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Energy modulation of nonrelativistic electrons in an optical near field
on a metal microslit
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Energy modulation of nonrelativistic electrons with a laser beam using a metal microslit as an
interaction circuit has been investigated. An optical near field is induced in the proximity of the
microslit by illumination of the laser beam. The electrons passing close to the slit are accelerated or
decelerated by an evanescent wave contained in the near field whose phase velocity is equal to the
velocity of the electrons. The electron—evanescent wave interaction in the microslit has been
analyzed theoretically and experimentally. The theory has predicted that electron energy can be
modulated at optical frequencies. Experiments performed in the infrared region have verified
theoretical predictions. The electron—energy changes of more+thagV with a 10 kW CQ laser

pulse at the wavelength of 104m has been successfully observed for an electron beam with an
energy of less than 80 keV. @001 American Institute of Physic§DOI: 10.1063/1.1345851

I. INTRODUCTION verified theoretical predictions for relationship among laser

wavelength, initial electron velocity, and slit width. In this
Electron beam devices have several advantages ovefticle, the theoretical and the experimental results for the

solid state devices, such as wider tuning frequency range angicroslit interaction circuit are presented.

higher output power. Those devices using nonrelativistic

electrons, klystrons, and traveling wave tubes, are mostly 1‘0{I THEORY

microwave regiort. Only free electron lasers can operate at

optical frequencies, but these utilize relativistic electronA. Near-field distributions

bean;s for laser action and consequently their dgvice size is According to Chou and Adams'’s analy&isnear-field

huge” To develop compact convenient beam devices, the Usgistributions on a metal microslit have been calculated using

of nonrelativistic electrons is indispensable. However, therg,o method of moments. For ease of the calculation, it has

are few reports on the theoretical and experimental studie§een assumed th4l) the metal slit consists of two semi-

for the interaction between lower energy electrons and lightinfinite plane screens with a perfect conductance and a zero

Schwarz and Hora reported that a 50 keV electron beancyness, and2) a normally incident plane wave is polar-
passing through a thin dielectric film was modulated with aNized perpendicularly to the slit.

argon laser beam at the wavelength of 488 *finis effect, In order to verify the theory, near-field intensity distri-
however, has not yet been reproduced by other experimentg| ions on a metal slit have been measured using a scaled

groups. Successful experiments on tisverse Smith— 546/ of the slit at a microwave frequency of 9 Ghizave-
Purcell effect using nonrelativistic electron beams have length\ =33 mm. The experimental setup is shown in Fig.

been reported, but th% operation frequencies still remain i The metal slit consists of two aluminum plates with a
the far-infrared re@!"’ﬁ’-, . . . height of 400 mm, a width of 190 mm, and a thickness of 1
In order to realize significant coupling between visible or ;1" The rectangular horn antenna with an aperture size of
infrared waves and a nonrelativistic electron beam, a met&y 15 mmix 157 mm was placed at the distance of 1650 mm
microslit has been proposédn Fig. 1, an optical near field oy the slit. This longer distance assures a plane wave in-
is induced in the proximity of the microslit with laser illumi- ijence. The small antenna probe detects an electric field in
nation. Energy of electrons passing close to the surface of thg o direction |E,| which is a dominant field for the inter-
slit is modulated with a laser. This type of metal microslit is 5 tion with electrons.
more suitable than the dielectric film for precise measure- 1o antenna probe with a length of 1.6 mm was placed
ment of energy exchange between free electron and light ang} {he end of a thin coaxial cable with a diameter of 0.8 mm
for investigating quantum eﬁe&gthat will be happened in - connected to a spectrum analyzer HP-8562B. In order to
the interaction, because there is not a disturbance such agoiq an influence of a reflected wave from the slit upon the

electron scattering in dielectric medium. near-field distributions, the probe was placed at the opposite
Using the metal microslit, we have demonstrated the engjye of the horn.

