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Step-Tunable Far Infrared Radiation by Phase Matched

Mixing in Planar-Dielectric Waveguides

DAVID E. THOMPSON, STUDENT MEMBER, IEEE, AND PAUL D. COLEl\lAN, FELLOW, IEEE

AfMrac&The mixing of various pairs of CO, laser lines in a
nonlinear material can produce thousands of step-tunable far infra-
rt?d (FIR) signals iii tHe range 70-Pm-7-tim wavelength with fre-

quency spacings of less than 0.1 cm-’. The major problem in realizing
these toherent signals is ac~leving phase matching in a suitable
nonlinear material. In this paper, ihe ihterest is in generating

tunable sigrials at the milliwatt level ih a planar-dielectric integrated-

opti~s ~aveguide configuration. Phase rnafkhtig can be achieved
with cubic materials (i.e., GaAs) by adilihg the waveguide dispersion

to the bulk dispersion. Work on the analysis of the waveguide

mixing system and its corf elation with experimental data are de-
scribed for a planar GaAs dielectric waveguide in the 100-1000-Km

wavelength range.

I. INTRODUCTION

EVERY scientist and engineer working with coherent

radiation appreciates the utility of a tunable narrow

spectral line source in, evaluating the frequency charac-

teristics of devices and systems, in studying resonances,

iti high-resolution spectroscopy, as local oscillators in

receivers, etc., in any spectral rimge. This frequency

tunable source problem has been particularly difficult in

the far infrared (FIR) region where coherent signals of

any type only became available [1] in the last ten years.

If one is seeking a tunable source to cover a very broad
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frequency range,. of, for example, 100:1, a beat frequency

oscillator would probably be the first choice. The beat

frequency between two coherent sources can in principle

vary from zero to the sum frequency of the two, yielding

an enortnous bandwidth. The problem is how to realize

this result in practice [2]-[10].

Fortunately, the readily available COZ laser with its

high power output, its many discrete lines, and high

spectral purity exists as a pump source. The problem then

resolves into finding the appropriate nonlinear material

and achieving phase matching for efficiency.

It is desirable that the mate~ial be highly nonlinear

and relatively transparent around 10-pm wavelength and

in the FIR to avoid attenuation of signals. GaAs is an

excellent choice in this respect, but it k a 43-m cubic

material not collinearly phase matchable in the bulk form.

However, keeping in mind the desirability of integrated

optics in the FIR, the GaAs can readily be fabricated into

a planar-dielectric waveguide and the waveguide dkper-

sion (‘added)’ to the bulk dispersion to achieve phase

matching [11], [12].

This dielectric waveguide mixer scheme also has the

advantage that Gaussian laser beam divergence encoun-

tered in bulk mixing is eliminated, modest power inputs

result in large power densities for efficient interaction, and
the signal is generated in a TEO waveguide mode which

has been studied and applied in many devices.

In this paper, two l-3-kW 0.3-Ws-pulsed Q-switched COZ

orthogonally polarized lasers, having reflection gratings

in their optical cavities for line selection, are used to
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excite a TMo and TEo mode field in a GaAs waveguide. (00)

The mixing of these two signals yields a TEiI mode FIR A
(To)

z

signal at the milliwatt level.

The waveguide interaction is analyzed, the power ‘

formula derived, and the results correlated with experi-

mental data. To date, 20 percent of theoretically calculated

power has been realized for signals generated in the

100-pm range of the spectrum.

II. NONLINEAR INTERACTION

IN DIELECTRIC WAVE GUIDE Fig. 1. Waveguide coordinate (z,Y,z) system. Crystal coordinate

The GaAs waveguide geometry is shown in Fig. 1. For
(z’,v’,z’) system. CO, laser pumps P, anti P, are polarized in x
and y direction to excite a TMO and l’Eo mode. I’IR signal P, is

this crystal orientation, the nonlinear polarization asso- generated in a TEO mode.

ciated with TE and TM mode pump fields is

PzNL = – qd@UEu and PUNL = —2eod@zEu

where dld k the nonlinear coefficient.

The first pump field is a TM mode of the form

E.1 = Al cos (hlZ) exp [i(colt – ~lz) ]

with the second pump field a TE mode of the form

EVZ = A, cos (k) exp [i (cod – fkz) ]

which will produce a FIR TE mode field of the form

Eu, = A~(.z) cos (h~x) exp [i(ad – @z) 1.

Outside of the waveguide, the evanescent fields

have the factor exp [– p ( I x I – d)] where 2d is

waveguide height.

