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We report the first measurements of small angle neutron scattering from an aerosol. The aerosol was
produced by expanding a D2 O-N2 vapor mixture in a supersonic Laval nozzle. The neutron wavelength
(0.5 nm) is less than the typical particle size, and we can therefore derive the average particle size (5–
8 nm), number density s,1012 cm23 d, and polydispersity of the size distribution directly from the
experimental data rather than by inferring them from complex models of particle formation and growth.
We also predict and observe a Doppler shift-induced anisotropy in the scattering pattern due to the
directed motion of the aerosol in the nozzle. Further applications of this new technique are discussed.
[S0031-9007(97)03588-6]
PACS numbers: 61.12.Ex, 47.40.Ki, 64.70.Fx, 82.70.Rr

Small angle neutron scattering (SANS) is a powerful
tool for examining the structure of matter in the 1–
100 nm range. It has been used with great success
to elucidate the properties of complex fluids such as
microemulsions [1] and polymer solutions [2]. To our
knowledge, it has never before been used to examine the
properties of an aerosol, that is, a suspension of liquid
droplets or solid particles in a carrier gas. The technical
challenges that make this application so difficult are
best understood by directly comparing the characteristics
of aerosols and microemulsions. Microemulsions are
relatively easy to examine using SANS because less than
1 cm3 of material is required per sample, the samples
are stable, the volume fraction of the disperse phase n
is usually in the range 0.01–0.9, and the droplet number
density N is typically .1016 cm 23 . An aerosol, in
contrast, is not stable and must be produced continuously
in the neutron beam line. Furthermore, the scattering
signals from aerosols will be many orders of magnitude
smaller than from microemulsions because n generally
lies below ,1025 , and finite nucleation rates and rapid
coagulation combine to keep N below ,1014 cm23 .
Despite these technical difficulties, there are compelling
reasons for applying SANS to an aerosol of nanoparticles.
First, particles with radii r , 10 nm are of special interest
because they lie at the transition between large molecular
clusters and the bulk. Second, examining an aerosol in situ
with a noninvasive technique can deepen our fundamental
understanding of aerosol formation and growth processes.
An even more exciting prospect is our eventual goal of using SANS to determine the composition and internal structure of multicomponent nanometer sized droplets. Before
tackling these more exotic applications, however, we must
first prove that aerosol SANS experiments are feasible.
Below we describe the first successful application of
SANS to study a condensation aerosol. We used D2 O
for these experiments because of its similarity to H2 O,
an important subject of condensation studies, and because
0031-9007y97y79(3)y431(4)$10.00

its large scattering length and low incoherent scattering
cross section enhance the coherent scattering signal.
To reliably produce aerosols with N . 1012 cm23 and
a mean particle radius krl , 10 nm [3], we used a
supersonic nozzle to rapidly expand dilute vapor mixtures
of D2 O and N2 .
The basic features of condensation in a supersonic
nozzle are well understood [4,5]. In the absence of
condensation, the pressure, density, and temperature of the
gas mixture fall isentropically as the expansion proceeds
(see Fig. 1). The rapid temperature decrease causes the
condensable vapor to become highly supersaturated, and
the rate of particle formation by homogeneous nucleation
increases rapidly. Peak nucleation rates (inferred by

