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A tunable coherent source which operates in the THz-
FIR region of the spectrum has been developed. The
device, termed a grating-coupled oscillator (GCO) uses
the beam in a scanning electron microscope (SEM) and a
diffraction grating placed in the e-beam’s focal region to
generate the radiation. Distributed feedback is provided
by the grating itself and the e-beam is focused and po-
sitioned using the microscope’s internal control system.
A summary of operating characteristics of the present
device and a survey of the scaling relations which will
determine the spectral coverage is presented. Comments
on what will be required in order to develop a very com-
pact device are also included.

I. INTRODUCTION

The region of the electromagnetic spectrum which
falls in the approximate band of wavelengths be-
tween 10 and 1000 pm, the so-called far-infrared
(FIR) spectral region, is relatively devoid of tunable,
coherent, radiation sources. Until quite recently, and
relative to the range of options available at longer
and shorter wavelengths, this assertion would be al-
most indisputable. However, the challenge presented
by the lack of sources together with the existence of
a broad range of interesting research puzzles and op-
portunities has led to a renewed interest in providing
access to this spectral region. The present note deals
with one promising approach to a means of produc-
ing tunable THz or FIR radiation.

The beam in a scanning electron microscope
(SEM) and a diffraction grating mounted in the e-
beam focal region has been used to produce coherent
radiation {1} over a range of wavelengths that ex-
tends from approximately 250 uym out to 1000 um.
Termed a grating-coupled oscillator (GCO), the de-
vice is a new variation on an old theme.

Observation of radiation produced by electrons
skimming over a diffraction grating was first re-
ported by Smith and Purcell [2] in 1953. Even ear-
lier, Salisbury had filed a patent application 3] on
a device based on the coupling of moving electrons
and a diffraction grating although Salisbury appar-
ently did not conduct experiments until somewhat
later {4i. Others [5-8' have also followed up on the
early work.

The radiation mechanism described in reference
‘1. whick has become associated with the authors’
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names, was essentially an incoherent or shot noise
process. Individual rulings on the grating con-
tributed coherently to the passage of a single elec-
tron but the contributions of each electron in the
beam added incoherently. This was a consequence
of the fact that in the early experiments, the fo-
cus was on short wavelengths, visible, and the size
of the beam was large relative to the wavelength.
The relative beam energy which is also a factor in
the dimensionless coupling parameter was also low.
A quantitative discussion of this point is presented
further along in the manuscript.

Coherent radiation at mm [9-12] and sub-mm
[13,14] wavelengths has been introduced in grating-
coupled devices. Termed either Orotrons [9,11-14]
or the Ledatron [10], these devices used gratings em-
bedded in Fabry-Perot resonators and electron beam
technology similar to that used in other microwave
tubes to produce the radiation. The name Ledatron,
introduced by Mizuno [10], was an acronym that was
chosen in order to emphasize the dual nature of the
surface modes and the importance of both the bound
and radiative space harmonics in the coupling and
emission process.

In the present device it is the distributed feedback
on the grating itself that leads to bunching of the
electron beam and the growth of coherent radiation.
The beam voltages are modest (10-50 kV) but higher
than those used in any but high-power tubes. Beam
current density is high (100 A/cm? or greater), but
the total currents are modest (100’s zA). The “qual-
ity” of the electron beam, energy spread and emit-
tance are critical factors. Thus, overall, the “bright-
ness” of the beam is very high. The “open” nature
of the resonator together with the extremely bright
electron beam are the essential features of the de-
vice.

The remainder of the paper is divided as follows:
A survey of device performance will be given in Sec-
tion II and a summary of basic scaling relations that
govern device operation is contained in Section III.
These sections are followed by brief remarks on pos-
sible means by which very compact GCO devices
might be realized, and by concluding remarks.



II. SURVEY OF EXPERIMENTAL RESULTS

Given the importance of beam quality and bright-
ness, an SEM is the ideal device for exploring the
potential of the GCO. The beam quality is excel-
lent and the microscope’s own focusing and trans-
port elements may be used to shape and position
the beam. The beam column of the SEM used in
the present experiments is illustrated in Fig. 1. Elec-
trons are emitted from a Tungsten “hairpin” cathode
and focussed by a Wehnelt electrode and a series of
magnetic lenses. The waist of the beam is placed
at approximately the midpoint of the grating and
at present the lower limit to the waist diameter is
approximately 25 um. This however is a machine-
design imposed but not an absolute limit. The beam
may also be swept either in and out along the grating
normal or across the grating surface. This provides
a convenient temporal reference modulation. Oper-
ation in fixed spot temporally pulsed mode is also
an option.