(1) where 26 = LA@ and

!

d

N, = COS2 (b) dx (lo)
–d

(q

&f = (d COS (h,z) COS (h,.t) COS (hIx) dx. (11)
–d

(3)
The average power flow in a waveguide of width y for

the pump fields, neglecting depletion, is given by

(4)
expressions

Pi=@
will

the

where
Th~ charact&istic equations for the propagation con-

~d

N, = 1 COS2(k) (h
–d

stants ~13] are

@ = u’ve – h’ = COZpeo+ p’ (5)

and
and

(

(t/eO) ~, for TM~
h tan (hd – mr/2) =

-v, = (’ Cos’ (h,.v)(lx (i3)

I p, for TE~ (6)
J –d

while the power in the FIR signal in tlw \yaveguide is
with m a positive integer.

The equation for the FIR field, driven by the nonlinear

polarization is
( 14)

~2EU8 d2EU,
—--+ ~ + w,2pcsEy, = – Nw.2PwNL.

(7) Substituting for the value of As from (9) and using (12),

ax’ the signal power generated can be expressed as

Substituting the appropriate terms from (1) - (4) and

()
P,= ~

neglecting the term 82A ,/8z2, the result is co “2,%;c2(N,~~~?Y~p’p2 ’15)

pE&14cJa2
COS(h.x) ~ = i —

where n. is the refractive index at tlm given freqttencies.

P8
COS (hzx) COS (hlz) /414*

If the attenuation at frequencies Ul, u?, and ~~ are in-

cluded in the derivation, the results can be put in the form
.exp (izA@) (8)

()

sin 0 2

(

sin’ 0 + sinhz @
where AB = & + ,& — BI. — - exp ( —c2’L)

)
(16)

If (8) is next multiplied by cos (h.x) and integrated
e f)2 + 42

from x = –d to x = +d and z = –L/2 to z = +L/~, where a =1/2(a1 + a2 – a,), a’ = 1,’?(cw + c22 i- as),

the value for A, (L) can be computed to be and @ = aL/2.

i/.4W&4w.2ilf L sin 0
The signal frequency dependence [14]–[16] of & for

A.(L) = 442AI* ~ (9) two pump frequencies greater than the reststrahl frequency
&N,

CJO(37.2 Pm), is given by the equation
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Fig. 2. Nonlinear coefficient I cZ1,(X1,h@.) I forkl,h, > X~o (37.2
pm) versus k, where X. > x1,kz.

‘14=8’7x10-’1[1-059(1-$%T’lm’v

(17)

where I’ ~0.Olmis the linewidth parameter.

A plot of ld,~l isgivenin Fig. 2 where itisse~n that

for wavelengths longer than 100 pm, I dll I is nearly con-

stant with the value 3.6 X 10–11 m/V.

III. DIELECTRIC GUIDE PHASE MATCHING

Phase matching requires that AD = O or

i?. =&–p2 with w.=ul–w2 (18)

where @ is the waveguide propagation constant in the

z direction.

To determine p, one must solve (5) and (6) for a given

frequency w, knowing the bulk dielectric constant ~(w).

For GaAs, the dielectric constant ~ can be represented

by the formula [17]

‘S’[l+Y+H’‘1’)
where

Se, = 4.830 V,l = 23000 cm–l

fle~ = 5.023 ve2= 40300

So = 2.008 Vo = ~69

-y = 5.5 cm–l.

In Fig. 3 is plotted the refractive index n - (c/eO)‘/2

for GaAs versus FIR wavelength h,. Superimposed in the

figure is the waveguide index n, = De/w of several planar-

dielectric waveguides made from GaAs, for ii TEO mode.

As can be seen, the .’(waveguiding,” i.e., reduction of
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Fig. 3. GaAs bulk index, GaAs waveguide TEO mode index for
several waveguide thicknesses, and difference frequency mixing
phase match index for (TMpl,TEpl,TE.) as (0,(),()) mode order
versus wavelength.
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the bulk index, occurs strongly when the waveguide height

becomes comparable to the wavelength or smaller. In the

near IR, the waveguiding effect of the d = 20~, 40-, and

60-pm waveguide is too small to be displayed on this

graph.

Also shown in Fig, 3 is the curve of ne required for phase

matching a TMO pump, TEO pump, and TEO generated

signal mode set. There are two solutions of d that yield

phase matching for each FIR wavelength in this case.

The “thin” solution waveguides have a narrower band-

width due io the large waveguide dispersion at the near

IR wavelength.

Only the “thick” solution ,waveguides will be considered

for the remainder of this paper since they represent the

most practical broad-band device applications.

