
Opti
al properties of biologi
al aerosolsFinal te
hni
al reportRosalba Saija, Paolo Denti, Ferdinando BorgheseUniversit�a di Messina, Dipartimento di Fisi
a della Materiae Te
nologie Fisi
he Avanzate,Salita Sperone, 31 | 98166 Messina, Italy1. Introdu
tionThe study of the opti
al properties of biologi
al aerosols, i.e. aerosols 
omposed of biologi
al sporesand other organi
 
ompounds, presents unique diÆ
ulties both on the experimental and on thetheoreti
al side. On the experimental side, we 
ite, as an example, the fa
t that all organi
 materials,both spores and organi
 
ompounds present a lumines
en
e spe
trum whose most 
ara
hteriti
features o

ur in the range of wavelength in whi
h the atmosphere is most absorbing. The presen
eof organi
 
ompounds, on the other hand, may 
ome from 
ombustion of mineral hydro
arbons.Moreover the spores of interest, su
h as anthrax, are often dangerous and possibly fatal to humans.For this reason spe
ial pre
autions must be taken in manipulating su
h spores.As a result of these diÆ
ulties the essential parameters that are ne
essary for any reliableestimate of the opti
al spe
tra are not well known, to say the least. For instan
e all the informationon the size and shape of the spores of antrax are 
ontained in Fig.1 that we obtained from thes
ientists at CRDEC. Fig.1 shows that, on the average the spores have a length of 1:4� 0:12�m, a
Fig. 1. Mi
rophotograph of spores of anthraxwidth of 0:82� 0:05�m and a volume of 0:61� 0:1�m3. the diameter of the equal volume sphereis thus 1:05�m. The spores just des
ribed 
ould be modelled as an aggregate of two identi
al,1
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Fig. 2. Refra
tive index assumed for the spores of anthrax. The upper and the lower panelreport the real and the imaginary part, respe
tively, as a fun
tion ot the wavelength in �m.homogeneous, mutually 
onta
ting spheres with a radius of 0:35�m.1 The problem lie in the la
kof a reliable refra
tive index both of the spores as a whole and of their nu
leus. We were thereforefor
d to assume a wavelength-dependent refra
tive index whose real and imaginary parts are shownin Fig.2. Stri
tly speaking, the refra
tive index reported in Fig.2 does not belong to anthrax but toB. 
ereus, a spore of the same family. Nevertheless, sin
e the refra
tive index of anthrax is, at thepresent, not known and, sin
e B. 
ereus has similar opti
al properties, we resolved to adopt it, forthe preliminary 
al
ulations that are reported in the next se
tions.A further problem stems from the fa
t that the opti
al spe
tra re
orded in the laboratory under
ontrolled 
onditions 
ome from dehydrated spores of simulants. As a result, when the spores arerehydrated, their opti
al properties as well as their size 
hange so that it is important to spe
ify the
onditions under whi
h the spores were used.2 In fa
t, the 
riti
al parameters of any model used tointerpretate the re
orded spe
tra are the size and the index of refra
tion. We have also to mentionthat biologi
al spores tend to form aggregates of 
omparatively big size. Therefore, as most of the
al
ulations of the spe
tra of model parti
les are based on series expansion, the 
onvergen
e of theresults must be 
arefully 
he
ked.All these diÆ
ulties determined the kind of resear
h that our Group performed during thepresent Contra
t. In fa
t, as we stated above, a spore of anthrax 
an be modelled as an aggregate oftwo mutually 
onta
