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Superradiant Smith-Purcell Emission
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A diffraction grating mounted in the electron beam focal region of a scanning electron micros
has been used to produce superradiant emission over the 300–900mm wavelength range. Feedbac
is provided by the grating itself and the electron beam is focused and positioned over the g
by the microscope’s electron optical system. Extensions of this technique promise a new tu
coherent, cw source for the difficult to access far infrared (30–1000mm) range of the spectrum.
[S0031-9007(97)05020-5]

PACS numbers: 41.60.–m, 07.57.Hm, 52.75.Ms
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This Letter contains a description of a new type o
grating-based, tunable source that operates in the
infrared (FIR) region of the spectrum. Superradia
emission is achieved using a low energy spread, lo
emittance (“bright”) electron beam, and a diffractio
grating. Distributed feedback is provided by the gratin
itself. The device, which is described as a grating coupl
oscillator (GCO), has the potential for operating over th
entire, difficult to access, FIR (30–1000mm) region of
the spectrum.

A traditional means of pushing the operating regime
electron beam driven, coherent radiation sources tow
significantly shorter wavelengths has been to move t
electron beam energy into the relativistic regime. Th
present results provide clear evidence that significa
decreases in beam energy spread and emittance,
improvements in beam quality, can also be used for th
purpose. This observation applies equally to the bro
class of beam-field coupling schemes and not just t
diffraction gratings used in the present Letter.

When an electron passes close to the surface of a m
diffraction grating, radiation is produced at wavelength
that can be determined from the expression

l ­
l

jnj

√
1
b

2 sinu

!
. (1)

In Eq. (1)l is the grating period,b ; yyc is the electron
velocity relative to the speed of light (c), u is the angle of
emission measured from a direction normal to the surfa
of the grating, andn is the spectral order. Light produced
in this manner was first observed by Smith and Purcell [1
and it has come to be known as Smith-Purcell radiation

The original work of Smith and Purcell was carried ou
at visible wavelengths as were a number of subsequ
investigations [2,3]. The effect of the stimulated compo
nent of the emission process was negligible in these e
periments. At long (mm) wavelengths devices based
gratings have been operated as coherent oscillators, bu
order to achieve threshold, feedback elements have b
required [4,5]. In the present case the distributed feedba
on the grating is used for this purpose. The grating serv
as both the coupling element and the resonator. A su
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stantial fraction of the energy transferred from the bea
to the field is presumed to be in the form of nonradi
tive space harmonics and external feedback elements
not required. In principle, however, their use may pr
vide additional flexibility in the design. The open surfac
resonator together with the high quality electron beam
cilitates operation in the FIR wavelength range.

The device uses the beam of a scanning electron mic
scope (SEM), a schematic of which is shown in Fig.
The SEM is capable of generating a continuous, cylind
cal, 20–40 keV, a$20 mm (waist) diameter beam with a
total current#1 mA. The energy spread is not measure
directly but it is presumed to be small given the desi
parameters of the electron microscope. Emittance is m
sured using a 500mm slit. It is typically in the range
of 2 3 1022 p mm mrad in the present system and vari
by less than a factor of 2 over the range of current used
these experiments. A rectangular grating profile was c
sen, and the theory of van den Berg [6] was used to
termine the grating dimensions that maximize the pow
of first order spontaneous radiation (n ­ 21) at u ­ 0.

FIG. 1. Schematic of the modified SEM.
© 1998 The American Physical Society
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The gratings that were used ranged in period from 128
308 mm.

The angular distribution of the power (Wysr) radiated
into the half-space above the grating (see Fig. 2)
a beam of uncorrelated electrons in the spontaneo
emission limit is given by [7]

dP
dV

­
INen2b3

2le0

cos2 u cos2 f

s1 2 b sinud3
jRnsu, f, b, syl, dyldj2

3 exp
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#
,
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whereI is the beam current,e is the electron charge,N
is the number of grating periods,e0 is the permittivity of
free space,y0 is the beam’s impact parameter,f is the
azimuthal angle from they axis, andg ; s1 2 b2d2 1

2 .
The factorjRnj2 is related to the grating efficiency and

describes how well a grating of a specific geometry r
diates at a particular beam energy. The modal expa
sion method of van den Berg [6] was used to calcula
jRnj2. The value ofjR1j

