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C H A P T E R 1 

Introduction 

1.1 Background and goal 

The development of high resolution spectroscopy in the sub-

millimeter wave region, here defined as the spectral region 

between 0.1 and 1.0 mm wavelength, has persistently lagged 

behind that in the microwave region. The lack of tunable mono

chromatic sources and poor performance of detectors were the 

major obstacles which blocked the progress. As indicated by the 

title, emphasis in this work lies on the detection techniques 

to be used in a submillimeter spectrometer, rather than on the 

spectroscopy itself. The goal of the present investigation was 

the development of a sensitive heterodyne detector with a sub-

millimeter laser as the local oscillator, for use in frequency 

tunable spectroscopy in the THz region. It was hoped that the 

high sensitivity of the detector would enable an extension of 

the spectroscopy with a klystron driven harmonic generator into 

the THz region. 

In a heterodyne receiver the, generally weak, radiation from 

the source is mixed with the strong radiation of a local oscil

lator (LO) to produce a signal at the intermediate (i.e. dif

ference) frequency (IF) while preserving its spectral charac

teristics. Usually the LO frequency is chosen such that the IF 

lies in the radio frequency (RF) region, where the signals can 

be efficiently processed with conventional instruments. 

At microwave frequencies a heterodyne receiver can be used 

in the fundamental mixing mode, in which the LO operates at a 

frequency which differs from the signal frequency just by the 

IF. In the submillimeter region the frequency of conventional 

microwave-type LO's (klystrons, carcinotrons) is three to ten 
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times lower than the signal frequency. A heterodyne receiver 

has than necessarily to operate in the harmonic mixing mode. In 

this mode the mixing element performs two functions: (i) gene

rates harmonics of the LO signal and (ii) mixes the signal ra

diation with the LO radiation at a proper harmonic to produce 

an IF output at a radio frequency. The use of harmonic mixing 

causes a loss of sensitivity of the detector and if high order 

harmonic mixing is required, the heterodyne receiver will com

pare unfavourably with the best direct (video) detectors. How

ever, the submillimeter lasers developed over the last ten years, 

have opened attractive possibilities for submillimeter hetero

dyne detection with fundamental mixing. 

Submillimeter spectroscopy has borrowed techniques from the 

neighbouring microwave and infrared spectral regions. However, 

the infrared-type spectrometers (grating, Fourier transform) 

utilizing broad-band thermal sources, have insufficient resol

ving power for application in high resolution spectroscopy, 

where a resolution better than 1 MHz is required. 

The submillimeter band was opened to microwave techniques in 

the fifties by Gordy and co-workers, by developing a klystron 

driven harmonic generator. Conventional absorption spectroscopy 

was performed at frequencies up to 691 GHz (JON 64), using a 

silicon point-contact (PC) diode as a video detector. The re

placement of the PC diode by an InSb photoconducting detector 

enabled an extension up to 813 GHz (HEL 70). The spectrometer 

was used in the measurement of rotational transitions of a 

number of molecules, including the hydrogen halides, H O , H„S 

and their isotopie species. The resolution (0.5-1.0 MHz) of the 

spectrometer is insufficient to resolve most of the hyperfine 

structure of molecular transitions at submillimeter frequencies. 

Much better resolution (10-20 kHz) was attained with a beam-
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absorption spectrumecer, built in Nijmegen by Huiszoon (HUI 66). 

That spectrometer also employed a klystron driven harmonic ge

nerator as a source whereas a heterodyne detection scheme was 

applied with a klystron LO and a GaAs PC diode as a mixing 

element. The use of molecular beams strongly reduces the number 

of molecules in the measuring cell yielding a lower absorption 

of signal power. Consequently the frequency region available 

for beam-absorption spectroscopy is smaller than for absorption 

spectroscopy under identical conditions of signal generation 

and detection. Van Dijk (DIJ 71) has extended the range of the 

beam-absorption spectrometer up to 500 GHz, while recently mea

surements could be performed at 573 GHz (Chap. 6). Considerable 

extension of absorption and beam-absorption spectroscopy to 

higher frequencies cannot be expected for the systems described 

above, because both the signal power and detector performance 

are decreasing with increasing frequency. 

In the last decade new sources have become available through 

the development of submillimeter backward wave oscillators 

(BWO's) and gas lasers. With the BWO's good progress was made 

with a model known as carcinotron, operating at frequencies up 

to about 750 GHz (MAR 76). Krupnov and his collaborators (KRU 

76) have achieved frequencies up to 1 THz with experimental 

models of submillimeter BWO's. However, an active frequency 

stabilization of those sources has not yet been achieved above 

500 GHz, which makes application in high resolution spectros

copy rather questionable. At the moment carcinotrons are commer-

ically available but their high cost, limited lifetime and 

elaborate power supplies have impeded their widespread use. 

The impact of submillimeter lasers in spectroscopy has also 

been rather small up to this time. In the first years after 

1964, when the first submillimeter laser action was reported, 

a few tens of emission lines were found, all obtained from gas 
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lasers in which a discharge produces the population inversion. 

The number of available lines has rapidly increased after 

the introduction of the optical pumping method in 1970, where a 

population inversion is created by a direct pumping of the 

lasing gas with an infrared laser. Reviews published recently 

(GAL 76, ROS 76), tabulate already hundreds of lines, spread 

throughout the entire submillimeter region. The major problem 

in the spectroscopic application of submillimeter lasers is the 

almost complete lack of tuning possibilities. On a single 

emission line, the laser can only be tuned over a few MHz, 

being about the Doppler width of the line. This limitation can 

be overcome to some extent, by the application of Zeeman or 

Stark tuning (WIL 74). In these techniques the transition is 

tuned to resonance with the fixed frequency laser by the appli

cation of an electric or magnetic field. In favourable cases a 

tuning over a few GHz can be obtained. However, the requirements 

on the electric or magnetic properties of the molecules imposed 

by these tuning methods together with experimental limitations 

on the applied fields strongly limit the number of transitions 

that can be studied. 

A possible solution to the tuning problem may be found in the 

coupling of the laser to a frequency tunable source, for example 

a klystron. In Nijmegen Bicanic (BIC 77) is currently investi

gating the generation of difference frequency signals by mixing 

the radiation of an HCN laser with that of a millimeter klystron. 

A positive result would provide a promising source for use in 

frequency tunable spectroscopy. Successful generation of sum 

and difference frequencies with a laser and a klystron has 

been reported in the infrared (SAN 72, BON 74) with a CO laser. 

There are some other potential methods for the generation of 

frequency tunable submillimeter radiation which were recently 

reviewed by Martin and Mizuno (MAR 76). However, they conclude 
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that usable signals cannot be expected in the near future from 

these methods. 

The primary goal of the present experiment was the extension 

of high resolution spectroscopy to frequencies in the THz region. 

From the brief review given above it is clear that progress 

with existing spectrometer systems was hampered by the decrease 

in signal power as well as the deterioration of the detector 

performance with increasing frequency. The present state of the 

art with respect to frequency tunable submillimeter sources led 

to the decision to maintain the klystron driven harmonic gene

rator as a source. The extension to higher frequencies was 

sought in the development of a new sensitive heterodyne detec

tor using a submillimeter laser as the local oscillator. A laser 

LO can be used in fundamental mixing, thanks to its high output 

frequency, resulting in a considerable gain in performance as 

compared to systems with a klystron LO. 

The importance of high resolution spectroscopy as a tool for 

determining molecular properties has been emphasized before by 

several authors (GOR 70, Chaps. 1, 4-6; RAO 72, Chap. 2). The 

submillimeter region has particular importance in the study of 

the lowest rotational transitions of light molecules, yielding 

values for the rotational constants and, if sufficient resolving 

power is available, for the hyperfine coupling constants. 

However, the development of sensitive submillimeter hetero

dyne receivers is also of considerable interest in astrophysics. 

The challenge of radioastronomy to millimeter and submillimeter 

techniques was recently discussed by Townes (TOW 76). Hetero

dyne receivers in the millimeter and microwave regions are rou

tinely used in astronomy in the study of interstellar molecules 

(PEN 73). The extension of these techniques to the submilli

meter region appears to await the development of detectors of 
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sufficient sensitivity, assuming that atmospheric limitations 

are eliminated by the use of airborne or spaceborne platforms. 

Applications for sensitive submillimeter heterodyne detec

tors also exist in other fields, such as plasma diagnostics and 

solid state research. An example of the former is the scattering 

of submillimeter waves from a plasma which is a well-known 

technique yielding information on the ion temperature and other 

parameters of the plasma (STO 75). The small scattered radiation 

intensities require the use of a sensitive detector. Plasmas 

encountered to date in fields as fusion research have high 

electron density values, often such that the plasma frequency 

falls in the submillimeter region. 

1.2 The present investigation 

The goal of the present investigation was the development of 

a sensitive heterodyne detector, incorporating a submillimeter 

laser as the LO, for use in frequency tunable spectroscopy. A 

large problem to be overcome was the impossibility of continu

ously sweeping the frequency of the laser. This problem was 

solved by using a tunable receiver with a variable IF. The out

line of the spectrometer used is shown in Fig. 1.1. In labora

tory spectroscopy, the radiation of a tunable source is trans

mitted through a cell, containing the gas whose absorption 

spectrum is to be recorded. The transmitted radiation is mixed 

in a nonlinear element with the fixed frequency radiation of a 

laser LO. The output of the mixer at the beat frequency 

IF = |v - ν | is sent to a tunable RF receiver, which converts 

IF into a fixed frequency signal IF'. As the source frequency 

is varied the receiver is tuned synchroneously to IF which fol

lows ν . The IF' signal is then processed in a conventional 

way. A more detailed description of the spectrometer is given 

in Chap. 5. 
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Fig. 1.1 Block diagram of a subraillimeter spectrometer, 

employing a tunable heterodyne receiver with a 

laser LO; ν and ν are the signal and local os-

cillator frequency, respectively. The markers- and 

~ refer to fixed and tunable frequencies, respec

tively. 

Of the available submillimeter detectors of major importance, 

tabulated in Table 1.1, only two are suitable for use in the 

heterodyne detection mode with a laser LO. Spectroscopic appli

cation of the detector requires broad spectral response with 

respect to the IF, and IF values in the GHz region should be 

attainable. Such values can only be attained when using 

Josephson junctions or crystal diodes as the mixing element, 

Table 1.1 Submillimeter video detectors 

Detector Detection mechanism Operating Response 

temperature( K) time(sec) 

Bolometer (Ge, Si) Temperature dependence of resistance 0.3-4.2 

Photoconductor CInSb) Free carrier photoconductivity 1.6 

Superconducting point-contact Josephson effect 4.2 

Crystal diode Rectification 290 

10 

„-10 
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because of their short response times. Crystal diodes of the PC-

type, consisting of a finely pointed metal wire in contact with 

a semiconductor crystal, were used in the present investigation, 

because in the past decade considerable experience has been col

lected in the laboratory in Nijmegen on their application in 

submillimeter systems. However, it is expected that Josephson 

junctions will become competitive in the future in submillimeter 

mixer applications (Chap. 7). 

An HCN laser was used in the present experiment, being the 

most appropriate laser for our primary region of interest (up to 

1 THz). A laser to be used as a LO has to satisfy some stringent 

requirements with respect to the frequency width and stability 

of its output signal. The way in which these conditions were met 

with the present laser design is decribed in Chap. 2. The con

struction of the mixer was a further crucial point in the de

velopment of the detection system. Semi-optical as well as 

microwave techniques are used in the submillimeter region. 

Therefore an experimental investigation was carried out on the 

detecting properties of PC diodes at 337 \im when placed in 

different geometries. The results of this investigation des

cribed in Chap. 3 were used to establish the optimum mixer con

figuration. The construction of the mixer is described in Chap. 4, 

together with the results obtained for the performance of the 

detection system at 891 GHz. That chapter also contains the 

results of a comparison of different types of small-area metal-

semiconductor diodes when used in high frequency mixing. During 

recent years, Schottky barrier (SB)-type diodes have become 

competitive with the conventional point-contact (PC) diodes 

when used in submillimeter devices. The gain in the performance 

of the SB diodes is the result of improved fabrication techni

ques, yielding diode areas comparable to that of a PC diode. The 

SB diodes are usually fabricated by a metal plating of a semi-
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conductor surface. Small-area junctions are obtained by perfor

ming the electroplating through small holes, etched in an in

sulating layer which covers the semiconductor crystal. In the 

course of the present experiment a few of these new high quali

ty SB diodes * became available. They turned out to be most use

ful in the harmonic generator application. A considerable gain 

in the performance of the generator could be obtained. The per

formance of the generator is described in Chap. 6, together 

with the method used to measure the performance. 

In Chap. 5 a detailed description is given of the frequency 

tunable spectrometer which incorporates the new detection system 

with the laser LO. Therein also the results are given of the 

first measurements on D O and CH-OH, made with this new spectro

meter. The first results obtained with the new detection system 

indicate that the beam-absorption measurements can be extended 

beyond 1 THz, using the klystron driven harmonic generator as 

a source. This is discussed in Chap. 7, together with the other 

results obtained. 

In the time required for the construction of the first laser, 

measurements with the earlier used beam-absorption spectro

meter (DIJ 71) were continued. The frequency range of that spec

trometer, incorporating a klystron as the LO in the heterodyne 

detector, could be extended to the 0.5 mm wavelength region. 

This enabled the measurement of the hyperfine structure of the 

J = 1 •*• 0 transition in NH^, which is described in Chap. 6. 

1.3 Sensitivity of the heterodyne detection 

Various parameters are used as a measure for the sensitivi-

* 
The SB diodes, used in the present experiment were kindly 
supplied to us by Dr. H.R. Fetterman from Lincoln Laboratory, 
Lexington, Mass., USA. 
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ty of a heterodyne detector, depending on the particular appli

cation. Usually the sensitivity is described in terms of the 

noise equivalent power (NEP), defined as the signal input power 

required to give a power signal-to-noise (S/N)-ratio of unity 

at the output terminals. In a heterodyne receiver the IF noise 

power observed at the output of an IF amplifier is proportional 

to the IF bandwidth. This proportionality leads to a characte

rization of the NEP per unit of IF bandwidth. In our descrip

tion of the performance of the different heterodyne systems 

used, this convention will be followed and the NEP is always 

quoted in W/Hz of IF bandwidth. 

