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PHYSICAL REVIEW E VOLUME 60, NUMBER 4 OCTOBER 1999

Doppler shift anisotropy in small angle neutron scattering

B. E. Wyslouzil! G. Wilemski2 J. L. Cheund, R. Strey® and J. Barkér
!Department of Chemical Engineering, Worcester Polytechnic Institute, Worcester, Massachusetts 01609
2Department of Physics and Cloud and Aerosol Sciences Laboratory, University of Missouri-Rolla, Rolla, Missouri 65409
SInstitut fr Physikalische Chemie, Universitau Kdn, D-50939 Kdn, Germany
“4Cold Neutron Research Facility, National Institute of Standards and Technology, Gaithersburg, Maryland 20899
(Received 16 March 1999

The two-dimensional patterns in our small angle neutron scattdBANNS experiments from rapidly
moving aerosols are anisotropic. To test the kinematic theory of two-body scattering that describes the anisot-
ropy, we conducted SANS experiments using a constant source,@fderosol with droplets moving at
~440 m/s, and varied the neutron velocity from 267 to 800 m/s. The theoretically predicted anisotropy of the
laboratory scattering intensities agrees well with the experimental results. Based on an analysis of the scatter-
ing intensity in the Guinier region, we also determined the particle velocity. The results are in very good
agreement with independent velocity estimates based on supersonic flow measurements.
[S1063-651%99)02310-1

PACS numbses): 61.12.Ex, 82.70.Rr, 64.70.Fx, 47.40.Ki

[. INTRODUCTION Section Il summarizes the key equations relating to the
laboratory and center-of-mass scattering intensities. These

We recently reported the first small angle neutron scatterequations also provide the basis for determining the aerosol
ing (SANS) measurements for aerosols formed in a superparticle speed by a Guinier analysis of the scattering inten-
sonic nozzle[1]. These crossed-beam scattering measuresities. In Sec. Ill we describe the experiments and present the
ments contain much valuable information about the sizeéxperimental data that clearly demonstrate the anisotropy of
distribution of the particles formed by nucleation and con-the scattering patterns and validate the theory presented in
densational growth during the rapid gas expansion. ExtractSec. Il. A summary of the results and the conclusions are
ing this information requires a very careful data analysisgiven in Sec. IV.
which is complicated by the relative motion of the neutrons
and aerosol particles. Because of the directed motion of the Il. THEORY

aerosol particles, the measured laboratory scattering patterns .
are anisotropic. Neutrons scattered with a momentum com- As shown elsewherf2] for the right angle crossed beam

ponent along or against the direction of particle motion incurdeometry of our experimetisee Fig. 1, t_he I_aborator_y scat-
larger momentum transfers than those scattered orthogonal gring intensityl is related to the scattering intenslyin the
to it. As a result, laboratory scattering intensity falls off enter-of-mass frame by the equation

faster along the axis of particle motion than normal to it. In (£+ 1+ 822
effect, the momentum of the scattered neutrons is Doppler 1(q)=1p(qg) —F—=—, (2.9
shifted. As shown later, this Doppler shift can be used to V1+é2
directly measure the particle speed. y
In our first experimentfl] the velocity of the neutrong, T Detector

was fixed at 800 m/s, which is about two times the velocity
of the aerosol particleg,. The anisotropy due to the Dop-
pler shift, although clearly present, was not large. In order to 0
test our understanding of this effect more stringently, we
conducted a series of experiments in which aerosol was con-
tinuously produced under constant conditions and the scat-
tering patterns were measured for different neutron speeds.
In all, the average value of,/v, covered the range 0.55 to
1.65.