In, Fig. 4 is dkplayed, on a somewhat expanded scale:

1) the bulk index for GaAs, 2) the index required for

a perfect phase match, and 3) the index obtained with

the dielectric waveguidc using different pump (TM and

TE) and signal (TE) mode orders. Phase matchkg, for

a given waveguide height and pair of pump modes,

occurs at a single FIR frequency. If the FIR is step tuned,

a phase mismatch will occur and the power generated

will follow (15) or (16), being a maximum at the phase

match frequency. For frequencies greater or less than the

phase hatch frequency, the power will decrease and

limit the useful bandwidth for a waveguide for i given
height and length.

The required GaA~ waveguide thickness 2d versus the

TEO mode FIR wavelength k,, for a TE pump at X2 =

10.5912 Wm and TM pump, calculated from (.5), (6), and

(19), for the phase match condition is shown in Fig. .5.

Compartid to optical integrated diclect ric waveguides, the

dimensions, as expected, are quite large, whleh makes

fabrication and handling less of a problem.
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Fig. 4. GaAs bulk index, GaAs waveguide TEo mode index for
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FIR WAVELENGTH k~ IN MICROMETERS

Fig. 5. GaAswaveguide thickness 2dto phase matCh (’~Mel,TEm,
TE,) or (TEpl,TMPj,TM.) for several mode order combinations
versus FIR wavelength.

IV. EXPERIMENT

The experimental configurationof the laser is shown in

Fig. 6. Each orthogonally polarized COZlaserisindepen-

dently step tuned by means of a reflection graiing inits

optical cavity. A rotating mirror, common to both cavities,

synchronously Q switches the lasers. The pulsed power

output of the laser is 1–3 kW on more than 50 lines in the
9.2–10.6-~m wavelength range with a puke time of

0.30 ps. Typical COZ pulse shapes, measured with a Ge
photon drag detector, are given in Fig. 7(a) and (b).

The outputs of the two CO~ lasers are combined into

a collinear beam by means of a Ge beamsplitter ad

focused onto the end face of the GaAs waveguide with

a iYaCl lens as illustrated in Fig. 8. This straightforward

method of coupling the COZ radiation into the GaAs

‘ waveguide is very effective in exciting a TMO and TEO

mode of the waveguide when the Gaussian laser beam

spot radius is made equal to the serniheight d, and the

two CO.2beams do not have to be realigned when their

frequencies are changed.

The fabrication of the GaAs waveguide was accom-
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Fig. 6. Experimental laser arrangement showing two indepefidently
step-tunable orthogonally polarized synchronously @switched COZ
lasers.
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~i~. 7. (a) and (b) show Ge photon drag response to pulsed laser
signal at 10.304 and 10.513 pm, respectively. (c) Displays the
product signal S,S, from (a) and (b) and the InSb detei%or re-
spohse to a 516-pm difference frequency signal.
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Fig. 8. Dielectric waveguide mixer scheme showing spherical
focusing lens, Ga\s slab waveguide, and Ge quarter-sphere output,
cotipler.

plished by mechanically cutting and polishhig a piece of

GaAs from a 18S-Q-cm bode of material to & optical

finish to reduce scattering losses from reflections at the

surfaces. The finished waveguide was then placed on a Ge

quarter-sphere (25-fI. cm Material), used as an output

coupler for the FIR, and mechanically held with a nylon

screw. An InSb (-l. 2-K) detector, with a response time of

the order of 0.7 vs, was used to measure the signal..
The responsivityl (volts/watt) of an InSb detector

varies over nearly four orders of magnitude ( 1–10 000

1 Raytheon data on long wavelength detector, QKN 154$, n-type
InSb at 4.2 K, Raytheon Company, 130 Second Avenue, Waltham,
Mass. 0215-4.
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Fig. 9. InSb 4.2-K FIR detector responsivity versus FIR wave-
length.

V/W), as seen from Fig. 9, over the 100-1000-pm wave-

length range. All the detector data were standardized

using this curve. The measurement of pulsed power in

the FIR is a difficult problem and represents the greatest

source of error in this work.

A typical FIR signal at 516 pm obtained in this work

is displayed in Fig. 7(c) along with product signal (8182)

of the two COZ lasers. If the COZ photon drag detector and

the. FIR InSb detector were assumed linear with power,

and were fast enough to follow their respective signals,

then the two curves of Fig. 7(c) should have the same

shape. The photon drag detector has a nanosecond re-

sponse and can obviously follow the 0.3-Ps COZ pulses,

but the InSb detector cannot, which means the output

signal never reaches its steady state or peak value.

For example, if one assumes the following model

for the detector signal S as

dS
--+:=1

and a step function input I driving function

S = rl[l – exp (–t/,)]

for t/r= 0.2/0.7, then S e 0.25TI.