ting spheres, nevetheless an aggregate of spores turns out to be rather similarto an an aggregate of large spheres. We had thus to �nd general methods to 
he
k the 
onvergen
eof the 
al
ulation. 2
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Fig. 3. Geometry adopted in our 
al
ulations. kI denotes the in
ident waveve
tor.2. Cal
ulationsThe te
hnique that we used to perform our 
al
ulations is the most re
ent version of the theorythat we developed and improved over the last twenty years and that is fully des
ribed in a re
entbook by the present authors.1 In the same book the te
hnique to 
al
ulate the s
attering patternfrom aggregates of spheres with a known distribution of their orientations is also des
ribed in detail.Anyway, when our 
al
ulations refer to 
lusters in �xed orientation, we adopted the geometry thatis sket
hed in Fig.3, where the dire
tion of the in
ident waveve
tor k̂I for head-on in
iden
e is alsodrawn.In Fig.4 (a) and (b) we report, in �m2, the extin
tion and the s
attering 
ross se
tion for arandomly oriented dispersion of model spores. The 
ases of head on and of broadside in
iden
e arealso reported in Fig.4(
) and (d) and (e) and (f), respe
tively. The 
ross se
tions drawn in Fig.(4)are quite regular and give a global information on the opti
al properties of our model. Nevertheless,a more detailed information 
an be gained from the 3-D graphs in Fig.(5) that report the di�erentials
attering 
ross se
tion in the forward zone, 
al
ulated at sele
ted wavelengths. This information israther useful in view ofthe strong variability of both the real and the imaginary part of the refra
tive index. These plotsare supplemented by the 
ontour plots that we report in Fig.(6) that are meant to give a general ideaof what pattern one should expe
t to see when our model spores are illuminated in �xed orientation,with the geometry des
ribed in Fig.(3). Sin
e the geometry implies head on in
iden
e, all the plotsare independent of polarization; furthermore, all the plots show re
e
tion symmetry around the �Saxis. Note that in the top-left 
ontour the wavelength is 0:25�m i.e. it is a little smaller than theradius of the 
omponent spheres. Therefore it is not surprising that the spheri
al 
omponents of themodel are quite dis
ernible. In any 
ase all these plots should be 
onsidered as preliminary for thefollowing reasons� The refra
tive index is not the true one of the spores of anthrax but only a guess based on thesimilitude of B. 
ereus and athrax.� The model that we adopted is a rough one and its adequa
y should, therefore be furtherinvestigated so as to propose, if ne
essary, improved models.3
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λ (µm) Fig. 4. Extin
tion and s
attering 
ross se
tion in �m2 as a fun
tion of the wavelength in�m for the 
lusters 
onsidered in the present Report. In (a) and (b) random orientation is
onsidered; in (
) and (d) the in
iden
e is head on; in (e) and (f) the in
iden
e is broadside.Note that neither the 
ase of random orientation nor the 
ase of head on in
iden
e depend onthe polarization, as expe
ted. The polarization dependen
e of the 
ross se
tions is, instead,well dis
ernible in the 
ase of broadside in
iden
e.
4
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Fig. 5. S
attered intensity in the forward zone for model spores of anthrex in �xed orientationat sele
ted values of the in
ident waveve
tor.
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Fig. 6. Contour plots 
orresponding to the s
atterd intensity reported in Fig.(5).6



