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23rd International Conference on Infrared and Millimeter Waves

7-11 September 1998

FINAL PROGRAM
Symposium on Symposium on Symposium on
Timetable | Gyrotrons and similar | Terahertz Technology | Spectroscopic Techni-
devices and Applications ques & Applications

OPENING CEREMONY,PRIZE GIVING & PLENARY LECTURE 1:
K Mizuno, Development of Array Devices for the Millimeter and

Mon AM Submillimeter Wave Region.
M1: HIGH POWER M2: SOURCES 1 M3:
DEVICES 1 SEMICONDUCTORS
M4: THEORY & M5: DETECTION 1 M6: SOURCES 3
Mon PM EXPERIMENTS

Poster session

PLENARY LECTURE 2: M von Ortenberg,

Tues AM High Field Magneto-Spectroscopy in Condensed Matter Physics
Tul: HIGH POWER Tu2: SOURCES 2 Tu3: MAGNETIC
TECHNIQUES MATERIALS
Tues PM Tud: HIGH POWER Tu5: QUASI- | Tu6: DETECTION 2
DEVICES 2 OPTICAL NETWORKS

& COMPONENTS
PLENARY LECTURE 3: K Wynne,

Wed AM Ultrafast Terahertz Pulses: A Booming Technology.
Wl: HIGH POWER W2: BEAMS & W3: DIELECTRIC
COMPONENTS & ANTENNAS MATERIALS
WINDOWS :
PLENARY LECTURE 4: C M Mann,
Thurs AM Terahertz Technology: A new era for waveguide?
Thl: HIGH POWER Th2: DIAGNOSTIC Th3: MOLECULAR
SYSTEMS & DEVICES SYSTEMS MATERIALS
Thd4: OTHER DEVICES| Th5: SOURCES 4 Th6: SPECTRO-
Thurs PM METRIC SYSTEMS
PLENARY LECTURE 5: M Makowski,
Fri AM Technology for Electron Cyclotron Heating and Current Drive in ITER.
Fl: HIGH POWER F2: MATERIALS MEASUREMENT AND
DEVICES 3 PROCESSING SYSTEMS

The opening ceremony on Monday morning will begin at 0815 hours - see below.
All other morning sessions begin at 9830 hours. Afternoon sessions begin at 1400 hrs.

A poster session will be held on Monday afternoon from 1700 - 1830 hours.
(Authors of poster papers will be able to put up their posters all day on Monday)

On Monday morning there will be an opening ceremony beginning at 0815 hours, followed by the presentation
of the Kenneth J Button Prize to Professor Koji Mizuno. Professor Mizuno will then deliver his plenary lecture
beginning at 0830. On the other four days the conference will begin with the plenary lectures at 0830 hours.

Time allotted for oral presentations:

Plenary Lectures: 1 hour: 50 mins for presentation and 10 mins for questions.
Invited Keynote papers: 30 mins: 25 mins for presentation and 5 mins for questions.
Contributed papers: 20 mins: 16 mins for presentation and 4 mins for questions.

Speakers are requested to comply with these time limits.
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FOREWORD

The Twenty Third International Conference on Infrared and Millimeter Waves is held from
September 7th to September 11th, 1998, at the University of Essex in Colchester, UK. The
scope of the Conference covers progress in all areas of infrared and millimeter wave science
and technology, and the scientific programme has been organised into three distinct symposia
which reflect current trends in the field:

Symposium on Gyrotrons and Similar Devices
Symposium on Terahertz Technology and Applications
Symposium on Spectroscopic Techniques and Applications.

About 230 papers will be presented by delegates from 25 countries and this demonstrates
once again the vitality of work in this field.

The Local Organising Committee and the Programme Committee would like to take this
opportunity to thank all authors for their high quality work which has contributed to the
success of this Conference.

The organisation of the Conference would not have been possible without the generous
sponsorship of the following organisations:

The University of Essex

The Association of British Spectroscopists
QMC Instruments Ltd

The Institute of Physics

The generous support of commercial organisations and other institutions which have
provided financial support is also gratefully acknowledged, and the names of these
organisations are listed elsewhere in the Digest.

We also wish to thank the University of Essex for providing the infrastructure and facilities
which were essential for organising this conference.