Next to the NEP, the receiver noise figure F is often used to 

describe the ratio of noise performances between the actual and 

the ideal heterodyne receiver. The theoretical limit for the 

NEP of a mixer-receiver is determined by the radiation noise 

power given by (BEN 69): 

P
N
 = k T

0
B
in

 ( 1 Л ) 

where В represents the input bandwidth, к is the Boltzmann 

constant and Τ is the standard noise temperature (290 К for 

room temperature). In a broad-band mixer-receiver, the usual 

situation encountered in the submillimeter region, reception is 

possible via either the signal or the image sideband, both se

parated from the LO frequency by the IF. In this case the noise 

performance can be described by quoting either (i) the single 

sideband (SSB) noise figure F , or (ii) the double sideband 

SSB 
(DSB) noise figure F . The SSB and DSB values are based on 

^ DSB 
the assumption that the noise power from the source is kT В 

and 2kT В , respectively, where В represents the bandwidth 
U IF IF 

of the IF amplifier stage. It is readily seen that F = 2F . 
SSB DSB 

The SSB noise figure is used in narrow-band applications like 

high resolution spectroscopy, where the signal is intercepted 
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by the signal sideband only, whereas the DSB figure refers to 

the case of reception via both sidebands like in radioastronomy 

on broad-band sources. 

In the following chapters, the noise figure F when used without 

further designation, always refers to the SSB value, leading to 

the value for the NEP: 

NEP = kT
0
FB

IF
 (1.2) 

In a real receiver system the IF amplifier is usually fol

lowed by an IF detector (e.g. square law device with V = Ρ, ) 

out in 

followed by a post-detection filter with bandwidth В . In such 

out 

case the effective bandwidth of the total system becomes 

(В В ) (MAR 67) leading to the following result for the 

NEP of a complete receiver system: 

NEP = kT0F(BIFBout)
iï (1.3) 

The mixer and the IF amplifier are the main sources of noise 

in a heterodyne detector; however, the LO can also contribute 

in some considerable amount to the IF noise. The SSB noise 

figure F is related to the noise performance of the different 

elements by (TOR 48) 

F = LM(FIF + t - ^ ( 1 · 4 ) 

where L represents the conversion loss of the mixer (SSB value), 

F is the noise figure of the IF amplifier and t is the crystal 

noise ratio of the mixer diode. The latter quantity is defined 

as the ratio of the noise power available from the mixer diode 

to that of a resistor at room temperature, when measured in the 

same bandwidth. This ratio t includes possible LO noise contri

butions. In the present investigation, the conversion loss I-

was determined as the ratio of the signal power, available at 

the output of the harmonic generator, to the IF power absorbed 

in the IF load. The L obtained in this way includes the coupling 
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losses occurring at signal and intermediate frequencies. The 

formula (1.4) is assumed to be valid only if L represents the 

intrinsic conversion loss, whereas extra terms should be added 

to account for the coupling losses. However, a detailed analysis 

of the complete detector system by means of the cascade noise 

figure equation, shows that the signal coupling losses can 

simply be included in L (WAT 69). If the IF coupling losses 

are also included, the crystal noise ratio t has to be corrected 

for that inclusion. In our experiment this was achieved by 

measuring the IF noise power that really entered the IF amplifier 

system. 

In terms of noise temperatures, the parameters most commonly 

used to describe the noise performance of astronomical recei

vers, the relation (1.4) becomes (KER 75): 

T R = T M + L M T I F

 ( 1 - 5 ) 

where Τ is the receiver noise temperature, given by (F-l)T , 
R 0 

and Τ is the mixer noise temperature, defined as (L t-l)T„. 
M M O 

The IF amplifier has a noise temperature Τ . When using noise 

temperatures, one must distinguish again between SSB and DSB 

values, in the same way as for the noise figures. 

As stated above, the most appropriate description of the 

detection sensitivity depends on the application. In astrono

mical observation of broad-band sources, for example, the sen

sitivity is determined by the minimum detectable change in 

source temperature (PEN 73). When a heterodyne receiver is used 

in an absorption spectrometer, as it is in the present experi

ment, the sensitivity of the spectrometer is determined by the 

minimum detectable absorption ΔΡ . . For a cell with length L 

min ^ 
and attenuation a per unit length, filled with a gas having 

с 

absorption coefficient α , the change of power ΔΡ at the detec

tor due to gas absorption is given by : 
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-α L -α L 

ΔΡ = Ρ e
 C
 (1- e

 g
 ) (1.6) 

о 

where Ρ represents the signal power entering the cell. In case 

of square wave modulation of the absorption line with phase 

sensitive detection of the IF signal, the minimum detectable 

absorption is given by (STR 54): -a L 

ΔΡ . = Ρ e
 C 

min о 

Г -о LT b 
(α ) . L = ττ Ι 2k τ F* Β Ρ e

 C 

g min о о о J 
(1.7) 

where F* is the spectrometer noise figure and В is the noise 

bandwidth of the phase sensitive detector, tuned to the modu

lation frequency f. For sine wave modulation the signal power 

present in the two fundamental signal sidebands at a frequency 
IT 

f above and below the radiation frequency, is a factor /4 

smaller than for the case of square wave modulation. Consequent-
4 

ly the value for ΔΡ . will be a factor /IT greater in the case 
J
 min ^ 

of sine wave modulation. 
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C H A P T E R 2 

The HCN laser local oscillator 

2.1 Introduction 

A laser to be used as a local oscillator in heterodyne de

tection, has to satisfy few rather stringent requirements, pri

marily with respect to the magnitude and stability of output 

power and frequency. The HCN laser, having five emission lines 

between 800 and 1000 GHz (our primary region of interest), 

came out as the most promising candidate. 

Although the first HCN laser action was reported in 1964, it 

took a few years before HCN was recognized as the emitting 

species. In 1967, Lide and Maki (LID 67) assigned the strong 

lines at 891 and 964 GHz as ro-vibrational transitions involving 

the (11 0) and (04 0) vibrational states. The remaining so-

called secondary lines originate in pure rotational transitions, 

resulting from the populating and depopulating effect of the 

primary transitions on the relevant levels. The exact excita

tion mechanism is not yet known. However, recent studies 

(PIC 74,KUN 75) point to a chemical inversion mechanism. 

The laser emission is usually obtained from a low pressure 

discharge in flowing gas mixtures of various composition. The 

lasers used in the present investigation employ the conven

tional semi-confocal Fabry-Perot type resonators, with plasma 

diameters 3-4 times the beam diameter, in order to reduce the 

diffraction losses. The low gain of the HCN laser has led to 

the use of cavities with lengths up to 8 m. Substantial im

provement in performance has recently been obtained by Belland 

et al (BEL 76) by the application of waveguide-type resonators. 

In the present work, the attention has been focused on the op-
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timization of the laser stability rather than the power. The 

performance of the laser with respect to the power output, mode 

structure and other characteristics was studied by Bicanic 

(BIC 74,76) who constructed the laser. 

2.2 The laser 

The present design is a modification of the model, developed 

by Wells et al̂  (WEL 71) at the National Bureau of Standards in 

Boulder, USA. A schematic diagram of the θ m version is shown 

in Fig. 2.1, the 4 m version, used in the first stage of the 

gas outlet DC power supply 

t max 

2 7Ι<Ω 1 2 k V - m , 

tetlon bellow output beam 

FIG. 2.1. Schematic diagram of the 8 m HCN laser (not to scale) 

experiment, is essentially the same design. Only the main com

ponents of the apparatus will be briefly outlined here, detailed 

descriptions can be found elsewhere (BIC 72b, 74; ZUI 76c). 

The 8 m laser (14 cm i.d.) employs a semi-confocal resonator 

with a flat and a concave mirror, the latter with a radius of 

curvature R=16 m. The laser is usually adjusted to oscillate in 

the dominant ТЕМ mode. The cavity length adjustment is 

accomplished by a micrometer control of the flat mirror. A 

single mode operation is easily obtainable as shown earlier 
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(BIC 74). The HCN laser lines have a gain width of a few MHz, 

mainly determined by the Doppler effect. 

The power is extracted by means of a Michelson-type output 

coupler, employing a polyethylene beam splitter and a flat 

coupling mirror. This output coupling provides a highly pola

rized beam and facilitates continuous adjustment of the output 

power (BIC 74), a highly desirable feature in the present ap

plication. A gas handling system, equipped with a number of 

reductor and needle valves, enables an accurate setting of pres

sure, composition and flow rate of the gaseous mixture, used 

in the laser. Typical operating pressures were between 0.4 and 

0.8 Torr at flow rates of a few Torr 1/min. Gas mixtures used 

contained CH and either N_ or NH . The latter combination pro

duces slightly higher output power and yields a slower depo

sition of polymers on mirrors and walls. The discharge could be 

run for hundreds of hours before any cleaning of the tube be

came necessary. 

A good discharge stability could be obtained with the 

present electrode configuration. The ring shaped anode (stain

less steel) is placed in the tube, whereas the water-cooled 

cathode (copper) is mounted in a side-arm of the tube. A 2.7 

ki2 ballast resistor is used in the electrical circuit to reduce 

the peak current after ignition and to enhance the current 

stability. The resistor was placed in series with the voltage 

stabilized power supply (Cober 1631-1768-A), capable of sup

plying 12 kV and 1.2 Amp. 

A reduction of thermal fluctuations in the cavity length 

is obtained with rigidly mounted invar rods. The glass tube 

can expand freely inside the invar shaft by means of a sliding 

0-ring construction. The complete set up is mounted on a heavy 

concrete bench to reduce the influence of mechanical vibrations. 
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2.3 Power and frequency stability 

The frequency stability of the laser output has been tested 

in a harmonic mixing experiment at 891 GHz (ZUI 74). The laser 

output of that frequency was mixed with the ninth harmonic of 

a 0.3 mm klystron, phase-locked to a reference oscillator. The 

beat signal with a frequency around 150 MHz was displayed on a 

spectrum analyzer (Tektronix, 1L20 plug-in), and its behaviour 

was monitored in the time domain. 

From the expression for the resonance frequency ν of the 

q 

q-th order axial mode: 

ν = qc(2nL)"
1
, (2.1) 

it is readily seen that the refractive index η of the plasma 

and the cavity length L are the parameters governing the 

frequency stability. The refractive index η is determined 

mainly by the discharge pressure and current. 

An immediate conclusion from the measurements was that a 

very stable discharge, characterized by the presence of statio

nary striations, is absolutely necessary in the present experi

ment. Power fluctuations as high as 25%, accompanied by strong 

frequency fluctuations were observed from an unstable discharge 

with a turbulent plasma. All results given in the following 

refer to the stable discharge conditions. 

The short term stability of both lasers, was approximately 

20-30 kHz with an observation time of one second. The long 

term stability turned out to be largely dependent on the thermal 

conditions. Thermal instabilities usually appeared as slow 

one-directional drifts of the laser frequency. For the 4 m 

laser a drift of 250 kHz over five minutes was observed, short

ly after starting the laser. A few hours later, the stability 

had improved to 100 kHz over 30 minutes. For the θ m laser it 

took more time before satisfactory thermal equilibrium was ob-
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tamed, due to the larger amount of heat developed by the dis

charge. Values of 100 kHz, however, were attainable for the 

stability over periods of 15-20 minutes, after running the 

laser for 7-9 hours. 

The short term fluctuations are mainly associated with 

mechanical vibrations in the laser and its support, converted 

into fluctuations in L. Fluctuations in current and pressure 

hardly contribute to the measured instability. An excellent 

pressure stability could be obtained with the gas handling 

system, evidenced by the fact that the number of striations 

could be kept constant. Under these conditions, the current 

stability obtained with the voltage stabilized power supply and 

the additional ballast resistor is very good. 

The beat signal as displayed on the analyzer exhibited a 

full width of 100 kHz at half height. However the conclusion 

that the laser signal has such a frequency width is not justi

fied. A similar experiment performed by Wells et al (WEL 74) 

has shown that multiplied phase and frequency noise of the re

ference and of the phase-lock system may determine almost 

completely the observed width of the beat signal. A similar 

behaviour was observed in our system. Lowering the signal in

fection level in the lock system to the minimum required for 

locking, resulted in a reduction of the width from 100 to 70 kHz. 

The use of the klystron in the free running mode caused rapid 

movements of the beat signal over the screen due to frequency 

instabilities in the klystron signal, but reduced its width to 

5-10 kHz. The latter value is taken as the upper limit for the 

width of the laser signal under the stable discharge conditions. 

The power stability will nou be extensivily discussed here. 

Most of the parameters considered in the discussion of the fre

quency stability will also affect the power. An extensive dis

cussion of the power stability of HCN lasers has been given by 
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Fuller and Baker (FUL 72). Only one additional factor, not 

mentioned in their survey, will be mentioned. This factor con

cerns the output coupling and looks specific for the present 

design. Occasionally a modulation at a frequency between 260 

and 270 Hz was observed, superimposed on the output signal. 

The amplitude of the modulation turned out to depend on the 

setting of the coupling mirror, and could be made practically 

zero with proper choice of the side mirror position. This 

modulation originates most probably in vibrations of the beam 

splitter. 

A proper setting of the side mirror position to prevent this 

modulation resulted in a power stability in the order of 1% or 

better, and a frequency stability of 100 kHz. This stability 

could be sustained for periods of 20-30 minutes, long enough 

for a single spectroscopic measurement, after running the laser 

for about eight hours. A laser with such stability turned out 

to satisfy the requirements imposed by the LO application in 

the present experiment. Therefore, the lasers have been used in 

the free running mode without additional stabilization. Stabili

zing systems have been succesfully applied by various workers, 

but they necessarily require a lot of complicated equipment, as 

can be seen from the experiment of Wells et̂  al̂  (WEL 74). In 

their system an HCN laser was phase-locked to a reference os

cillator, resulting in a ultimate stability of the order of one 

kHz. 

2.4 Power output in the different lines 

The frequency selective properties of the harmonic mixing 

system provided an excellent possibility to measure the re

lative power output in the five HCN laser lines between 800 

and 1000 GHz. The latter can not be accomplished with an or

dinary power detector, due to the cascade character of the 
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secondary lines. Laser action on one of the secondary lines 

requires action on one of the primary lines too. 

The measurements were carried out on the 4 m laser with a 

CH -N mixture as the active medium. The results, given in 

Table 2.1, were obtained with the following procedure. For all 

five lines the IF power was measured as obtained from the 

mixing system, whereas the laser power could also be directly 

measured at 891 and 964 GHz using a pyroelectric detector 

(Molectron P-3). 

Table 2.1 Relative power output in the different HCN laser 
lines 

Frequency (GHz) 804.75 890.76 894.41 964.31 967.97 

Rel. power output 0.10 1.00 0.06 0.34 0.07 

The power in the 894 GHz line relative to that in the 891 GHz 

line is obtained from the measured ratio of the IF powers, 

associated with the two lines. Both lines were measured in 

ninth order harmonic mixing. The same method was applied for 

the lines at 964 and 968 GHz, both measured with tenth order 

mixing. In order to obtain the power in the 805 GHz line, mea

sured with eighth order harmonic mixing, the relative efficien

cy of that mixing was established by extrapolating the results 

of ninth and tenth order mixing. 

The maximum obtainable power has not been accurately deter

mined. It is estimated to be around 20 and 100 mW for the two 

lasers with lengths of 4 m and 8 m, respectively, when oscil

lating on the strongest line under stable discharge conditions. 
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C H A P T E R 3 

Antenna properties of point-contact diodes at 337 pm 

3.1 Introduction 

In a PC diode the whisker acts as a receiving antenna, 

allowing propagation of high frequency currents along its length. 