3. E�e
t of the presen
e of a nu
leusIn the present se
tion we investigate the 
hanges undergone by the opti
al properties of our modelwhen the 
omponent spheres are assumed to have a nu
leus or when the radius of the spheres isallowed to 
hange. To this end, when we 
onsider single spores in free spa
e the geometry is that ofFig.3. Note that, in this se
tion the waveve
tor of the in
ident �eld is taken to be parallel to the z axisand that the polarization is either along the x axis (polarization 1) or along the y axis (polarization2). In order to improve the model we 
onsidered the 
ase in whi
h the 
omponent spheres, ea
h ofradius rs = 0:35�m, have a nu
leus of 
omparatively strong absoptivity. To this end we in
luded inea
h of the 
omponent spheres a 
entered in
lusion whose radius is either 80% or 90% of the radiusof the host sphere. We 
hose to perform the 
al
ulations at � = 2�m be
ause at this wavelengththe size parameter of ea
h of the host spheres is x � 1. Sin
e the 
orresponding diele
tri
 
onstant
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Fig. 7. S
attered intensity I11 (a) and average s
attered intensity �I1 1 (b), in �m2, at � =2�m as a fun
tion of the angle of s
attering �S for the original 
luster (solid line) for the
luster with nu
leus with radius rN = 0:8 rs (dotted line) and with nu
leus with radiusrN = 0:9 rs (solid line with bulletts).is "0 = 2:23 + i9:89 � 10�4 we 
hose for the nu
leus the diele
tri
 
onstant "1 = 2:5 + i1:09 � 10�3.The results for the s
atterd 
o-polarized intensity I1 1 as a fun
tion of the angle of s
attering �S areshown in Fig.7 (a) in 
ase of �xed orientations and in Fig.7 (b) in 
ase of random orientation.We also made a 
al
ulation at � = 13�m where the 
omponent spheres have a size parameterx � 0:1 and a diele
tri
 
onstant "0 = 2:20+ i7:57 � 10�2. In this 
ase we assumed for the nu
leus adiele
tri
 
onstant "1 = 2:4+ i8:5 � 10�2. The results of our 
al
ulations are reported in Fig.8(a) forthe 
ase of �xed orientation and in Fig.8 (b) for the 
ase of random orientation.Even a 
ursory examination of Figs.7 and 8 shows that the presen
e of the nu
leus produ
es7
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Fig. 8. S
attered intensity I11 (a) and average s
attered intensity �I1 1 (b), in �m2, at � =13�m as a fun
tion of the angle of s
attering �S for the original 
luster (solid line) for the
luster with nu
leus with radius rN = 0:8 rs (dotted line) and with nu
leus with radiusrN = 0:9 rs (solid line with bulletts).little di�eren
e from the original 
luster 
omposed of homogeneous spheres. In parti
ular no 
hangeat ba
ks
attering is dete
table, both for �xed and for random orientation. Moreover, the s
atteredintensity at � = 13�m, shows, as expe
ted a strong de
rese, that may be 
ompensated only in 
asethe observations are made on a dispersion 
ontaining a high number of spores.4. Dependen
e on sizeThe geometry that has been adopted until now is based on the estimate of the a
tual size of the sporesmade on the basis of ele
tron mi
ros
opy. Of 
ourse these estimates are a�e
ted by the experimentalun
ertainties. Therefore in the present se
tion we 
ompare the extin
tion 
ross se
tions of modelspores modeled as aggregates of two identi
al spheres whose radius is allowed to 
hange withinthe limits of the experimental un
ertainties. The spe
trum has been 
al
ulated in the wavelengthrange 0:1 � � � 8:0�m where the di�eren
es indu
ed by the 
hange of size are easily dis
ernible.In Fig.9 we report the extin
tion 
ross se
tion, averaged for random orientation, for several valuesof the radius of the 
omponent spheres. We also report, for the sake of 
omparison the extin
tion
ross se
tion of the volume equivalent sphere, whose radius, a

ording to the laboratory data, isre = 0:6306�m. In Fig.10 we report the extin
tion 
ross se
tion for 
lusters in �xed orientation(a

ording to Fig.3) when the �eld is polarized along the x axis. A look to Fig.9 shows that, within
reasing radius of the 
omponent spheres, the main extin
tion peak tends to shift towards higher8
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Fig. 9. Extin
tion 
ross se
tion in �m2 averaged for random orientation as a fun
tion of thewavelength for the original 
luster and for three further 
hoi
es of the radius of the 
ompo-nent spheres. The 
ross se
tion of the equivalent volume sphere of radius re = 0:6306�m isalso reported for the sake of 
omparison.wavelengths so as to superpose to the main peak of the volume equivalent sphere. Nevertheless thesuperposition never o