Terence J Parker
Conference Chairman
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TECHNICAL EXHIBIT

The Technical Exhibit will be held in the Lecture Theatre Block, close to
the lecture rooms. It will last for two full days, (Tuesday September 8th
and Wednesday September 9th).

We wish to express our thanks to the companies and organisations listed
below, who have expressed an interest in taking part or are providing

technical literature for the Delegates’ Kit.

Maurice Kimmitt
Exhibit Manager

A B Millimetre, Paris, France

Crystran Ltd, Poole, UK

Edinburgh Instruments Ltd, Edinburgh, UK
EG&G Instruments, Wokingham, UK
ELVA-1 Ltd, St Petersburg, Russia
Graseby-Specac Ltd, Orpington, UK
Hamamatsu Photonics UK Ltd, Enfield, UK
L.O.T. Oriel Ltd, Leatherhead, UK

QMC Instruments Ltd, London, UK
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CONFERENCE PUBLICATIONS
Conference Digest

The Conference Digest for the Twenty Third International Conference again attests to the
strength of the field of infrared and millimeter waves.

The Digest is a convenient, timely reference in the field of infrared and millimeter waves.
Additional copies of the Digest may be purchased from the University of Essex at the
address given on the back of the title page. Papers in the Digest may be referred to in journal
articles by citing:

Proc. 23rd International Conference on Infrared and Millimeter Waves, Colchester, UK,
September 7-11, 1998, Eds. T J Parker and S R P Smith, ISBN 0 9533839 0 3.

The Proceedings

Conference delegates are encouraged to submit a full length manuscript for publication in the
monthly journal "International Journal of Infrared and Millimeter Waves". Papers published
in this journal by conference delegates constitute the proceedings of the conference.

Authors must prepare final manuscripts on camera-ready templates (available from Kenneth
J Button) to save time and expense. There is no page charge and there is no limit on the
length of your manuscript. Your manuscript will be published in about eight weeks (no
deadline). Manuscripts may be sent to K J Button at the address below at any time, before
or after the Conference. Those who cannot attend the Conference this year are urged to send
their manuscript for publication in the Proceedings anyway. We may miss seeing you, but
we do not want to miss the chance of learning about your work.

Please send your manuscripts to:

Kenneth J Button

Editor, International Journal of Infrared and Millimeter Waves
2095 North A1A Highway

Indialantic

Florida 32903-2514

Telephone and Fax: (407) 777 7293
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24th International Conference on Infrared and Millimeter Waves
September 6-10, 1999

Monterey, California

The twenty fourth conference in this series will be held in Monterey, California.
Accommodations will be at the Double Tree Hotel overlooking the harbor. Monterey is
located on the California coast, between Los Angeles and San Francisco. Monterey offers
many attractions, including the famous Cannery Row, Fisherman's Wharf, Wine Country and

many more.

The conference will cover progress in all areas of infrared and millimeter waves, including the
following topics, with special emphasis on new fields of research. Sources: lasers, free
electron lasers, gyrotrons, synchrotrons, frequency mixing, calibration and standards.
Detectors: receivers, mixers, amplifiers, thermal and photon detectors. Schottky diodes,
Josephson and SIS devices, imaging arrays, FET amplifiers. Guided propagation and
components: waveguides and other structures, Gaussian beams, integrated devices, optical
fibres. Spectroscopic techniques: interferometric, laser and heterodyne spectroscopy.
Spectroscopy of solids, liquids and gases. Astronomy and atmospheric physics: techniques,
results and interpretation. Applications in biology and medicine. Plasma interactions and
diagnostics. Technical and industrial applications: imaging, remote sensing, non-destructive
testing. '

General Chairman: Kenneth J Button, 2095 North A1A Highway, Indialantic, Florida 32902-
2514, USA

Conference Chairman: Neville Luhmann Jr., Department of Applied Science, University of
California Davis, Davis CA, USA

Further information may be obtained from Jane Keene. Tel: 925-422-2831, Fax: 925-422-
6690, e-mail: keene 3@lInl.gov
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The 1998 Kenneth J Button Prize

is awarded to

Professor Koji Mizuno

of Tohoku University, Sendai, Japan

for seminal contributions to the development of techniques and technology in the field of
infrared and millimeter waves. Most especially for his demonstrations and analyses of the
quasi-optical coupling of millimeter and submillimeter waves with active devices, as in his
pioneering work on electron-beam sources of tunable millimeter-waves, on antenna-coupled
sources and detectors, on cavity-coupled source-arrays, on imaging detector arrays, and on
near-field microscopy.