Owing to the skin effect these currents are confined to a thin 

layer (2» 0.1 μιη) close to the surface. The coupling of the an

tenna to the field of the incoming radiation can be achieved in 

several ways. The commonly used method in the microwave region, 

also employed in our harmonic mixer (Chap. 6), is to mount the 

whisker across a standard waveguide, terminated by a plunger in 

order to match the high frequency impedance of the source to 

that of the diode. A high efficiency can be obtained with this 

coupling method, when using millimeter klystrons as the LO. 

When using an HCN laser as the LO, radiation of much higher 

frequency has to be coupled into the diode. Fundamental wave

guides for the frequency region around 891 GHz are difficult to 

fabricate and will exhibit large transmission losses. Optical 

techniques, utilizing a diode in a free space mount, were expec

ted to be competitive with microwave techniques in this frequen

cy region. It has been shown (MAT 70, BOR 75) that PC diodes 

mounted in the free space, obey the theory of the long-wire 

travelling wave antennas. However, little information is avai

lable on the relative coupling efficiencies to diodes, when 

placed in different geometries relative to the incoming field. 

Therefore an experimental investigation has been carried out, 

in order to establish the optimum configuration for a mixer 

with an HCN laser as the LO. 
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3.2 Antenna theory 

The summary of the antenna theory given below is restricted 

to the main features necessary for the interpretation of our 

results. Long-wire antenna theory is applicable when a parallel 

. • ' " " L I I I I ' I , . i l ' l " 

Fig. 3.1 Point-contact diode geometry in long-wire antenna 

theory. 

beam of radiation is incident upon a straight antenna, under 

the condition that the electric field vector, the wave vector 

and the antenna are in the same plane (Fig. 3.1). 

The power Ρ , absorbed by the antenna is given by: 
a 

Ρ = Ισ(Θ) (3.1) 

a 

where I is the power flux density of the incident radiation and 

σ(Θ) is the receiving cross section. The latter depends on the 

angular orientation of the diode (Fig. 3.1), the degree of pola

rization of the incoming beam and its matching to the antenna. 

The directional characteristics of a receiving antenna can be 

derived from the theory for a radiating antenna using the re

ciprocity theorem (ZUH 53), which states that the directional 

characteristics of a receiving antenna are identical with those 

of a transmitting antenna. 

The angular dependence of the field radiated by an antenna 

with a perfect travelling wave current distribution is given 

by (JAS 61) 

I 
/
 k 
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Ε (θ) = A f "
 θ
 [ sin { ^ ( І-оов ) }] 

I-cos λ (3.2) 

where A is a scale factor and L is the length of the straight 

wire. The radiation field Е( ) is cylindrically symmetric about 

the antenna axis. As a consequence of Eq. (3.2) the electric 

field pattern exhibits a number of lobes symmetrically placed 

about 0=0, with one lobe between 0 and π for each half wave

length of antenna length. Examples of radiation patterns, cal

culated for different antenna lengths are shown in Fig. 3.2. 

Ε (θ) [arbitrary units] 

9 

HO 160 1B0 

θ[degrees] 

Fig. 3.2 Theoretical antenna patterns for a travelling wave 

current distribution, calculated for L = 2λ and 

L = 4λ . The maxima of the first lobe at different 

values of L are connected by the dashed curve. 
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The subsequent maxima have decreasing amplitude with the largest 

amplitude in the first maximum at Θ . , closest to 0=0. The di-

ml 

rection of the electric field reverses in each successive lobe. 

The field strength in the n-th maximum occurring at Θ is 

given by (JAS 61): 

V~2L I 
— . -1 sin(uk ) (3.3) 

κ λ η 
η 

where k is a "constant" that varies with η and has a slight 

dependence on L. 

In the present experiment we have investigated the proper

ties of a PC diode used as a receiving antenna. In the calcu

lation of the pattern expected for such antennas, the length L 

was taken as the distance between the whisker top and the first 

sharp bend (Fig. 3.1). The experimental antenna patterns were 

obtained by measuring the diode voltage, generated by the 

rectifying properties of the diode across its terminals, as a 

function of Θ, the angle between the incident radiation field 

and the whisker (Fig. 3.1). The diode behaves as an antenna-

receiver combination with the whisker featuring the role of 

antenna, whereas the junction presents a load to the antenna 

acting as a source. As a consequence, the voltage obtained after 

rectification will strongly depend on the impedance match be

tween the junction and the antenna. 

From Eq. (3.1) it is clear that high power flux densities 

have to be achieved in order to obtain high values for the power 

absorbed by the antenna. This dictates the utilization of len

ses with strong focusing properties. This type of lenses exhi

bits small focal numbers F = F/d, where F and d are focal 

N 

length and diameter of the lens, respectively. The focal pro

perties of lenses with small F have been investigated in the 

millimeter wave region by Carswell and Richard (CAR 71). They 

determined experimentally the following expression for the 

beam width W in the focal plane, to be given by : 
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W = -з. λ Р
м
 (3.4) 

for a unifoirmly illuminated lens aperture. The value of q 

depends on the criteria used in the definition of W. The 3 dB 

and 10 dB widths of the main lobe of the diffraction pattern 

in the focal plane, are obtained with q values of 1.6 and 2.7, 

respectively. 

3.3 Diodes in a free space mount 

3.3.1 Experimental arrangement 

The measurements were carried out with a 4 m HCN laser, ad

justed to give an output power of about 10 mW. Two lenses with 

focal length of 85 and 220 mm were used to focus the radiation 

onto the junction. Both lenses had a diameter of 50 mm. The 

diode was mounted in a horizontal plane because, the radiation 

Ε-field was polarized in this plane. A sketch of the open mount 

detector system is shown in Fig. 3.3. The angular orientation 

(Θ) of the diode was recorded on the x-axis of an x-y recorder 

when the diode was turned about a vertical axis. Antenna pat

terns were automatically recorded by applying the diode signal 

to the y-input terminals. The detector system was mounted on 

an x-y-z translator to enable accurate positioning of the diode 

in the focal plane at each angular position. It should be 

noticed that measured patterns will exhibit a too rapid fall 

off for Θ < 10 , because in that region the whisker is partial

ly "shadowed" by the mount. 

The diodes consisted of a p-type Ge crystal, eutectically 

soldered to a gold carrying pen, and a tungsten whisker. The 

video voltage signals, used to establish the relative coupling 

efficiency, are strongly dependent upon the individual junction 

properties because the diode behaves as an antenna-receiver 

combination. The Ge-tungsten combination was selected because it 
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Fig. 3.3 Sketch of the open mount detector system. 

exhibited a reasonable reproducibility in high frequency recti

fication. A Si-tungsten diode produced a larger video signal by 

a factor of three but strong differences (sometimes by a factor 

of three) were observed between the individual contacts, due to 

strong differences in junction impedance with varying contact 

pressure. 

The response of the diode when used as a video detector, was 

tested by a comparison to a pyroelectric detector (Molectron 

P-3), placed immediately behind the diode contact. The Ge-tung

sten diodes, turned out to obey to a good approximation a square 

law behaviour (V . Œ Ρ ) . 
out m 

Most of the whiskers used had a thickness of 40 to 50 ym, 

whereas the circular crystals had a diameter of about 0.4 mm. 

The crystals had a thickness between 0.2 and 0.3 mm, 
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3.3.2 Antenna patterns 

A few typical results, obtained with the free space mount 

are shown in Figs. 3.4a-d. The theoretical patterns shown were 
2 

obtained by computing Ρ(Θ) Œ Ε (θ) (Eq. 3.2), eind are strictly 

valid only for a parallel incoming beam and an ideal square law 

behaviour of the diode detector. It is readily observed that 

focusing of the radiation has a significant effect on the an

tenna patterns. The experimentally observed antenna patterns 

are slightly shifted with respect to the calculated patterns and 

they also exhibit a loss of lobe structure, appearing as a fil

ling in of the minima. The latter effect is more pronounced for 

large L where the lobe structure varies more rapidly and for 

short focal lengths, for which the parallel beam assumption is 

more acutely violated. Examples of the effect of increasing L 

and decreasing F on the measured antenna patterns are shown in 

Fig. 3.4. The best agreement between measured and calculated an

tenna patterns is observed in Fig. 3.4a, obtained with soft 

focusing (F = 220 mm) and the smallest L. The measured patterns 

shown in Figs. 3.4c-d exhibit some further departure from the 

theory, a result of the increase in L, while F was kept constant. 

A similar effect is observed in Fig. 3.4b. The patterns shown in 

Fig. 3.4a and 3.4b were attained with the same diode contact but 

different lenses. The use of long whiskers and strongly focused 

beams leads to a transformation of the real lobe structure into 

a structure with a slowly decreasing signal as function of 0. 

Apart from the effect caused by the use of focused beams there 

are other possible explanations for the discrepancy between the 

theory, embodied in Eq. 3.2, and the experiment. Lack of better 

agreement might arise from the tapered tip (200 ym long) of the 

whisker, and the fact that the laser radiation is only 80% li

nearly polarized (BIC 74). Furthermore, deviations from the as

sumed square law behaviour will affect the intensity ratio be-



36 

Vd(rel 

1.0 

theory ( U 8 0 0 | i m , F = «=) 

e«p. (F = 220 mm) 

1.0 

O.B 

OR 

ол 

0.2 

ei.) 

/У \ 
1 ' ' 

-f ,! 

f ' 
'\ 

-̂'' 

evn f F - Я Ц m m t 

" ^ v ^ ^ 
,'~·. 

4--'""r~~ ' 

® 

0 20 (0 60 80 100 120 U0 160 180 
θ (degrees) 

V d (rel.)-

1.0 

08 

04 -

0.2 

© 
theory (L=2l,00)im,F= ~ ) 

e>p. (F=220 mm) 

100 120 K0 160 180 
θ(degrees) 



37 
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Fig. 3.4 Measured (solid curves) and calculated (dashed curves) 

antenna patterns. The amplitudes of the patterns 

have been normalized to equilize the heights of their 

first lobes. The values for L are (a) 800 uro, 

(b) 800 \im, (c) 2400 \m and (d) 5000 \im. Theoretical 

curves have F = » while exp. curves have F=220 mm 

(а,с and d) or F=80 mm (b). 

tween the subsequent maxima, and generally cause a too rapid 

fall off of the subsequent maxima in the calculated pattern. 

Also deviations from the assumed ideal travelling wave current 

distribution will modify the relative lobe amplitudes and fill 

in the zeros (JAS 61). 

As stated above, the antenna length L is assumed to be the 

length from the whisker tip to the first sharp bend. This will 

be valid as long as the whisker is illuminated over its entire 

length. A result obtained in a case where complete illumination 

of the whisker was impossible is shown in Fig. 3.4d. At small 

Θ, the whisker with a length of 5.0 mm could still be complete

ly illuminated, and a reasonable agreement with the theory is 

observed. For the region around 0 = π/2, the observed pattern 
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fits better to a theoretical pattern for smaller effective 

length L, probably because only that part of the whisker with

in the radiation field contributes to the effective L. 

3.3.3 Coupling efficiency 

The maximum attainable signal has been determined under va

rious conditions of focal length and whisker length. The res

ponsivi ty R, measured in Volt/Watt (V/W), was used as a measure 

for the amount of radiation effectively being detected, and, 

hence, for the coupling efficiency. Highest responsivity is ob

tained with the strongest focusing as expected from theory. On 

the same diode contact, a ratio of 3.1(5) was observed between 

the signals, obtained at Θ , with F, = 85 and F„ = 220 mm fo
rni 1 2 

cusing. This has to be compared to a theoretical factor 
2 

(F /F ) = 6.7, predicted by Eqs. 3.1 and 3.4. The main reason 

for the discrepancy is the loss of lobe structure in the anten

na pattern which increases with decreasing F. 

The reduction in focal point width agreed well with the 

theory. The 10 dB width, measured by scanning the diode in a 

vertical direction through the focal plane reduced from 3.7 to 

1.5 mm (a factor of 2.5) when reducing F from 220 to 85 mm. 

This is in good agreement with the theoretical factor F /F =2.6. 

The values of 3.7 and 1.5 mm are higher than the values of 2.54 

and 0.98 mm, respectively, calculated from Eq. 3.4. The diffe

rence is due to the non-uniform (Gaussian like) illumination 

of the lens, causing a broadening of the focal point (CAR 71). 

The theory (Eq. 3.3, Fig. 3.2) indicates that for a parallel 

beam one should find an increase in signal at Θ , with increa-
3
 ml 

sing L. Such behaviour was not evident with F = 85 mm focusing. 

There were considerable changes in detected voltage due to un

controllable variations in junction properties but a signifi

cant dependence on L was absent. For values of L between 150 

and 2500 \m the responsivity obtained at Θ . was reasonably 
ml 

constant. With L higher than 5000 ym the signal slowly decreased 

with increasing L. 



39 

The responsivity did not exhibit a significant dependence on 

the thickness of the whisker in the range of 20 to 75 \m. The 

responsivity started to decrease considerably if the thickness 

became larger than 100 μιη. 

A value R=10(3) V/W was obtained for the averaged responsivity 

of a Ge-tungsten diode, placed in a free space mount at an angle 

Θ . to a strongly focused beam (F = 85 mm). Some further improve-
ml 

ment (of the order of 50%) could be obtained by placing a curved 

mirror behind the diode in order to refocuse some of the scattered 

radiation and to improve the matching between beam and antenna. 

3.4 Diodes in a waveguide mount 

3.4.1 Apparatus 

The main features of the semi-closed waveguide mount are 

shown in Fig. 3.5. The diodes were mounted in a circular wave

guide, that is terminated at one end with a conical horn, acting 

as a transformer to match the focused free space radiation field 

to the field within the waveguide. At the other end the wave

guide was terminated by a plunger. Waveguide diameters of 1.2 

and 0.6 mm have been used. Two slightly different models were 

tested. In the initial version (Fig. 3.5a) the diode was mounted 

in the middle of the waveguide, 7 mm away from the throat of 

the horn, whereas in the second (3.5b) the diode was placed 

close to the throat of the horn. The different mounts were fa

bricated as single copper units by an electroforming process. 

© © 

Fig. 3.5 Cross-sectional view of the semi-closed waveguide 
mount (not to scale). 
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The horns were 35 ram long and had a flare angle of 15°. The 

radiation of the laser, operating under the same conditions as 

before (Sect. 3.3.1) was focused with a F = 85 mm lens. The 

mounts were used in such way that the diodes, again a Ge-tungsten 

combination, were placed in the horizontal plane. 

3.4.2 Results 

Both the responsivity and the transmission of the incident 

laser power through the complete mount were measured. The latter 

was accomplished by measuring the available power at the en

trance of the horn and, after removal of the plunger, at the 

output of the waveguide. In order to get some indication of 

the absolute coupling efficiency of the detector mount, the 

transmission was measured with the diode contact on, and again 

after removal of the whisker from the guide. The results are 

given in Table 3.1. The responsivities listed were obtained by 

averaging over a large number of measurements. 