FIG. 1. Top: a longitudinal section through the nozzle shows
the location of the observation region. The nozzle has a
rectangular cross section; the throat height and width are 0.5
and 1.23 cm, respectively. Downstream of the throat the upper
and lower nozzle walls diverge at an angle of 1.8±. Bottom:
pressure traces for conditions close to those of experiment 3.
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modeling [4]) can easily reach 1018 cm23 s21 . Growth
of the particles depletes the vapor, quenching nucleation.
Consequently, most of the particles form in a burst
of nucleation lasting only a few microseconds. The
phase transition is accompanied by latent heat release
that renders condensation observable as a deviation of
the pressure (or density) from the isentropic profile (see
Fig. 1). The total heat released per unit volume of flow, Q
s~Nkr 3 ld, can be determined from the measured isentropic
and condensing flow curves [4,5]. Unfortunately, it is not
possible to uniquely determine N, krl, and the width of
the aerosol size distribution, s, from this information [6].
Light scattering can complement pressure or density measurements [6], but its utility is limited because
the droplets s,1 10 nmd are much smaller than the
wavelength of visible light sl , 400 700 nmd. In the
Rayleigh regime, skrlyl ø 1d, the light scattering intensity is proportional to Nkr 6 l and is independent of the observation angle. To determine N and krl from Nkr 3 l and
Nkr 6 l requires the strong and generally invalid assumption that the aerosol is monodisperse.
The advantage of cold neutrons over light for probing nanoparticle aerosols is that the wavelength range,
l . 0.5 2 nm, is comparable to krl . 1 10 nm. Because the neutron scattering intensity Isqd is a strong function of the momentum transfer wave vector, q, in the
experimentally accessible range, we can obtain reliable
values for N, krl, and s directly from the data with only
a much weaker assumption about the general shape of the
size distribution, e.g., Gaussian or log normal.
Our Laval nozzle, depicted in Figs. 1 and 2, is machined
from aluminum following the simple design described by
Stein [7]. The side walls contain 2.5 3 7.5 cm 2 Si windows that are 1 mm thick and are essentially transparent to
the neutrons. An advantage of this type of Laval nozzle is
that the droplet number density and velocity along the optical path are constant because the flow is one dimensional
and the droplets move at right angles to the neutron beam
in the geometry of our experiment.
Maintaining steady supersonic flow requires a large,
constant N2 flow rate, e.g., 0.25 molys at a plenum pressure
of 44 kPa. To achieve this, we vaporize liquid N2 in
an aluminum heat exchanger consisting of six 3 m long
finned tubes using room air as the heat source. At steady
state, the N2 exits the heat exchanger slightly below room
temperature, and D2 O is added to the gas stream by evaporation from a heated piece of felt fed by a syringe pump.
After the vapor mixture is cooled to the desired temperature, a high accuracy humidity probe (HMP233, Vaisala
Inc.) measures the vapor phase activity of D2 O [8]. The
mixture then enters the plenum, where the temperature and
pressure of the gas “at rest” are measured. After traversing
a short flow straightener, the gas moves into the nozzle.
The flow through the system is maintained by two Busch
rotary vane vacuum pumpsthat have a combined capacity
of 0.13 m3 ys. The entire apparatus is portable.
432
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FIG. 2. The aerosol is formed in the nozzle which sits in the
neutron beam. The scattering angles u and f are defined. Two
contour lines of constant scattering intensity are shown on the
detector.

We used the NG7 beam line at NIST in Gaithersburg
with the detector placed 7.3 m from the nozzle at a 0.2 m
offset corresponding to a q range of 0.1 # q # 3 nm 21 .
To enhance signal intensity we used a long scattering zone,
shown in Fig. 1, well downstream of onset, where the particle size distribution changes very slowly because condensation is nearly complete. The raw scattering intensity
was corrected by subtracting the scattering intensity of the
nozzle in the absence of condensation. The corrected scattering intensity was then normalized by dividing by the
incoherent scattering intensity of H2 O and placed on an
absolute scale by calibrating with a standard silica gel cell.
We used 0.5 nm wavelength sDlyl  0.15d neutrons because the neutron flux is highest at short wavelengths. We
examined five different condensable vapor concentrations,
and for one condensable partial pressure, py  1.07 kPa,
we varied the total plenum pressure. Table I summarizes
the experimental conditions and results.
An interesting complication in our experiments, arising
from the directed motion of the particles, is that the
momentum of the scattered neutrons is Doppler shifted
in the laboratory reference frame. By analyzing the
kinematics of two body elastic scattering, we may express
q in terms of the laboratory variables as [10]
µ
∂2 ∏1y2
∑
yp
yp
sin u cos f 1
cos f
. (1)
q  qi 1 1
yn
yn
Here, qi  s4pyli d sinsuy2d, li is the wavelength of
the incident neutrons, yp is the particle velocity, yn is
the incident neutron velocity, u is the usual laboratory
scattering angle, and f is the azimuthal angle in the
plane of the detector (see Fig. 2). Since the velocity of
the particles in the observation region is ,400 mys or
roughly 50% of the speed of the 800 mys neutrons, q may
differ from qi by up to 14%. For slower neutrons, the
differences increase. The resulting 2D scattering intensity
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TABLE I. Summary of the experimental conditions and results. Shown are the total pressure p0 , condensable vapor pressure py ,
inlet temperature T0 in the plenum (nozzle inlet), our best modeling estimates for the temperature T and particle velocity yp in the
observation region [9], the Guinier slope and intercept, and krl, s, and N. We estimate that the latter three values are accurate to
620%.
Expt.
No.
7
6
5
4
1
2
3

p0
(kPa)
58
67
60
44
44
44
44

6
6
6
6
6
6
6

1.3
4.0
1.3
1.3
1.3
1.3
1.3

py sD2 Od
(kPa)
1.30
1.07
1.07
1.07
0.80
0.60
0.47

6
6
6
6
6
6
6

0.05
0.04
0.04
0.04
0.03
0.01
0.01

T0
(K)
304
299
299
299
293
289
286

6
6
6
6
6
6
6

0.4
0.4
0.4
0.4
0.4
0.4
0.4

T
(K)

yp
(mys)

