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Molecular shape and the Bragg rule
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To elucidate the effects of overall molecular shape upon the electronic response properties of molecules and
nanoclusters we recently have considered various jellium cluster models for the mean excitation energy. Here
we apply similar models to investigate the influence of gross molecular shape on Bragg’s rule. We find a direct
way of expressing deviations entirely in terms of geometrical features of the molecule and its constituent
atoms.
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[. INTRODUCTION where the sum runs over all types of constituent atoms or
fragments. HereS; is the stopping cross section of tlig

In a recent series of papdis—6], we have related differ- fragments(atomg of typei in the molecule.
ences in molecular shape to changes in molecular response A rule of this type will clearly only be satisfied approxi-
properties by considering molecules to be represented byately, and various studi¢g,9—17 have shown that devia-
sharp boundaried ellipsoids filled with uniform density jel- tions from Bragg's rule of up to several tens of percent are
lium. These ellipsoids are constructed from a volume deternot uncommon, depending on the target molecule and ex-
mined by atomic van der Waals radii filled with the appro- perimental circumstances, especially the projectile velocity.
priate number of electrons. Such a simplified model halearly the largest deviations from the Bragg rule can be
proved remarkably useful in the prediction of trends in prop-expected in cases where the molecular electronic excitation
erties that depend upon the excitation properties of the molspectrum deviates most from that of the constituent atoms
ecule under consideration. and at projectile velocities that produce these excitations.

One property that has proved to provide fruitful ground The purpose of this contribution is to consider the Bragg
for this model is the stopping power of molecular targets.rule and to predict deviations from it, based on the jellium-
The stopping power, or linear energy loss, measures thlled-ellipsoid model.
amount of energy deposited in a target by a projectile of
velocity v, and is related to a stopping cross section, S, by ||. SHAPE AND DENSITY EFFECTS IN BRAGG'S RULE

the density of scattering cente(id) as o _ )
In the spirit of Bragg'’s rul¢8] we write the total stopping

cross sectiorS(v) for a molecule composed af different

dE(v) ;
_ i _ NS(U) (1) constituant types as

§
SB<v>=i§1 fiSi(v), &)

As the number of possible molecules is vastly greater than
the number of atoms, it has been hoped since the earliest
days of stopping power measurements that the stoppin
power of a molecular target could be obtained from that o
its constituents, either atoms or molecular fragméiisAn

heref,; is the number of atoms or fragments of kindnd
(v) the stopping cross section for atom or fragmierfor
Si(v) we will use the explicit Bethe form

early expression of this is the Bragg or Bragg-Kleeman rule 2mo?
(8] Si(v)=SoN; In——, (4)
[
where
SmoIecuIeZEi fiSi(v), 2
47 (2,672
o~ 5 5
mu2\4me,
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"Electronic address: sabin@qtp.ufl.edu andN; is the number of electrons associated with the frag-
*Electronic address: jod@dou.dk ment or atom of type with characteristic excitation energy
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scalel;, to be specified below. Since we are interested inwhere inserting the explicit form df«+/p;n;,
deviations from Bragg's rule, we introduce

T qi T
p- |
D=2[S(v)— Ss(v)/NuSp, (6) Dg=In]] (W) =2, ain(pi/pw) (14
T
=2 S(v>—21fia<v>}/ NuiSo (7 and
- n: \4 T
where DS=InH (—') =2 gi In(n; /ny,). (15
i=1 \Nm i=1
T
Ny=>, fiN (8) Here,M denotes quantities characteristic of the molecule as a
i=1 whole, and we have defined a new variablg

_ =1f;N;/Ny (where=[_,q;=1) measuring the contributing
is the total number of electrons on the molecule &d  4ction of electrons from each type of atom, i.g,=1 if

defineqlasbove, sets the scale of th? stopping.cro_ss secti% only have atoms of one kind. To arrive at the equations
(810" eV cnt for ;=1 andv being the projectile ve-  4p0ue e have also writte®(v) for the whole molecule on

locity). : .

. - ... _the Bethe form reflected in E¢4) above:
We now introduce a specific form for the mean excitation )
energy,l;, to illustrate the density and shape influence for 2mu?
deviations from Bragg’s rule, i.eD as defined in Eq(7). In S(v)=S,Ny In I (16)
a previous publicatiofl] we have shown that a good pre- M
dictor forI; is with 15 \pyny.

