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Smith-Purcell radiation emission in aligned nanoparticles

F. J. Garca de Abajd
Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720
(Received 19 August 1999

Smith-Purcell(SP radiation produced by interaction of fast electron beams running parallel to strings of
nanoparticles is investigated. Results for the radiation emission probability and electron energy loss spectra
using finite and infinite strings of Al and silica spheres are presented. Both of these quantities are obtained by
solving Maxwell's equations exactly using a multipole expansion approach. The response of the spheres is
described in terms of their local frequency-dependent dielectric functions. In silica, the emission probability is
seen to coincide with the energy loss probability within the gap region, where the solid cannot absorb any
energy. Large emission rates are predicted for Al, suggesting its possible application in tunable soft uv light
generation. The dependence of the emission on the size of the spheres, the string period, and the electron
energy is discussed in detail. Finite size effects are also studied for strings of 1-15 Al spheres.

PACS numbeps): 41.60—m, 42.25.Fx, 61.16.Bg

[. INTRODUCTION of the materials used here is far from being that of a perfect
metal. Local frequency-dependent dielectric functions con-

When an electron moves parallel to an optical grating, itstitute an excellent approximation when the electrons travel

is capable of emitting radiation along directions that depenc@Utside the materials under consideration, in which case the
on the emitted photon energy. This is the well-known smith-effect of dispersion in the response function is not important

. 18].
Purcell(SP effect[1-16), first reported nearly half a century [ .
ago[1l]. Successive experimental demonstrations of the ef-. The energy _Ioss suffered by the electrons_ has be_en Inves-
fect were carried out since then using 30300 keV electron igated as well in order to determine the fraction that is trans-

. : . ormed into radiation. Following previous discussions of
to produce light of wavelength in them region[2,3]. Rela- electron energy loss specfrE9—23, the loss probability has

tivistic electrons have_ been also employed to generate MPaen obtained from the retarding force produced by the in-
radiation [8,13], very intense along the forward direction g ced field acting back on the electron. In this context, rela-
[11]. Recently, 20—40 keV electron beams produced by congyistic results based upon numerical simulation have been
ventional electron microscopes and coupled to metallic gratreported for the energy loss and the radiation emission prob-
ings of periods in the submillimeter range have been provedpilities due to the interaction of fast electrons with planes of
to be an efficient tool for generating far infrared radiation sphereg24,25. A nonrelativistic analytical treatment of the
[14,15. energy loss spectra in the presence of an infinite set of
Early theoretical descriptions of the SP effect relied onaligned spheres has also been given recd#y.

the diffraction of the evanescent waves associated with the The geometry considered here consists of periodic strings
moving electron17,4,5,10, and more recently, it has been of identical finite objects, for which an analytical relativistic
emphasized that an equivalent description results from thdescription is offered. Advances towards a practical realiza-
currents induced on the grating surface by the passage of titi@n of this geometry are being produced in the context of
electron12]. Since these induced currents have to follow thequantum dots on the nanometer sda@€|. The method used
curved profile of the grating, they are modulated in time,to calculate radiation emission probabilities consists in solv-
giving rise to the emission of radiation. Theoretical studiesnd exactly the Maxwell equations by using a multiple scat-
of the SP effect have been devised with a view to be appliede!ing techniqué28] that permits us to express the response

to produce x-ray§9] and also in the acceleration of electrons ©f @ collection of dielectric objects in terms of their indi-
vidual scattering properties. Although this method can be

[6]. Most of the theoretical treatments of the SP effect as~'~ ¢ X , , X
sume that the grating can be considered to be perfectly corfbplied to arbitrary objects, strings of spheres are considered
in this work for simplicity, since the scattering matrices be-

ducting, though some effort has been made to include plasm&

oscillations in the response of the grating when the energy f°Me analytical in that cag@9,30.
the emitted radiation matches the plasma frequdiity The details of the theory of SP radiation produced by the

The present work is intended to incorporate the effect ofnteraction of fast electrons with aligned strings of dielectric

the frequency dependence of the response function of thféni_te objects are presented in Sec. II._ Numerical results for
material that couples to the electron to produce SP radiatiorptlings formed by spheres of Al and Si@re offered in Sec.
This plays a central role in the examples that follow, whergll- Finally, the main conclusions are summarized in Sec. IV.

radiation of 1-15 eV is examined, for which the behavior Gaussian atomic unitg.u., that ise=m=#A=1) will be
used from now on, unless otherwise specified.