In this paper, we analyze the results of these experiments
using the theoretical framework presented in detail elsewhere
[2]. We show that the experimental results are in full accord Ngg;’;’]\
with theoretical expectations. Moreover, we take advantage
of the anisotropy of the scattering pattern as reflected in the F|G. 1. The aerosol is formed in the nozzle upstream of the
slopes of different types of Guinier plots to deduce the veviewing volume. The neutron beam passes through the sample at
locity of the aerosol particles. The results are in very goodight angles to the flowing aerosol. The laboratory scattering angles
agreement with independent velocity estimates based omand ¢ are defined, and two contour lines of constant scattering
pressure trace measurements. intensity are shown on the detector.

X

Nozzle
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where
&= (vp/vy)sind cose, (2.2 Vaporizer
0 is the usual laboratory scattering angle apds the azi-
muthal scattering angle measured in the detector plane. The Detector
momentum transfer wave vectogsandqg, in the respective W W
laboratory and center-of-mass frames, are equal and are ex- A A, 3 C°"\‘,’:S§rab'e
pressed in laboratory variables as ; \\:I' : Generator
q2=qS= 2K [ 1+ (é—cosO)(é+ 1+ &%), (2.3 Pumps(—é—@ Plenum | E
' A :
where the incident neutron wave vectors related to the ! ' :
neutron wavelength in the usual way, tommmnee [T SaBmpIe
1 OX
k=2m/\. (2.9 Neutrons
Equations(2.1)—(2.3) are valid for the elastic scattering of FIG. 2. A schematic diagram of the experimental setup.

neutrons by very massive aerosol particles. ) , )
Since the total volume fraction of aerosol particles is First, we take a circular average ofq) over the azi-
<1075, multiple scattering is negligible. Interparticle corre- Muthal angles at constan® (or ;). We denote the result as
lations may also be neglected because the aerosols are dilute(d;) and expand its natural logarithm to obtain
Thus, for a distribution of different sized particlég,can be _
theoretically determined by summing the contributions from INT(q)=IN1(0)—afrg[1+3(vy/vy)?l/3. (2.10
individual particles, _
Next, we take a “horizontal” average, denoted s by
Io(q)=2 N(r;)P(a.r)), 2.5 averaging pairs of intensities =0 ands to find
J _
InTh(q)=In1(0)—qZra[1+(vy/vy)?1/3.  (2.1D)
whereN(r;) is the number density of paricles with radiys
For a spherical aerosol particle of uniform composition, therinally, we take a similar “vertical” average, denotedlgs
particle form factof3] P(q.r) is by averaging pairs of intensities gt=+ 7/2 to find
P(q,r)=167%(py)?(singr—qr cosqr)?/q®, (2.6 InTu(g)=In1(0)—q2r2/3. (212
wherep,, is the scattering length density of the particle. .
These equations form the basis for the data analysis algo- These res_u_lts show that the velocity dependence of the
rithm described in the following section. An important com- aPParent Guinier slope depends on the type of average taken.
ponent of this algorithm is a Guinier analysis of the snagall By taknjg aratio of the valqes of ihese slapes it Is p_ossmle to
behavior ofl(q). Sinceq itself depends on the as yet un- determine, by direct experimental means, the particle veloc-

known particle velocity, it is not a useful plotting parameter,'ty' as will be.demo'nstrated short]y. In our expenments_, the
but for small g Eq. (2.3 reduces to particle velocity varies along the field of view, and contribu-

tions tol(q) arise from different particle velocities. In this
P=0[1+ £+ (vp/v,)? cos?e], (2.7 case,vg in the above equations should be replaced by its
average along the flow field, which can be writtenﬁgl
where q; is th.e ljominal momentum transfer wave vector_ﬁ(Avp/vp)Z], wherev, is the average particle velocity
based on the incidentX neutron wavelength, andAv, is the difference between the maximum and mini-
a1 = (47/\)sin 612). 2.9 mum values of/, at the boundaries of the field of view. For

the current conditions, this correction is entirely negligible,
. L i . 2_o2
Sinceq; is independent of/,, the Guinier analysis can be andv,=vy.

carried out by plotting the logarithm of suitably averaged
values ofl (q) versusq?. The equation§2] needed to theo- Ill. SANS EXPERIMENTS
retically interpret these plots are found by expanding Egs.