The Kenneth J Button Prize is awarded annually at the International Conference on Infrared
and Millimeter Waves, in recognition of outstanding contributions to the Science of the
Electromagnetic Spectrum.

The Prize is named after the founder of the Conference. It consists of a Medal and a cash
award of £1500.

At each meeting of the Conference, a committee of the Conference's International Advisory
Panel elects, from the list of nominations, the prize winner who will receive the award at the
next following meeting of the Conference. Any scientist active in the field of the Conference
may make a nomination for the Prize at any time by completing a nomination form which can
be obtained (by mail, Fax or e-mail) from

Dr Alwyn Jones, The Institute of Physics, 76 Portland Place, London WIN 4AA, UK. Fax
No. +44(0) 171 470 4848, e-mail: physics@jiop.org
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MVNA 8-350 (a () ) ;
CONTINUOUS FREQUENCY COVERAGE
DUAL-FREQUENCY CAPABIL{TY \ \ 81 GHz X35 GHz

More than thirty Millimeter Vector Network Analyzers MVNA 8-350 have been produced and installed in over ten
different countries since 1989. They are used by industry and universities in electrical engineering departments.
Physics departments also, working for instance on plasma physies, radicastronomy, atomic physics,
condensed matter physics, have found MVNA 8-350 invaluable. Various applications include measurements on
waveguide and quasi-optical devices, radar modeling and propagation studies, active and passive components,
antennas, dislectric, superconductive or magnetic materials, spectroscopy of atoms, molecules or radicals.
MVNA 8-350 has proved to be refiable and in the past ten years no major intervention has ever been necessary
on the part of the manufacturer. The figure above shows a polar plot of helicon waves observed by 35 and 81
GHz transmission across InSb at room temperature, submitted to a 0-17T magnetic fleld sweep (University of
Nijitnegen, The Netherlands). See other examples below.
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0 180 shown, resolves lineshape problems. lts
B Ph variations indicate that the resonances A (at top
' left) and B (at bottom left) belong to upwards
-5 \ 108 and downwards branches, respectively, in the
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-10k 36 single Lorentzian. Line A (quality factor close to.
unity) is a double Lorentzian, with a splitting of
-15 4 -3¢ ohe third of the linewidth.
E-mail: abmm001@ibm.net
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H-Plane antenna pattern of a conical horn at 285 AB MILLIMETRE
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0.2mm steps for the phase center determination, 75005 PARIS FRANCE
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stationnary. FAX:33 1 4707 7071
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PLENARY LECTURES

PL.1

PL.2

PL3

PLA4

PL.S

DEVELOPMENT OF ARRAY DEVICES FOR THE MILLIMETER AND
SUBMILLIMETER WAVE REGION.

K Mizuno.

Tohoku University, Sendai, Japan.

HIGH FIELD MAGNETO-SPECTROSCOPY IN CONDENSED MATTER PHYSICS.
M von Ortenberg.
Humboldt University of Berlin, Germany.

ULTRAFAST TERAHERTZ PULSES: A BOOMING TECHNOLOGY.
K Wynne.

" Femtosecond Research Centre, University of Strathclyde, Glasgow, UK.

TERAHERTZ TECHNOLOGY, A NEW ERA FOR WAVEGUIDE?
C M Mann.
Rutherford Appleton Laboratory, Didcot, Oxon, UK

TECHNOLOGY FOR ELECTRON CYCLOTRON HEATING AND CURRENT DRIVE IN
ITER.

M Makowski.

ITER Garching Joint Work Site, Garching, Germany.
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Symposium on Gyrotrons & similar devices: session M1

Monday am HIGH POWER DEVICES 1 September 7

M1.1

M1.2

M1.3

M14

M1.5

M1.6

FIRST GENERATION OF MM-WAVES IN THE DUTCH FREE-ELECTRON MASER.
(Invited Keynote)

A G A Verhoeven,W A Bongers, V L Bratman, M Caplan, G G Denisov, C A J van
der Geer, P Manintveld, A J Poelman, J Plomp, A V Savilov, P H M Smeets and W H
Urbanus

FOM-Instituut Rijnhuizen, PO Box 1207, 3430 Be Nieuwegein, The Netherlands.