. Il. THEORY
Permanent address: Departamento de CCIA, Facultad de Infor-

mdica, Donostia International Physics Center, and Centro Mixto A theory is presented in this section to calculate electron
CSIC-UPV/EHU, San Sebastia Spain. Electronic address: energy loss and photon emission probabilities for the geom-
ccpgaabf@photon.lbl.gov etry illustrated in Fig. 1. An electron is assumed to be mov-
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[
E=Loyy—  VXLatg @
and
i
1ot H=— L VXL — Lo, 2

wherek=w/c andL ,= —i(r—r,) XV is the orbital angular
momentum operator relative to a given positign Similar

to the electromagnetic field, the scalar functions satisfy the
wave equation {2+ k?) /=0, and therefore, they have to be

ol N K
’\ """" made of free plane waves. In particular, for the the external
S~ o field, they can be expanded in terms of spherical harmonics
= Y, as
w0 =20 JUlk(r—ra) JYgL, 3
where L=(I,m), j_(u)=i"j;(Ju)Y.(0), j, is a spherical

Bessel function, ands, groups both magnetic and electric
components. Equatio(8) is a consequence of the assump-
tion that no external sources are present in the vacuum re-
gion under consideration, so that the external field cannot
lead to a net energy flux through any closed surface.

FIG. 1. Schematic representation of the geometry considered in The Obj(?CtS of the cI_uster will be labeled by_ nearby posi-
this work. An electron is traveling parallel to an infinite periodic 1ONST .. Single scatteringSS of the external field on one
string of dielectric objects with velocity and impact parametér of those objectse.g.,«) produces induced charges and cur-
with respect to the axis of symmetry of the string, chosen to be théents that set up a scattered field whose corresponding scalar
z axis. As a result of the interaction between the string and thdunctions can be written d28]
electron, radiation is emitted along directiorts ¢) with frequency
® such thgt the phase d_ifference b_etwee_n the con_tributions_to the far lﬁis(r) - 2 h(,_+)[k(r -r,)] ¢§Sl_ ' (4)
field coming from contiguous objects is a multiple ofri.e., L '
wd(1/v —cosdlc)=—2mn, where d is the string spacing The
present formalism can be applied to strings of arbitrary objectswhereh(L+)(u)=i'h|(+)(|u|)Y|_(lAJ) andhl(” is a Hankel func-
provided one knows their scattering mattixFor simplicity, the  tion [33]. This equation is valid for a sphere centered at
particular case of spheres of radaias been considered here.  gnd fully containing objecir (i.e., containing the induced

charges and currents
ing parallel to an infinite periodic string of dielectric objects.  In the linear response approximation, the SS field is pro-
The interaction between the fast electron and the string proPortional to the external field, so that
duces induced charges and currents in the objects, and as a
result, radiation is emitted over a continuum spectrum. ,ﬁisl_zz to L,

Expressions for the photon emission and electron energy o '
loss probabilities will be obtained in Secs. IIC and Il D, . . . -
respectively, employing a general multiple scattering techWherely, + is the so-called scattering matrix. Explicit ex-
nique to calculate the induced electromagnetic field. Thiresslons fot,, .- can be found in the case of both homo-
technique is reviewed in Sec. Il A for an arbitrary cluster 9ENE0OUS spheres and coe}ted sphe{&ﬁsgq, for which
[28,31]. The application to the particular case of a periodicta'LL’:tav'BLL’ and magnetic and electric components are

o . decoupledsee Sec. Il
string s presented in Sec. Il B, The field induced by the presence of the cluster can be

regarded as the result of self-consistent scattering of the ex-
A. Mu|t|p|e scattering approach to the e|ectromagnetic ternal f|e|d, and therefore, |t can be expanded intO mu|tip0|eS
problem in the same way as the SS field in E4). The total induced

field is gi by th
The method employed here to find the electromagneticIe 'S given By fthe sum

field in the presence of a cluster of dielectric objects is based inds o (+) ind

upon multiple elastic scattering of multipole expansions ¥ (r>—EL hiLK(r=ra) 1 (5
(MESME) around the positions of the objects of the cluster «

