2086

IEICE TRANS. ELECTRON., VOL.E85-C, NO.12 DECEMBER 2002

[ PAPER

Special Issue on Near-Field Optics and Its Applications |

Experimental Verification of the Theory on Energy Modulation
of an Electron Beam with an Optical Near-Field

Ryo ISHIKAWAT, Jongsuck BAE'®, and Koji MIZUNOY, Regular Members

SUMMARY An exchange of energy between nonrelativistic elec-
trons and evanescent waves in an optical near-filed has been investi-
gated in an infrared region. A metal microslit has been adopted as an
optical near-field generator which produces a number of evanescent
waves by illumination of alaser beam. The theory has predicted that
electrons interact selectively with the evanescent wave whose phase
velocity is equal to the velocity of the electrons. In order to verify the
theory, two types of precise microslits with different shapes, aslot and
aV-shaped groove, have been fabricated. Experiments performed us-
ing these dlits at the wavelength of 10.6 um have shown that the energy
change of the electrons has varied from 2 eV to 13 eV with their initial
energy between 25-95 keV for a3.2 kW CO, laser pulse. The mea-
sured results have given experimental verifications to the theory.

key words: optical near-field, evanescent wave, free electron,
microslit, electron energy modulation

1. Introduction

Many kinds of electron beam devices including klystrons,
traveling wave tubes, and backward wave oscillators, have
been devel oped and widely used to generate intense coherent
waves in electromagnetic wave spectra from microwave
through ultraviolet ray[1]. Only free electron lasers among
them can operate in the visible light region by utilizing rela-
tivistic electron beamg[2]. On the other hand, an nonrel ativ-
istic electron beam with energy of lessthan 100 keV is more
desirable than a relativistic one to develop convenient com-
pact beam devices operating in an optical region[3]. How-
ever, there are few reports on the theoretical and experimen-
tal studiesfor the interaction between lower energy electrons
and light. In 1969, Schwarz and Hora reported that a 50 keV
electron beam passing through a thin dielectric film was
modulated with an argon laser beam at the wavelength of
488 nm [4]. This effect, however, has not yet been repro-
duced by other experimental groups.

In order to investigate electron-light energy-exchanges
in nonrelativistic regime, a metal microslit whose width is
less than an operation wavel ength has been proposed as an
interaction circuit [5]. In Fig. 1, an optical near-field is gen-
erated in the proximity of the dlit by illumination of alaser
beam. The near filed contains a number of evanescent waves
with different wave numbers k_ and phase velocitiesv. = w/
k,, where w isthe angular frequency of the laser. An elec-
tron beam with avelocity v, interacts selectively with an evar
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Fig. 1 Conceptual drawing of energy modulation of an electron beam
with an optical near-field using a metal microslit.

nescent wave when v = v.. Thisis so called the phase match-
ing condition or the synchronous condition in the interaction
[6]. Sincethe optical near-field comprises an evanescent wave
having a phase velocity much smaller than the light speed,
low energy electrons can be used for the interaction in the
microslit circuit. The slit structure is so simple that can be
easily fabricated even with a submicron width which is re-
quired for experimentsin the visible light region.

Experimental demonstration of the metal microglit in-
teraction circuit was successfully done using a CO, laser in
the infrared region [7], [8]. In the experiments, the metal
microslit which was formed by two polished copper blocks
and had awidth of 8 um with the accuracy of + 2um, were
used. The experimental resultsindicated that the 10 kW laser
pulse can modul ate el ectron energy more than + 5 eV for an
80 keV electron beam at the wavelength of 10.6 pm. The
theory on the interaction including the phase matching, how-
ever, has not been fully verified through the experiments due
to the inaccurate microdlit.

In order to confirm the theoretical predictionswith high
accuracy, two types of precise silicon microslits with differ-
ent shapes, a slot and a VV-groove, has been fabricated and
used for measurements. In this paper, the experimental veri-
fications of the theory in the infrared region are presented.