Table 3.1 Responsivity and transmission of semi-closed diode 

mounts at 337 Mm. 

Mount Waveguide Responsivity Rel. transmission Rel. transmission Effect whisker 

diameter (шш) R ÍV/W) with contact on after removal of on relative 
whisker transmission 

a 1.2 12(3) 15.β » 18.2 % 2.4 ΐ 

a 0.6 16(3) 5.0 » θ.4 % Э.4 % 

Ь 0.6 25(4) 

It should be emphasized that the numbers given for the trans

mission are not the maximum values. They were obtained after 

adjustment of the system for optimum responsivity rather than 

for optimum transmission. In order to get optimum responsivity 

the crystal carrying pen in the 1.2 mm guide penetrated over a 

distance of 0.3-0.4 mm into the guide. The necessity of such a 
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deep penetration can be explained by the fact that the waveguide 

with 1.2 mm diameter is quite strongly oversized and several 

higher order modes can be excited. This effect is smaller for 

the 0.6 mm guide and there conditions for optimum responsivity 

and transmission coincided better. 

The gain in responsivity obtained by the displacement of the 

diode towards the throat of the horn is the result of the de

tection of some radiation which does not enter the waveguide, 

but which is reflected at its entrance, and of an improved mat

ching . 

From the results of Table 3.1, and the observed decrease 

in responsivity by about a factor of two when removing the 

plunger, the absolute coupling efficiency is estimated to be 

between 6 and 10% for the optimum case. The absolute coupling 

efficiency is defined as the ratio of the power, effectively 

being detected by the diode to the power sent into it. 

3.5 Conclusion 

From the experiments described in the previous sections, it 

appears that a reasonably efficient detection of 891 GHz 

radiation is still possible with waveguide mounted diodes. This 

means that in the present application a kind of cross-waveguide 

construction can be used for the mixer, which is preferable 

because the signal to be detected is coupled out of the genera

tor along a waveguide. 

The responsivity of 25 V/W obtained for the waveguide moun

ted diode is superior to the 10 V/W obtained for the diode 

mounted in free space. Some improvement in this value of 

10 V/W is possible by modifying the free space mount. A 50% 

improvement was observed when placing a curved mirror behind 

the diode. Reinert (REI 75) reported a considerable gain in 

responsivity, obtained by the use of plane reflectors behind the 
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diode. However, he still estimates that coupling losses amount 

to 14 dB in his system, comparable to the value of 10-12 dB, 

obtained here for coupling losses with the waveguide mount 

(Sect. 3.4.2). 
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C H A P T E R 4 

Harmonic and fundamental mixing at 891 GHz with an HCN laser 

4.1 Introduction 

In this chapter two experiments are described, performed to 

test the feasibility of mixing the ninth harmonic of a 3 mm 

klystron with the 891 GHz emission line of an HCN laser. In the 

first experiment (Sect. 4.2) a single diode served both to ge

nerate the ninth harmonic of the klystron output, and to mix 

the product with the 891 GHz output of the 4 m laser. This ex

periment was carried out to test, at 891 GHz, the performance 

of the harmonic mixer used earlier in spectroscopy up to 572.5 

GHz(Chap. 6), and to compare the mixing performance at 891 GHz 

of various types of PC and SB diodes. In recent years, SB diodes 

have become competitive with PC diodes in the submillimeter 

region (FET 74a). Observation of the low frequency beat signal 

was also employed to investigate the stability of the laser 

(Sect. 2.3.) . 

In the second experiment separate diodes were used for 

harmonic generation and for mixing with the 891 GHz radiation 

from an HCN laser. A new mixer mount was designed taking into 

account the results obtained in 891 GHz video detection (Chap.3) , 

and the experiment was performed with a new 8 m laser. Observation 

of the mixing signal was used to assess the feasibility of this 

general configuration as a heterodyne receiver. Some of the 

results, presented in this chapter have been reported previous

ly (ZUI 76a, b). 

As a last remark we want to point out that all results ob

tained on the performance of various types of mixing are given 

without error limits. The reason for this is that possible errors 



44 

in the measurements on one individual diode are very small com

pared to the variations in the results with different diode 

contacts. This is a consequence of uncontrollable variations in 

the junction properties. The results presented here are typical 

results in the sense that they can be reproduced without extreme 

efforts. 

4.2 High-order harmonic mixing in point-contact and 

Schottky diodes 

4.2.1 Experimental arrangement 

A schematic diagram of the apparatus is shown in Fig. 4.1. 
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Fig. 4.1 Set up to display beat signals obtained by mixing 

the 337 ym HCN laser signal with a 3 mm klystron 

signal; I-isolator; A-attenuator; HM-harmonic mixer; 

KL-3 mm klystron. 

The mixing diode was mounted in the harmonic mixer described 

earlier (DIJ 71). The radiation from the 3 mm klystron (Varian 

VRB 2113 A) entered along the primary waveguide (WR 10), while 
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the laser radiation was propagated along the secondary waveguide 

(RG - 136/U) in which the diode was mounted. The 891 GHz output 

of the 4 m laser (about 5 mW) was focused on the entrance of 

the secondary waveguide via a small collecting horn, tapering 

from RG-96/U to RG-136/U waveguide, and a TPX (F=22 cm) lens. 

The mixer was oriented to have the whisker in the horizontal 

plane, parallel to the Ε-field of the laser radiation. 

All crystals, except the SB-type, were fabricated in the 

laboratory from larger chips. The thickness was usually between 

100 and 200 ym. They were mounted on a 0.3 mm diameter gold pen 

by making an eutectic alloy between pen and crystal. The whis

kers had a diameter between 40 and 50 um, and were etched elec

tro lytically to have a point diameter of about 1 ym. The con

struction of the SB diodes has been described by Clifton et al. 

(GLI 71), who constructed the diodes used here. They were fabri

cated by electroplating gold on a GaAs epitaxial layer through 

small holes in a SiO protective layer. Barriers of different 

size, the smallest having a diameter of about 1.5 ym were 

available in a single "chip". A tungsten whisker was contacted 

to the barrier to serve as a receiving and transmitting element. 

The I-V curves of the different diodes, which are reproduced in 

Fig. 4.2, all exhibit a strong nonlinearity close to zero. 

The IF amplifier stage consisted of a 120-240 MHz band-pass 

preamplifier (LEL) and a tunable postamplifier (ASV, Rohde & 

Schwarz) which also contained the second detector. Impedance 

matching between mixer sind IF system was accomplished with a 

stub tuner. An IF of 150 MHz was used in this experiment. The 

rectified IF signals were directly displayed on the scope by 

applying a saw-tooth voltage to the reflector of the klystron 

and to the horizontal axis of the scope. 
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Fig. 4.2 Low frequency I-V characteristics of (a) η-Ge PC 

diode, (b) p-Ge PC diode, (c) p-Si PC diode, (d) n-GaAs 

SB diode and (e) n-GaAs PC diode. 

4.2.2 High-order harmonic mixing 

In spite of the large bandwidth used, video display of the IF 

signal on an oscilloscope revealed several beat signals, symme

trically placed about the klystron center frequency (f ) which 

was equal to one ninth of the laser frequency (f ). The weaker 

beat signals arise from the mixing of harmonics of the laser 

radiation, produced in the mixer itself, with higher order har

monics of the klystron radiation. Beats occur whenever the fol

lowing equation is satisfied: 

• £ 
9 f + (1/n) f, . 

kl - beat ψο f, I = 0 (4.1) 

where η is the harmonic number of the laser frequency and f, 

beat 

has a value of 150 MHz. The highest order beat signal that could 

be observed was for n=5, i.e. mixing of the 5th harmonic of the 

laser with the 45th harmonic of the klystron, occurring at 4.5 THz. 
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Fig. 4.3 Oscilloscope display of five different beat notes, 

obtained by mixing the 337 ym HCN laser signal with 

3 mm klystron radiation. 

A typical beat spectrum is shown in Pig. 4.3. 

The origin of the various beat signals was established (i) 

by their position with respect to the klystron center frequency 

and (ii) by cross checks. For example, the presence of the third 

harmonic of the laser was proven by changing the klystron fre

quency to the value such that 28f = 3f1. At this setting any 

beat signal could originate only from the mixing of 28th har

monic of the klystron with the 3rd harmonic of the laser. This 

beat signal and no others, was indeed observed. The appearance 

of five different beat signals could only be observed with the 

GaAs diodes, the PC-type as well as the SB-type. For the Ge and 

Si diodes, only the signals for n=l,2 could be observed. 

For all five orders of mixing we have determined the maximum 

IF output power of the mixer. Individual optimization of the 

klystron signal level was performed for each of the beat signals. 
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As seen from the r e s u l t s given in Table 4 . 1 , the los s fac to r 

for IF output powers between the consecut ive bea t s i gna l s de

c reases with inc reas ing mixing o rde r . A s i m i l a r behaviour i s 

observed when mixing the r a d i a t i o n of two d i f f e r e n t k l y s t r o n s . 

From the p r e s e n t r e s u l t s , we conclude t h a t t he r e i s no s t rong 

r o l l - o f f i n the performance of GaAs diodes throughout the e n t i r e 

submil l imeter reg ion . 

Table 4 .1 IF output powers for the d i f f e r e n t bea t notes 

Laser harmonic Klystron harmonic Frequency IF power from Power l o s s 

number (n) number (9n) (GHz) the mixer (mW) Û (dB) 

1 

2 

3 

9 

18 

27 

36 

45 

890.θ 

1782 

2672 

3563 

4454 

1.1 X io
-4 

7.1 χ IO"
7 

2.9 χ 10~
8 

4.5 χ 10~
9 

1.1 χ IO
-9 

_ 

22 

14 

8 

6 

Satisfactory results with the SB diodes were only attained 

with the smallest available barrier size (= 1.5 μιη). The life

time of the best diodes, particularly the PC diodes, was seve

rely limited by full or partial burnouts which occurred quite 

frequently, due to the high klystron powers (50-75 mW) , required 

to achieve optimum results in this high-order mixing process. 

4.2.3 Performance of the 891 GHz receiver 

The measuring system of Fig. 4.1 can be considered as a 

heterodyne receiver at 891 GHz. From the dependence of the IF 

signal power for n=l on the laser and klystron power, it can be 

concluded that the klystron functions as the LO. The main rea

son is the relatively poor coupling of the laser power into the 

diode as compared with the coupling of the microwave power. So 

the actual system can be considered as a 891 GHz heterodyne re-



49 

ceiver, employing a klystron LO in ninth order harmonic mixing. 

The sensitivity of this receiver has been determined by mea

suring the total noise factor F, given in Eq. (1.4). The con

version loss L was obtained from a measurement of the powers at 

signal and intermediate frequency. The laser power was measured 

with a pyroelectric detector (Molectron P-3), whereas the IF 

power was measured by replacing the mixer (as an IF source) by 

a calibrated signal oscillator (Wavetek 2000). The noise power 

at the IF was measured with a white noise generator (SKTU, 

Rohde & Schwarz), yielding a value for the crystal noise ratio 

t. The NEP was then calculated from L and t, using the known 

M 

value for the noise figure of the IF amplifier (6.3 dB). From 

the results, given in Table 4.2, it is evident that the GaAs 

diodes are superior to the Si and Ge diodes in high frequency 

mixing, in agreement with theoretical expectations based on the 

Table 4.2 Performance of 891 GHz heterodyne detection with 
harmonic mixing 

•ype 

PC 

PC 

PC 

PC 

SB 

Crystal 

n-Ge 

p-Ge 

p-Si 

n-GaAs 

n-GaAs 

Whisker 

Tungsten 

Tungsten 

Tungsten 

Au/Cu(75:25) 

Tungsten 

V d B ) 

67 

65 

64 

48 

47 

t 

67 

81 

84 

85 

51 

F (dB) 

85.5 

84.3 

83.4 

67.5 

64.3 

NEP (W/Hz) 

1.4 χ IO"
1 2 

1.1 χ IO"
1 2 

8.8 χ 10~
1 3 

2.2 χ IO
- 1 4 

-14 
1.1 χ 10

 1Ц 

high mobility of the carriers in GaAs (Sect. 7.1.2). Among the 

GaAs diodes the SB-type yielded slightly higher sensitivity 

than the PC-type, due to the lower crystal noise ratio of the 

SB-type, due, in turn, to a lower contribution from the mixer 

diode to the IF noise. The stability and ruggedness of the SB 

diodes are clearly better than of the PC diodes. The latter are 
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produced by contacting the whisker to the crystal surface, 

while in the SB-type the whisker acts only as an antenna and is 

brought into contact with a stable premade diode. Further dis

cussion of results is given in Chap. 7. 

4.3 Fundamental mixing at 891 GHz with a laser LO. 

4.3.1 Apparatus 

A diagram of the experimental apparatus is shown in Fig. 4.4. 

Fig. 4.4 Set up to display the klystron ninth harmonic, 

detected with a laser LO. KL-3 mm klystron; 

I-isolator; A-attenuator; M-mixer; CO-waveguide 

cut-off; HG-harmonic generator. 

In the present application, the heterodyne system is used to 

detect weak signals around 891 GHz produced in a harmonic gene

rator driven by a powerful 3 mm klystron (Varian VRB 2112A). The 

harmonic generator (described in Sect. 6.2) incorporates a SB-

type multiplying crystal as the nonlinear element. 



51 

The laser now functions as a conventional LO, thanks to (i) 

improved coupling of its power into the mixer diode and (ii) a 

higher output power (about 40 mW for the 8 m laser versus 5 mW 

from the 4 m laser used for the measurements described in Sect. 

4.2). The cross-guide mixer, shown in Fig. 4.5, is a modifica

tion of the harmonic mixer used with a klystron LO (Sect. 4.2). 

The cross-guide configuration was chosen to enable individual 

adjustment of the coupling of the LO and SO signals into the 

mixer diode. The laser signal is coupled into the diode with a 

horn-lens system, which has proven its feasibility in video 

detection at 891 GHz (Chap. 3). The conical horn has a length 

of 35 mm and a flare angle of 15 . The signal of the 8 m laser 

is focused into this horn with a F = 100 mm polyethylene lens, 

having a diameter of 80 mm. The horn couples the radiation into 

a 0.6 mm diameter circular guide which is perpendicular to a 

RG-136/U waveguide. The latter guide couples the output of the 

harmonic generator into the mixer diode. 

The mixer diode, placed in the circular guide, was usually 

of the PC-type, incorporating a η-type GaAs crystal and an 

Au/Cu whisker prepared in the way described in Sect. 4.2. The 

PC-type diodes were preferred in the present application for 

reasons given in Sect. 4.3.2. Orientation of the mixer was such 

that the whisker was in the horizontal plane. The IF signal was 

extracted along a 50 Ω coaxial path (DIJ 71) using rexolite as 

a dielectric medium. Impedance matching was obtained with a 

stub tuner. 