urs in the range of radii that we 
onsider here. The same is true for the
ase of �xed orientation, as 
an be seen in Fig.10. We found that the behavior displaied in Fig.10also pertain to the 
urves for �xed orientation and polarization along the y axis: a spe
i�
 �gure istherefore not reported.In 
on
lusion we 
an state that, the behavior of the model has little dependen
e on the presen
eof a nu
leus but that it may, even appre
iably, depend on the size of the spheres that are used tobuild the model. Further investigation on this point is still in progress. We also plan to 
onsider thes
attering pattern from our model spores deposited on a plane surfa
e. Note that we are able toperform the latter task both in 
ase of a diele
tri
 and of a metalli
 surfa
e.15. S
attering from rehydrated sporesIn the pre
eding reports we stressed that the main problem with the individuation of the spores ofanthrax and of any other ba
teriologi
al agent lies not so mu
h in determining the exa
t form andsize of the single spores, as in determining their "exa
t" refra
tive index. In fa
t, all our 
al
ulationssuggest that the possibility of �nding some feature of the opti
al spe
tra of biologi
al spores thatpermits the dis
rimination of a parti
ular type, do depend on the exa
t knowledge of the refra
tiveindex. For this reason, in the last few months we fo
used on 
he
king the results of the most re
entpapers whose aim was the measure of the refra
tive index of single spores. In the present report9
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Fig. 10. Same as Fig.9 but for 
lusters in �xed orientation and broadside in
iden
e. Thein
ident ele
tri
 �eld is polarized along the x axiswe des
ribe our 
he
k of the results reported in the paper: A.Katz, A.Alimova, M.Xu, P.Gottlieb,E.Rudolph, J.C.Steiner, R.R.Alfano In situ determination of refra
tive index an size of Ba
illusspores by light transmission Opti
s Letters 30, 589-591, 2005. In this respe
t let us stress that B.Subtilis is 
onsidered by many workers the best simulant of the spores of anthrax. In summary, theauthors 
al
ulated the s
attering power of single spores of B. Subtilis in the wavelength range 400-1000 nm; in this range the absorption from the single spores is negligible so that the refra
tive index
an be 
onsidered to be real. Dry spores are put into a nourishing solution and the s
attering froma test tube �lled with the resulting dispersion is measured under 
ontrolled laboratory 
onditions.The dry spores turn out to be 
omposed by a mantle whose refra
tive index is smaller than that ofthe 
ore, but, when immersed into the nourishing solution, a
tivate and lose their mantle within twohours. After six hours the a
tivation pro
ess is 
omplete and the spores shows a fully hydrated 
oreand be
omes nearly vegetative. The authors assume that, under these 
onditions, the "anomalousdi�ra
tion approximation" is valid, so that the s
attering 
ross se
tion is given bywhere the 
oeÆ
ients 
1 and 
2 depend on the size parameter and on the refra
tive index ofthe s
attering obje
t. From the best �t of the opti
al attenuation one gets the numeri
al estimateof the 
oeÆ
ients 
1 and 
2 as a fun
tion of the time during whi
h the spores lie immersed inthe nuorishing solution. The evaluation of the size parameter and the refra
tive index of the sporesrequire the 
hoi
e of a suitable model. The authors 
hoose two models: 1) Homogeneous, non-layeredspheres; 2) Spheri
al layered spheresIn the �rst 
ase the experimental data yield: Initial radius of the dry spore: 0.35 mi
ron Finalradius (after 6 hours) : 0.6 mi
ron Initial refra
tive index : 1.55 mi
ron (this value overestimates the10
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Fig. 11. ...referen
e value derived by Tuminello) Refra
tive index after 3h (this is the time required to allowthe spore to lose its mantle): 1.39In the se
ond 
ase one assumes that initially the spore is simulated by a sphere of 0.4 mi
ronin
lusive of a 
oating of 0.070 mi
ron and refra
tive index 1.39. The refra
tive index of the 
oatingde
reases linearly as a fun
tion of time and be
omes 1 within 3h; the refra
tive index of the 
ore isassumed to be 1.55. Under these assumptions, the experimental data yield:Initial radius of the dry spore : 0.38 �m Final radius (after 6 hours) : 0.6 �m Initial refra
tiveindex : 1.52 �m (this value is nearly equal to the one derived by Tuminello n=1.515) Refra
tiveindex after 3h (this is the time required to allow the spore to lose its mantle): 1.39The 
hoi
e of the initial parameters has been made by the authors on the 
onsideration thatthe dry spores when observed through a mi
ros
ope show an ellipsoidal shape whose axes are 1.25mi
ron and 0.75 �m. These spores produ
e the same attenuation of a sphere with radius 0.43 �m(this value is nearly equal to the 
hosen for the layered sphere).At this stage let us des
ribe the work done by our group.In
uen
e of the refra
tive index. In order to see to what extent the 
hoi
e of the refra
tiveindex a�e
ts the s
attering 
ross se
tion we 
onsidered sphere of two typi
al sizes, a