Slope
snm2 d

Intercept
ln[Is0d]

krl
(nm)

s
(nm)

N
s1012 cm23 d

241–253
227–242
231–244
240–251
226–239
217–231
210–224

410–450
410–460
410–450
400–440
410–450
400–440
400–440

227.45
225.96
226.47
224.80
220.22
217.70
214.22

22.834
23.170
22.979
23.156
23.712
24.078
24.635

7.8
7.1
7.5
7.1
6.3
5.6
5.2

2.3
2.4
2.3
2.3
2.1
2.1
1.8

1.4
1.4
1.4
1.5
1.7
2.0
2.0

pattern is anisotropic in the laboratory reference frame and
may be calculated from [10]
µ
∂
yp
sin u cos f , (2)
Isqd  Sj Nsrj dPsq, rj d 1 1 2
yn
where Nsrj d is the number density of particles with
radius rj , Psq, rj d is the particle form factor [11], and
q is defined in Eq. (1). The droplet motion changes the
usual circular scattering pattern into a nearly elliptical one
(see Fig. 2). Figure 3 shows experimental and theoretical
traces of scattering intensity as a function of f at constant
u. The predictions were made with Eqs. (1) and (2)
and the experimental Gaussian particle distribution for
spherical droplets (see below and Table I). The good
agreement supports the theory. Properly interpreted,
better data of this type will enable us to directly determine
particle velocities.
Figure 4 shows Īsqi d, the absolute scattering intensity
averaged over f versus qi for experiment 1 after almost
5 h of signal integration. For experiments 2–7, we
integrated for shorter times, 7 min–2 h, to minimize D2 O
consumption and to maximize the number of conditions
we could observe. All of the scattering patterns are
similar to the pattern shown in Fig. 4 and are consistent

FIG. 3. The f dependence of the scattering intensity at constant u for experiment 1. Experimental and theoretical traces
are shown for u corresponding to qi  0.2 and 0.3 nm21 .

with those for a unimodal, polydisperse distribution of
spherical droplets.
To extract the key parameters of the particle size
distributions, we first made a Guinier plot for each data set
(see Fig. 5) and fit the linear region s9.8 3 1023 nm22 ,
qi2 , 1.2 3 1021 nm22 d using a weighted least-squares
procedure [12]. We then fit calculated scattering curves to
the experimental results by varying js sykrld [13]. The
calculations were made with Eqs. (1) and (2), a Gaussian
form for Nsrj d, yp  400 mys, and the scattering length
density, rD2 O  6.4 3 1010 cm22 [14].
From Table I, we see that krl increases with py but
does not depend strongly on p0 and that s increases
with py while N decreases. These trends are consistent
with our understanding of nucleation and growth in a
supersonic nozzle since a higher value of py leads to
particle formation over a longer time period and thus to
a broader size distribution [6]. Values of n derived from
the SANS data are also consistent with the initial vapor
concentrations.
In conclusion, our experiments clearly demonstrate that
SANS can be successfully used to study the properties
of nanodroplet aerosols. The angularly resolved, absolute

FIG. 4. The SANS spectrum for D2 O nanodroplets in the
supersonic nozzle for experiment 1. The solid line is calculated
for a droplet distribution with the parameters shown.
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FIG. 5. The Guinier plots for the seven data sets. The
intensities for experiments 4, 5, and 6 are on an absolute scale.
For clarity, the other data sets have been offset by factors of 10,
and error bars have been omitted. The good agreement among
experiments 4 –6 shows that any p0 dependence is smaller than
our current experimental uncertainty range.

scale intensity measurements let us draw a far more detailed picture of the aerosol than was previously possible
using conventional light scattering. Even with these preliminary experiments, we were able to confirm the spherical nature of the droplets and, moreover, determine their
concentration, mean radius, and polydispersity. In future
experiments we will reduce the background scattering so
the inflection seen in the theoretical curve in Fig. 4 at
higher q should be clearly observed. With cleaner data,
direct Fourier transformation [15] should then permit us
to extract the interfacial profile. Furthermore, it should
be possible to experimentally determine the composition
of uniformly mixed binary droplets. Finally, the study
of multicomponent droplets with inhomogeneous distributions of matter will become accessible to direct experimental determination.
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