The power output of the 8 m laser LO was adjusted to produce 

optimum S/N-ratio for the IF signal. This required adjustment 

for a very stable laser discharge, necessary to avoid any extra 

LO noise on the IF signal. The complete microwave set up and 

mixer were mounted on a x-y-z translator, to enable accurate 

positioning of the mixer in the focal plane of the laser. The 
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Fig. 4.5 Cross-sectional view of the mixer used in the hetero

dyne detection at 891 GHz with a laser LO. An en

larged view of the inner part is shown in the inset 

figure. 
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translator was mounted on a rigid frame, fixed to the laser 

supporting bench, in order to reduce the influence of vibra

tions . 

4.3.2 Measurements 

The first experiments were carried out at an IF of 150 MHz 

with a broad-band (0.1-500 MHz) preamplifier (Avantek AW 500) 

and the conventional postamplifier (ASV). The klystron ninth 

harmonic power was sufficiently strong to be directly displayed 

on the scope, when a voltage sweep was applied to the klystron 

reflector. A typical result is shown in Fig. 4.6. The signal ap

peared as a peak with a width of a few MHz, determined by the 

bandwidth of the IF system. The origin of the signal was con

firmed by placing a 500 GHz high-pass filter between the gene

rator and the mixer. 

Fig. 4.6 Oscilloscope display of the klystron ninth harmonic, 

detected with a laser LO. 
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Fig. 4.7 IF signal power as function of the laser power 

(no external bias). 

The laser power required to achieve optimum S/N-ratio for 

the IF signal, coinciding with minimum conversion loss, was in 

the order of 30 mW, varying slightly with different contacts. 

A typical result for the dependence of the IF signal level on 

the laser power is shown in Fig. 4.7. A saturation effect is 

clearly observed. 

For a more general application of submillimeter lasers as 

LO sources, it is important to reduce the required laser power. 

Therefore an experiment was carried out using an external bias 

current. In the absence of a bias current, part of the LO power 

serves to bias the diode to an operating point suitable for 

mixing. The result of the application of a bias is shown in 

Fig. 4.8 for the same diode as used for Fig. 4.7. The bias current, 
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-Fig. 4.8 IF signal power as function of the laser power with 

(solid curve) and without (dashed curve) an external 

bias. The curves were normalized to equilize their 

maximum heights. 

optimized at each point at which a measurement was made, in

creased from zero to 0.5 mA when decreasing the applied laser 

power from 30 to 2 mW. A low impedance bias source schematical

ly shown in Fig. 4.9, was used. The source was designed for 

minimum influence on the IF transmission at 150 MHz. It was ob

served that the signal as well as the noise were slightly re

duced (by 10-15%) after inserting the bias source in the IF 

circuit. 

At 891 GHz, the PC diodes could be biased for optimum per

formance with just the laser power, provided sufficient LO power 

was available. This appeared not to be true with SB diodes used 
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Fig. 4.9 Bias circuit for the mixing system with an IF of 

150 MHz. 

occasionally in the mixer. Then, it was necessary to apply an 

external bias, regardless of the applied LO power, in order to 

optimize the IF signal power and S/N-ratio. A similar result 

was obtained by Fetterman et al. (FET 74b) who concluded that 

SB mixing diodes require an external bias when using LO fre

quencies above 100 GHz. 

The best results with the PC diodes (GaAs) were obtained when 

forming a contact in the presence of some laser power, rather 

than pulse welding a contact previously made (HUI 66). The se

lection of good diodes was based on their high frequency rec

tification properties, which appeared to be a good measure for 

the mixing performance. Contacts could be maintained up to 

several days, if strong mechanical and electrical shocks were 

avoided. 

The experiment described above, shows that an external bias 

considerably lowers the level of required LO power to values 

clearly below 10 mW. This opens attractive possibilities for 

the application of other submillimeter lasers as LO sources in 

heterodyne receivers. 
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4.3.3 Performance of the detector 

The sensitivity of the detector was accurately determined at 

intermediate frequencies of 150 and 365 MHz by measuring the 

total noise factor F (Eq. 1.4). The IF of 365 MHz was chosen 

because the detector was applied in spectroscopy around that IF 

(Chap. 5). The results obtained with the PC diodes, are given 

in Table 4.3, which also contains the result of a preliminary 

measurement made at an IF of 2.5 GHz. The conversion loss L 

M 

was obtained as the ratio of the IF and signal powers. The IF 

Table 4.3. Performance of a 891 GHz heterodyne detector with a 
laser LO 

IF (MHz) L
M
(dB) t F (dB) F(dB) NEP (W/Hz) 

150 32 2.8 4.8 

365 32 2.8 0.9 

2500 31-36 6.5 

power was determined by calibrating the IF system (Sect. 4.2.3), 

while measurement of the power in the ninth harmonic signal, 

—8 
found to be around 1.5 χ 10 W, was performed with the method 

described in Sect. 6.2. It should be noted that L. obtained in 

M 

this way includes possible coupling losses at intermediate and 

signal frequencies. The latter losses might contribute a con

siderable amount to L , due to the use of highly oversized wave

guides for the signal propagation. 

The crystal noise ratio was determined from a measurement of 

Y, the factor by which the noise output of the IF system in

creases if the input is switched from a resistive termination 

to the mixer circuit. Values of У were obtained by adjusting 

the IF noise power with a calibrated attenuator until the noise 

output with both terminations had the same value. The value 

of t was obtained from Y using the relation (WAT 69): 

38.8 

36.8 

3.1 χ 10 

1.9 χ 10' 

-17 

-17 



58 

t = (Y - 1) FIF + 1 (4.2) 

The measurements show that there is no difference in L or t 

at the two IF values. The difference in the NEP is caused by 

the reduced noise figure of the IF amplifier (RHG) available at 

365 MHz. The values in Table 4.3 refer to PC diodes without ex

ternal bias. At an IF of 150 MHz the performance was also mea

sured using SB diodes with an external bias. However, no improve

ment in sensitivity in the comparison with the PC diodes could 

be obtained. 

For the application of the detector to spectroscopy, it is 

desirable to have a broad-band mixer with respect to the IF. 

So L and t should be kept reasonably constant while varying the 

IF over frequencies on the order of a few GHz. Compliance with 

this requirement was tested by making some preliminary measure

ments at an IF of 2.5 GHz. The first results given in Table 4.3 

indicate a slight loss in sensitivity, due to an increased con

version loss, which might be attributable to increased IF coupling 

losses. The conversion loss is estimated to be between 31 and 

36 dB. An accurate value was not obtained due to some uncertain

ty in the output power of the 2.5 GHz oscillator, used for the 

calibration of the IF. However, the indication is that IF's up 

to a few GHz can be used while maintaining a good sensitivity 

performance. 

From the results presented above, it is clear that the use 

of a laser LO in the fundamental mixing mode has greatly im

proved the sensitivity of the 891 GHz heterodyne detection as 

compared to systems with a klystron LO in the harmonic mixing 

mode. Comparison of the results of Table 4.3 with those of Table 

4.2 shows that the gain in performance is due to a reduction of 

both L,. and t. 
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The gain in conversion efficiency is the result of the use 

of fundamental mixing, while the reduction in t is mainly due 

to a reduced LO noise contribution. Klystron IX3's can contri

bute considerably to the IF noise as a result of the mixing of 

the klystron main signal with its noise sidebands. 

For a laser with a high Q factor cavity, adjusted for a 

stable discharge, these noise sidebands are very small. A com

plete discussion of the results is given in Chap. 7. 
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C H A P T E R 5 

Heterodyne spectroscopy at 890.4 GHz with a laser LO 

5.1 The spectrometer 

The primary goal for the development of a sensitive 891 GHz 

receiver was the construction of a high resolution spectrometer 

tunable in the submillimeter region. In this chapter the spec

trometer and preliminary measurements on D^O and CH OH are des

cribed. 

The detector was integrated into an absorption spectrometer 

which employs a klystron driven harmonic generator (Sect. 6.2) 

as the signal source. A diagram of the spectrometer is shown 

in Fig. 5.1. The problem of the lack of tuning possibilities 

for the laser LO was overcome by the use of a tunable receiver 

with a variable IF. 

A simple absorption cell was used, consisting of a 20 cm long 

piece of waveguide (RG-136/U) with teflon window (0.25 mm thick) 

vacuum seals. The power transmission of the complete cell was 

40% at 891 GHz. 

The 3 mm klystron driving the harmonic generator, was locked 

to a reference oscillator with a double-loop phase-lock system, 

identical to the system used by van Dijk (DIJ 71). Tuning of 

the signal frequency for recording of the spectral lines, was 

performed by varying the 10 MHz reference signal of AFC-Unit 2, 

obtained from a synthesizer (Schomandl ND30M). Its frequency 

could be varied with a synchronous motor between values of 9.5 

and 10.5 MHz while maintaining the lock of the klystron. Two 

different systems were used for the tunable receiver. In both 

systems, the signal power at a tunable frequency ν was mixed 

with the laser LO power at a fixed frequency ν in mixer Ml. The 
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Fig. 5.1 Submillimeter absorption spectrometer with a tunable 
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output Signal of this mixer at a frequency IF, tunable depen

ding on the tuning of the signal oscillator was mixed with the 

power of a second LO in mixer M2 to give a second intermediate 

signal IF' at a fixed frequency. The IF' signal was detected in 

the conventional way with a diode rectifier after some further 

amplification with a postamplifier (ASV). The two systems used 

different methods to keep IF' at a fixed value. In the first 

system (Fig. 5.1) this was accomplished by using the same 

synthesizer to sweep both the signal frequency and the frequency 

of the second local oscillator LO . A total frequency multipli

cation by a factor of 3 χ 9 = 27 was introduced in the loop 

between this tuning synthesizer and LO in order to get syn

chronous variation of both signal and LO frequency. The signal 

frequency experiences a factor 9 due to the harmonic generation, 

whereas a factor 3 originates from the operating principle of 

the AFC-unit. Filters prevented stabilization on 30 MHz signals 

obtained in any way other than by mixing the 27th harmonic of 

the synthesizer signal and the LO signal. The AFC-Unit 3 needs 

a 30 MHz control signal so that the LO frequency is kept 30 MHz 

below or above the frequency of the 27th harmonic of the synthe

sizer signal, used for the tuning. This tuning signal can be 

varied between 9.5 and 10.5 MHz. As a consequence the LO_ frequency 

can be tuned over a region of 27 MHz around 240 or 300 MHz. 

The IF is determined by the difference between the laser LO 

frequency and the signal frequency, required for recording a 

certain transition. The IF' is then given as the difference be-

tween the IF required, and the LO frequency. Our post amplifier 

could be adjusted for values between 30 and 360 MHz. Consequently 

the spectrometer with the receiver described above has a spectral 

range of about 1.2 GHz around the laser LO frequency. It was 

successfully applied in the measurements on D O at an IF of 367 

MHz. 
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Fig. 5.2 Tunable receiver system with a direct locking of the 

second local oscillator LO . M2-raixer diode. 

In a further stage of the experiment an improvement in the 

IF signal level and associated S/N-ratio allowed the use of a 

simpler tunable receiver. This tunable detector, shown in Fig. 5.2, 

can be applied independently of the IF used and requires less 

equipment. However, the system requires certain minimum value 

for the S/N-ratio of the IF signal because of the use of the 

IF' signal for the stabilization of LO„. The receiver employs 

a fixed IF' of 30 MHz whose signal is also used for the stabi

lization of the second LO. The detection system proved its usa

bility at IF values around 390 MHz, in the measurements on 

CH OH, and around 2.5 GHz in some preliminary measurements on 

its performance. 

In both receiver systems a synchronous detection scheme was 
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used. In the first system the required modulation was accom

plished by a 10 kHz square wave modulation of the bias voltage 

applied to the harmonic generator. The output of the second de

tector was fed to a lock-in amplifier (PAR 120), followed by a 

recorder. A 100% amplitude modulation of the signal obtained in 

this way, is not convenient when recording weak transitions 

because extra noise can be generated in presence of large signals 

(MAR 67). Therefore the second system employed a 120 Hz frequen

cy modulation of the source in the measurement on the rather 

weak transition in CH OH by which in first approximation only 

the absorption itself is being modulated. However, with respect 

to background suppression, modulation of the source, either on 

the frequency or the amplitude of its output signal, is infe

rior to Stark modulation as it was used in the beam-absorption 

spectrometer. 

The receiver, used in the spectroscopy at IF values between 

360 ала 400 MHz, consisted of a low-noise (0.9 dB noise figure) 

preamplifier (RHG) with a gain of 50 dB, a 0-1400 MHz oscilla

tor (Wavetek 2000) as the LO , and a home made RF mixer for M2. 
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'Fig. 5.3 Electrical circuit of mixer M2, used at frequencies 

up to 500 MHz. The inductances have a ratio L1:L2=9:1 
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This mixer was specially designed for the frequency region below 

500 MHz and its electrical circuit is shown in Fig. 5.3. The 

mixer has a conversion gain of 10 dB when fed by a 10 mW signal 

from the second LO. The input frequencies could be varied between 

100 and 500 MHz without affecting the conversion efficiency. 

The initial model was suitable for an output frequency IF' of 

65 MHz, used in measurements on D-0. However, the mixer M2 

could be easily tuned to an IF' of 30 MHz, used in measurements 

on CH OH by slightly altering the output circuit. The mixer M3 

used in the stabilization of the LO used a similar circuit 

as that used for M2. 

At an IF of 2.5 GHz for which the spectrometer was also tes

ted (no spectra were recorded) we used a broad-band (1-4 GHz) 

preamplifier (Avantek) a 2-4 GHz voltage tunable oscillator 

(Watkins & Johnson) as the LO , and a RF mixer (Microlab/FXR) 

with bandwidth 1-6 GHz for M2. 

5. 2 Results in spectroscopy 

The measurements were carried out not only for spectroscopic 

interest but also to illustrate the possibilities and to test 

the performance of the spectrometer described above. Molecular 

absorption lines were measured in D O and CH OH. Absorption 

lines for these molecules could be expected at a frequency be

tween 350 and 400 MHz away from the laser center frequency. These 

expectations were based upon predictions using molecular para

meters determined previously and/or results obtained in Stark 

shift spectroscopy. In the latter method molecular transitions 

are tuned into resonance with the laser frequency by shifting 

the transition frequency in an externally applied electric 

field. 

