higher
sample concentrations. In the proximity of peaks in the structure
factor S(q), relaxation times get large [i.e., 1/τ ∝ 1/S(q)], known as
“de Gennes narrowing.”29 At high concentrations and very low q in
DLS compared with NSE, it is furthermore possible that collective
dynamics are probed at the DLS length scale at higher concentra-
tion, while single particle dynamics on the much smaller local length
scales of NSE is relevant, which has to be taken into account for
quantitative modeling of the data. Nevertheless, the long-term test
suggests that the sample stayed stable over the whole duration of
five days, since obtained hydrodynamic radii of one specific q-value
stays constant with respect to the usual long term fluctuations and
with respect to the uncertainty of measurement.

The recorded autocorrelation functions from the first in situ
DLS measurements in combination with neutron scattering were
made with an earlier version of the setup that only included two
scattering angles. The Bio-Oven was comparable to a standard sam-
ple holder in terms of NSE performance and showed no change in
the resolution function of the spin echo instrument J-NSE. This con-
firmed that the Bio-Oven has no influence on the spin echo data. In
fact, the aggregation state of the sample could be monitored over
hours and a slow aggregation process could be detected, which did
not prove relevant for the spin echo data quality due to its small
volume percentage.

It is up to the experiment leader to choose whether one wants
to use only one laser color or one scattering angle or whether to
employ only limits on the transmission of the sample. One can also
program the frequency and the duration of the individual dynamic
light scattering measurements. The recorded data can be processed
online or can be downloaded remotely from any client connect-
ing to the instrument control software NICOS of the spin echo
instrument J-NSE.

In conclusion, we demonstrate the features of the newly devel-
oped sample environment Bio-Oven for the J-NSE Phoenix spin
echo spectrometer at the MLZ. It provides temperature control for
two sample cuvettes between 5 and 70 ○C. It allows us to mea-
sure DLS curves at three scattering angles simultaneously with
two laser colors subsequently in situ and will now serve as a rou-
tine sample environment for biological samples, which require
fine temperature control. We show that the aggregation state of
a realistic protein sample can be monitored over hours while
having no negative influence on the spin echo measurements. In
the future, one could use this fiber-based platform for implementing

other optical-based measurement techniques in situ e.g., Ultraviolet-
Visible spectroscopy.

SUPPLEMENTARY MATERIAL

The supplementary material includes Fig. S1 showing the cal-
culation of the scattering angles using geometric relations, the com-
plete list of the optical components used (see Table S1), and a view
into the laser housing (Fig. S2). Furthermore, it provides a schematic
drawing of the entire in situ setup in Fig. S3. Figure S4 shows the
temperature stability at the sample cell over a 15 h period. Figure
S5 reports the DLS data recorded for the silica spheres with 20 and
300 nm nominal diameter. Finally, Fig. S6 shows the reference spin
echo measurement with a graphite powder sample in the sample cell
of the Bio-oven.
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