[28,31]. The electric and magnetic fields in the vacuum re-where « runs over cluster objects. Moreover, the field in-
gion surrounding the cluster can be written in frequencyduced by each objeat is the sum of the SS contribution
spacew in terms of magnetic and electric scalar functionsplus the result of the propagation of the field induced by
M and £ as[32,30 every other objecB# a from 3 to a, followed by scattering

PY

electron
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at . This leads to the self-consistent relati@8] and a runs over the integral numbefsee Fig. 1. An exter-
nal electron will be taken to be moving along the trajectory
described byr;=(b,0pt), whereb is the impact parameter
with respect to the axis of the string.

Equation (3) is valid inside the region free of external
where matrix notation has been adop(éd.,?pis(i”d) is the  sources defined by the sphere of radusentered around

SS(ind) - andt,, is the matrix of com- r,. More precisely, the coefficientg| are given by

vector of components,’
ponentst, /) and the operato ,; accounts for the noted [30,31]

propagation. The latter can be written [28,31]

"l/}i;'dz :jlis—'— toz E H aﬁ‘;r/‘ligd ’ (6)
B+ a

) lﬂz),(}_: ¢Exteiamd/u' (10)
_p-1lvz 2z
Hap=RoAT24G% sRup 7)

where
whereR,; is a rotation matrif33] that acts on the spherical

harmonics of the multipole expansions and is defined such ﬁ"’ex —omil K wb 2mAvic
that it brings the bond vectar, —r 5 onto the positive axis; “Ti+Dc K| — , (11
the matrixG% 5 of components pE VYl BLly
I+1 Ky is the modified Bessel function of ordem, vy
GZB,LL’ =S VAT D \21"+1 =1/J1—(v/c)?, andA," andB, are coefficients that depend

V== exclusively on the ratioo/c. In particular,A; is implicitly
<i"hG (K=t g))(1'mi170[Im)y (g ~ defined by

: - : _ Al
propagates spherical harmonics frgino « [34]; f dte“th{I[k(b,0pt)|]=i' jLKm

wb)

vyl
! n — *

(LfL |L>_f dQ YL Q) Y)Y (D) Explicit expressions fol,” and B, have been given else-

_ ) ) ) ) where [30,31] and they can be constructed in terms of
is a Gaunt integral; and the following operator is defined togegenbauer polynomials* as[35,36]

compensate for the lack of invariance of multipoles under
translations of their origih28,31: (21+1) (I—m)!
Af=i""m2m-1)n

, [5LL' 0 [ Pirm  Qurm ] (I+m)!
T = + Smm K| o= 4 m+1
ap.LL mm Ko™ Tg ' (clv)
oLy ~Qi'm  Pi'm x—————C"clv), m=0,
Y
where making use oA, =(—1)"A for m<0, and
mai,- BL=Alms V(I m+ 1)(1—m)

CIu'm:m-

—A V(I =m+1)(1+m).
p rm— 5 ) rD m— 6 -1 rD y
e S AL The periodicity of the string is reflected in the fact that
and H.p depends oma and B only through the differencer
—B. Actually, |r,—rg/=d|a—pg| in Egs. (8) and (9). In

b _i faEmd—m) addition, the rotation matrices reduce[88]
LN @ar-1)2l+1y

5|_|_r y a>B

Notice thatGy,; does not mix electric and magnetic compo- Ragir= (=) ™8, 80 s a<B. (12
nents, wherea3; acts on the two-component scalar func- ’
tions Therefore, using Ed7), one has thatl ,; depends orr and
v B only througha— 8. This, together with Eq(10), permits
{‘ﬂ us to recast Eq6) as
yF - 1 -

d)md: TRl ) t¢ext’ (13)

mixing electric and magnetic parts via off-diagonal terms (ol
Qim- where thea dependence has been dropped frosince all

objects of the string are assumed to be identical,
B. Application to an infinite string