The first measurement was performed on the 6.. •*· 6._ rotatio-
24 15 

nal transition in D_0. The rotation-vibration spectrum of water 
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and its isotopes has been the subject of numerous studies, per

formed in the microwave, far- and near-infrared region. In recent 

years studies of the ground state rotational spectra of D O in 

the millimeter and submillimeter wave range were published by 

Benedict et_ al_ (BEN 70) and by Steenbeckeliers and Bellet 

(STE 73). The 6 •*- 6 transition was calculated to lie at a 

frequency of 890393(5) MHz (BEN 70), 367 MHz below the laser 

frequency. The transition was studied earlier with an HCN laser, 

using the pressure scanning technique (BRA 67) and by the Stark 

shift method (BRI 72). The present spectrometer allowed the 

first direct measurement of the frequency of this transition 

with high accuracy using essentially microwave techniques. The 

present result and those obtained by other methods are given in 

Table 5.1.The very accurate value of the transition frequency 

Table 5.1: Measurements of the frequency of the 6 •*-&.-

transition in D O 

Method Frequency [ MHz ] Reference 
_ 

Pressure scanning technique 890 760 + 234 (24) BRA 67 

Stark shift method 890 395.0(30) BRI 72 

Calculation 890 393.0(47) BEN 70 

Direct measurement 890 396.03(30) Present work 

* The pressure scanning technique yielded only the absolute value 

of the frequency separation between laser and absorption line. 

Strauch et al (STR 69) have shown in a separate experiment, 

using measurements of the refractive index of DO, that the 

minus sign is valid here. 

obtained in this experiment can be of help in the refinement of 

the theoretical model of the rotational Hamiltonian of D O 

(BEN 70, STE 73), where Watson's theory for the centrifugal dis

tortion of light asymmetric tops is used. 
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Pig. 5.4 Recording of the 6 -«- 6 transition in DO. 

The measurements on D^O were carried out with the system of 

Pig. 5.1 with an IF varying around 367 MHz, and an IF' of 67 

MHz. The transition is quite strong with a peak absorption co

efficient of 0.187 cm (BRA 67), and could be directly observed 

on the scope. Further gain in S/N-ratio was obtained by the use 

of synchronous detection. A typical recording obtained with an 

integration time of one second, is shown in Fig. 5.4. The ope

rating pressure in the cell was approximately 0.04 Torr, and 

the recording represents a total absorption of about 25%. 

The S/N-ratio, expected for the line, was calculated from 

ΔΡ /ΔΡ . , where ΔΡ . is given by Eq. 1.7. In the calculation 
gas min min 

of ΔΡ . α was neglected because it turned out that the trans-
min с 

mission losses in the cell were almost completely due to the 

vacuum windows. The noise figure of the spectrometer F*, was 

taken to be 1.4 F where F represents the noise figure of the 

receiver itself as given in Sect. 4.3.3. The factor 1.4 accounts 
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for the losses in the output window of the cell. The value for 

ΔΡ was obtained as 0.25 Ρ where P. is the power actually 

entering the cell (about 1.4 χ 10 W). The calculation for the 

S/N-ratio yielded a value of 1.3 χ 10 . The experimental value 

cannot exactly be read from the recording of Fig. 5.4 because 

there is no real noise observed on the line but it prooves that 

the experimentally obtained S/N-ratio comes at least in the same 

order of magnitude. Herewith it should be noticed that the few 

small ripples present on the recording are attributable to small 

fluctuations in the IF coupling efficiency and/or the background 

signal. Such fluctuations could also explain the slightly asym

metric shape of the line. A possible influence of this asymmetry 

on the determination of the transition frequency was eliminated 

by subtracting the background signal obtained without gas using 

the memory part of an averager. 

The second measurement was performed on the (JKTn) = 

(7630) -> (7510) transition in CH OH, a member of a hindered 

rotational multiplet studied in Stark shift spectroscopy 

(JOH 76). The result for the measurement is shown in Table 5.2. 

Table 5.2 Measurements of the frequency of (JKxn) = 

(7630) -У (7510) transition in CH OH 

Method Frequency [ MHz ] Reference 

Stark shift method 890 372(7) JOH 76 

Direct measurement 890 373.6(5) Present work 

The line was rather weak with a peak absorption of about 1% 

at a pressure of 0.04 Torr in the cell. The measurements were 

carried out with the receiver system of Fig. 5.2, using an IF 

around 388 MHz and a fixed IF' of 30 MHz. A first derivative 

line shape was obtained by applying a frequency modulation of the 
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Fig. 5.5 Recording of the (JKtn) = (7630) -*• (7510) transition 

in CH OH. 

source. A typical recording, obtained after subtracting the 

background signal is shown in Fig. 5.5. The typical structure 

is due to the limited number of signal channels in the memory 

used for this subtraction. A background suppression obtained 

by this subtraction was an absolute necessity to get good recor

ding of this relatively weak line. Ripples as observed before 

on the strong absorption line in D O (Fig. 5.4) , caused deriva

tive line shapes with amplitudes comparable to the one resul

ting from the weak absorption in CH OH. 

From the present results it can be concluded that the re

ceiver with the laser LO has opened attractive possibilities 

for application in submillimeter wave spectroscopy. It allowed 

the extension of spectroscopy with a harmonic generator source 

to a frequency at 891 GHz. A further extension into the THz 

region should be easily obtainable, taking into account the high 

S/N-ratio obtained in the present set up. The limits imposed 

by present system are discussed in Chapter 7, together with 

possible applications of the system 
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C H A P T E R б 

Beam-absorption spectroscopy in the 0.5 mm wavelength region 

with harmonic mixing and generation techniques 

6.1 Introduction 

In the first stage of the present experiment measurements with 

a molecular beam-absorption spectrometer were continued to es

tablish the applicability of this technique at higher frequencies. 

The spectrometer was developed by Huiszoon (HUI 66) and used by 

van Dijk (DIJ 71) for high resolution spectroscopy at frequencies 

up to 500 GHz. The submillimeter radiation was produced in a 

harmonic generator from the output of a millimeter wave klystron. 

A heterodyne detection system was used with a klystron LO in the 

harmonic mixing mode. Beam-absorption spectroscopy was extended 

into the 0.5 mm wavelength region, where the hyperfine structure 

14 
of the J = 1 •«- 0 transition in NH. was measured (Sect. 6.4). 

The extension was obtained by some gain in the performance of 

the harmonic generator (Sect. 6.2) and of the harmonic mixer 

(Sect. 6.3). 

6.2 The harmonic generator 

The harmonic generator used in the present investigation was 

designed by van Dijk (DIJ 71). It has a cross-waveguide confi

guration with the driving power entering along a WR-10 waveguide 

(2.54 χ 1.27 mm I.D.) while the harmonic radiation is transmit

ted through a RG-136/U waveguide (1.65 χ 0.825 mm I.D.). The 

multiplying diode was mounted in the harmonic waveguide. 

The performance of the multiplier reported earlier (DIJ 71) 

could be improved by using other semiconductor crystals in the 

diodes used for the generation. The carbon bombarded silicon 

crystals used in the past (DIJ 71) were replaced by silicon 
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crystals (Bo-doped) containing a diffused layer of phosphorus 

ions at the surface. The crystals*), prepared according to a 

description of Burrus (BUR 64), were mounted on a gold pen 

(0.4 mm in diameter) by the formation of an eutectic alloy. A 

PC diode, which exhibited a strong nonlinearity in its I-V 

characteristic at about -9V (ZUI 72), was formed by contacting a 

pointed tungsten whisker with the crystal. The use of this non-

linearity enabled the generation of sufficient power ([̂ 0.3 μνί) 

in the sixth harmonic of a 95 GHz klystron to perform the mea

surements on NH- (Sect. 6.4). The point diameter of the whis

kers (̂  2 μιη) was larger than in the mixer application (Chap.4), 

to allow the use of driving powers up to 250 mW. 

In the final stage of the experiment (Chaps. 4-5) n-type 

GaAs Schottky barrier diodes were used in the generator, re

sulting in a considerable gain in output power, especially in 

the higher harmonics. The SB diodes were the same used in the 

high frequency mixing experiments (Sect. 4.2.1). PC-type GaAs 

diodes have also been tested in the generator. At low input 

powers (less than 25 mW) the results were comparable with those 

of the SB diodes. However, the latter exhibited much better 

power handling capability. Driving powers in excess of 100 mW, 

allowed with the SB diodes, caused an almost immediate burnout 

of the PC diodes. The SB diodes can probably handle the higher 

diode currents because of a more uniform current distribution 

across their surface. 

The output powers in the different harmonics were measured 

when using a 100 GHz driving klystron (Varian VRB 2112A) with a 

maximum output power of 350 mW. The harmonic powers were mea

sured with a calibrated Putley detector (PUT 65) with an InSb 

*) The diffused silicon crystals were kindly supplied to us by 

the solid state physics group of Prof. dr. P. Wyder 
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photoconductor at liquid helium temperature. The selection and 

identification of the harmonics was achieved with a Fabry-Perot 

interferometer, together with appropriate waveguide filters. 

The results are shown in Table 6.1. 

Table 6.1 Typical output powers in the different harmonics and 

corresponding values for the conversion loss. 

Harmonic 

number (n) 

2 

3 

4 

5 

6 

7 

θ 

9 

S i l i c o n d i o d e s 

O u t p u t 
power (yW) 

400 

50 

0 . 3 

0 . 0 0 4 

(PC) 

C o n v e r s i o n 
l o s s L (dB) 

28 

37 

59 

77 

GaAs d i o d e s 

O u t p u t 

power (μΜ) 

350 

45 

7 

2 

0 . 7 

-

0 . 0 7 

0 . 0 2 

(SB) 

C o n v e r s i o n 
l o s s L , (dB) 

HCl 

26 

35 

43 

48 

53 

-

63 

68 

Calculated 

i n c r e a s e 

Ì n L H G 
-

10.6 

7 . 4 

5 . 8 

4 . 8 

4 . 0 

3 . 5 

3 . 1 

The theoretical increase in conversion loss between two subse

quent harmonics, given in the last column of Table 6.1, was 

calculated from the expected proportionality of L to η 
4
 H G 

(MAR 61). A factor η is due to the conversion loss in a real 
2 

diode and the remaining η accounts for parasitic losses. To a 

reasonable approximation, a PC or SB diode can be represented 

by a diode series resistance R in series with a parallel com

bination of the barrier resistance R, and junction capacitance 

C. (Fig. 7.1). The diode parasitics R and C. degrade the per

formance proportionally to (Ι+Κω ) where к depends upon the diode 

cut-off frequency f = (2nR С ) 
со s J 

From table 6.1, it can be concluded that the measured increase 

in L is in reasonable agreement with the theoretical prediction. 

However, the absolute values for L are somewhat higher than 

HG 
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expected. Conversion losses less than 20 dB have been reported 

(BAU 66) for second harmonic generation at 200 GHz. Part of the 

discrepancy is due to the fact that the present system was op

timized for maximum output powers rather than minimum conversion 

losses. It has been observed (BEN 69) that GaAs diodes are most 

efficient as harmonic generators at low input power levels (below 

10 mW). 

The improved performance of the GaAs over the Si diodes can 

be explained by their higher value of f , due to a lower series 

co 

resistance as a result of the higher conductivity of GaAs. The 

SB-type has an additional advantage over the PC-type in that 

there are no minority carriers, resulting in a lower value for 

С.. The large power handling capability of the SB-type diodes 

has allowed the use of GaAs in generator applications, with 

harmonic power outputs definitely higher than obtainable with 

any type of silicon diodes. 

6.3 The harmonic mixer 

The harmonic mixer, employing a 3 mm klystron as the LO, was 

designed by van Dijk (DIJ 71). Its cross-waveguide construction 

is identical to that of the generator (Sect. 6.2). The IF signal 

is transmitted via a 50 Ω coaxial path. 

The performance in sixth order harmonic mixing at 573 GHz 

was optimized and measured for an IF of 150 MHz. The IF ampli

fier stage consisted of a 80-160 MHz band-pass preamplifier (LEL) 

and a tunable postamplifier (ASV), containing the second detec

tor. This system has an effective bandwidth of 360 kHz, as ob-

tained from (B _B ,_ ) . Impedance matching between the IF system 
IF out 

and the mixer was accomplished with a stub tuner. 

A PC-type diode was used, consisting of a η-type GaAs crystal 

and an Au/Cu whisker. The crystals were polished to a thickness 

of about 75 \im to reduce the spreading resistance and associated 

losses. Soldering to a gold carrying pen was performed by formation 
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of an eutectic alloy between pen and crystal. The whiskers were 

electrolytically etched to have a point diameter of about 1 μπι. 

The best results were obtained when forming a diode contact in 

the presence of some klystron power. 

The sixth harmonic signal could be directly displayed on a 

scope by the application of a voltage sweep simultaneously to 

the reflector of the LO klystron and to the x-axis input of the 

scope (ZUI 72). 

The sensitivity of the detector at 573 GHz with sixth order 

harmonic mixing was determined by measuring the total noise 

factor F given by Eq. 1.4. The measurements proceeded in the 

way described before (Chap. 4): the conversion loss L was deter-

M 

mined by measuring the IF and signal powers, whereas the crystal 

noise ratio t was measured with a white noise generator. The 

NEP was then calculated from L and t, using the known value of 

M 

the noise figure of the IF amplifier (5.4 dB). The result for 

the NEP was confirmed by another method. In the latter method 

the NEP was established from the known signal power Ρ , the 

measured S/N-ratio (rms value) at the output and the assumed 

effective noise bandwidth В according to: 

^
 =

 (S/N)
B
 „ i

6
·

1
' 

eft 

Both results were in good agreement. 

Typical results obtained for the performance are given in 

Table 6.2. 

Table 6.2. Performance of heterodyne detection at 573 GHz with 
sixth order harmonic mixing. 

IF (MHz) L (dB) t F (dB) F (dB) NEP (W/Hz) 

150 

720 

40 

40 

68 

16 

5.4 

10.8 

58.5 

54.3 

2.8 χ 10
 1 5 

1.1 χ 10"
1 5 
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In Table 6.2 are also given the results at an IF of 720 MHz, 

the IF actually used in the measurements on NH . The МЕР for 

the system with an IF of 720 MHz was established from the re

sults obtained at 150 MHz and the observed improvement in the 

S/N-ratio, when increasing the IF from 150 to 720 MHz. The im

provement in the NEP is due to a reduced LO noise contribution 

resulting in a lower value for t. A further discussion of the 

results is given in Chap. 7. 

14 
6.4 Hyperfine structure of the J = 1 ·*- 0 transition in NH. 

6.4.1 Calculated hyperfine structure 

14 
A J + 1 *• J rotational transition in NH obeys the selection 

rules ΔΚ = 0 and Δν = 1, where К is the quantum number of the 

component of the total angular momentum J on the molecular 

axis, and ν is the inversion quantum number taking values 0 

and 1 for the lower and upper component, respectively, of the 

inversion doublet. The selection rule Δν = 1 implies that a 

transition is allowed only if the involved states have opposite 

symmetry to inversion. The transition under investigation is 

(J,K) = (1,0) •*- (0,0). For these J,K-states only one of the two 

inversion components is allowed, due to spin statistics (GOR 70). 