2. Fabrication of Metal Microdlits

Metal microslits with precise dimensions have been fabri-
cated using an anisotropic wet chemical etching technique
for silicon (Si) [9]. The fabrication processis shown in Fig.
2. Two types of the dlits with different shapes, (a) VV-shaped
groove and (b) slot, were fabricated by using 380 pum and
630 um thick Si-wafers with (110) and (100) orientations,



ISHIKAWA et a.: ELECTRON ENERGY MODULATION WITH AN OPTICAL NEAR-FIELD

(a) V-groove (b) Slot
> dH— > d|+
SIOZ* 1T 11
Si(100) Si(110) (1)
iy (111} » (11)
Cu

L

v ]

Fig. 2 Process sequence for fabrication of microslits on silicon sub-
strates using an anisotropic wet chemical etching method, (a) the V-
shaped groove on (100) orientation silicon, (b) the slot on (110) ori-
entation silicon; (1) after wet thermal oxidization, patterning photore-
sist, and etching a window in silicon dioxide, (I1) after anisotropic
etching silicon in KOH (30 wt%) solution, (111) after depositing tung-
sten and copper metal layers.

(a) V-groove on Si(100) (b) Slot on Si(110)

Fig. 3 SEM images of the fabricated (a) V-groove (d = 4 um) and
(b) slot (d = 7.5 um) on the silicon substrates.

respectively. In Fig. 2 (@), the depth of the slot was chosen to
be more than 4 times of the laser wavelength of 10.6 pm. The
deep slot of about 50 pum makes propagation waves in the
dot negligible dueto alargerf-loss. InFig. 2 (b), the V- shaped
corner at the bottom of the groove has a fixed angle of 70.5
degrees which is determined by the (100) Si orientation. In
Fig. 2, the gap widths d, i.e., the slit widths were adjusted
from 4 ym to 12 pm by changing a size of a photo-mask
pattern used in photolithography. In the final process (111),
the Si-microslits were coated with 20 nm tungsten and 100
nm copper metal layers. The tungsten layer increases toler-
ance for the input laser beam intensity. Test results for the
fabricated microdlits have shown that the laser power density
of more than 14 MW/cm? can be used for both the microdlits
without any damage at A = 10.6 um. This power density was
1.5 times higher than that for the slits without the tungsten

layer.
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Fig. 4 Calculation model of near-field distributions on the metal
microslits with the VV-groove using a two-dimensional FDTD method.
In the calculation for the metal dlit, the V-groove was simply replaced
with the metal dlit having a thickness of single cell size.

Figure 3 shows the SEM images of the fabricated
microditswith (a) aV-groove and (b) aslot. Thedlit widthsd
are 4 um and 7.5 pm for the V-groove and the slot, respec-
tively. It is seen from Fig. 3 that the microdlits have optically
smooth surfaces and clear edges of the slot and the groove.

3. Theoretical Analyses
3.1 Near-Field Distributions

Near-field distributions on the microdlits with the shapes, the
V-groove and the slot, have been estimated theoretically us-
ing the finite-difference time-domain method (FDTD method)
[10]. In the calculation, the microslit with the slot has been
treated as ametal dlit with a perfect conductance and a thick-
ness of nearly zero, because it is expected that the slot with
the large depth does not affect the near-field distribution as
described in Sect. 2.

The calculation model used in the FDTD analysesis
shown in Fig. 4. The calculation cell size and numbers are
also indicated in Fig. 4. For ease of calculation, it has been
assumed that a normally incident plane wave is polarized
perpendicularly to the groove with an infinite length. In the
case of the V-groove, the depth of the groove varies with the
width d. The height of the calculation area, thus, was ad-
justed from 1.1A to 1.8 for different d between 0.01A and A.
The width of the calculation areais 12A. Those dimensions
of the calculation area have been chosen to fully cover the
near-field region on the microglits. The calculation area was
bounded by the Berenger perfect matched layer (PML) [11].
In the calculation for the metal dlit, the thickness of the dlit
was set to be one cell size, i.e., 0.002A.