. A. Equi faciliti
(2.1) and(2.6) to second order i andé, quipment and facilities

A schematic diagram of the experimental setup used to
[(q)=I (0)[1—q2r(23/3][1+ 2&+3&%/12], (2.9 generate the aerosol and perform the SANS measurements is
illustrated in Fig. 2. The key components of the apparatus,
followed by averaging with respect ta In Eq.(2.9), 1(0) is  described in more detail in separate publicatiphgl] in-
the scattering intensity aj=0, 1(0)=(4mpp/3)°N(r®), rs  clude(i) the carrier gas generatdii) the condensible vapor
is the radius of gyration;3=(3/5)(r®)/(r®), N is the total  generators, andii) the supersonic nozzle. To summarize, a
number density of aerosol particles, and the mean values atarrier gas K,) containing~1% to 2% by weight of a con-
defined asN(r")=X;(r;)"N(r;). Here, we consider three densible vapor flows through a gently diverging two-
types of averages. The results are valid rfé» A2, dimensional Laval nozzle. As the gas expands and cools, the
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FIG. 3. (Color) The nearly elliptical two-dimensional scattering patterns for a nanodroplet aerosol movingd@tm/s become pro-
gressively more eccentric as the neutron wavelength is changed from 0.5 to 1.5 nm. Each colored square corresponds to one of the 1 cm
X 1 cm elements on the detector. The color bar at the right gives the absolute signal intensity ifTtm images have been cropped and
rescaled so that the axes cover the same rangg. dfhe contours were calculated using E@s1)—(2.6), the best fit parameters for the size
distribution of the aerosolyr)=9.8 nm, s, =3.45nm,N=3.6x 10" cm™3, and a particle velocity of 440 m/s. The innermost solid contour
corresponds to an absolute intensity of 0.08 émThe three other contours are at 0.03, 0.008, and 0.003 crespectively.

supersaturation of the condensible vapor increases until @.3), the degree of anisotropy in the two-dimensional small-
point is reached where rapid particle formation and particleangle scattering pattern is a strong functiovgfv, because
growth deplete the vapor and reduce the supersaturation {bth the intensity and depend on it. One direct way to test
close to 1. Under typical operating con?ition§é the particleyhe predicted dependence vp/v, is to change the neutron
number concentration is on the order of4€ém™* and the wavelength and, hence, the neutron speed, while maintaining
average particle radius is in the range of 5 nm to 12 nm's&able conditions for particle formation in the nozzle to keep

Based on strong theoretical arguments, e.g., Schwartz an

Andres[5] and as shown experimentally below, the particlesVP unchanged. Unless otherwise noted, all experiments were

are moving at the same speed as the gas. As illustrated fPnducted using a stagnation presspgeof 60 kPa, a con-
Fig. 1, the velocity is in the direction of the axis. The densible vapor pressugg, of 1.4 kPa of QO and a stagna-
gentle divergence of the nozzle ensures that the velocitjyion temperaturel, of 304 K. Under these conditions, an
component in the direction is essentially zero and the par- analysis of the pressure traces for the condensing and dry
allel side walls provide a constant neutron pathlengthflows gives a gas velocity that ranges from 416 to 458 m/s in
through the sample. The side walls of the nozzle contairthe observation region. At the neutron-scattering facility at
silicon windows that are transparent to the neutrons. The keMIST, neutrons can be selected in the range of 0.5 nm to 2.0
challenge in designing the equipment is to produce a stablgm. This study used neutron wavelengths of 0.5 nm, 0.6 nm,
aerosol for the extended periods of time required to get good .0 nm, and 1.5 nm which correspondtg values of 800
SANS signals despite stopping and restarting the equipmem/s 667 m/s, 400 m/s, and 267 m/s, respectively.

