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Small Angle Neutron Scattering from Nanodroplet Aerosols
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We report the first measurements of small angle neutron scattering from an aerosol. The aerosol w
produced by expanding aD2O-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 densitys,1012 cm23d, 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 th
directed motion of the aerosol in the nozzle. Further applications of this new technique are discusse
[S0031-9007(97)03588-6]
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Small angle neutron scattering (SANS) is a powerf
tool for examining the structure of matter in the 1
100 nm range. It has been used with great succ
to elucidate the properties of complex fluids such
microemulsions [1] and polymer solutions [2]. To ou
knowledge, it has never before been used to examine
properties of an aerosol, that is, a suspension of liqu
droplets or solid particles in a carrier gas. The technic
challenges that make this application so difficult a
best understood by directly comparing the characterist
of aerosols and microemulsions. Microemulsions a
relatively easy to examine using SANS because less th
1 cm3 of material is required per sample, the sampl
are stable, the volume fraction of the disperse phasen

is usually in the range 0.01–0.9, and the droplet numb
density N is typically .1016 cm23. An aerosol, in
contrast, is not stable and must be produced continuou
in the neutron beam line. Furthermore, the scatteri
signals from aerosols will be many orders of magnitud
smaller than from microemulsions becausen generally
lies below ,1025, and finite nucleation rates and rapi
coagulation combine to keepN below,1014 cm23.

Despite these technical difficulties, there are compellin
reasons for applying SANS to an aerosol of nanoparticl
First, particles with radiir , 10 nm are of special interest
because they lie at the transition between large molecu
clusters and the bulk. Second, examining an aerosolin situ
with a noninvasive technique can deepen our fundamen
understanding of aerosol formation and growth process
An even more exciting prospect is our eventual goal of u
ing SANS to determine the composition and internal stru
ture of multicomponent nanometer sized droplets. Befo
tackling these more exotic applications, however, we mu
first prove that aerosol SANS experiments are feasible.

Below we describe the first successful application
SANS to study a condensation aerosol. We usedD2O
for these experiments because of its similarity toH2O,
an important subject of condensation studies, and beca
0031-9007y97y79(3)y431(4)$10.00
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its large scattering length and low incoherent scatteri
cross section enhance the coherent scattering sig
To reliably produce aerosols withN . 1012 cm23 and
a mean particle radiuskrl , 10 nm [3], we used a
supersonic nozzle to rapidly expand dilute vapor mixtur
of D2O andN2.

The basic features of condensation in a superso
nozzle are well understood [4,5]. In the absence
condensation, the pressure, density, and temperature of
gas mixture fall isentropically as the expansion procee
(see Fig. 1). The rapid temperature decrease causes
condensable vapor to become highly supersaturated,
the rate of particle formation by homogeneous nucleati
increases rapidly. Peak nucleation rates (inferred

FIG. 1. Top: a longitudinal section through the nozzle show
the location of the observation region. The nozzle has
rectangular cross section; the throat height and width are
and 1.23 cm, respectively. Downstream of the throat the upp
and lower nozzle walls diverge at an angle of1.8±. Bottom:
pressure traces for conditions close to those of experiment 3
© 1997 The American Physical Society 431
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modeling [4]) can easily reach1018 cm23 s21. Growth
of the particles depletes the vapor, quenching nucleatio
Consequently, most of the particles form in a burs
of nucleation lasting only a few microseconds. Th
phase transition is accompanied by latent heat relea
that renders condensation observable as a deviation
the pressure (or density) from the isentropic profile (se
Fig. 1). The total heat released per unit volume of flow,Q
s~Nkr3ld, can be determined from the measured isentrop
and condensing flow curves [4,5]. Unfortunately, it is no
possible to uniquely determineN, krl, and the width of
the aerosol size distribution,s, from this information [6].

Light scattering can complement pressure or de
sity measurements [6], but its utility is limited becaus
the dropletss,1 10 nmd are much smaller than the
wavelength of visible lightsl , 400 700 nmd. In the
Rayleigh regime,skrlyl ø 1d, the light scattering inten-
sity is proportional toNkr6l and is independent of the ob-
servation angle. To determineN andkrl from Nkr3l and
Nkr6l requires the strong and generally invalid assum
tion that the aerosol is monodisperse.