In the FDTD field analyses, all wave components in-
cluding an incident wave, scattered waves from the microdlit,
and waves reflected at the conducting plane excepting the
part of the microslit structure, have been taken into account
for calculation. The calculated fields, thus, contain fields of a
strong standing wave formed by the incident and reflected
waves. It isknown from theoretical consideration on the elec-
tron-light interaction that the standing wave does not con-
tribute to the interaction with electrons [12]. In order to re-
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Fig.5 Calculated field intensity distributions of |E | on (a) the V-
groove and (b) the slit. The widths are same and 0.35A. The field
intensities were normalized to the field of incident wave, |E,|.

move the standing wave and to see clearly the near-field dis-
tributions in the proximity of the microdlits, electromagnetic
fields calculated for a simple conducting screen have been
subtracted from the fields cal culated for the microdlits.

Figure 5 shows the near-field distributions calcul ated
for the two microdlits, (a) the V-groove and (b) the metal dlit.
The widths of the two microslits are same and 0.35A. The
electric field intensities |E | in the x-direction and the x and y
positions have been normalized to the one of the incident
wave, |E,|, and the wavelength A, respectively.

The near-field distribution shown in Fig. 5 (b) has agreed
with that previously calculated for the metal dlit using the
method of moments [8], [13]. The field intensity is approxi-
mately 0.9 at x =y = 0. Thisintensity israised by 2.3 times
using the microdlit with the V-groove. The enhancement of
the near field results from a resonant effect in the groove.

3.2 Electron-Energy Changes

Using the theoretical near-field distributions, energy changes
of electrons passing close to the microslit surface were esti-
mated through computer simulation. Referring to Fig. 1, the
electrons with avelocity v. movein the x-direction at the dis-
tancey, from the surface of the dlit. The total energy changes
of the electrons were estimated by integrating small energy
changes with the near filed in asmall distance along the elec-
tron trajectory. The detailed description on the calculation
method is given in Ref. [8].

Figure 6 shows the cal culated maximum energy changes
AW in the microslits with and without the VV-groove for the
electronswith avelocity of B(=V, / c, c: light speed) = 0.5 as
afunction of dat y, = 0.01A. AW is normalized to the maxi-
mum value in the curve for the V-groove at d /A = 0.3. As
seen from Fig. 6, optimum slit widths giving large AW for
both the microslits exist. The curve for the microdlit without
theV-groove, i.e., the metal dlit hastwo peaks of 0.6 and 0.69
at d = 0.125A and 0.625A, respectively. The spacing between
the peaksis exactly ahaf the wavelength. From similar cal-
culation results for different , it is found that the optimum
widths for the metal slit have a periodicity of A [14]. This
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Fig. 6 Cadlculated maximum energy changes of electronswith 5=0.5
in thetwo microdlit circuits, theV-groove and the dlit, as afunction of
thewidth d at y, = 0.01A.

30 T T T T

(a) V-groove
4444444444444 (b) Slit

Maximum energy changes

of electrons [eV]

Fig. 7 Cadculated maximum energy changes of electronswith 5= 0.5
in thetwo microdlit circuits, theV-groove and the dlit, as afunction of
y, /A

variation of the AW curve results from the periodicity of phase
inthelaser field. In contrast to the result for the metal dlit, the
curve for the V-groove has only single peak at d = 0.3A, and
the BA periodicity has disappeared, because the depth of the
groove varies with d. The groove, however, acts as aresona-
tor and increases AW by 1.45 times compared to the maxi-
mum AW at 0.625A in the metal dlit.

Figure 7 shows the cal culated AW for the electrons with
B =0.5inthe two microglits as a function of the positiony.
The optimum widths of 0.3A for the V-groove and 0.625A for
the slit were used for calculation. A CO, laser beam with A =
10.6 pm and a power density of 10 MW/cm? was assumed as
the incident wave. This power density correspondsto a 3.2
kW output power focused onto a 200 pm diameter area.