Let us consider a periodic string of identical objects cen- H(q) = H e iaedd 14
tered around positions,= (0,0,«d), whered is the spacing (@ ;o a0 ' 14
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and ™ is implicitly defined by the coefficients of the mul- Wherew==[(k+q)d]mod 27 and an infinitesimally-small

tipole expansion ofy™ [see Eq.(5)], positive imaginary part has been addedktd his is consis-
_ e tent with the retarded response formalism implicitly assumed
Yt = pdeiavdly, (15 in Egs.(4), (5), and(8) (i.e., the choice of outgoing waves

_ _ o h{*) rather than incoming wavgsThe sums in Eq417) and
Equation(15) is a consequence of the periodicity of the sys-(1g) converge faster than that in E€L6), since their terms
tem and the assumption that the electron is moving Withyie off as 142 when a—s .
constant velocity parallel to the string. Notice that the depen-  ag expected, when the sphere separation is very large
dence ofy™ and 4 on the objecix comes exclusively via (kd>1), the sum in Eq(16) vanishes andd=1. Then, the

the phase factors explwd/v). isolated sphere limit is recovered from HG3).
The operatoH in Eq. (13) depends on both the string

spacing and the electron velocity. However, it is independent

of the particular shape and composition of the objects that C. Radiation emission
made up the string. This latter information is fully contained Inserting the multipole expansion of the induced field into
inside the scattering matritx Egs.(1) and(2), and making use of Eq$5) and(15), the far

Using Eqs(7), (8), (9), (12), and(14), the components of electric and magnetic fields reduce[&7,31]

H are found to be .«

ind__ -
Hiw (@)= 8 Hip (@), EW=1(0) 7=, 1o (19
where
and
i 17 fil O N
= n . ~ e
Hy(a) 477"”:%_“‘ val"+1 g m [ H'“derf(Q)T, r—oo, (20)
e Tynn
fi = (L1101 M) (7, + 9900) +[ Dy 41 (1 + 1,m[170] 1" m) wheref is normal tor, since these are radiative fields that
pAlr ) - decay with the distance asrl/n the case under consider-
=Dy =1mll"0[1 m)I(Z+ &), ation, one finds
m .
mr "= LIHOI,m TN _H_ _'r—r y elll’A
9y »=(L[1"0| >|(|+1)(§| Lin) Q)= (D) S -
and
77|+ . 1 where
= i'h{")(akd)e*iad . (18
{ﬁr a=1 akd

x(m=§ [ MLYL(Q)+E M X LY (Q)],

Equation(16) involves slowly convergent seri€se., the (21
general term goes asdlin the upper part and 1 in the lower
part times phase factors for large valuesxf However, the

v + > . C C_
functions ;- and{; can be efficiently calculated using the LY, (Q)= 7+Y|m+1(9)+ TY,m_l(Q),

identities
1 )+ Sy, () mY(Q
7]|t=—%{m[Z(l—COS‘G}t)]"‘i(mi_’77)} 2 Im+1( ) 2 Im—l( ),m L( )
~ lakd] are vector spherical harmonics
+ > [i'h(F)(akd)— ——|e*Tead (17)
= akd
A= wd| 1/ cost 22
and It S (22)
. 1 il(14+1) ,
= _ - {In[2(1—cosw™)] andQ =(#0,¢) denotes the polar angles pfwith respect to

e v —1 4kd the electron trajectorysee Fig. 1

w0 The probability of emitting a photon due to the interaction
il — )+ 2 [i'akdhfﬂ(akd) pf the s_tring with the_ external electron can be obtai.ned. by
=1 integrating the Poynting vector over a sphere of arbitrarily-
large radiug. One finds that the probability of emission per
e‘“kd] etiaqd (18) unit of energy range and unit of solid angle around the di-
’ rection() is given by[37,30