[18]

(20)

(21)

Using these corrections for the InSb (4.2-K) detector,

the data of FIR pulsed power output versus wavelength

for two different GaAs waveguides were obtained and

plotted in Figs. 10 and 11 along with the theoretical curve

(solid line) calculated from (16), normalized to the peak

value of the signal. With the exception of the values being

only 20 percent of theoretical, the agreement between the

experimental and theoretical characteristics is quite satis-

factory.

V. CONCLUSIOPW

These initial experiments demonstrate that step-tunable

FIR pulsed power at the milliwatt level can be generated

in an integrated-optics-configuration GaAs-planar-dielec-

tric waveguide pumped with modest power ( l-3-kW)

COZ lasers with an overall efficiency of 20 percent. These

signals should have excellent spectral purity (Iinewidths ~

I .0

h
e

GAAs, WAVEGUIDE
~

L =4.72 MM (LENGTH)
+

Y= O.57MM (WIDTH)

~ 2d=75,uM (THICKNESS).

200 225 250 275 300

FIR WAVELENGTH (MICROMETERS)

Fig. 10. Theoretical power ( x ().2) curve (sohtl line) and measured
FIR power data points versus FIR wavelength for difference
mixing in a 4.72-mm x 0.57-mm x 75-Km GAs waveguide.
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Fig. 11. Theoretical power ( x ().’2) curve (solid line) and measured
FIR power data points versus FIR wa~eleugt h for difference
mixing in a 1.O-cm X 2.75-mm X 170-~m ~,a.ks waveguide.

10–8 cm–l) and be useful in integrated-optics studies,

receivers, resonance work, spectroscopy, etc., in this dif-

ficult spectral range. When a continuously tunable C02 or

near IR source becomes available, the step-tunable feature

of the present experiment can be replaced with a con-

tinuously tunable FIR signal. In the meantime, step tuning

with O.l-cm–l increments will permit many problems to

be explored.

The unclad (air–GaAs–air) planar waveguide used in

these experiments was the simplest possible configuration.

Various cladded and rib structures could also be used to

improve the interaction and bandwidth. lIany ideas

could be ‘(borrowed’) from the area of guided-wave optics

for

[1]

r2]

[3]

[4]

[5]

[6]

future work in the FIR.

REFERENCES

P. D. Coleman, ‘‘ Far-infrared molecular lasers, ” IEEE J.
Quantum Electron. (.!?rd Conference on Phem ical and Molecular
Lasers, Part 11 of TWO Parts), vol. QE-9, pp. 130-138, Jan. 1973.
F. Zernike. Jr.. and P. R. Berman. ‘‘ Generat ion of far infrared
as a difference’ frequency,” Phys. ‘Reu. Letf., vol. 13, pp. W-
1001, Dec. 1965.
F. Zemike, Jr., ‘‘ Temperature-dependent phase mat,chmg for
far-infrared difference-frequency generation in InSb,” Phys.
Reo. Lett., vol. 18, pp. !)31-933, May 1969.
D. W. Faries et al., ‘1Tunable far infrared radiation generated
from the difference frequency between two ruby lasers,” Phtp.
Rev., vol. 180, pp. 363-365, Apr. 1969.
C. K. N. Patel and N. VanTran, “Phase-matched nonlinear
interaction between circularly nolarized \Yaves. ” A n w1. Ph us.
Lett., vol. 15, pp. 189-1{)1, Se~t~ 1969.

‘..

N. VanTran and C. K. N. Patel, “ Free-carrier magneto-optied



1000 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. WIT-22, NO. 12, I)lJCEMBER 1974

[7]

[8]

[9]

[10]

[11]

[12]

effects in far-infrared difference-frequency generation in semi-
conductors, '' Phys. Rev. Lett., vo1.22, pp.463466, Mar. 1969.
T. J. Bridges and A. R. Strnad, “Submillimeter wave genera-
tion by differenct+frequency mixing in GaAs,” Appl. Phys.
Lett., vol. 20, pp. 382-385, May 1972.
G. D. Boyd et al., “Phase-matched submillimeter wave genera-
tion by differenc+frequency mixing in ZnGePt,” Appl. Phy.s.
Lett., vol. 21, pp.553–555, Dec. 1972.
R. L. Aggarwal et al., “ Noncollinear phase matching in GaAs,”
Appl. Phy.s. Lett., vol. 22, pp. 329-330, Apr. 1973.
B. Lax et al., “Far infrared step tunable coherent radiation
source: 70pm to 2 mm,” Appl. Phys. Lett., vol. 23, pp. 679%681,
Dec. 1973.
D. B. Anderson, “Progress reports on IR parametric upcon-
verter study,” Autonetics, Anaheim, Calif., 1969, for Night
Vision Lab, U. S. ERDL, Contract DAAK02-67-0260.
D. B. Anderson, J. T. Boyd, and J. D. McMullen, ’’Dielectric
waveguides phase matching of infrared parametric interac-