In Fig. 7, when y increases from zero to 0.5, DW falls
off exponentially to near zero. The exponentia decay in both
curves suggeststhat the el ectrons have exchanged energy with
evanescent waves in the optical near-fields on the microdlits.
From the theory, the decay constant a of the evanescent wave
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isgiven by k; (1-32)*2B[5], where k, is the wave number
of the laser beam in free space. Using thisrelation, for =
0.5, a = 1.73k, which has agreed with ones estimated from
the DW-curvesin Fig. 7.

From the results shown in Fig. 7, it is seen that the 3.2
kW laser beam gives AW of 25 eV in theV-groove and 17 eV
inthe metal dlit to the electronspassing at y, = 0.014, i.e., 0.1
um. These AW decrease to a measurable energy change of 1
eV, ay, = 3.0 umfor theV-groove and at y, = 2.7 um for the
metal slit. The microglit with the VV-groove is superior to the
simple metal dlit as the interaction circuit in the view points
of both the interaction strength and space.

4. Experiments

Experiments have been doneto verify the theory in theinfra
red region. Figure 8 shows the experimental set up whichis
almost the same as a previous one used in the first experi-
ment [7], except for the microglit interaction circuit. The Si-
microglit with the V-groove shown in Fig. 3 () was used for
the measurements. The CO, laser has output pulses with a
peak power of more than 4 kW and awidth of 180 nsec at a
repetition rate of 1 kpps[15]. The experimental wavelength
was 10.6 pm. The focused laser beam at the surface of the
microslit has afundamental Gaussian intensity profile with a
diameter of about 200 pm. Theinitial energy of the electron
beam has been adjusted between 25-95 keV. The slot aper-
turewith aheight of 5 um and awidth of 100 um confinesthe
beam area on the microslit. The electron energy was mea-
sured by using aretarding field analyzer [16]. Our energy
analyzer has resolution of better than 0.8 eV for an 80 keV
electron beam [8]. This analyzer passes all the higher-energy
electrons than the filter bias V, which is avariable retarding-
potential. The electrons passed through the energy analyzer
were detected by a high speed secondary electron multiplier
(collector) connected to a gated counter which is triggered
by the laser pulses.

Figure 9(a) shows the measured energy spectra of the
electrons A with and B without laser illumination, while (b)
shows the difference between the two spectraA-B. The peak
power of the laser was 4 kW and the initial electron energy
W was 80 keV (3~ 0.5) whichisthe center energy at V, = 0
in Fig. 9. The ordinates are the output counts from the gated
counter with agate width of 2 psec and an integration time of
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5 sec. In Fig. 9(a), the decrease in the output counts at V,
above + 0.5V isdueto the dispersion of the energy analyzer
used in the experiment.

When the laser beam irradiates the electrons, the spec-
trum B is changed to the spectrum A with awider energy
spread. The spectrum A still contains a number of electrons
that have not interacted with the light. Fig. 9(b) thus indi-
cates the energy spectrum only for the electrons that were
interacted with the light. The plus counts for V, < 0 and the
minus for V, > 0 represent the numbers of electrons acceler-
ated and decelerated by the laser field, respectively. Theasym-
metry in the energy spectrum would be due to the dispersion
of the energy analyzer. From the energy distribution at V, < 0
in Fig. 9(b), it is seen that the maximum energy change AW
of the electronsis greater than 5 eV. The experimental results
indicate that the microslit with the V-groove can be used to
modulate the electron beam with the laser in the optical re-
gion aswell asthe metal dlit.

From the measured spectra shown in Fig. 9, it is seen
that 3700 electrons have passed through the slit, and 1900
electrons among them have interacted with the laser beam.
Since the height of the electron beam on the slitis 5 um, the
ratio of the signal electrons to the total onesimplies that the
interaction space of the slit is about 2.6 um which agrees
with the theory.