For (JjK) = (0,0) only the upper (v = 1) level is allowed while 

for the (1,0) state only the lower (v=0) state is allowed. As a 

result a single line rather than an inversion doublet is ob

served for the (J,K) = (1,0) + (0,0) transition. 

The (1,0) level is split into eight components due to qua-

drupole, spin-spin and spin-rotation interactions. The calcu

lation of the hyperfine splitting proceeds in the usual way by 

a diagonalization of the energy matrix. The details can be 

found elsewhere (BUI 73). The calculation was performed in the 

representation | (Л.,) F I F M>. This was the most appro-
14 

priate since the quadrupole interaction due to N nucleus is 

the strongest one. The quantum number I represents the sum of 

H 
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the spin of the Η-nuclei (I = 3/2) , I is the spin of the N 

Η N 
nucleus (I = 1) while F, is the quantum number of F, = J + Ξ . 

N 1 I N 
A refit by Hougen (HOU 72) of the hyperfine spectra of 

14 

NH measured by Kukolich (KUK 67, 70) with a beam-maser spec

trometer , has yielded accurate values for the coupling constants 

in several (J,K) levels. The constants for the (1,0) level can

not be obtained from a measurement of the inversion transition. 

However, the coupling constants for this level can be evaluated 

from the constants of other (J,K) levels with Κ φ 0, using their 

known dependence on J and K. The results of such calculation 

are shown in Table 6.3. The definition of the constants given 

there, and their dependence on J and К have been given by 

Ellenbroek (ELL 77). Compared to the constants used in an earlier 

Table 6.3 Calculated coupling constants for the (J,K) = (1,0) 
14 

level (v = 0) of NH 

Interaction Hyperfine constant Calculated value (kHz) 

14 quadrupole coupling 

Η spin-rotation coupling 

N spin-rotation coupling 

H-Η spin-spin coupling 

N-H spin-spin coupling 

report (BUI 73), the ones used in Table 6.3 have slightly dif

ferent definitions in order to match the commonly used method 

(KUK 67, ELL 77) to describe hyperfine interactions in sym

metric top molecules. With the values listed in Table 6.3 the 

hyperfine splitting of the (J,K) = (1,0) -«- (0,0) transition was 

calculated. The results are given in Table 6.4. 

eqQ' 

d
io 

d
io 

10 
40 89.6(3) 

-17.77(4) 

6.76(1) 

- 6.88(1) 

- 2.390(7) 
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Table 6.4 Calculated hyperfine splitting of the (J,K) = 

(1,0) (0,0) transition in 14 NH 

Transition 

F ; F F' · F' 

Frequency relative to Relative 

center frequency (kHz) intensity 

1) 1/2, 3/2, 5/2 0 

2 

2 

2 

2 

1 

1 

1 

3/2 

1/2 

3/2 

5/2 

7/2 

1/2 

3/2 

5/2 

2031.6 

238.9 

239.3 

227.1 

179.0 

-1002.6 

-1031.2 

-1037.7 

The relative intensities of the different components were ob

tained from their proportionality to (2F+1). 

6.4.2 Measuring technique 

The measurements were performed with the high resolution 

beam-absorption spectrometer developed by Huiszoon (HUI 66). 

The microwave apparatus was essentially identical to that used 

by van Dijk (DIJ 71) at high IF (700 MHz). The signal frequency 

around 572.5 GHz was obtained from the sixth harmonic of a 95.5 

klystron (Varian VRB 2112A). The SO klystron was coupled to a 

reference oscillator by means of a double phase-lock system. 

The 720 MHz IF signal was sent to an UHF tuner where it was con

verted into 30 MHz. The latter signal was also used for the 

frequency stabilization of the LO klystron. Compared to the 

system used earlier (DIJ 71) which employed a double phase-lock 

system for the LO klystron also, a considerable reduction of the 

required microwave equipment was obtained. 

The spectra were recorded at a source temperature of about 
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-70 С, slightly above the freezing point of ammonia. The use of 

these low temperatures resulted in an improved line intensity, 

thanks to a better occupation of the lower J-levels and a 

longer transit time of the molecules through the cell. An in

crease by a factor of about three was typically observed when 

lowering the beam temperature from +5 to -75 C. 

The highest S/N-ratio observed, with the signal summed over 

all hyperfine components was about 90 with an integration time 

of 1 s. The observed halfwidth of a single line was 26 kHz, as 

compared to a calculated value of 720 kHz for a conventional 

absorption spectrometer. 

6.4.3 Results 

From Table 6.4 it is readily seen that the quadrupole split

ting into a triplet with different F' values should be easily 

resolved. This turned out to be indeed the case. However, the 

splitting into components with different F' values due to spin-

rotation and spin-spin interactions could not be completely 

resolved. Attempts to fit the absorption spectrum to the center 

frequency ν and the hyperfine constants, yielded hyperfine 

constants that agreed within their error limits with the values 

of Table 6.3. However their standard errors were much larger 

than those of Table 6.3, principally because the hyperfine 

structure was incompletely resolved. Therefore the hyperfine 

constants of Table 6.3 were used for a calculation of the spec

trum of the (J,K) = (1,0) •*- (0,0) transition. The calculated 

spectrum fitted very well the measured spectrum. The fit of the 

F = 2 •*- 1 component is shown in Fig. 6.1. 

The F = 0 *• 1 component which is observed as a single line 

was used for an accurate determination of the center frequency 

ν of the lower inversion component of the (J,K) = (1,0) •*- (0,0) 
с 

transitions. The value for ν was obtained from the measured 

с 
frequency of the F = 1 •*- 0 component and its calculated frequency 
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Fig. 6.1 The observed (solid) and calculated (dashed) pattern 

for the F = 2 4- ι component of the J,К = (1,0) -<- (0,0) 

transition in NH . 

shift from the ν (Table 6.4). To obtain the center frequency 

v. in terms of rotational and distortion constants, a correction 

has to be made for the inversion splitting of the levels involved. 

These splittings were calculated with a 15 term exponential 

expression, evaluated by Poynter and Kakar (ΡΟΥ 75). The results 

are listed in Table 6.5. The rotational constant В cannot be 

14 
Table 6.5 Center frequency ν for NH and quantities used in 

its calculation 

Measured frequency for F = 0 •*· 1 component 

Center frequency ν 

Inversion shift ̂ (Δ.. + Δ ) 

Center frequency v. corresponding to no 

inversion 

572 500.187(5) MHz 

572 498.155(5) MHz 

23 635.374 MHz 

596 133.529 MHz 

given with this accuracy because of insufficient knowledge of the 

distortion constant D . The measured center frequency ν is in 
J с 

good agreement with a value of 572 498.15(15), obtained from ab

sorption spectroscopy (HEL 71). 
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C H A P T E R 7 

Discussion and outlook 

7.1 Heterodyne detection performance 

7.1.1 Detection with harmonic mixing 

The results obtained at 573 GHz (Sect. 6.3) and 891 GHz 

(Sect. 4.2) with sixth and ninth order harmonic mixing, respec

tively, are consistent with earlier results (BAU 66, DIJ 71). 

The experiments indicate a serious increase in mixer conversion 

loss, as one increases the frequency and/or the harmonic mixing 

order. A second problem encountered in harmonic mixing with a 

klystron LO is the high crystal noise ratio observed at the 

lower intermediate frequencies. A large part of the IF noise 

power consists of down converted LO noise, arising from the 

mixing of the LO signal with noise components in the LO side

bands. These noise sidebands due to AM and FM noise on the LO 

signal can extend over a substantial frequency region. Crystal 

shot and thermal noise can also become significant, because the 

experiment requires large LO powers which generate high diode 

currents. 

As a result the 891 GHz receiver with a klystron LO competes 

rather poorly in sensitivity with other submillimeter detectors 

(Sect. 7.1.4). The decrease in performance with increasing 

mixing order suggests the need for LO sources with much higher 

frequency for the use in the submillimeter region. 

The sensitivity of 1.1 χ 10 W/Hz, obtained at 573 GHz, can 

be compared with the results of van Dijk (DIJ 71) who reported 

an NEP of 1 χ 10 W/Hz with fifth order harmonic mixing at 

500 GHz. The sensitivities measured in harmonic mixing at 891 

GHz indicate that GaAs is the best semiconductor material for 
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use in mixing in the THz region. This is in agreement with the 

theory, which suggests that GaAs should have lower parasitic 

losses than Ge and Si, because of its higher carrier mobility 

(Sect. 7.1.2) . 

7.1.2 Detection at 891 GHz with fundamental mixing 

The replacement of the LO klystron in the 891 GHz receiver 

by an HCN laser (Sect. 4.3) allowed detection in the fundamen

tal mixing mode, and greatly improved the sensitivity of the 

system. The improvement is obtained from both a higher con

version efficiency and a reduced mixer crystal rioise ratio. The 

latter results mainly from a reduced LO noise contribution due 

to the small noise sidebands obtained for a stable discharge laser 

with a high Q-factor cavity. The results, presented in Sect. 

4.3, show that the conversion loss L which includes the coupling 

losses is the factor mainly responsible for the difference be

tween the observed NEP and the theoretical limit kT = 
-21 

4 χ 10 W/Hz. The L obtained is discussed below. 

In recent years, progress has been made in the mathematical 

modeling of high frequency mixers. Theoretical treatments of 

sensitive mixers were published by Kerr (KER 75) and McColl 

(MCC 77). Their treatment will be adopted for an estimation of 

the minimum L attainable with the present system. 

The calculation of Kerr assumes a model of an ideal experi

mental diode connected to the embedding network of the diode 

mount via an intermediate network containing the diode parasi-

tics (Fig. 7.1). The diode parasitics R and C. are responsible 

for the degradation in performance at higher frequencies. Fol

lowing McColl (MCC 77) the mixer conversion loss L
w
, defined as 

M 

the ratio of the power available from the signal source to the 

power absorbed in the IF load, can be written as: 

L
M
 = L L (7.1) 

M o p 
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Fig. 7.1 High frequency model of a mixer diode, represented 

as three interconnected circuits. Α-the embedding 

network; B-diode parasitic resistance (R ) and 

s 

capacitance ( C ) ; C-the nonlinear diode (R ). 

where L represents the intrinsic conversion loss arising from 

the conversion process within the nonlinear resistance R in

cluding impedance mismatch losses at the signal and intermediate 

frequencies, and L is the loss associated with the diode para-

sitics. It can be shown from a consideration of Fig. 7.1 that 

L at the signal frequency is given by: 
Ρ 

L S Ì g n = 1 + R /R + ü)2C2R R^ 
ρ s b 2 s Ъ 

(7.2) 

where R. is the impedance of the nonlinear resistance with the 

LO signal on, and ω is the angular frequency of the signal 

radiation. The impedance R^ depends on the LO drive level and 

the applied dc bias. The parasitic losses at the IF are given 

by (KER 75): 

.IF 
L~" = 1 + R /R_ 
ρ s 2 

(7.3) 

where R represents the IF load impedance. Kerr (KER 75) has 

shown that L = L χ L has a minimum at R, = l/ioC.. Sub-
p ρ ρ Ъ ] 

stitution of R. = l/(i)C. in L yields: 

L = (1 + R /R-) (1 + 2a>C.R ) (7.4) 

ρ s 2 j s 

So the conversion efficiency is expected to degrade as /f at 

higher frequencies. The Quantities R and C. can be estimated 

from the theory of Schottky barrier diodes using the equations 

(BEN 69): 
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2(
е
 Ч R

 = 'T- = л І w С. = тгг" < ^ — > (7.5) 

s 4r 4rNqb - '
 nj
- ' 

where b is the mobility of the semiconductor material, ρ is the 

resistivity of the material, ε is the vacuum permittivity, ε 

is the relative dielectric constant, N is the majority carrier 
-19 

density, q is the electronic charge (1.6 χ 10 С), φ is the 

barrier height and r is the radius of the contact area. The Te-

doped GaAs, used in our experiments has values N = 8 χ 10 

-3 2 

cm , Ρ = 0.003 Ω-ση and b = 2600 cm /V-sec. Microscopic exa

mination of whiskers that were used in the mixer showed that 

values of r varied between 0.7 and 1.0 \im. Substitution of 

these quantities yields R = 7.5 Ω and C. = 0.01 pF, resulting 

in a zero bias cut-off frequency f = (2irC.R ) of 2.1 THz. 

со ] s 

Under operating conditions the diodes are biased towards the 

nonlinear point in the I-V characteristic, which increases C. 

by a factor of two to three (WAT 69). The real R is also some

what higher (10-12 Ω) due to the resistive contribution of the 

skin effect. Hence, -under operating conditions the mixer diode 

will have an actual cut-off frequency considerably below the 

calculated zero bias value of 2.1 THz. These considerations 

lead to an estimated cut-off frequency between 600 and 700 GHz 

and yield a calculated value of about 7 dB for the minimum para

sitic losses at 891 GHz. The intrinsic conversion loss L has 

о 

an absolute minimum of 3.0 dB for a broad-band resistive mixer 

with perfect impedance matching. So a value of 10 dB is calcu

lated as the minimum L^, attainable with the present system, 

which is well below the observed 32 dB. 

A few explanations can be given for this discrepancy. The 

theory used above is strictly valid only for diodes behaving 

according to Schottky's theory, while practical PC diodes will 

exhibit some departures from Schottky behaviour. Bauer et al. 
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(BAU 66) have used GaAs PC diodes in fundamental mixing at fre

quencies up to 300 GHz. The L , obtained with single mode wave

guide mounted mixers, increased linearly to the frequency. An 

extrapolation of their results yields a value of 17 dB for the 

L expected at 891 GHz. 
M 

Part of the discrepancy can be attributed to mismatch losses, 

occurring at the signal frequency. The requirement R, = l/oiC , 

imposed for minimum L can conflict with the requirement of 

optimum impedance matching at the signal frequency. Optimum 

coupling between signal source and diode requires R, to be con

strained to values around the source impedance. A possible con

flict between the different requirements on R imposed by L and 

L can cause some extra deterioration of the sensitivity via 

either L or L . Also the use of highly oversized waveguides 

for the signal propagation might reduce the efficiency of the 

coupling of the signal into the diode. A further reduction of 

the waveguide height at the place of the mixer diode will reduce 

the number of possible modes and improve the matching (KER 75). 

We estimate that an L of 20 to 25 dB should be attainable, if 

M 

the mixer diode is mounted in a single mode waveguide. Such an 
— 18 

L would yield an ultimate sensitivity of about 10 W/Hz. 
M 

Some preliminary measurements on the use of an HCN laser as 

an LO in a heterodyne detector have been reported earlier. Payne 

and Prewer (PAY 70) obtained an NEP of 1.2 χ 10
_
 W/Hz with a 

Ge-tungsten PC diode, while Reinert (REI 75) measured an NEP of 

7 χ 10 W/Hz using a GaAs-gold/copper PC diode. In their mea

surements a second HCN laser, slightly detuned from the center 

of the line, was used as a signal source. The small tuning range 

around the laser line restricted possible IF's to the region 
-17 

below 5 MHz. Our result of 1.9 χ 10 W/Hz for the NEP is 
superior to the values reported before. 