The grating is placed on a miniature “optical
bench” which is mounted on the microscope stage.
At present the FIR optical system limits observation
to the normal direction and the grating parameters
are chosen to optimize normal emission. Designs
that circumvent this limitation are under evaluation.
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A typical example of a plot of observed power ver-
sus electron beam current is shown in Fig. 2. It has
two characteristic regions. When the current is rel-
atively low and/or the beam diameter is compara-
tively large, the observed power increases linearly
with current. This is characteristic of a shot noise
or spontaneous emission process. In this region, a
detailed analysis of the emission process has been
carried out [15]. The emitted power in W /sr is given
by:

Nn?
=el 2360

dP

dQ
where e is the electron charge, I is the beam current,
N is the number of grating periods, n is the order
of emission, ¢ is the grating period, and ¢y is he
permittivity of free space. Other parameter which
appear in Eq. (1) are:
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Eq. (2) is the variation of the emission with polar
angle. The symbols 5 and v are respectively the
electron velocity relative to the speed of light and
the relative electron energy. Angles are measured
with respect to the electron beam axis and zg is the
distance of the infinitessimally thick beam above the
grating. When observed power is composed with
the prediction of Eq. (1), the measured beam profile
is folded together with the evanescent field length
given by Eq. (3). The remaining factor in Eq. (1),
|R.|?, is in effect an antenna gain and the notation
is that first introduced by van den Berg [16]. A
detailed discussion that is adapted to the conditions
of this experiment may be found in Urata [17].

When evaluated for parameters used in produc-
ing Fig. 2 and assuming an interaction length of 5
mm, Eq. (1) would predict emitted power levels of
the order of 100 pW/uA-sr. The effective field of
view of the collection optics is approximately 0.07 sr.
The FIR emission is detected with a silicon compos-
ite bolometer placed between 0.5 and 1.0 m distant
from the grating. Although the loss in the collection
system is not accurately known, the theoretical pre-
dictions and estimated geometrical factors are con-
sistent with the sub-nW power levels observed in the
range where P « I.

The focused beam will support fast and slow space
charge modes. As the beam plasma frequency is in-
creased, those modes become resolved on the scale
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FIG. 2. Detected power vs. beam current. Fits of the
form y = Az® are shown for the linear and superlinear
regimes.

of the free spectral range which is determined by
the beam velocity and the interaction length (i.e.
the transit time). When, by increasing the beam
current, this regime is reached, it is expected that
coupling of the “negative energy” slow space charge
wave with a co-propagating space harmonic compo-
nent could result in a bunching of the beam. In this
case, growth of the component of the emitted ra-
diation will occur. While the details of the theory
in this regime are still under development, such a
transition is indeed observed. The transition occurs
when the beam plasma frequency times the transit
time exceeds 0.2-0.25. Beyond the transition point,
the radiated power grows rapidly as a power of the
current exceeding the expected spontaneous emis-
sion by 1 to 2 orders of magnitude. The exponent
in this power law relation typically ranges from 3 to
6 and is sensitive to the operating conditions. With
the present operating parameters, the system does
not appear to have reached saturation.

It is clear that the finite length grating is func-
tioning as a relatively high quality surface resonator
but the details are vet to be understood. A sim-
ilar caveat applies to the non-linear regime but
Eq. (1) provides a basis for some interesting esti-
mated. Since it is proportional to the product of the
electron charge and the current, it has the charac-
teristic form of a shot noise formula. If it is mul-
tiplied and divided by a spectral interval, dw, and
the product el factored out, what remains is a “ra-
diation resistance”. The spectral width of the spon-
taneous emission “Smith-Purcell line”™ has been de-
duced from both grating spectrometer and Fourier
transform interferometer measurements. In either
case the spectral width is about Av =~ 1lcm™!. Con-
verting this to an angular frequency, d., and using
a beam current of 100 pA, the factors

elde = 3.2pW /0 4)
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Thus the measured power near the upper limit of
the spontaneous emission regime indicates that the
radiation resistance lies between 1 and 10 kQ. The
interaction length and the exact value of the beam
profile — evanescent wave overlap are not determined
precisely. However the 1-10 kQ range for a radi-
ation resistance is also consistant with an indepen-
dent evaluation of Eq. (1) (after factoring out el and
evaluating dQ/dw).

