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Neutron reflectometry offers a unique opportunity for the direct observation of nanostratification in
3He-4He mixtures in the ultra-low temperature limit. Unfortunately the results of recent experiments

could not be well-modelled on account of a seemingly anomalous variation of reflectivity with mo-

mentum transfer. We now hypothesize that this effect is attributable to an optical distortion caused by

the liquid’s meniscus near the container wall. The validity of this idea is tested and confirmed through

a subsidiary experiment on a D2O sample, showing that the meniscus can significantly distort results

if the beam size in the horizontal plane is comparable with, or bigger than, the diameter of the con-

tainer. The meniscus problem can be eliminated if the beam size is substantially smaller than the di-

ameter of the container, such that reflection takes place only from the flat region of the liquid surface

thus excluding the meniscus tails. Practical measures for minimizing the meniscus distortion effect

are discussed. VC 2016 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/).
[http://dx.doi.org/10.1063/1.4941005]

Introduction

Neutron reflectometry (NR) has proved to be a powerful

tool for studying nanolayers and buried interfaces, especially in

view of its suitability for use with a bulky sample environment.

This is because neutrons are very penetrating when compared

to x rays, so that they can pass through aluminium vessel walls

up to �1 mm thick, without noticeable degradation of the inci-

dent beam intensity. Neutrons also have a scattering power,

known as the scattering length (b) that varies quasirandomly

across the periodic table, in contrast to x rays which vary as Z4,

where Z is the proton number.1 This means that different iso-

topes of the same element can have very different scattering fac-

tors. In the case of 4He the coherent scattering length is 3.26 fm,

with no incoherent scattering or significant neutron absorption.

For 3He, on the other hand, the situation is significantly different

with a coherent scattering factor of 5.74� 1.483i fm, where the

imaginary number represents a resonant absorption term; it

also has a significant incoherent scattering factor of �2.5…

þ 2.568i fm that leads to a neutron scattering background.

The information that is obtained by using neutron reflec-

tivity is called the scattering length density (SLD) profile an

example of which is shown in Fig. 2(b). SLD is the product

of the scattering factor b (fm) and the atomic number density

N (atoms/Å3) and is quoted in units of �10�6 Å�2, this is

usually shown as a function of depth down into the surface

that is being reflected off. Hence both the atomic composi-

tion and its density are measured. The SLD profile is

obtained by iteratively fitting a reflectivity model to the

measured reflection data and allows quantities such as sur-

face roughness, thickness and SLD to be ascertained.

Thanks to the nm wavelength often used in neutron

reflectivity, this method is particularly efficient in investigat-

ing layers of different atoms (multilayers) with almost

atomic-plane precision and distinct physical properties,2,3 or

in modelling biological nanomembranes4 especially for light

elements in the periodic table.

More than four decades ago NR was used for the first time

at low temperatures (at 1.23 K) for measuring the real part of

the bound-atom coherent neutron scattering length of 3He by

comparing the reflectivities of quartz-liquid-3He and quartz-

liquid-4He interfaces. This parameter was found to have the

value (6.1 6 0.6) 10�13 cm.5 Much later the reflection of neu-

trons was observed for the first time from the free surface of

liquid 4He.6 These experiments showed that the 4He surface is

smoother in the superfluid state at 1.54 K than in the case of the

normal liquid at 2.3 K. In the superfluid state a �200 Å thick

surface layer was found that has a subtly different neutron scat-

tering cross-section, which may be explained by an enhanced

Bose-Einstein condensate fraction close to the helium surface.

In later experiments with neutron reflection from the

free surfaces of commercially pure 4He and of a 3He-4He

mixture with a 3He concentration of 0.5% it was found that

the addition of 3He isotopic impurities could be leading to

the formation of Andreev levels7 at low temperatures

(around 0.3 K) resulting in the formation of a diffusive 3He

nanolayer with a thickness of a few hundred Å on the bulk
4He liquid surface.8,9 Unfortunately, useful numerical analy-

sis of the experimental data turned out to be impossible. We

hypothesise that this unexpected effect was due to an optical

distortion caused by deviations from flatness of the liquid

surface and, in particular, its meniscus at the wall of the con-

tainer. In what follows, we test this idea. We describe an

investigation of the influence of a meniscus on liquid reflec-

tometry data and we will propose measures to minimize the

resultant optical distortion effect in reflectometry experi-

ments with the liquid helium isotopes. The results are also

applicable to reflectometry from liquids more generally,

wherever there is the possibility of a meniscus.