ergy modulation of an ellgctron beam _With a L@ser at the Figure 3 compares the calculaté®(@)] and measured
wavelength of 10.6um.™ The experimental results have [, field intensity distributions ofE,| on the slit. The slit
width d was 0.5\. The field intensities were normalized to
aE|ectronic mail: issi@riec.tohoku.ac.jp the ong E,;| measured at=y=0 without the slit. In Fig. 3,
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FIG. 1. Conceptual drawing of electron-light energy exchanges using a (a)Theory (b)Experiment

metal microsiit. FIG. 3. (a) Calculated andb) measured field intensity distribution ¢E,|

on a slit with a width of 0.5\. The field intensities were normalized to the
field |E,;] measured ax=y=0 without the slit.

the shapes of the field distributions for both the theory and
the experiment are quite similar, though the measured near Fi 6 sh h lculated . h
field in Fig. 3b) has small ripples. These result from the igure 6 shows the calculated maximum energy changes

interference of waves scattered from the coaxial probe an W for the electrons _W'th different velocitig8 (_: vilc, c
the slit. ight speed as a function ofd aty;=0.0I\. AW is normal-

rized to the maximum value in the curve f6=0.5 atd/\

sities for the slits with different widths as a function of the — 0-64- AS seen from Fig. 6, the curve 6=0.3 has two
distance from the slit surfacgat the center of the slit, i.e., peaks of (_)'63 _and 0.68 dt=0.08\ and 0.38, res_pectlvely.
x=0. In the results fod=0.75\, the theory has agreed well These slit widths correspond to the transit anglfé's,
with the measurement. Whehdecreases 0.75 to 0.12),  (~ @d/vi)=0.537 and 2.537 for the electrons, where is
deviations of the measured intensities from the theoreticatlhe ang.ular. frequency of the I.aser. Asncreases, thg opti-
ones increase mainly due to the probe having a finite size um slit widthsdy, becomg wider to keep the ”‘?‘”S't angle
about 0.05\. However, the theory has well predicted the same. From those calculation results, the following relation-
measured variations of the field intensities wjthThose re- ship betweertl, and 8 was found:

sults indicate that the theory is valid allowing for experimen- dp=pBA(m+3), (1)

tal errors.

Figure 4 shows the calculated and measured field inte

wherem is an integer. It should be noted that the optimum
width is narrower than that in a conventional metal parallel
B. Electron-energy changes plate circuit as used in klystrorisin this circuit, electrons

. . ' o are modulated with a uniform field at the gap between the
Using the theoretical near-field distributions, energy

h f elect : | o the it surf rparallel plates. It is known that the optimum gap width is
changes ot electrons passing close 1o the Siit surtace Wegﬁven by BA(m+1/2). The difference oB\/4 between the
estimated through computer simulatithThe theoretical

del d for th lculation is sh i\ Fio. 5. The el optimum widths would arise from the difference of the field
model used for the calculation is shown in Fig. 5. The eleCyistributions in the two circuits.

trons with a velocityv; move in thex direction at the dis-
tancey; from the surface of the slit. All field components
i.e., electric fieldsE,, E,, and a magnetic fieldH, in the

near field were taken into account for calculation. The tota
energy changes of the electrons were determined by integrat-

In Fig. 6, the second peaks in theW curves at the
* wider width are always larger than the first peaks at the nar-
|rower width. In the slit circuitAW is roughly proportional to

ing small energy changes with the Lorentz force in a small 1.5 — T
distance along the electron trajectory. The integral lerigth Theory Experiment g;s A
was chosen to be ten times of the slit width which fully i — N 054 |
covers the near-field region on the slit. ; L e o 012 4
E
Al plat =
Microwave d =3 s ?,ﬁ,ﬁ F
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FIG. 2. Experimental setup for measurement of near-field distributions on a

metal slit at 9 GHz. A small electric probe detects an electric field ikthe FIG. 4. Comparison between the calculated and measured field intensities
direction|E,|. The field distributions in the proximity of the slit were mea- for the slits with widths of 0.75., 0.5\, and 0.12\, as a function of the
sured by scanning the probe in tkendy directions. distance from the slit surfaceat x=0.
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FIG. 5. Calculation model of electron energy changes with a near field on a
slit of a widthd. An electron, with an initial velocity; and its positiory; ,

is accelerated or decelerated by Lorentz force in the near-field region. The
integration length_ of ten times the slit width was chosen to fully cover the
near-field region on the slit.