many times over the course of several days of beam time. Figyre 3 jllustrates the two-dimensional scattering pat-
Strong evidence of this capability will be given below, and (grns that were observed when we varied the neutron wave-
gdditiqnal proof that the experimental setup is extremely reTength while maintaining constant aerosol formation condi-
liable is presented elsewhefé]. Because the experiments Hons' As in Figs. 1 and 2, the particles were moving from

ﬁ?;echcnoor:guciel\ﬂs% t?ﬁe ’\é?]tt'i?ga; In;g;ﬁi %fussltaﬁsle;rgss 6}[2 ght to left. The position of the detector was changed from
gy ' PP Y1073 m at\,=0.5nm to 3.6 m fon,=1.0nm and 1.5 nm in

break down, transport, and reassemble quickly. order to maintain about the same range qf At A

The SANS experiments were conducted on different oc_ 1.0 nm we also made measurements at a sample to detector
casions using the NG7 beam line at NIST in Gaithersburg,,. b

Maryland. The plenum, flow straightener, and nozzle are Io_dlstance of 5.5 m in order to extend the rangeab lower

cated in a 1.1-m 0.4-mx 0.6-m evacuated sample box. Re- values. In Fig. 3, only the data at 3.6 m are shown. As pre-
) i ' : -~ dicted by the theory, the scattering patterns are nearly ellip-
moving the air greatly reduces the background scattering si

nal due to N, O,, and HO vapor in the sample box and Yical in §hape, and they change from nearly circular to highly
) . p ; eccentric as the neutron wavelength changes from 0.5 nm to
gives a more stable signal from both the “empty” nozzle

and the nozzle with aerosol present. Because of the asymm<1a'-5 fm. . -
The scattering patterns presented in Fig. 3 were generated

g}}’t;:;hztvgf'\?\;;nv?lgzl(ogfélzgia\l};?r'Cﬁtﬁ ?;]teerge?r%tése:::rgcgjn the following manner. The raw scattering signal from the
Paper, y aerosol was corrected by subtracting the scattering signal

the detector. ;

from the nozzle flowing pure N In our case, because the

transmission of the sampleg, equals the transmission of

the empty cell T, and both are very close to 1, the correc-

The goal of these experiments was to stringently test théion step is simplified because any effect of the beam-

theoretical predictions presented in Sec. II. From Egd)—  blocked component of the background cancels. The cor-

B. Results, data analysis, and discussion
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L T Gaussian fit pa'rar'ne'te'rs' "] moving at the average velocity in the viewing volume 440
10t e (ry= 9.80 nm 3 m/s. We systematically varied the values of the mean droplet
fgfloﬁném_ diameter(r) and the width of the droplet distributiow, ,
~10-2 & ’ - calculated the scattering intensities averaged @vet con-
£ - stant @ for an aerosol with these parameters, and optimized
2 =0 o055 N the droplet number concentration for each pair of trial val-
= 10 E 238 ues. Because the scattering intensity is directly proportional
= C ] to the droplet number density, the chi-square quarifity
104 | To = involving the differences between values on the synthetic
a ggeo 3 scattering curve and the data points can be written as
105 | | N n — —
E—r o 2oy INI(@) —T@)]” a1
g, (nm-) i=1 o*(q;) ,

FIG. 4. The circularly averaged intensity is plotted as a functionwhereTS(qi) is the synthetic scattering intensity for the drop-
of g;. The measurements were mada at1 nm and two sample t0  |et distribution with a number density of 1 crhando(q;) is

detector distancedSDD). An incoherent background of 24 the uncertainty associated with the experimental value of
X 10 “cm™~ has been subtracted from the 3.6-m data. The soli

line is the predicted scattering intensity for an aerosol moving al <(gi). Explicitly, I5(q;) is given by
440 m/s. The best fit values fér), N, ando, , for a Gaussian size

s . . ' _ 1 © (27 (r —<r>)2
distribution, are given in the figure. 1(g)= f J ex;{ _ P(a.rdédr
S(ql) Urm 0 0 20_? (ql ) ¢ L]
rected data set was then adjusted for any nonuniformities in (3.2