ording tothe suggestion of the authors, namely 0.43 and 0.40 mi
ron. The 
ross se
tions were 
al
ulated forspheres with refra
tive index n=1.515 and n=1.52 in the spe
tral range 400 to 1000 nanometers (SeeFig. 11)Even a 
ursory examination of Fig. 11 shows that for spheres of equal size varying the refra
tiveindex has pra
ti
ally no e�e
t on the general shape of the 
urves of the s
attering 
ross se
tion asa fun
tion of the wavelength. This is an expe
ted result be
ause a variation of 0.3% in the valueof the refra
tive index 
annot introdu
e dete
table 
hanges, espe
ially from the experimental pointof view. The pre
eding 
onsiderations, that are based on exa
t numeri
al results, are in 
ontrastto the 
laimed ability of the experimental method and of the method of data elaboration whi
h,11
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ording to the authors, is 
apable to attribute to the spores a refra
tive index n=1.515 (referen
evalue) rather than n=1.52. Closer examination of Fig. 1 shows that the 
hoi
e of the size has, on the
ontrary, striking e�e
ts. In fa
t, a 
hange in size of 7% (from 0.40 to 0.43 �m) produ
es a 
hangeof the s
attering 
ross se
tion up to 35%. Note that so strong an e�e
t has never been observed inthe results of our exa
t 
al
ulations for non-spheri
al model spores.E�e
t of the mantle. Sin
e the dry spores are 
omposed of an opti
ally dense 
ore surroundedby a mantle of lower opti
al density, we resolved to simulate the s
attering properties af the a
tualobje
ts by a strati�ed sphere whose nu
leus has a refra
tive index n=1.515 whereas the refra
tiveindex of the mantle has been 
hosen to be n=1.39.In Fig. 12 we report the s
attering eÆ
ien
y for a layered sphere of total radius 0.43 �m in
lusiveof a mantle of 0.07 �m as well as the s
attering eÆ
ien
y of homogeneous spheres with radius 0.43and 0.40 �m. We noti
e that the presen
e of the mantle produ
es a diminution of the s
atteringeÆ
ien
y, whose values turn out to be between the values for the bare spheres.In Fig. 13 we show that the �t obtained by the authors, by 
onsidering only the �rst term (theone in (-2 ), di�ers from the one obtained by exa
t 
al
ulations for spheres of varying radii.In 
on
lusion, the 
omparison of the results reported by the authors with those obtained by ourgroup on the basis of their experimental data, suggest that the size parameter of the spores is toosmall to grant the appli
ability of the anomalous di�ra
tion approximation to the interpretation ofthe experimental results. Furthermore, our results 
on�rm that attempting the interpretation of theexperimental data using as a referen
e spheri
al models is bound to yield misleading 
on
lusions.6. Spores on a surfa
eIt is a 
ommon laboratory pra
ti
e to measure the opti
al properties of small parti
les after depo-sition on a diele
tri
 substrate, i.e on a substrate whose 
ondu
tivity is �nite. Of 
ourse, sin
e theele
tromagneti
 �eld may propagate within the substrate, the presen
e of the latter on the measured12



0.4 0.5 0.6 0.7 0.8 0.9 1
0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

fitting (r=0.40
r=0.43
r=0.40
r
i
=0.36 r=0.43

fitting (r=0.43)