1063-777X/2016/42(2)/4 VC Author(s) 2016.152

LOW TEMPERATURE PHYSICS VOLUME 42, NUMBER 2 FEBRUARY 2016

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  148.88.176.132 On: Wed, 06 Apr 2016

12:59:48

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4941005&domain=pdf&date_stamp=2016-02-01


Optical distortion of liquid helium surface

Andreev predicted theoretically7 that, for dilute 3He in
4He mixtures at zero temperature, 3He atoms will congregate

in Andreev states at the surface, forming a 2D Fermi gas. He

proposed that these states consist of 3He quasiparticles bound

to the liquid surface. The surface effective mass M of a 3He

quasiparticle differs from the bulk effective mass, which

should result in a 2D layer of Fermi particles, in this case 3He

atoms. This picture is only applicable for less than one 3He

monolayer. If the density of 3He atoms is such that there are

enough atoms to form more than one monolayer then the

adsorbed layer of 3He may behave like a 2D Fermi liquid not

very different from pure bulk 3He. This picture is based on

the results of surface tension experiments,10,11 surface elec-

tron mobility data,12,13 and a theoretical model.11 A direct ex-

perimental observation of an atomically thin, single, abrupt
3He layer on the surface of a dilute 3He/4He mixture has not

yet been achieved, and no information is available about the

distribution of 3He near the helium surface as a function of

depth. If it were possible to create and control such an experi-

mental system, it would provide an almost ideal model for

studying 2D/3D Fermi liquid surface excitations14,15 and it

could be used in the search for a superfluid transition in 2D
3He on the surface of nanoseparated 3He/4He liquid mix-

tures.16 Neutron reflectometry offers a unique opportunity for

direct observation of nanostratification/interdiffusion of the
3He/4He mixture in the ultra-low temperature limit.

In our initial experiments on neutron reflection from liq-

uid helium surfaces6,8,9 at the ISIS neutron scattering facility,

we used the general-purpose time-of-flight (TOF) polarized

reflectometer CRISP;17 in later experiments we used the next-

generation reflectometer POLREF.18 The experimental set-up

used for the liquid helium experiments is described in Ref. 6.

We thus investigated the surface properties of liquid
3He/4He mixtures by neutron reflection for temperatures in

the range 0.08 K < T < 2.2 K (Refs. 8 and 9) both for com-

mercial helium with �0.3 ppm (3 � 10�5%) of 3He, and for

a stronger 0.1% 3He/4He mixture. We also collected neutron

reflection data from very high purity 4He with �3 ppb of
3He (3 � 10�7%),21 which gave us the opportunity of study-

ing the ideal case of almost pure 4He.

Data were collected as a function of intensity normal-

ized to an incident beam measurement vs. angle. One fixed

angle was used on each beamline for the wavelength ranges

0.5–6.5 Å on CRISP and 1–12 Å on POLREF, respectively,

using the TOF method. Note that this was not monochro-

matic scattering. The momentum transfer Qz is inversely

proportional to the neutron wavelength k

Qz ¼
4p
k

sin h;

where h is the fixed angle of incidence in TOF operation.

Figure 1 shows reflectivity curves collected from the

surface of high-purity liquid 4He at different temperatures:

the results for 2.3, 1.5, and 0.4 K are almost identical within

their error bars (Fig. 1(a)). In the case of a 0.1% of 3He in
4He mixture, however, the situation is completely different

(Fig. 1(b)). At 2.3 K the reflectivity curve coincides with the

pure 4He case because the 3He is effectively diluted and

does not scatter strongly, but when the temperature is

decreased to 1.5 K the reflectivity curve deviates from the

high temperature one. At 0.4 K the difference is even larger,

most likely due to the formation of a significant diffuse layer

of 3He near the surface. This layer would scatter much more

strongly than bulk 4He, whence the increase in the reflectiv-

ity, but it would also generate more incoherent scattering,

thereby increasing the neutron background.

These experimental results allow us to infer the forma-

tion of denser 3He layer, probably consisting of occupied

Andreev states near the surface of the bulk liquid. However

we failed to fit a quantitative neutron reflection model to the

data, so that we could not evaluate specific parameters of the

diffuse layer for comparison with the corresponding theoreti-

cal values. The main obstacle to data fitting is an unexpected

“bump” that can be observed on all curves for Qz around

0.01 Å�1, which is not predicted by the standard reflectome-

try model (solid blue line in Fig. 2(a)).

In Fig. 2(a), we show data for isotopically purified 4He,

fitted with the NR model described in Refs. 19 and 20 with

the GenX x-ray and neutron reflectivity fitting package.23

This data agrees exceptionally well with the model, having a

figure of merit v2 ¼ 1:4. A v2 of 1 is considered a perfect fit.