The present results were obtained with point-contact diodes. 
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The Schottky barrier devices available for the present experiment 

did not give an improvement in sensitivity, while the necessity 

of an external bias slightly complicates their use in wide band 

detection. The smallest junction diameters of the presently 

available SB diodes are about 1.5 μιη, approximately equal to 

that of the best PC diodes. The larger power handling capability 

of the SB diodes, highly advantageous in their application to 

harmonic generation (Sect. 6.2), is not important in the mixer 

application, due to the much lower power levels required. A 

reduction of the SB junction size to diameters less than 1 pm 

has been reported (Sect. 7.1.3), while for PC diodes such a re

duction might cause some problems with respect to the diode 

stability. Smaller junctions would yield lower parasitic losses, 

due to the increase in the cut-off frequency, but a strong 

reduction of the junction diameter might increase the value of 

L as shown by McColl (MCC 77). Therefore it is rather ques

tionable whether these submicron contact diodes will give a 

considerable improvement in mixer performance. However, SB 

diodes are preferable to the PC type in view of their high 

mechanical stability and reliability. 

As a last point, we want to mention the possible use of 

Josephson junctions in submillimeter heterodyne receivers. A 

review of Josephson effect heterodyne detectors, recently given 

by Ulrich (ULR 77) shows that good results have been obtained 

in the microwave and millimeter wave region. Josephson type 

mixers are also expected to become competitive with room tempe

rature diodes in the submillimeter region. The main problem at 

the moment is achieving efficient coupling of the signal radia

tion into the junctions that usually have a rather law impe

dance . 
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7.1.3 The high frequency performance 

From the results, presented in Sect. 4.2, we conclude that an 

efficient mixing in metal-semiconductor diodes can occur at 

frequencies as high as 4.5 THz, i.e. throughout the entire sub-

millimeter region. In our experiment the high frequencies were 

generated inside the mixer diode as harmonics of the LO and SO 

signals. Recently, Hodges and McColl (HOD 77) performed mixing 

experiments in SB diodes at 4.25 THz with LO and SO signals of 

that frequency. 

The theory of SB diodes suggests that mixing should be pos

sible at even higher frequencies. Van der Ziel (ZIE 76) has shown 

that, as far as series resistance and transit time effects are 

concerned, mixing with reasonable efficiency should be possible 

up to frequencies of about 30 THz (λ = 10 ym). Video detection 

of 10 ym radiation with point-contact diodes has already been 

demonstrated by Tsang and Schwartz (SA 77). 

The good progress achieved in diode technology has enabled 

the construction of submicron contact diodes, yielding calcu

lated cut-off frequencies of at least 9 THz (HOD 77). However, 

it was observed by Fetterman et̂  al. (FET 74a) that higher cut-off 

frequencies do not guarantee an improved mixer performance. 

7.1.4 Comparison with video detectors 

In comparing the performance of heterodyne and direct detector 

systems, the specific application of the detector has to be con

sidered. As an illustration, the large input bandwidth of a bolo

meter gives a large inherent advantage in detection of signals 

from broad-band astronomical sources, whereas in the study of 

interstellar molecules which requires a high resolution, the 

narrow response band of a heterodyne system is highly advan

tageous. Below, a comparison is made between heterodyne and 

video detectors when used as a detector of highly coherent low 

level signals in high resolution submillimeter wave spectros

copy. 
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Among the presently available video detectors, bolometers 

offer the best sensitivity with values for the NEP usually 

around 10 W//HZ (DAL 74). Considerably better values were 

reported by Drew and Sievers (DRE 69) and Nayer (NAY 74) for 

specially designed bolometers. A survey of submillimeter video 

detectors and the sensitivities obtained at 337 ym is given in 

Table 7.1. 

Table 7.1 Performance of submillimeter video detectors 

Detector Wavelength Modulation 

(\m) frequency (Hz) 

Response NEP Reference 

time (sec) (W//HZ) 

n-GaAs-W SB 290 К 337 

Ge-bolometer 1.2 К submm 

Ge-bolometer 0.37 К submm 

TISe-bolometer 1.6 К subnm 

InSb-electron 

bolometer 1.6
0
K 337 

GaAs photoconductor 337 

150 

18 

300 

<10 

io' -2 

10 

2.2 χ 10" 

2 χ 10 

6 

-7 

<10 

6 χ 10~ FET 74a 

10"
13
 DAL 74 

3 χ 10"14
 DRE 69 

Θ.3 X 10"
15
 NAY 74 

1.5 χ IO"
11
 PUT 65 

„-12 
1.4 χ 10 STI 6Θ 

The NEP of video detectors is given in W//HZ where the band

width refers to the output of the system. The NEP of the hete

rodyne system is in W/Hz of IF bandwidth. In a practical hete

rodyne receiver the IF power is detected with a square law IF 

detector followed by a post-detection filter. The performances 

of video and heterodyne detectors will be compared when using 

phase sensitive detection of the signal and intermediate fre

quencies, respectively, with 1 Hz of output bandwidth. In order 

to get the NEP of a practical heterodyne receiver with a 1 Hz 

output bandwidth, the NEP as given in W/Hz of IF bandwidth has 

to be multiplied by /в (Sect. 1.3). For В = 100 kHz, a 

practical value in the present application, this yields an NEP 

of б χ 10 W//HZ of output bandwidth. This value is below the 
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best value ever reported for a video detector at 337 μιη. To

gether with the other features of frequency selectivity, operation 

at room temperature etc., it makes the heterodyne system with 

the laser LO superior to any video detector when used in high 

resolution spectroscopy. 

7.2 High resolution submillimeter wave spectroscopy 

7.2.1 Heterodyne spectroscopy with a klystron LO 

As described in Sect. 6.4 the beam-absorption measurements 

with harmonic mixing and harmonic generation techniques using 

klystrons for the local and signal oscillator were extended to 

the 0.5 mm wavelength region, where measurements were performed 

of the hyperfine structure in the (J,K) = (1,0) *• (0,0) transi-

14 

tion in NH . Those measurements provided the first experimen

tal determination of the coupling constants in the (J,K) = (1,0) 

level, and an improved value for the center frequency of the 

transition. 

The measurements were performed with a phosphorus diffused 

silicon crystal in the harmonic generator (Sect. 6.2). Some 

further extension of beam-absorption spectroscopy with a 

klystron LO to about 700 GHz can be expected with SB diode har

monic generators. However, the use of high-order harmonic 

mixing techniques with klystron LO's has become less interesting 

in the frequency region where laser LO's can be used. 

7.2.2 Heterodyne spectroscopy with a laser LO 

The present investigation has shown that submillimeter lasers 

can effectively be used in frequency tunable submillimeter wave 

spectroscopy. Their use as a local oscillator in a heterodyne 

receiver with fundamental mixing yields a highly sensitive de

tector which does not deteriorate with increasing frequency as 

does a receiver with a klystron LO. With required LO powers in 

the mW region, attractive possibilities are opened for applica-
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tion of a large number of laser lines, spread over the entire 

submillimeter region. This means that the submillimeter band 

could be covered to a considerable extent by a heterodyne de

tector with a laser LO, assuming that the receiver can be tuned 

over a region of about 20 GHz around each laser line. 

The high sensitivity of the detector with a laser LO can 

extend submillimeter wave spectroscopy using essentially micro

wave techniques to higher frequencies. We report an extension 

to 891 GHz, with a klystron driven harmonic generator source 

and an HCN laser LO. However, the high S/N-ratio achieved in 

the absorption measurement on D_0 indicates that the upper limit 

for this type of spectroscopy has not yet been reached. The ex

periments on D O were carried out with a signal power of about 
-8 

2 χ 10 W, but absorption spectroscopy on strong transitions 

will even be possible with signal levels below 10 W, assuming 

that the detector performance obtained at 891 GHz can be main

tained. The output power of the harmonic generator exhibited 

a loss of 5 dB per harmonic in the region around 1 THz (Sect. 6.2). 

Hence absorption spectroscopy with the present system, employing 

a 3 mm klystron in the harmonic generator, should be possible up 

to 1.3 or 1.4 THz, assuming that appropriate lasers are avai

lable for the LO function. The first step to the region around 

964 GHz can be made immediately with the present system. The 

HCN laser has sufficient power output at that frequency (Table 

2.1) to be used there as an LO. 

The first results in absorption spectroscopy indicate that 

beam-absorption measurements could be performed at frequencies 

as high as 1 THz with the present system. Earlier studies on 

CH OH (BIC 72a) and NH (Chap. 6) yielded a factor of 20 loss in 

S/N-ratio when changing from absorption to beam-absorption mea

surements in the beam spectrometer of Huiszoon (HUI 66). 
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7.3 Outlook 

The present investigation has shown that the use of a sub-

millimeter laser as a local oscillator yields a highly sensi

tive detector. In spite of the fixed frequency of the laser, 

such a detector could be used in frequency swept spectroscopy, 

by the development of a tunable receiver system. In principle, 

such a detector with a laser LO can be used to cover a large 

part of the submillimeter band with currently available submil

limeter lasers. 

In the spectroscopic application of the detector, their high 

sensitivity could be used to extend spectroscopy with a klystron 

driven harmonic generator to higher frequencies. A first step 

to the region around 891 GHz has already been made. The upper 

limit for absorption spectroscopy is estimated to be about 1.4 

THz when using a harmonic generator source driven by a 3 mm 

klystron. 

Another important result arising from the present investi

gation is that metal-semiconductor diodes, either of the PC- or 

SB-type, can be efficiently used throughout the entire submil

limeter region. Hence, the high sensitivity of the heterodyne 

system obtained at 891 GHz should be maintainable over the 

complete submillimeter band. 

The present detector could be used over a large part of the 

submillimeter region; however, the system used for signal gene

ration sets an upper limit for the spectrometer at about 1.4 

THz. The harmonic generator with a 3 mm klystron as the primary 

oscillator has insufficient power in harmonics higher than the 

14th or 15th. The upper limit might be shifted to higher values 

by using a higher frequency oscillator in the harmonic genera

tor. Backward wave oscillators of suitable power and frequency 

are available but their current price and limited lifetime make 
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their use unattractive at this time. Hence, the extension of 

spectroscopy with essentially microwave techniques over the 

complete submillimeter band also requires further development 

of tunable coherent sources. In that development submillimeter 

lasers will play an important role (Sect. 1.1) in the same way 

as they did in the development of the new detection system des

cribed in the preceeding chapters. 
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S amenvatting 

Dit proefschrift bevat de resultaten van een onderzoek naar 

nieuwe mogelijkheden voor hoog-oplossend vermogen spectroscopie 

in het submillimeter golflengte gebied. Deze mogelijkheden 

werden gezocht in een verbetering van bestaande detectietech-

nieken. 

Het ontbreken van geschikte bronnen zowel als detectoren, 

vormt een belangrijk obstakel bij de uitbreiding van hoog-op

lossend vermogen spectroscopie over het gehele submillimeter 

gebied. Gedurende de laatste jaren zijn er nieuwe hoogfrekwente 

bronnen beschikbaar gekomen in de vorm van subraillimeter lasers. 

Het grootste probleem bij de toepassing hiervan in de spectros

copie, is het nagenoeg ontbreken van mogelijkheden om de uit-

gangsfrekwentie van de laser te verstemmen. In dit onderzoek is 

getracht de mogelijkheden voor spectroscopie te vergroten via de 

ontwikkeling van een heterodyne detector met een submillimeter 

laser als locaal oscillator. Dank zij de hoge uitgangsfrekwentie 

kan de laser gebruikt worden in heterodyne detectie met funda -

mentele menging. Hiermee kan een belangrijke verbetering in ge

voeligheid van de detector worden verkregen, vergeleken met eer

dere systemen waarbij een klystron werd gebruikt in harmonische 

menging. 

Het probleem van de niet-verstembare uitgangsfrekwentie van de 

laser is opgelost door het gebruik van een variabele midden-

frekwentie in het heterodyne systeem, zodat rond elke bruikbare 

laserlijn toch een redelijke groot gebied beschikbaar is. 

Als bron bleef het systeem van harmonische vermenigvuldiging 

gehandhaafd, zoals dat eerder werd gebruikt door van Dijk (1971), 

waarbij enige verbetering in de efficiëntie kon worden verkregen 

dank zij de introduktie van nieuwe Schottky diodes in de generator 

(Hoofdstuk 6). Dank zij de verbeterde gevoeligheid van de detectie 
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kon het frekwentiebereik van het systeem аапііепііцк worden uit

gebreid. 

Na een algemene inleiding in Hoofdstuk 1, wordt in Hoofdstuk 

2 een beschrijving gegeven van de HCN laser die in dit onder

zoek werd gebruikt. 

De constructie van de mixer was een belangrijk punt van 

onderzoek (Hoofdstuk 3), daar in het submillimeter gebied zowel 

semi-optische als microgolf technieken worden gebruikt. 

De mixer die werd gebruikt staat beschreven in Hoofdstuk 4, 

samen met de resultaten die met deze mixer werden verkregen m 

de heterodyne detectie bij 891 GHz. Dat hoofdstuk bevat tevens 

de resultaten van een vergelijking van verschillende soorten 

punt-contact en Schottky diodes, wanneer deze worden gebruikt 

in hoogfrekwente menging. 

De spectrometer waarin de nieuwe detector werd toegepast, 

staat beschreven in hoofdstuk 5. De eerste resultaten, verkre

gen in de spectroscopie bij 890.4 GHz, duiden erop dat deze 

spectrometer gebruikt kan worden tot een frekwentie van ongeveer 

1.5 THz (Hoofdstuk 7). Met de momenteel bekende laserlijnen 

lijkt de detector bruikbaar over een groot deel van het submil

limeter gebied. De beperkende factor wordt thans echter gevormd 

door het systeem van harmonische generatie, waarvoor een alter

natief nodig zal zijn, wil een uitbreiding over het gehele 

submillimeter gebied verkregen worden. Mogelijkerwijs kunnen ook 

daarbij submillimeter lasers gebruikt worden. 

In Hoofdstuk 6 tenslotte, staan de resultaten van een meting 

van de hyperfijnstructuur van de J = 1 -<- 0 rotatieovergang in 

14 

NH,. Deze meting werd verricht in de aanloopfase van dit onder

zoek met het oude detectiesysteem met harmonische menging. 
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De opmerking van Nielson, Parker en Pack dat de Ar-NO potentiaal mini
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De experimenten van Corcoran, Gallagher en Cupp rechtvaardigen geen 

enkele conclusie omtrent de stabiliteit van de door hen gebruikte HCN 

laser, maar bewijzen uitsluitend dat een goede koppeling van een HCN 

laser aan een frequentiestandaard mogelijk is. 
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De regelmatige pleidooien van de sportredactie van De Volkskrant voor 
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Linke Loetje. 
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