The advantage of cold neutrons over light for prob
ing nanoparticle aerosols is that the wavelength rang
l . 0.5 2 nm, is comparable tokrl . 1 10 nm. Be-
cause the neutron scattering intensityIsqd is a strong func-
tion of the momentum transfer wave vector,q, in the
experimentally accessible range, we can obtain reliab
values forN , krl, ands directly from the data with only
a much weaker assumption about the general shape of
size distribution, e.g., Gaussian or log normal.

Our Laval nozzle, depicted in Figs. 1 and 2, is machine
from aluminum following the simple design described b
Stein [7]. The side walls contain2.5 3 7.5 cm2 Si win-
dows that are 1 mm thick and are essentially transparent
the neutrons. An advantage of this type of Laval nozzle
that the droplet number density and velocity along the o
tical path are constant because the flow is one dimensio
and the droplets move at right angles to the neutron bea
in the geometry of our experiment.

Maintaining steady supersonic flow requires a larg
constantN2 flow rate, e.g., 0.25 molys at a plenum pressure
of 44 kPa. To achieve this, we vaporize liquidN2 in
an aluminum heat exchanger consisting of six 3 m lon
finned tubes using room air as the heat source. At stea
state, theN2 exits the heat exchanger slightly below room
temperature, andD2O is added to the gas stream by evapo
ration from a heated piece of felt fed by a syringe pump
After the vapor mixture is cooled to the desired temper
ture, a high accuracy humidity probe (HMP233, Vaisal
Inc.) measures the vapor phase activity ofD2O [8]. The
mixture then enters the plenum, where the temperature a
pressure of the gas “at rest” are measured. After traversi
a short flow straightener, the gas moves into the nozz
The flow through the system is maintained by two Busc
rotary vane vacuum pumpsthat have a combined capac
of 0.13 m3ys. The entire apparatus is portable.
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FIG. 2. The aerosol is formed in the nozzle which sits in th
neutron beam. The scattering anglesu andf are defined. Two
contour lines of constant scattering intensity are shown on t
detector.

We used the NG7 beam line at NIST in Gaithersbu
with the detector placed 7.3 m from the nozzle at a 0.2
offset corresponding to aq range of0.1 # q # 3 nm21.
To enhance signal intensity we used a long scattering zo
shown in Fig. 1, well downstream of onset, where the pa
ticle size distribution changes very slowly because co
densation is nearly complete. The raw scattering intens
was corrected by subtracting the scattering intensity of t
nozzle in the absence of condensation. The corrected s
tering intensity was then normalized by dividing by th
incoherent scattering intensity ofH2O and placed on an
absolute scale by calibrating with a standard silica gel ce
We used 0.5 nm wavelengthsDlyl ­ 0.15d neutrons be-
cause the neutron flux is highest at short wavelengths.
examined five different condensable vapor concentratio
and for one condensable partial pressure,py ­ 1.07 kPa,
we varied the total plenum pressure. Table I summariz
the experimental conditions and results.

An interesting complication in our experiments, arisin
from the directed motion of the particles, is that th
momentum of the scattered neutrons is Doppler shift
in the laboratory reference frame. By analyzing th
kinematics of two body elastic scattering, we may expre
q in terms of the laboratory variables as [10]

q ­ qi

∑
1 1

yp

yn
sinu cosf 1

µ
yp

yn
cosf

∂2∏1y2

. (1)

Here, qi ­ s4pylid 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, andf is the azimuthal angle in the
plane of the detector (see Fig. 2). Since the velocity
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 intens
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TABLE I. Summary of the experimental conditions and results. Shown are the total pressurep0, condensable vapor pressurepy ,
inlet temperatureT0 in the plenum (nozzle inlet), our best modeling estimates for the temperatureT and particle velocityyp in the
observation region [9], the Guinier slope and intercept, andkrl, s, andN. We estimate that the latter three values are accurate
620%.