= \/n—iﬁwip, 9 To analyze our results we will make some general obser-

vations first before considering the specific example of a
homonuclear diatomic molecule. If the new molecule has the
same electron density as that of the constituddis; 0, as it
should. On the other hand, if the shape of the resulting mol-
ecule is the same as that of its constituents, that is, the ec-
gentricity does not changg@lthough the size maythenDg

wherew'pz V4 p; is the plasma frequency of the systéim
units ofe?p; /me,) which in general scales as the root of the
density p; and n; is a general shape factddepolarization

factor, O<n;=<1) for a jellium blob representation of consti-

tuanti. For oblate and prolate spheroids those factors ar

[18,19 =0. Since in generah,=1/3 (atoms are spherical the
' shape deviation relates to how faf, is from 1/3. Notice
1+e? furthermore that adding identical atomgA) Dy
n?=———[e-arctare)], (100 =In(pa/py) andDs=In(na/ny).
e

Let us now assume we add tvspherical atoms @ and
B) to form our molecule 1). Then

(Z)_l—ezl [1+e " .y
n'*= =3 n 1—e el, (11 plapde

Dd=|n o (17)
M
where the eccentricitg is defined as
and
1
e= EV|32—CZ| (12 n9Ands
D.=In——2=—In3n, (18)
M

for a spheroid with major and minor axes a. In this way

we can (epresent anything frqm _particles to solids. NOtiCG‘sincquJrqB:l. If we assume the atoms are identical and
that the index on the depolarization factor above does ngfaye radiug and the resulting molecular spheroid has minor
index a particular constituant or atom but instead denotes g major axes and c, respectively, we can express Egs.
specific axis corresponding to the one of an applied electri%ﬂ) and (18) entirely in terms of geometry alone
field, and that in general®+n® +n®=1. Since we con- '

sider only systems with rotational symmetry aboutctaxis, Vi ca

i.e., those that hava=b, n®=n® are determined by Dg=Insy—=In—; (19
n@=n. Below, indices om will refer to fragments. A 2R
Equation(7) can now be rewritten in the following form
separating density and shape dependent contributions to tﬁ@d
deviation from Bragg’s rule: D = —|n3n|v|~ao,pez- (20
T S\ i . . Lo
D=2 |ﬂH (I_') =Dy+Dq, (13) Note_th_at this formulation eliminates the _dep_endenc_e of
i=1 \Im the deviation from the Bragg rule on the projectile velocity.
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300 T T is prolate, andD,D4<1.
[\ prolae ; oblaw It is difficult to get experimental data with which to com-
pare, as the stopping for atomic targets is hard to measure.
However, a careful theoretical study by Zeetsal. [22] has
reported atomic and molecular mean excitation energies cal-
culated from the dipole oscillator strength distributions for
H, N, and O, as well as for their diatomics. Since the atomic
and molecular data are calculated using the same methods,
they may be compared, and one need not worry about meth-
odological differences skewing the conclusions.

| | | ‘ ‘ | Using the mean excitation energy form of the Bragg rule,
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FIG. 1. Deviation from Bragg’s rule due to shapPg and 1
density O4) changes as a function of geometay/€¢) when form- N1 molecules < 2 N;Inl, (21)
ing a homonuclear diatomic molecule. The dots represent i, N 5
Se, F,, O,, N,, and H in increasinga/c order.

one finds that deviations from fulfillment of the Bragg rule

If we expandDyg to first order ine?, the coefficients for increase in the ordeD<N<H, which agrees with our pre-
oblate and prolate spheroids are, respectively=3/16 diction.
=—2a,. Thus if the volume increasd3y is positive. If the
molecular volume \;=2V,(1+5), Dyq=6 is a direct
measure of the relative volume change. For a prolate mol-
eculeDy is positive and it is negative for an oblate resulting  We have analyzed deviations from the Bragg rule in using
shape. For small devations from the spherical shape, thgae jellium blob model that has previously been applied to
shape deviation is proportional to the squared eccentricity asther response properties of molecules. As in previous cases,
indicated. Also since &ny=<1, Dgis bounded from below we have found that the model predicts the trends in these
by —In3. response properties as functions of molecular shape, as

Figure 1 show® andDy as functions of the ratia/c. It  loosely defined by bond distances, angles, and van der Waals
is clear from the figure that density chances have a largeradii. In the present case, we find that both differences in
influence on deviations from the Bragg rule than do shapeshape and in density contribute to deviations from the Bragg
variations, but the differences are factors rather than ordensile, and that more the eccentricity deviates from that of a
of magnitude. sphere, the larger the deviation from the Bragg rule is.

We see that for reasonable changes in shape there can be
quite substantial deviations from the Bragg rule. For com-
parison, we includ®, [Eq. (20)] andDy [Eq. (19)] calcu-
lated for the homonuclear diatomics,l.il,, Se, F, O,, This work was supported in part by grants from the Office
N,, and H. In these caseg; is calculated from the bond of Naval ResearckGrant No. N0014-86-1-0707 to JR&nd
length[20] plus twice the van der Waals radi{@1] of the  the National Science Foundatid@®rant No. CHE-9974385
atom, anda=b is the van der Waals radius, as done previ-to J.R.S). S.P.A. acknowledges support from the Swedish
ously[1]. In all these cases, the resulting diatomic moleculeNatural Science Research Council.
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