il(1+1)
_[“ 2akd
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r2 Photon energy (eV)
redqy Q)= Re[[EM( )X HM(— )]-r 4 6 8 10 12
H0.0)= T R[E™(@)xH™(=0)] 7} 012 e S
Lo ! -
1 otol |1 200keVe @ ]
— 2 L g=50 N
_4,n,2k|f(ﬂ)| ’ (23 0.08 I 'll ' 2270 22 Ill ‘\\I' \ energy loss: |
b TR _ o 4N TTreestring 7
- - - | " |. d=120 nm " - \\.1 sphere
The summation ovesw coming fromf in Eq. (23) can be = 008 |, RN ; ' -
performed using the identity > S NI 4
X 0041 M
N 2 SirA(NA/2) o ;o
S el = 5 ooz
a=1 SI?(A/2) & i
5 0.00 H—rf-H——t
[=H L 1
=27NY, S(A+2mm), N—owo, (24) 2 osf Il
" s T, a=50nm oML \ 1
S os5fF ) =55 nm ! VT energy loss: |
where the sum on the right hand side runs over integers £ ro'Y 42120 0m ! T\ strng
- . - A o4 . -1 sphere
Noticing thatn can only take negative values sinde>0 B X 4
[see EQ.(22)], one finds, upon integration ove; that the 03 ! / \ 4
probability of emitting a photon per sphere and unit of azi- Foa SRS L
muthal anglep reduces to 02 L.t 7 77 photon emission y 7
g aP 3 ’I : .,_ e /’/ (17:—1) \.\
Moe 1 o Y /
N~ g o, X0 (25 360 1

. . 300
For each harmonia, the emission takes place along a cone

whose aperture depends on the photon frequen@nd is 240 4

given by the polar directionQ ,=(6,,¢), where[1] g
&b 1801

,=cos ! 4 2mn 26 T
n=C0S |~ 4 — ). (26) S 150
60

Equation (26) responds to the intuitive argument that the
emission can only take place along those directions for
which the far field originating in the objects of the string is
constructive, and therefore, the difference in phase between
contiguous objects, given by E®2), has to be a multiple of
2. FIG. 2. (a) Energy loss probability and SP radiation emission
A threshold energy is obtained for eachwhen 8= probability for a 200-keV electron moving parallel to an infinite
(backward emission and an absolute threshold is found for periodic string of aligned Al spherdsee Fig. 1 The radius of the
n=-—1, given by wg=(2wc/d)/(c/v+1). This can be spheres isa=50 nm, the period along the string d&=120 nm,
clearly observed in the emission spectra represented in Figgnd the distance from the electron trajectory to the sphere centers is
2-6. In particular, Fig. &) shows the dependence of the b=70 nm. The photon emissiofenergy loss probability per
polar angle of emission on photon energy fisr —1. Notice ~ Sphere and energy range is represented by a &irshedl curve for
that the energy of emission for a given anglds propor-  the first harmonicig=—1; see text The energy loss spectrum in
tional to|n| and inversely proportional td. Therefore, when the presence_of an_lsolated sphere is _shown py a dotted curve for an
d— (isolated sphere limit the emission can occur for all electron moving with the same velocity and impact paramébgr.

angles and energies, and high valuesnbfbecome relevant. | Same a&) for b=55 nm.(c) Distribution of photon emission
probability per sphere and energy range over azimuthal angles

under the same conditions as (ip). The contour curves limiting
D. Electron energy loss white areas correspond to a value ok 680" “% per eV and per

The energy loss suffered by the electron can be obtaineﬂegree' Consecutive contour curves are separated b ihOthe
from the induced electric field acting back on[k9-23 same units. The units % eV refer to one event out of 100 incom-
Following previous analyses, one fin3,30) ing electrons within 1 eV of photon energy range.

w 1 . :
AEIoss:f dtv-E"‘d(rt,t):fO wdwl"|055(w)’ Floss(w)zﬁf dtRe{e"‘“tvE'”d(rt,w)} (27

can be interpreted as the probability that the electron under-
where goes a scattering event losing an amount of enargy