A bunched beam with 100 A rms current would
be expected to generate between 10 and 100 pW.
A beam with approximately one order of magnitude
greater current (=~ 1 mA) would produce power lev-
els in the mW range.

These arguments are qualitative but they are also
based on fundamental constraints. The estimates
probably represent reasonable upper limits to what
can be expected from SEM electron optical system
based e-beam technology.

III. SCALING OF GCO DESIGN
CONSTRAINTS

A discussion of the constraints governing GCO op-
eration is facilitated by first examining the disper-
sion plane associated with the electromagnetic fields
above a grating. A schematic dispersion plane is il-
lustrated in Fig. 3. The vertical axis is the angular
frequency measured in units of 27 times the speed of
light divided by the grating period. The horizontal
axis is the wave number along the grating in a direc-
tion perpendicular to the rulings. Again, the units
are normalized.

The plane is divided into two principal regions,
“fast” and “slow”. These designations are relative to
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FIG. 3. Schematic of GCO dispersion plane.




the speed of light, the lines with slope £1 on the dia-
gram. Each Fourier component of the field above the
grating will contain a complete set of space harmonic
whose axial wave numbers differ by 2#/¢. Space
harmonics with phase velocities that fall within the
“light cone”, the region labeled fast, satisfy radia-
tive boundary conditions. The points in the fast
region represent components of either incident and
scattered waves or an outgoing wave generated by
the beam.

Points on the plane which fall outside the light
cone have phase velocities less than the speed of
light. Space harmonic components in this region are
non-radiative but they do serve as a coupling mech-
anism for the electron beam. A “beam line” is also
shown on the figure. Along this line the relation

w=kyv )

is satisifed (w is the angular frequency, kj is the ax-
ial wave number in dimensional units, and v is the
velocity of the beam. In the current discussion only
waves which have at least one space harmonic com-
ponent in this light cone are of interest. Thus, the
darker shaded areas, marked bound, may be ignored.
The wavenumber which appears in Eq. (5) may be
broken down into two components

k” = ko + 27|n|/¢ (6)
where
ko = (w/c) cos@ (7

is the axial component of the wavenumber along the
grating that would be associated with an outgoing
radiative wave. Combining Egs. (5 - 7) and choosing
|n] =1 yields

«w 2=/t
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or

A=£(1/3 - cosé) 9

which is the well-known relation discussed by Smith
and Purcell in Ref. [2]. It can also be deduced using
the Huygens construction.

The choice [n| = 1 is not necessarily the dominant
mode. It is interesting to note that if, for instance,
the depth of the grating is chosen in order to opti-
mize the spontaneous emission for {n| = 3 that mode
will also dominate above threshhold (Fig. 4). Small
variations in voltage will also lead to |n| = 1 and
in| = 3 operating simultaneously (Figs. 5 and 6).
The potential for operation on higher-order modes
of the grating provides an important degree of free-
dom for grating design.

Another important constraint is related to the
evanescent scale length of the slow space harmonics.
Outside the light cone, the square of the perpendic-
ular component of the total wavenumber is less than
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FIG. 4. Power spectrum of GCO operating at |n| = 3.
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zero and the wavenumber itself is pure imaginary
and has a magnitude

ko) = JE — w2/

Since energy transfer is through the nearly-
synchronous co-propagating space harmonic the re-
lation kj = w/v can be used to infer that

(10)

kil =w/vy (11)
where v = 1/1/1 — 82. Thus,
ksl =2m/vBX (12)
or
ELl™ = A (13)

the evanescent scale length introduced in Section II.
In general, good coupling will require the beam di-
ameter to be

d< A (14)

or

A2 2md/vB (15)
Using the values associated with a 25 kV beam gives
the relation

A>20d (16)
Good coupling at 300 zm (1 THz) would be achieved
with a beam parameter of the order of 15 um. This
is consistent with data obtained in the proof-of-
principle experiments. Experiments designed to test
the lower limits of d are currently in progress. Much
smaller values of d are achievable and operation well
above 1 THz may be expected. Further extension of
the evanescence scale length may also be achieved
by increasing the beam voltage.