Maximum energy changes of

electrons (a. u.)
-
Q

the field intensityE, and an effective interaction length in _ .

he slit. As seen from Fig. &, for the wider slit width is FIG. 7. Qalculated maximum energy changes of electrons as a function of

t : 9. A y/\ for different electron velocitie@=0.3, 0.4, and 0.5.

smaller than or nearly equal to the one for the narrower

width at y=0.01\. The increase of the interaction length

thus exceeds the decrease of the field intensity when the Shi|g 5. Whenkx is |arger thar‘ko, the wave Component is an

W|dth_|ncreases. _ evanescent wave whose field intensities in the slit decays
Figure 7 shows the calculatex\V for different electron  exponentially asy increases. Therefore, it can be deduced

velocities as a function of the position Slits having the  that the exponential decay afW in Fig. 7 results from the

optimum slit widths ofd,/A=(0.38, 0.5, and 0.62for B interaction with the evanescent wave. The decay constant

=(0.3, 0.4, and 0. respectively, were used for calculation. of the evanescent wave is given'dy*

A CO, laser beam withh =10.6um and a power density of

3Xx 10" W/cn? was assumed as the incident wave. This w=k /(ﬁ)z_l @
power density corresponds to a 10 kW output power focused 0 Ko '
onto a 200um diameter area. Comparingeg with «, the following relationship has been

In Fig. 7, wheny increases from zero to 0)5 AW falls :
. found:
off exponentially to near zero. The decay constants
for the exponential curves were estimated to dg=Kkq ky=olv;. (©)
X(3.2, 2.3, and 1jrfor f=(0.3, 0.4, and 0.5 respectively,  Therefore, the calculated results indicate that in the slit cir-
wherek, is the wave number of the laser beam in free spaceg iy ejectrons with a velocity; interact selectively with the
Since AW is proportional to a field intensity, those curves evanescent wave whose phase velogify- w/k, is equal to
represent effective field distributions for the electrons in thev_ An effective interaction space of the slit can be defined
. i

slit. as y.=1/a, because the field intensity of the evanescent

The effective field distributions shown in Fig. 7 are con- ..o toiis off bye L. Using Eqs(2) and(3), y, is expressed
siderably different from the near-field distributions in Fig. 4. ¢ e

The near fields on the slit contain a number of wave compo-

nents with different wave numbeis, in the x-direction in N B
*Tom T

Equation(4) indicates that the interaction space in the slit

circuit is strongly limited, particularly for a lower-energy

1 electron beam. The electrons thus must be passed very close

to the slit surface to obtain significant energy exchanges with

. a laser beam. This is the main reason why we have chosen an

infrared laser with a longer wavelength for the first experi-

. ment. From theAW curve forB=0.5 in Fig. 7, it is seen that

the interaction space is about @m, where measurable

electron-energy changes of greater than 1 eV are obtained.

4

Maximum energy changes of

electrons (a. u.)

0 05 1.0 lll. EXPERIMENTS

Slit width, d / 2 ~ Experiments have been done to verify the theory in the
infrared region. The experimental setup is shown in Fig. 8.
FIG. 6. Calculated maximum energy changes of electrons as a function o electromechanica-switched CQ lasel® has been de-

the S_|It widthd for different electron velocme;§=_ vi/c of 0.3, 0'43 and 0.5 _veloped and used for the experiments. This laser oscillates in
at y=0.01\. The energy changes are normalized to the maximum one in .
the curve for3=0.5 atd=0.62\. The slit width is also normalized to the the fundamental transverse electromagnetic (jgNnode

wavelength. and generates the output pulses with the maximum peak
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power of 10 kW, a width of 120 ns, and a repetition rate of 1 Laser peak power (kW)

kpps atA=10.6um. The laser beam was focused onto the

slit surface with a diameter of about 2@0n using a ZnSe  FIG. 10. Maximum energy spread of the electrons as a function of the laser
lens. The slit consists of two polished copper blocks. and th@eak power. The solid curve is a theoretical fit to the measurements.
width is 8.4 um. The initial energyV, of the electron beam

was adjusted between 40 and 90 keV. The slot aperturcgate width of 1.5us and an integration time of 10 s. In this

placed in front of the slit confines the beam area on the slit t xperiment, the electron current was limited to be less than 2