2 at 35 kV in the normal direc-
tion is 3.4 for the grating used. In this model the ne
field associated with a moving electron is incident on th
grating where it diffracts into radiating and nonradiatin
orders. The nonradiating orders are evanescent surf

FIG. 2. Diagram showing the coordinate system and param
ters. Grating dimensions, in microns, for the data displayed
Fig. 5 arel ­ 173, s ­ 62, d ­ 100, and the grating lengthL
is 12.7 mm (73 periods).
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waves which have phase velocities less than the speed
light. When one of these “slow” waves has a phase v
locity close to the velocity of an electron, the electron ca
transfer energy to the wave and thereby indirectly driv
the radiating orders. This is the basic beam-field co
pling mechanism in both the spontaneous and superra
ant regimes.

Effective coupling occurs when the beam is withi
the synchronous slow wave’s1ye length. Equation (1)
and the velocity matching of the beam and the spa
harmonic can be used to calculate the evanescent sc
At resonance, for emission in thef ­ 0 plane, the scale
length is determined bylc ­ lbgy4p . Equation (2)
is derived using a delta function beam and is a go
approximation of the spectral radiance if the actual bea
diameter is small compared withlc. If this is not the case
then an integration over the beam’s transverse distribut
is performed.

In the experiments the beam waist was placed at t
midpoint of the grating, and the SEM’s scanning coi
were used to sweep the beam perpendicular to the surf
of the grating at 200 Hz. This created a reference mod
lation on the signal. The power was directed out of th
SEM through a polyethylene window and either focuse
into a Czerny-Turner monochromater or collimated in
a Michelson interferometer. A helium-cooled, silico
composite bolometer was used for detection.

The wavelengths corresponding to the peak sign
through the monochromater are in excellent agreem
with those predicted by Eq. (1) (Fig. 3). In addition,
wire grid polarizer was used to confirm that the radiatio
is strongly polarized (Fig. 4).

The time averaged power incident on the detect
was recorded as a function of beam current. In t
limit where spontaneous emission dominates, the pow

FIG. 3. Theoretically predicted vs experimentally measure
wavelength for gratings of various periods run at beam energ
between 30 and 40 keV (error bars are approximately the sa
size as the data points).
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FIG. 4. Detected power vs polarizer angle using thel ­
173 mm grating with a beam current of 100mA at 35 keV.

increases linearly with the beam current [see Fig. 5 a
Eq. (2)]. When the beam current surpasses a cert
threshold, however, the detected power evolves from
linear to a superlinear current dependence. There w
no discernible difference in the light’s polarization o
wavelength between the two regimes. The transitio
from a linear to a superlinear dependence of the pow
on the beam current indicates the onset of a stimulat
process. In the example shown in Fig. 5, power ris
as the fourth power of the beam current. The log-lo
plots of power versus current always have a slope of o
below threshold and show a straight line behavior abo
the transition point. The quartic dependence does n
appear to be universal; small changes in beam focus ha
yielded slopes ranging from 3 to 6. The higher slope
are generally associated with higher start currents a
may be a consequence of a small change in the effect

FIG. 5. Detected power vs electron beam current using t
l ­ 173 mm grating for two electron beam diameters a
35 keV. Fits were made of the formy ­ Axa. The threshold
point for the smaller diameter beam is indicated.
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interaction length. The waist of the beam is nominall
independent of beam current.

A detailed theory for the GCO, particularly one tha
addresses the optics of a grating that is functioning as
surface resonator, does not yet exist. However, the dev
is functionally a member of the traveling wave family, and
this realization can be used to describe device performan
in qualitative terms. The results of a set of measuremen
intended to illustrate this point are gathered together
Table I. These choices are inspired by general theori
of traveling wave [8] and grating coupled devices [9].

First the threshold current was determined as the wa
diameter of the beam was varied. As expected, larg
diameter beams required more current to initiate the osc
lation. The larger beams also reached threshold at a som
what lower current density. This would be anticipated a
well since the geometric filling factor will increase with
beam diameter. The values of the start current and st
current density are listed in the table.