The SLD profile is also good replication of that shown in

Ref. 6 as in this paper we have refitted the original data set

with the new fitting package to check the validity of the ini-

tial model. For the scientific implications of the SLD profile

FIG. 1. Surface reflectivity curves collected at different temperatures: 2.3,

1.5, and 0.4 K from (a) isotopically purified helium; and (b) 0.1% 3He/4He

mixture. We hypothesise that the seemingly anomalous “bump” indicated

by the arrow in Fig. 1(a) is attributable to optical distortion caused by the

liquid helium meniscus.
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we again direct you to Ref. 6. It should be noted at this point

that the density of liquid 4He changes with temperature and

has to be taken into account in the initial calculation of the

He isotope SLD. The experimental data22 used to seed the

fits is displayed in Fig. 2(c). An essential difference between

the two experiments displayed in Figs. 1 and 2, was that the

horizontal dimension (beam footprint) of the neutron beam

in the high-purity 4He experiment was only 70% of the cell’s

inner diameter (31.4 mm) whereas, in the new experiment,

the beam dimension was several times that of the cell diame-

ter. We suggest that it was this increase in beam dimension

relative to the cell that was responsible for the “bump” in

Fig. 1(a), because it would have brought the meniscus of the

liquid helium, i.e., a surface of variable height, into the

beam.

Having a beam footprint significantly smaller than the

diameter of the cell in the old experiment would have mini-

mized distortion due to the meniscus, but it also made the

data collection time much longer (on the order of several

days rather than hours). Our new experiment, with a beam

dimension comparable with the diameter of the cell facili-

tated much faster data collection, adequate for completion

within the beam-time allocated for this experiment—but

would have suffered from the putative distortion effect. It is

worth mentioning that in the new experiment we used a 3He

evaporation refrigerator Heliox VL
VR

. This meant an addi-

tional two layers of aluminum from refrigerator’s vacuum

can windows with a combined thickness of �1 mm, as com-

pared to the old measurement cryostat. This additional alu-

minum in the beam slightly increased the background signal

and beam degradation, and made measurements take slightly

longer, but was corrected for in the direct incident beam

measurement used to normalize the reflectivity.

Model tests with liquid D2O surface

To test the hypothesis, a more trackable system was

required in order to quantify the effects of the meniscus vs.
the size of the beam footprint. Heavy water (D2O) was cho-

sen because it produces high-intensity neutron reflection due

to the large scattering factor of deuterium (6.671 fm). This

allows relatively quick measurements, with high contrast,

using an area detector. The area detector is often referred to

as a 1D detector, where the time of flight generates a second

dimension for the area maps. As can be seen in Fig. 3, if the

beam dimension in the horizontal plane is approximately

50% smaller than the diameter of a 65-mm container half-

filled with liquid D2O, no distortion can be observed.

However if the beam dimension in the horizontal plane is

comparable (90%) with the container diameter of 34 mm (as

in the new cell used for the helium experiments) there is sig-

nificant optical distortion due to the meniscus (Fig. 4). The

periodic pattern in the reflection signal may be attributed to

the interference of neutron waves on a curved surface.24

FIG. 2. (a) High-purity 4He NR curve with fit, taken with a beam foot print 70% the size of the sample can diameter. (b) SLD profile used to generate the NR

fit in the first panel and (c) low-temperature liquid densities for 3He and 4He isotopes.

FIG. 3. Reflectivity signal maps shown on an area detector from a D2O surface in a sample cell of 65 mm diameter. The neutron beam’s horizontal dimension

is significantly smaller than cell’s diameter. There is no distortion due to the effect of the meniscus.
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This further illuminates the difference between the pure 4He

and mixed isotope data sets.

Conclusion

We have attributed seemingly anomalous neutron reflec-

tivity data from liquid helium to the influence of the meniscus

at the container wall. We have shown that the meniscus can

significantly distort the reflectometry data if the beam size in

the horizontal reflection plane (beam footprint) is comparable

with the diameter of the container. We have also confirmed

that the effect is negated/reduced if the beam size is signifi-

cantly less than the diameter of the container such that it

largely avoids interacting with the surface of the curved me-

niscus. The most practical way of avoiding meniscus distor-

tion effects would be to increase the dimensions of the liquid

container such that the beam footprint reflects off the largest,

flattest, area possible, far from the region of the meniscus.

However, this inevitably carries implications for the effective

construction and operation of a sub-Kelvin cryostat system

due to the increase in heat load. We would recommend using

a rectangular vessel, where possible, to maximize the useable

surface area in the container, given that a circular geometry

does not utilize optimally the square beams used on most

reflectometers. We plan to implement both of these changes

in our further experiments utilizing neutron reflectometry to

study nanolayered 3He formed at the surface of weak 3He/4He

mixtures at ultra-low temperatures.

We thank the ISIS sample environment group for

valuable technical assistance. This work was supported by

the EPSRC Grant No. EP/F021429/1 “Critical and surface

phenomena of quantum fluids.”
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FIG. 4. Reflectivity signal maps shown on an area detector from a D2O surface in a sample cell of 35 mm diameter. The neutron beam’s horizontal dimension

is comparable with the cell diameter. We can see a periodic pattern in the reflection signal that can be explained by the interference of neutron waves on a

curved surface.
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