Expt. p0 py sD2Od T0 T yp Slope Intercept krl s N
No. (kPa) (kPa) (K) (K) (mys) snm2d ln[Is0d] (nm) (nm) s1012 cm23d

7 58 6 1.3 1.306 0.05 3046 0.4 241–253 410–450 227.45 22.834 7.8 2.3 1.4
6 67 6 4.0 1.076 0.04 2996 0.4 227–242 410–460 225.96 23.170 7.1 2.4 1.4
5 60 6 1.3 1.076 0.04 2996 0.4 231–244 410–450 226.47 22.979 7.5 2.3 1.4
4 44 6 1.3 1.076 0.04 2996 0.4 240–251 400–440 224.80 23.156 7.1 2.3 1.5
1 44 6 1.3 0.806 0.03 2936 0.4 226–239 410–450 220.22 23.712 6.3 2.1 1.7
2 44 6 1.3 0.606 0.01 2896 0.4 217–231 400–440 217.70 24.078 5.6 2.1 2.0
3 44 6 1.3 0.476 0.01 2866 0.4 210–224 400–440 214.22 24.635 5.2 1.8 2.0
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pattern is anisotropic in the laboratory reference frame a
may be calculated from [10]

Isqd ­ SjNsrjdPsq, rjd
µ

1 1 2
yp

yn
sinu cosf

∂
, (2)

where Nsrjd is the number density of particles with
radius rj , Psq, rjd is the particle form factor [11], and
q is defined in Eq. (1). The droplet motion changes th
usual circular scattering pattern into a nearly elliptical on
(see Fig. 2). Figure 3 shows experimental and theoretic
traces of scattering intensity as a function off at constant
u. The predictions were made with Eqs. (1) and (2
and the experimental Gaussian particle distribution f
spherical droplets (see below and Table I). The goo
agreement supports the theory. Properly interprete
better data of this type will enable us to directly determin
particle velocities.

Figure 4 shows̄Isqid, the absolute scattering intensity
averaged overf versusqi for experiment 1 after almost
5 h of signal integration. For experiments 2–7, w
integrated for shorter times, 7 min–2 h, to minimizeD2O
consumption and to maximize the number of condition
we could observe. All of the scattering patterns a
similar to the pattern shown in Fig. 4 and are consiste

FIG. 3. Thef dependence of the scattering intensity at con
stantu for experiment 1. Experimental and theoretical trace
are shown foru corresponding toqi ­ 0.2 and0.3 nm21.
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with those for a unimodal, polydisperse distribution o
spherical droplets.

To extract the key parameters of the particle siz
distributions, we first made a Guinier plot for each data s
(see Fig. 5) and fit the linear regions9.8 3 1023 nm22 ,

q2
i , 1.2 3 1021 nm22d using a weighted least-square

procedure [12]. We then fit calculated scattering curves
the experimental results by varyingjs­ sykrld [13]. The
calculations were made with Eqs. (1) and (2), a Gauss
form for Nsrjd, yp ­ 400 mys, and the scattering length
density,rD2O ­ 6.4 3 1010 cm22 [14].

From Table I, we see thatkrl increases withpy but
does not depend strongly onp0 and that s increases
with py while N decreases. These trends are consist
with our understanding of nucleation and growth in
supersonic nozzle since a higher value ofpy leads to
particle formation over a longer time period and thus
a broader size distribution [6]. Values ofn derived from
the SANS data are also consistent with the initial vap
concentrations.

In conclusion, our experiments clearly demonstrate th
SANS can be successfully used to study the propert
of nanodroplet aerosols. The angularly resolved, absol

FIG. 4. The SANS spectrum forD2O nanodroplets in the
supersonic nozzle for experiment 1. The solid line is calculat
for a droplet distribution with the parameters shown.
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FIG. 5. The Guinier plots for the seven data sets. Th
intensities for experiments 4, 5, and 6 are on an absolute sc
For clarity, the other data sets have been offset by factors of
and error bars have been omitted. The good agreement am
experiments 4–6 shows that anyp0 dependence is smaller than
our current experimental uncertainty range.

scale intensity measurements let us draw a far more
tailed picture of the aerosol than was previously possib
using conventional light scattering. Even with these pr
liminary experiments, we were able to confirm the sphe
cal nature of the droplets and, moreover, determine th
concentration, mean radius, and polydispersity. In futu
experiments we will reduce the background scattering
the inflection seen in the theoretical curve in Fig. 4
higher q should be clearly observed. With cleaner dat
direct Fourier transformation [15] should then permit u
to extract the interfacial profile. Furthermore, it shoul
be possible to experimentally determine the compositi
of uniformly mixed binary droplets. Finally, the study
of multicomponent droplets with inhomogeneous distrib
tions of matter will become accessible to direct expe
mental determination.
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