4 6 8 10 ‘ 12
Photon energy (eV)
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FIG. 3. The same as Fig. 2 for Si@pheres. Ir(c) the contour
curves limiting white areas correspond to a value of B8 per eV
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PRE 61

IlI. RESULTS FOR STRINGS OF SPHERES

The central results of Sec. Il are Eqg5) and(28). The
former represents the probability of photon emission per in-
cident electron and per sphere for the geometry of Fig. 1.
The emission is decomposed into different harmonjasach
of which contributes with a well defined polar anglg for
each photon energy, as given by Eq(26). Equation(28)
represents the electron energy loss probability per sphere.
These probabilities are shown in Figs. 2—7 and they have
been normalized to the number of sphelkeand the energy
range, so that, for instance, a probability of photon emission
(or energy lossof 0.1% eV ! in Fig. 2(b) represents the
emission of 0.00N photons per incoming electrofr the
detection of a fraction of 0.00M electron$ within an energy
range of 1 eV.

Besides the parameters shown in Fig. 1, these expressions
require to input the scattering properties of the spheres in the
string, that is, their scattering matrices. Clusters formed by
homogeneous spheres made of Al and ,Sie considered
next. Their scattering matrices have been calculated using
the analytical expressidr29,30

tM 0
tr=0oL 0 i ,
where
M —1ilpo)pali (p1) + poli (Po)ii(p1)

" (po)pai (p2)— pol N (o) 1)

E_ —Ji(po)Lp1)i(pD) ] + €l poji(po)]'ji(p1)
" po)lpaii(p0)] — elpohV(po)]ii(py)

po=Kka, p;=kaye (here, In{p;}>0), ais the sphere radius,

e is the frequency-dependent dielectric function of Al and
SiO,, respectively, and the prime denotes differentiation with
respect topg and p;. In particular, the response of Al has
been approximated by a Drude dielectric function with bulk
plasma energy,=15 eV and damping;=1.06 eV. The

and per degree. Consecutive contour curves are separated by a fafielectric function of Si@ has been taken from optical data

tor of 12

[38].
These two different materials have been chosen because

Due to the periodicity of the geometry under consider-they represent prototypical cases of metals and insulators,
ation(see Fig. 1, the contribution of each object of the string espectively. Since the latter are unable to attenuate radiation
to the loss probability has to be identical. Actually, insertingyithin their energy gaps, one would expect larger photon

the multipole expansion of™ [see Eq.(15)] into Eq. (1),
and this in turn into Eq(27), one finds that the loss prob-

ability per sphere reduces [80]

rlos ® 1
W Lsk,
N mw? T
C .
+278fi| E,md]’

wb +yx:l (M,ind
UJRe{mU(AL) L

emission probabilities in this case. However, although part of
the energy lost by the electron is dissipated in the medium in
the case of metals, larger intensities are found in this case, as
shown below.

The radiation emission probabilities have been calculated
from Egs.(21) and Eq.(25), where the coefficients™ are
obtained by solving Eq13) with the external field given by
Eqg. (1)) as input. The operators appearing in these equations
have been approximated by finite matrices of dimension
I max—|m|+1 for each azimuthal numben, wherel ., is the

where use of Eq(15) has been made. Results for the energymaximum value of the orbital angular momentum number
loss are given in Figs. 2 and 3 and they are discussed in nexinder consideration. Convergence has been achieved for

section.

I max=8 in the examples offered below.
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200-keV e a=50 nm d=120 nm

0.25} ('c) Si02,' n=—11005

40.04

‘(@) AL, n=11

_-b=%6om | b 5=50 nm FIG. 4. (a) Probability of pho-
‘ loos ton emission per sphere and en-
...... ergy range for 200-keV electrons

g J0.02 moving parallel to a string of Al
spheres, as calculated from Eq.