Presuming that collective excitation on the electro
beam will become evident near threshold, it is of intere
to examine the beam plasma frequency. This parame
is defined by

v2
p ­

nbe2

e0mg3 , (3)

wherenb is the beam density. The factorg3 is included
because it is presumed that it is the longitudinal mass th
is important in the bunching. A single power ofg could
be more appropriate but this is immaterial at the prese
energy. It is conveniently measured in units of the trans
time t of an electron through the interaction region. Th
values ofvpt at threshold are listed in the table. It can b
seen that threshold is reached whenvpt is an appreciable
fraction of unity.

When the GCO is operating on a single mode, en
ergy transfer is dominated by resonant coupling with
single, synchronous space harmonic. In this case t
space charge waves on the beam and the compone
of a particular space harmonic that is approximately sy
chronous with the beam are in effect a coupled three wa
system. The structure of the coupling constant will thu
have the general form [8,9]

Dc .
p

3
2

sv2
pvt3d1y3f1y3, (4)

TABLE I. Summary of a series of superradiant threshol
measurements. The first three columns are the beam wa
diameter, the current at the superradiant emission threshold, a
the waist current density at this point.

db smmd Ist smAd Jst sAycm2d vpt g0yf1y3 sdbd

24 450 99.47 1.17 59.6
36 550 54.03 0.865 48.7
44 600 39.46 0.740 43.9
60 800 28.29 0.626 39.3
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wheref is an unknown and presumably a small dimen
sionless coupling factor. The intrinsic forward gain fo
the local wave system in this case would be

g0 ­ 47.3sDcy2pd sdbd , (5)

where the final expression has been cast in a form wh
emphasizes the relation with traveling wave interactio
theory [8]. Values ofg0yf1y3 are shown in the last
column of the table.

It must be emphasized that Eq. (5) does not repres
a net gain because it does not take into account
redistribution of the energy in the driven space harmon
among the full set of space harmonics, the intrins
9.54 db coupling loss [8], surface loss, or the loss due
the power radiated. The argument, however, does rev
the fact that the intrinsic gain available from low energ
but high quality (low energy spread, low emittance
beams of modest total current is potentially very larg
At currents above threshold, values off no larger than
1023 –1022 would yield substantial net gain.

The power produced in the limit where spontaneo
emission dominates is accurately given by Eq. (2) [10
Recognizing that in the spontaneous limit Eq. (2) d
scribes a shot noise process, a radiation resistance
be extracted by dividing out the factorse and I, inte-
grating in thef direction, and converting fromdu to
either frequency or wave number intervals. The resu
of these manipulations are displayed in Fig. 6. The e
timated peak radiation resistance for the 173mm period
grating is approximately1.6 kV when the beam centroid
is one beam radius above the grating. The factors mu
plying the radiation resistance (ceIdn ) combine to yield
4.8 fWy(mA cm21 V). Thus in the spontaneous limit ap
proximate power levels in the 8 pWy(mA cm21) range
are expected. The values are in good agreement with
measured power levels (100’s of pW) when the beam c
rent is in the 100–200mA (below threshold) regime.

Above threshold the degree of coherent modulation
the beam will be an implicit function of the radiation
resistance. The theory for this evolution is not ye
developed, but it is possible to estimate the magnitu
of the coherent modulation using the measured pow
and the radiation resistance. At beam current valu
approximately a factor of 2 above threshold the pow
on the detector is a few 10’s of nW. Measurements
the throughput of the optical system indicate that pow
levels in themW range are available on the grating. Thi
implies thats dI2

coh d1y2 is of the order of 5% to 10% of
the average current.

The power levels available are already sufficient to co
duct spectroscopic experiments. Furthermore, since
present system operates with a tungsten “hairpin” catho
modest improvements in the apparatus, particularly in t
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FIG. 6. Radiation resistance in ohms vs the angle of emission
for the l ­ 173 mm grating when operated at 35 keV.

electron gun, are expected to yield a very useful labora
tory based FIR radiation source. Given the progress in
high brightness field emission cathode research [11] an
the emerging capabilities of physically small dc-dc high
voltage, low current power supplies, future development
of compact portable versions of this device is also a real
istic expectation.
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