the detector efficiency by dividing the intensities by the mea-

sured scattering intensity from a water sample on a pixel-byWhereP(a.r) comes from Eq(2.6) and the¢ dependence of
pixel basis. The data were then placed on an absolute scafeiS given by qu.(?.z)—(Z.%). It is easy to show that the
and standard masking of the bad areas of the detector w¥&lue of N that minimizesy“ for each(r) and o, pair is
applied. The absolute scales were determined either by megiven by

suring the scattering from a standard san{plEST A2 Silica

Standargl under the same conditions used to measure the S 1Al () o*(q)

data, or by measuring the attenuated neutron flux reaching N= — 3.3
the detector during a beam center determinatibrect beam 2 [1(q)/a(q;)]?

measuremeit

To quantitatively demonstrate that the observed scalingrhe pest-fit values ofr), o,, andN were those that mini-
agrees with the theoretical predictions, we must determingsized y2 for g;<0.514 nnt 1. The solid line in Fig. 4 is the

the number density, the average particle size, and the widthest-fit curve for the parameters found by this method, ex-
of the size distribution. The first step is to combine the 3.6-Mgnded to cover the entire range of available data.
and 5.5-m data sets available for=1.0nm in order to ex-  jth the best fit parameters for the aerosol in hand, it is
tend the scattering spectrum over as widg @nge as pos- easy to calculate the expected two-dimensional scattering
sible. The two data sets are plotted in Fig. 4 as the circularlyatterns as a function of wavelength and sample-to-detector
averaged scattering intensitiés againstg; . The values in  distance using Eqs2.1) and (2.3). The solid and dashed
Fig. 4 were generated from the two-dimensional scatterindgines in Fig. 3 are contours of constant absolute intensity that
patterns using thevERAGE command in the standard NIST were generated using the appropriate parameters for the aero-
data reduction packadé]. The error bars on this graph and sol size distribution and the experimental setup. It is not too
all other graphs in this paper represent one standard devigurprising that the agreement far=1 nm is good since
tion from the mean. Noisy data points in the higtportion  these data were used to derive the properties of the aerosol
of the 5.5 m data have been removed, and an incoheresize distribution. However, the good fit of the anisotropy is
backgound of 2.5 10 %cm™! has been subtracted from the an independent confirmation of th¢ dependence of the
3.6-m data to extend the higi range. The agreement be- theory because only circularly averaged data were used to
tween the two data sets in the region of overlap is excellendetermine the aerosol properties. The fact that the good
especially considering that the scaling factors for the datagreement is maintained for the other two data sets at differ-
sets were determined independently without any empiricaént wavelengths, sample-to-detector distances, and indepen-
adjustments. Furthermore, the scale factor at 3.6 m was delently derived absolute intensity scale factors, confirms that
termined from a direct beam measurement while at 5.5 m wave understand the anisotropy quantitatively, as well as quali-
measured the scattering from the A2 silica standard. Figure ttively. It also shows that we are able to maintain stable
clearly demonstrates that we are able to reliably reproduceerosol production over the long periods of tif@0—90
the aerosol despite interrupting the experiment to change thmin) needed to gather the data.
SANS instrument setup. Another way to test the data quantitatively is to average
To determine the best-fit parameters of the aerosol sizthe two-dimensional scattering patterns in three ways at each
distribution, we generated synthetic scattering patterns usinggavelength: the usual circular average, an average over 15°
Egs.(2.1)—(2.6) for a Gaussian size distribution of droplets sectors centered along the horizontal axis, and an average
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FIG. 5. Scattering spectra are derived from the two-dimensional data by avefagatwoss 15° segments along the horizontal gkis,
along circles of constant radius, aific) across 15° segments along the vertical axis. The lines correspond to the predicted intensities
calculated using the derived particle size parameters.