Fig. 13. ...opti
al properties of the parti
les should be 
arefully dis
riminated. In fa
t, the opti
al propertiesof the parti
les that form an aerosol may appear quite di�erent from those of the same parti
leswhen deposited on a diele
tri
 surfa
e. On the other hand, many of the surfa
es on whi
h an aerosol
an deposit have diele
tri
 refra
tive index. For this reason we 
al
ulated the pattern of the s
atterdintensity from model spores of anthrax deposited on a substrate of sili
on, that is 
ommonly usedin laboratory pra
ti
e.In order to des
ribe the s
attering pro
ess from a parti
le on a surfa
e one has to 
onsider,besides the in
ident EI and the re
e
ted ER �eld also the �eld s
attered by the parti
le ES as well asthe �eld that after s
attering by the parti
le is re
e
ted by the surfa
e ESR. Now, the �eld s
atteredby any parti
le 
an be expanded in a series of spheri
al ve
tor multipole �elds that satisfy theradiation 
ondition at in�nity. Therefore, it is essential, in order to 
al
ulate ESR, to have a rule forthe re
e
tion of the spheri
al multipole �elds on a plane surfa
e. To this end we used the pro
edurebased on the Multipole Re
e
tion Theory (MRT) that our group devised in 1997.1,3 In pra
ti
e MRTsolves the problem of re
e
tion of a spheri
al multipole satisfying the radiation 
ondition at in�nityon a plane surfa
e whose (possibly 
omplex) refra
tive index is �nite. Note that the s
attered �eldis to be 
onsidered in the near zone, so that no simplifying approximation applies. For instan
e, theapproximations devised by Johnson and by Bobbert and Vlieger5 have the undesirable 
onsequen
eof preventing the propagation of the �eld within the diele
tri
 material of the substrate. On the
ontrary, what distinguishes the results of our approa
h from those of other workers in the �eld isthe presen
e of a �eld that propagates along the interfa
e, a

ording to the boundary 
onditions tothe Maxwell equations. Anyway, our approa
h grants a smooth transition to the 
ase in whi
h theinterfa
e is metalli
 and thus has, by de�nition, an in�nite imaginary part of its refra
tive index.It is to be mentioned that using the MRT requires a 
areful 
he
k of the 
onvergen
e. Extensivetest 
al
ulations have in fa
t shown that using MRT implies a rate of 
onvergen
e that grows slowerthe higher the imaginary part of the refra
tive index.413



A further aspe
t of our approa
h is the possibility of de�ning the transition matrix for theparti
les on the surfa
e. This possibility is quite useful be
ause the transition matrix possess wellde�ned transformation properties under rotation of the 
oordinate frame. As a result, it be
omes aneasy matter to perform averages over the orientational distribution of the parti
les.17. Referen
e frameIt is usual to perform the 
al
ulations for the s
attering pattern from parti
les deposited on a surfa
eby assuming a frame of referen
e whose z axis is orthogonal to the surfa
e. Also the theory is basedon this 
hoi
e of the frame of referen
e, that is hardly 
ompulsory, however. In fa
t, in order todisplay the results of our 
al
ulations we preferred to 
hoose a di�erent frame of referen
e that isbetter des
ribed in Fig.14. A

ordingly the diele
tri
 surfa
e is 
hosen to 
oin
ide with the zx planeand the normal is therefore 
oin
ident with the y axis.
Fig. 14. Frame of referen
e that has been 
hosen to display the results of our 
al
ulations.The arrow on the equatorial plane indi
ates the dire
tion of in
iden
e, that forms an angleof 45Æ with the normal to the surfa
e.A

ordingly, the range of the polar angles of the dire
tion of observation are 0 � #S � � and0 � 'S � 2�. In Fig.14 the dire
tion of in
iden
e is indi
ated by an arrow and its polar anglesare #I = 225Æ and 'I = 45Æ; in other word we 
hose the dire
tion of in
iden
e to form an angleof 45Æ with the normal to the surfa
e. This de�nes the plane of in
iden
e as the xy plane. Thepolarization of the in
ident and of the s
attered �eld has been fully taken into a