1001 (25) for only n=—1 (first har-

monic). The string spacing i

0.00

Emission probability per sphere (%eV-1)

\ ' ) Al n=_2 | =120 nm and the sphere radius
oozok Do ’ 1 0.030 is a=50 nm. Different values of
the impact parametdy have been
o016} =50 nm----~" + {0.024 considered, as shown in the figure.
52.5 nm------ _
ootal 55 . 1 loots (b) The same aga) for n—f.2.
60 nm. (c) The same as(a) for SiO,
o008k 65 nm. 1 10012 spheres(d) The same aga) for
70 nm- n=—2 and SiQ spheres.
0.004| 4 J0.006
0.000, 6 ) 10 12 14 6 8 10 12 14000

Photon energy (eV)

Figures 2 and 3 illustrate the energy loss and inducedphere as a function of emission energy for 200-keV elec-
photon emission probabilities for 200-keV electrons movingtrons moving with different impact parametdrsvith respect
parallel to an infinite periodic string of aligned Al and SiO to the axis of an infinite string of aligned spheres made of Al
spheres, respectively, as shown in Fig. 1. In the case of SiJFigs. 4a) and (b)] and SiQ [Figs. 4c) and (d)] for n=
(Fig. 3, the energy loss probability per sphefdashed —1 [Figs. 4a) and (c)] and n=—2 [Figs. 4b) and (d)].
curves, calculated from Ed28)], which is proportional to  Notice that the emission is weaker in $i@s compared with
the electron intensity that could be measured in an EEL®\ for n=—1, in agreement with the results of Figs. 2 and 3.
experiment, is seen to follow the photon emission probabilityHowever, then=—2 harmonic has comparable magnitude
[solid curves, including onlyp=—1, and calculated by inte- in both cases, since its threshold occurs at larger energies,
grating Eq.(25) over azimuthal angleg] within the region  where the dielectric function of silica has already a sizable
below 8.5 eV, where the imaginary part of the dielectricimaginary part. The emission probability increases mono-
function is very small and most of the energy loss is con-onically with decreasing impact parameter as expected.
verted into SP radiation, leading to an absolute threshold for The dependence of the angle of emission on photon en-
energy losses aby~4.24 eV under the conditions of the ergy has been represented in Fig)For 200-keV electrons
figure. In Al (Fig. 2), part of the energy loss goes always into and different values of the string spacindg as calculated
absorption. In particular, this is the case in the energy losfrom Eq.(26) for n=—1. The first-harmonic emission takes
peak at 3.8 e\(below the emission threshgldvhich can be  place within a finite range of energies, as can be seen in Fig.
ascribed to the excitation of an intrinsic mode of the string.5(b), where the emission probability per sphere has been
However, the radiation emission probability is higher in theplotted for different values ofl as a function of photon en-

Al case forn=—1 as compared to silica. The energy lossergy for the case of Al. The bulk of the emission is contained
probability (EELS spectrumfor an isolated spheré&otted  in the region 3—9 eV in all cases. Notice that the position of
curves can be obtained from Ed28) in the d— limit, the maxima of emission at around 6 eV and 8 eV is rather
leading to analytical expressions derived elsewhi@®¢ The insensitive to the string spacing. Actually, features at these
latter follows the loss probability in the string at high energy energies are also observed in the loss spectra of isolated Al
losses, where the coupling between spheres plays a mingpheres of the same radius, as shown in Fig. 2, and they can
role. However, the low-energy part of the EELS spectrum ofbe ascribed to the excitation of dipole and quadrupole
an isolated sphere looks very different from that of the stringmodes, respectively, whose energies depend on the sphere
and in particular, the former takes non-negligible values beradius[30].

low the threshold of the latter in the case of silicee Fig. Figure 6 shows the dependence of first-harmonic emission
3). spectra on electron energy for two different values of the

The distribution of the emission in azimuthal angléhas  string spacing, also for Al spheres. Again, the limits imposed
been represented in Figsic2and 3c) for strings of Al and by Eq.(26) are translated into a finite energy domain where
SiO, spheres, respectively. These materials exhibit differenthe emission is allowed. The largest intensities are obtained
¢ dependence, but in both cases the emission is focused dor electron energies of 260600 keV in both cases, though
the side of the string opposite with respect to the trajectorythe results for the larger separatidfig. 6(b)] show an over-