10 um in height andllooim n W'dthi The electroq energy pA to maintain linear response of the electron multiplier
was measured by using a retarding field analy%ahis ana- even for the larger current input % >0

Iy;er passes gll the .higher-ener.gy electrqns than the filter In Fig. 9a), the measured spectrum B without laser illu-
biasVy which is a variable retarding potential. mination shows that our energy analyzer has a resolution
The pulsed laser output modulates the energy of the ... han 0.8 eV for the 80 keV electron beam. The output
electron beam, so that the electron current through the angy -+ qecreases graduallydsincreases from- 1 eV due to
lyzer changes during the pulse. The electrons passed throu o dispersion of the energy analyzer. When the laser beam
the energy analyzer were detected by a secondary electrgny jiare the electrons, the spectrum B is changed to the
multiplier (collectop connected to a gated counter which is spectrum A with awider'energy spread. The spectrum A stil

electrons A W.'th and B without laser illumination, whilét sion effect from the measured spectrum A, the output counts
shows the difference between the two spectra A—B. The g\ ore subtracted from those in A. Figurébpthus indi-
pegk power of the laser was 10 kW ait=80keV. The' cates the energy spectrum only for the electrons that were
ordinates are the output counts from the gated counter with Riteracted with the light. From Fig.(B), it is seen that the 10
kW laser beam can give the energy spread of more than
80 : : eV to the electrons. The experimental results clearly show
L (a)Energy that using the metal slit, the energy of the electrons can be

60 [ o win 1aser beam spectrum - modulated with the laser at=10.6.m.
laser beam 3 Since the energy analyzer passes all the higher-energy

electrons, it is expected that, for large bias voltages the out-
put counts with laser illumination should be same as the ones
without laser illumination. However as shown in Fighg
the counts with laser illumination is slightly smaller than the
10 " 0 5 10 one without laser illumination even af;>+10V. This
Filter bias, ¥ (V) would be due to deflection of the electron beam with the
laser illumination. Consequently, a part of the electron beam
10 T T has been clipped by the aperture before the collector.
(b)A-B In Figs. 9a) and(b), about 70 000 electrons have passed
5T ‘/\ ] on the slit, and about 13000 electrons among them have

Counts ( x103)
&
T

interacted with the laser beam. Since the height of the elec-
tron beam on the slit is 1@m, this ratio of the signal elec-
trons to the total ones implies that the interaction space of the
slit is about 2um which agrees with the theoretical predic-

Counts ( x103)
Q

-10 . . tion as described earlier.
-10 5 0 5 10 A variation of the maximum energy spread of electrons
Filter bias, V1 (V) with the incident laser power has been measured and plotted

FIG. 9. () Measured electron-energy spectra A with and B without IaserIn Fig. 10. In the eXpenm.em’_the energy spreads were mea-
illumination, and(b) the difference between the two spectra A—B for an sured for the electrons with/;=80keV and a current of 0.5

electron beam with an initial energy of 80 keV. nA atV;<—3eV. The solid curve indicates the theoretical
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have revealed that an evanescent wave contained in the near

“g 1 field interacts with the electrons when the phase velocity of
5 the wave is equal to the velocity of the electrons, this is, the
E synchronous condition is achieved. Using the metal microslit
5’; with a width of about 8.4um, the energy modulation of
°2 0.5 electrons with a C@laser at the wavelength of 108 has
25 been successfully observed for electron beams with initial
é;‘:? o Experiment energy between 40 and 90 keV. The results could be useful
—— Theory for developing an infrared region grating lingmverse
%3 oa 05 06 Smith—Purcell type laser acceleratdf In addition, the the-
Initial velocity of electrons, B =v;/¢ oretical and experimental results also imply that developing
40 60 80 100 of a new type of scanning optical near-field microscopes uti-
Initial energy of electrons, W, (keV) lizing an electron beam as a near-field probe would be
FIG. 11. Maximum energy spread of the electrons as a function of the initiaIpOSSIblel'8

electron velocity. The solid curve indicates the theoretical changes of the
electron energy in the slit with a width of 72m. ACKNOWLEDGMENTS
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IV. CONCLUSIONS
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