Dependence of AW on the polarization of the laser field
has been measured to confirm that the observed energy
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Fig. 9 (a) Measured electron-energy spectraA with and B without
laser illumination, and (b) the difference between the two spectraA-B
for an electron beem with an initial energy of 80 keV.
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Fig. 11 Maximum energy changes of the electronswith 3=0.5asa
function of the laser peak power. The solid curve is atheoretical fit to
the measurements.

changes of the electrons are due to the laser field. The mea-
sured result is shown in Fig. 10. The zero angle of the polar-
ization isan angle at which the electric field of the laser beam
ispolarized in the direction of traveling of the electrons. The
solid line is a cosine curve that is the theoretical change of
AW. The results are a direct verification for the laser field
modulation of the electron beam in the microdlit.

Figure 11 show the measured variation of AW with the
laser power P.. The experimental parameters are the electron
current of 30 pA, W, =80keV, and V, < -2V. The solid curve
indicates the theoretical variation of AW whichisproportional
to thefield intensity of the incident wave, i.e., the square root
of P.. The theory has agreed well with the measurements.
The measured AW is about 9 eV at P, = 4 kW which is com-
pared to 19 eV predicted through the computer simulation.
The reduction of the energy change by 0.47 timeswould arise
from differences of the actual microslit from the theoretical
one. Since the actual dlit surface has finite conductance, the
amplitude of the evanescent wave may be small compared to
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Fig. 12 Maximum energy changes of the electronsin the two microslit
circuits, the V-groove and the slot, for the laser power of 3.2 kW asa
function of the initial electron energy W. The solid and dotted curves
are the theoretical variations. The electron velocity S corresponding to
W, is also indicated in the ordinate.

the theoretical one.

Figure 12 is the measured variation of AW for the
microslits with the V-groove and the slot as afunction of W.
The two microsglits used in the experiment are the same ones
shown in Fig. 3. The solid and dotted curves represent the
theoretical variations of AW for the microslits with the V-
groove and the slot, respectively. As mentioned in Sect. 3.1,
the theoretical curve for the microslit with the slot are the
theoretical values calculated for a metal slit with the same
width, aperfectly conducting screen, and anearly zero thick-
Ness.

To obtain the best fit to the measurements, the theoreti-
cal energy changes have been decreased by 0.47 times, but
any adjustment has not been made for the dlit widths, i.e., 4
pm for the V-groove and 7.5 pm for the slot. The theory has
well predicted the measured variations of AW for both the
microdlits. These results show that the theory on the microdlit
interaction circuitsisvalid.

The measured curves shown in Fig. 12 represent wave
number spectra of the optical near-fields on the microglits,
because the el ectron velocity Sis converted to the wave num-
ber k,, of the evanescent wave through the relation B=k, / K, .
In this point of view, it is seen from Fig. 12 that the electrons
with W, between 25-95 keV have interacted with evanescent
waveswith Kk, between 1.8k, and 3.3k,. The optical near-field
on the V-groove has wave components with higher ampli-
tudes at k_, below about 2k, (W, ~ 80 keV) compared to the
microglit with the slot. The reason for it would be due to the
V-groove having the obtuse edges compared to the slot. The
microslit with the V-groove thus has the smaller peaks of the
near field at the edges asshown in Fig. 5. Therefore, the wave
components of lower k_ in the wave number spectrum for
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the V-groove is more dominant than those for the slot. These
results suggest that an electron beam can be used to measure
an optical near-field on asmall object in the optical region.

5. Conclusions

Energy modulation of a nonrelativistic electron beam with a
CO, laser using ametal microslit as an interaction circuit has
been analyzed theoretically and measured experimentally at
the wavelength of 10.6 pm. The theory has predicted that an
evanescent wave comprised in an optical near-field on the
microslit modulates energy of electrons, when the phase ve-
locity of the wave is equal to the velocity of the electrons.
Careful experiments have been carried out using precise metal
microslits with and without the V-shaped groove and have
verified the theory. The experimental results have indicated
themetal microdlits can be used to modulate an electron beam
even with low initial energy of 25 keV. It has been also con-
firmed from those results that the metal microdlit with the V-
shaped groove is a potential interaction circuit to achieve
strong coupling between electrons and alight.
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