Figure 4 shows the probability of photon emission perall enhancement of the emission.
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Photon energy (eV) geometry illustrated in Fig. 1. The sphere radiugis50 nm, the

impact parameter io=55 nm, and the string spacing id
FIG. 5. (a) Dependence of the polar angle of SP emission on=120 nm and 160 nm ifa) and (b), respectively. The regions
photon energy, as calculated from Eg6) for n=—1 and various  \yhere emission is forbidden have been represented by shaded areas.
values ofd (see Fig. 1. (b) Probability of photon emission per The contour curves limiting white areas correspond to a value of
sphere and energy range fo+= — 1 as a function of photon energy . 149% eVv'! and 0.16% eV! in (a) and (b), respectively. Con-

and spacingl for a string of Al spheres of radius=50 nm. The  gecutive contour curves are separated by a difference of
electron impact parameter i5=55 nm. The regions where emis- 020, eV ! in both cases.

sion is forbidden have been represented by shaded areas. The con-
tour curves limiting white areas correspond to a value of
0.12% eV'!. Consecutive contour curves are separated by a dif
ference of 0.02% eV™.

creases in Figs.(@)-7(f). They correspond tm=—1 and
n=—2, respectively, and their profiles converge to the ones
given in Fig. 5a) asN— o,

The effects of termination in the string have been inves-
tigated using the method summarized in Sec. Il A for solving
Maxwell's equations in the presence of a cluster of The emission of photons by interaction of fast electrons
arbitrarily-distributed object§28,31. Figure 7a) shows the  with aligned strings of nanoparticles has been analyzed theo-
probability of photon emission as a function of photon en-retically. This constitutes a generalization of the Smith-
ergy for finite strings ol aligned Al spheres. Different val- Purcell effec{ 1], which takes place when an electron moves
ues of N have been considered, as shown by labels. Thaear a grating. The Maxwell equations have been solved ana-
distribution of the emission in polar angtehas been repre- lytically in the presence of a string of homogeneous spheres,
sented in Figs. ()—7(f). The largem, the more focused the and the cases of Al and Sjave been considered for vari-
emission. Actually, upon inspection of EQ4), the spread in  ous values of the different parameters involved in the geom-
phase difference in the emission is seen to be proportional tetry (i.e., electron energy and impact parameter, string spac-
6A~2m/N, which results in a polar-angle spread given bying, and sphere radiusThis approach can be employed to
660~2mc/(Nwdsiné). Under the conditions of Fig. 7 and investigate strings formed by arbitrary objects, provided one
for =6 eV, this leads ta56~50°/N, in good agreement knows their scattering matrices, and a trivial extension would
with the results shown in the figure. The increase of polariead to the simulation of periodic strings with a basis formed
angle spread with decreasing predicted by the above ex- by more than just one object.
pression is also observed in the figures. Under the conditions of Figs.(B), where Al spheres of

Notice that two intense regions are shaping ugNais-  diameter 100 nm separated 60 nm are considered, the maxi-

IV. CONCLUDING REMARKS
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FIG. 7. Probability of photon emission for an electron moving parallel to a finite stridédafgned Al spheres as a function of photon
energy and polar angle. The emission has been integrated over the azimuthal angidhe geometry is the same as in Fig. 1, except that
the string is finite. The values & under consideration are 1, 3, 9, 15, and 25kp-(f), respectively. The integral over all directions of
emission is shown itia) for different values oN, includingN=. Here, the probability has been normalized to the number of spheres
in each case and consecutive curves have been shifted 0.03% upwards to improve readability.

mum of photon emission occurs when the electron energy iper second per eV. This has to be compared with values of
300 keV. For a sphere-electron separation of 5 nm, assum-10'% on the sample within end stations of third generation
ingcoherent emission from 100 Al spheres and an electrosynchrotron lines in the same energy range.

in-tensity of 1 uA (this could be achieved by using a planar  Using a more general method to solve exactly the Max-
electron beam in interaction with different regions of a planewell equations in the presence of arbitrarily distributed di-
covered by strings of aligned sphexethe average outgoing electric object$28,31], finite strings of Al spheres have been
flux in the energy regiono=4—10 eV is ~10'? photons investigated. Strings formed by 50 spheres have been shown
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