over 15° sectors centered along the vertical axis. In the abdata set the ratios of the three slopes can be used to derive
sence of flow, the scattering spectra should coincide indeperihe particle velocity directly. Figure 6 illustrates the three
dent of the averaging procedure or the wavelength. In oudifferent Guinier plots for experiments in which

flow geometry(see Fig. 1, droplets have no significant mo- =0.6 nm, po=60kPa, p,=1.15kPa, andl,=299K. The
mentum in the vertical direction, and the three “vertical” horizontal and vertical averages are again performed over
scattering spectra should collapse onto one curve. In corsectors 15° wide. Similar sector averages of €9 result
trast, the three “horizontal” scattering spectra should differin coefficients that differ from the “true” values by less than
the most, and finally the circular averages should lie in be.5%. Thus the slopes in these plots may be interpreted using
tween. Figure 5 compares the different spectra at the thre€gs. (2.11) and (2.12. Because the value of the Guinier
neutron wavelengths, with all of the data placed on an absaslope varies slightly with the number of points used, the
lute scale. The larger error bars associated with measureumber of points in each fit was varied from 10-14. For
ments at longer wavelength are due to two effects. The firstach fit, the particle velocity was derived using the ratio of
is the decrease in the available neutron flunas increased the horizontal/vertical, circular/vertical, and horizontal/
at a constant detector position. The second arises from anaicular Guinier slopes. For this data set, the average of the
lyzing the nearly elliptical scattering pattern with the circular particle velocities derived from the ratios of the horizontal/
averaging programAVERAGE) that misinterprets the regular vertical Guiner slopes wasg,=438+8 m/s, from the ratios
oscillations as an errdisee Fig. 3 in Ref[1]). In addition,  of circular/vertical slopes wasg,=436=7 m/s, and from the

the data in Fig. 5 appear to cover a smaller absolute intensitsatios of the horizontal/circular slopes was,=442
range than those presented in Fig. 4. This is primarily be-~24 m/s. The error estimates for the velocities correspond to
cause the 15° sector averages use only about 10% of thghe standard deviation from the mean. The average veloci-
available detector signal. Thus, at higleethe signal is not
stable enough to let us estimate a reasonable value for the
incoherent background in order to extend the range of the
data as we did in Fig. 4. In spite of these difficulties, the
anticipated trends are reproduced rather well in Fig. 5, and
the importance of the theoretical framework we have devel-
oped to interpret the scattering signals is clearly illustrated.
The lines drawn through the data points are the predicted
scattering intensities based on the droplet size distribution
parameters derived above after integrating over the same sec-
tors as for the data. Again, the agreement is quantitative for
each of the averages at each wavelength.

When the data at low are good enough, it is possible to
use the anisotropy to extract the particle velocity directly.
Because the scattering intensity along the vertical axis is not 10-2
perturbed by the particle motion, the slope derived from a 0 0.05 0.1
Guinier plot of the vertically averaged data-is 2/3 [c.f. Eq. ¢t (nm=)

(?'12)]' Altemat'vely'_ from 'E.q.(2.1() we S‘_ae that Whe_n the FIG. 6. The Guinier plots for the horizontal, circular, and verti-
circularly averaged intensities are used in the Guinier ploteg| averages are shown along with the best-fit straight lines based
the slope equalsrg(1+3(v,/v,)?)/3, and from Eq(2.1) o 4 weighted fit through the first 14 points. The corresponding
when the horizontally averaged intensities are used, th@alues of the slopes are 57.77, —49.02, and—40.44 nm 2, re-
Guinier slope is—ré(1+(vp/vn)2)/3. Thus within a given  spectively.

10—t

107

q) (em™)
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ties are within 1% of the mean flow velocity, 440 m/s, ex-theory and are an independent check of the stability of the
pected in the viewing volume from the pressure trace dataerosol.

under these conditions. From Ed2.10—(2.12, the inter-

cepts of the Guinier plots should also agree. In Fig. 6 the
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