ount. In fa
twe 
onsidere the in
ident �eld polarized both along the meridians (#-polarization) and along theparallels ('-polarization) and the 
omponents of the s
attered �eld both #-polarized and '-polarizedare 
onsidered. Therefore, in the following �gures we display the s
attered intensities generated byan in
ident �eld with both kinds of polarization. In this respe
t we stress that the presen
e of thesurfa
e implies the o

urren
e of 
ross-polarization e�e
ts even when the a
tual parti
le is a singlesphere. In all 
ases, due to the generality of our approa
h we are able to report the full s
atteringpattern, i.e. our results are not restri
ted to the plane of in
iden
e.14
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Fig. 15. Pattern of the s
attered intensity from spores of anthrax with their axis along thex axis. The quantity that we a
tually report, in �m2, is I��0 = r2I��0=I0.8. ResultsFor the 
al
ulations that are des
ribed below, we assumed a refra
tive index for the diele
tri
 materialto be n00 = 1:3 that is appropriate for sili
on in the visible and the near infrared. The 
hoi
e of a realrefra
tive index is in no way a limitation, its only e�e
t being to in
rease the rate of 
onvergen
e;of 
ourse, nothing prevents the 
al
ulation on a surfa
e whose refrative index is 
omplex. As usualthe spores of anthrax are modeled as a 
luster of two identi
al spheres of radius � = 0:35�m . Therefra
tive index of the spheres is assumed to be identi
al to that of the B. Cereus for reasons thatwere fully explained in our pre
eding reports. The wavelength of the in
ident radiation is � = 2:0�mand the dire
tion of in
iden
e is 
hara
terized by the polar angles #I = 90Æ and 'I = 225Æ, i. e. thedire
tion of in
iden
e forms an angle of 45Æ with the normal to the surfa
e. Note that in order toperform our 
al
ulations we assume that the spores form a monolayer on the surfa
e and that theirdensity is so small that multiple s
attering pro
esses are negligible. A

ording to Rei
hl6 if multiples
attering pro
esses were to be 
onsidered, the pattern of the s
attered intensity would 
ontain termsthat des
ribe the positional 
orrelation of the parti
les.In Fig. 15 we report the pattern of the s
attered intensity for equioriented spores with theiraxis along the x axis (see Fig. 14). As usual we do not in
lude the intensity of the re
e
ted �eldbe
ause the latter would be dete
table only along the dire
tion of re
e
tion In Fig. 16 we report the15
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Fig. 16. Pattern of the s
attered intensity from spores of anthrax with their axis along thez axis. The quantity that we a
tually report, in �m2, is I��0 = r2I��0=I0.
16



0
45

90
135

180

0

45

90

135

180
0

0.01

0.02

0.03

0.04

φ
Obs

θ
Obs

I
φ φ

0
45

90
135

180

0

45

90

135

180
0

0.005

0.01

0.015

0.02

φ
Obs

θ
Obs

I
φ θ

0
45

90
135

180

0

45

90

135

180
0

0.005

0.01

0.015

0.02

φ
Obs

θ
Obs

I
θ φ

0
45

90
135

180

0

45

90

135

180
0

0.02

0.04

0.06

0.08

0.1

φ
Obs

θ
Obs

I
θ θ

Fig. 17. Pattern of the s
attered intensity from a random orientational distribution of modelspores of anthrax. The quantity that is a
tually reported is r2hI��0 i=I0 in �m2, where theangular bra
kets denote random orientational average.same kind of pattern but for the axis of the spores along the z axis, i. e. for broadside in
iden
e.Finally, we report in Fig. 17 the pattern from spores on the surfa
e, averaged over a randomorientational distribution. In fa
t, it is rather unlikely that spores deposited on a surfa
e assume ade�nite orientation.Referen
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