[13]

[14]

[15]

[16]

[17]
[18]

tions, “ in Proc. Symp. Submillimeter Waves, vol. XX. Brook-
lyn, N. Y.: Polytechnic, 1971, pp. 191-210.
R. E. Collin, Fieid Theory of Guided Waves. New York:
McGraw-Hill, 1960, ch. II.
A. Mooradian and A. L. McWhorter, “Light scattering from
plasmons and phonons in GaAs, “ in Proc. Light Scattering of
Solids. New York: Springer, 1968.
C. H. Henry and C. G. B. Garrett, “ Theory of parametric gain
near a lattice resonance,” Phys. Rev., vol. 171, pp. 1058-1064,
July 1968.
W. D. Johnston, Jr., and I. P. Kamindrev? “Contributions to
optical nonlinearity in GaAs as determmed from Raman
scattering efficiencies,” Phys. Rev., vol. 188, pp. 120%1212,
Dec. 1969.
D. Parsons, private communication.
P. D. Coleman, R. C. Eden, and J. N. Weaver, “Mixing and
detection of coherent light in bulk photoconductor,” IEEE
Trans. Electron Devices, vol. ED-n, pp.488-497, Nov. 1964.

Strong Submillimeter Radiation from Intense

Relativistic Electron Beams

V.L. GRANATSTEIN, M. HERNDON, R. K. PARKER, AND S. P. SCHLESINGER, SENIOR MEMBER, IEEE

Abstract—Radiation from an intense relativistic electron beam
at submillirneter wavelengths has been measured with bandpass
and high-pass filters. Radiated power -100 kW has been measured

in the passband 390-540 Pm. The generation of this radiation de-

pends on giving the electrons a large energy component transverse

to the magnetic field. Coherent wave generation mechanisms which

may account for the observed radiation are discussed.

I. INTRODUCTION

DURING the early 1960’s rapid advances in high-

voltage and pulsed-power technologies led to the

development of high-current relativistic electron ac-

celerators [1 l-[4]. These accelerators are now capable of

generating beam power levels > 1013 W for pulse times

of 10-100 ns. The unique capabilities of these systems

has stimulated intense interest in such diverse areas as

material response [5], plasma heating [6], [7], high-

energy short-pulse lasers [8], collective ion acceleration

[9], and the generation of high-power microwave and

submillimeter wave pulses. The present paper is concerned
with this latter topic.

A. Intense Relativistic Electron Beam Technology

These electron accelerators typically

major components: an energy storage

incorporate four

circuit, a pulse

Manuscript received May 6, 1974.
V. L. Granatstein, M. Herndon, and R. K. Parker are with the

Naval Research Laboratory, Washington, D. C. 20375.
S. P. Schlesinger is with the Naval Research Laboratory, Wash-

ington. D. C. 20375. on leave from the Department of Electrical
Engineering and Computer Science, Columbia University, New
York, N. Y. 10027. .

forming network, a low-inductance switch, and a cold-

cathode diode. The accelerator employed in the present

microwave studies is pictured in Fig. 1. Initially, energy

is stored in a Marx generator, a circuit in which the ca-

pacitors are charged in parallel but discharged in series.

The Marx generator is switched to pulse charge a pulse

forming network which in this case takes the form of a

coaxial water Blumlein [a folded transmission line with

deionized water as the dielectric medium (c = 80)]. The

Blumlein is connected in series with a tapered coaxial

transformer which increases the voltage at the diode load.

An overvolted water switch terminates the inner co-

axial conductor within the Blumlein. When the Blum-

lein is charged to the desired voltage, the switch closes

and a square voltage pulse of 60-ns duration traverses

the transformer and is finally applied to the cold-cathode

diode [10], [11] which terminates the line. The diode

then responds by accelerating an intense electron beam to

relativistic energies. This beam propagates along magnetic

field lines in an evacuated dr;ft tube w-here

wave interactions of interest take place.

B. Microwave Emis.sim from Intense Beams

~he beam-

Powerful microwave emission from this type of beam

was first reported by Nation [12] who loaded the drift

tube with a periodic structure. Several research groups

[13+[15] have followed up on this work with periodically

loaded drift tubes and a 10-percent efficiency for con-

verting beam energy into microwave energy has recently
been reported [15].

Other experimenters have not loaded the drift tube