A final pair of scaling relations follow if it may
be assumed that the depth of field of the beam fo-
cus is emittance dominated and that this limits the
effective interaction length. In this case the interac-
tion length L is related to the beam diameter by the
expression

~3d?

€N

L~

(17)

where ex is the normalized emittance. Since d and
A are comparable, the relation

_1B8x

EN

L (18)
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also follows.

Threshhold occurs when the beam plasma fre-
quency wp times the transit time of a beam electron
through the interaction length exceeds about 0.25.
Operation well above threshhold will require

wpL

_—>1 19
73/2‘0 ( )

(where the factor v%/2 has been included since the
bunching is longitudinal; it has, of course, a negligi-
ble numerical effect for non-relativistic beams).

With the aid of the usual expression for the beam
plasma frequency and multiplying and dividing by
additional factor of beam velocity yields the con-
straint

__L_ > 1
(eomc®[e)(vB)®

where J is the beam current density. If the relation
between the interaction length and the evanescent
scale are invoked, the constraint becomes

I
(eomc®/e)yBex

(20)

>1 (21)

Finally, if re-written in terms of wavelength, the re-
sult

(eomcs/e)e:fv} 14

(vB8)*J

is obtained. Evaluating this last expression using
typical parameters for the present electron optical
system indicates that we are operating near the
lower wavelength limit of that apparatus.

A> 27 [ (22)

IV. TOWARD A COMPACT GCO

The GCO described in the preceding sections is
already compact by some standards. As is evident
from the scaling relations discussed in Section III, in-
crease of beam energy as well as a decrease of beam
emittance can be used to lower the limiting wave-
length. Increasing the beam energy is, of course,
the route taken in relativistic electron-beam-driven,
free-electron lasers (FEL). The present GCO is al-
ready far smaller than these devices. The GCO’s
output power is much smaller than the levels pro-
duced by a relativistic beam-driven FEL. However,
it is already sufficient for application in spectroscopy
or as a local oscillator.

Straightforward engineering and elimination of
the non-essential features of the SEM would lead
immediately to a much smaller device. It is also in-
teresting to speculate on more dramatic options.



The beam voltage required for GCO operation
probably need never exceed 50 kV and in the present
device, THz operation is achieved with only 20 kV
of beam voltage. This range is well within the scope
of modern dc—dc converter-based power supply tech-
nology. The beam currents required are also modest
and well within the scope of current converter-based
power supplies. These supplies can now be obtained
in very compact packages.

A second major reduction in size might be ob-
tained if modern field emission cathode technology
were employed. The primary motivation for much
work on the field emission cathode is for use in flat
panel displays. However, use in microwave tubes has
also been a factor. The GCO is an ideal place to use
this technique. A ribbon beam a micron thick and
about a millimeter wide propagating a distance no
more than a few centimeters would be ideal. Power
consumption and heat load would be reduced dra-
matically.

The GCO is also a linear device and standard en-
ergy recovery technology is probably applicable. Im-
plementation of energy recovery would improve ter-
minal efficiency. If done in a way such as to also
reduce beam intercept at high voltages the already-
modest x-ray production could be further reduced.

Finally, although the grating is a simple and re-
liable means of converting electron beam kinetic
energy to coherent radiation, other photonic band
gap structures might be employed. The present
GCO uses only the distributed feedback on the grat-
ing. More complex structures, particularly ones with
well-defined high-quality factor modes, may offer sig-
nificant advantages.

V. CONCLUSIONS

A potentiallv very useful THz-FIR source has
been developed. Based on a novel variation of an
old theme, the device is simple and versatile. Power
output levels and tuning range are already of interest
in some applications and fundamental scaling argu-
ments support the claim that considerable extension
of the tuning range and output power is possible. If
operated near the limit of established electron beam
optical art it will be possible to access the challeng-
ing 10-1000 um wavelength range.
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