LONG PULSE OPERATION OF 170 GHz/1 MW GYROTRON FOR ITER. (Invired
Keynote)

V E Myasnikov, SV Usachev, M V Agapova, V V Alikaev, G G Denisov, A Sh. Fix,
V A Flyagin, A Ph. Gnedenkov, V I Ilyin, A N Kuftin, L G Popov and V E Zapevalov
Institute of Applied Physics, Russian Academy of Sciences, 46 Ulyanov st, 603600
Nizhny Novgorod, Russia.

EXPERIMENTAL DEMONSTRATION OF W-BAND GYRO-AMPLIFIERS WITH
ENHANCED PERFORMANCE.

M Blank, B G Danly & B Levush.

Code 6843, Naval Research Laboratory, Washington, DC 20375, USA.

EXPERIMENTAL 35 GHz MULTI-CAVITY GYROKLYSTRON AMPLIFIERS.
M Garven, J P Calame, J J Choi, B G Danly, K T Nguyen & F Wood.
Code 6843, Naval Research Laboratory, Washington DC 20375 5320, USA.

AN ULTRA HIGH GAIN GYROTRON TRAVELING WAVE AMPLIFIER.
KR Chu, HY Chen, C L Hung, T H Chang, L R Barnett, S H Chenand T T Yang.
Dept of Physics, National Tsing Hua University, Hsinchu, Taiwan, ROC.

DEVELOPMENT OF A W-BAND GYROKLYSTRON FOR RADAR APPLICATIONS.

B G Danly, M Blank, J Calame, B Levush, K Nguyen, D Pershing, J Petillo, T A
Hargreaves, R B True, A J Theiss, G R Good, K Felch, T S Chu, H Jory, P Borchard,
B G James, W G Lawson & T M Antonsen, Jr.

Vacuum Electronics Branch, Naval Research Laboratory, Washington DC, USA.
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Symposium on Terahertz Technology & Applications: session M2

Monday am SOURCES 1 September 7

M2.1

M2.2

M2.4

M2.5

M2.6

M2.7

M2.8

PULSED GAAS-IMPATT OSCILLATORS UP TO 200 GHz. (Invited Keynote)
C Benz and J Freyer.
Technical University Munich, Germany.

REALISATION OF ACTIVE MODE LOCKING OF THE p-GE HOT HOLE LASER.
(Invited Keynote)

J N Hovenier, M C Diez, T O Klaassen, W Th Wenckebach, A V Muravjov, S G
Pavlov and V N Shastin

Dept of Applied Physics and DIMES, Delft University of Technology, Delft, The
Netherlands.

TECHNICAL ASPECTS OF THE MODE-LOCKED p-GE HOT HOLE LASER.

J N Hovenier, R N Schouten, J H Blok, T O Klaassen, W Th Wenckebach, A V
Muravjov, S G Pavlov and V N Shastin.

Dept of Applied Physics and DIMES, Delft University of Technology, Delft, The
Netherlands.

OSCILLATION OF THE p-GE IVB LASER WITH VERY SMALL SIZE.

Norihisa Hiromoto, Iwao Hosako and Mikio Fujiwara.

Communications Research Laboratory, 4-2-1 Nukui-kita, Koganei, Tokyo 184-8795,
Japan.

CHARGING EFFECTS IN MODE-LOCKED THz p-GE LASERS.
R C Strijbos, S H Withers, A V Muravjov, CJ Fredricksen, W Trimble, S G Pavlov, V

N Shastin and R E Peale
Dept of Physics, University of Central Florida, Orlando, FL 32816, USA.

DESIGN AND OPTIMISATION OF QUASI-OPTICAL FREQUENCY MULTIPLIERS.
P Arcioni, M Bozzi, G Conciauro, H L Hartnagel, L Perregrini, M Shaalan and J

Weinzierl. ‘
University of Pavia, Dept of Electronics Via Ferrata 1, 27100 Pavia, Italy.

DESIGN OF GAAS/GAALAS SINGLE BARRIER VARACTORS (SBV) FOR MM-WAVE
FREQUENCY MULTIPLIERS.

J Freyer, R Meola, M Claassen & F Neugebauer.

Lehrstuhl fur Allgemeine Elektrotechnik und Angewandte Elektronik, Technische
Universitat Munchen, Germany.

MILLIMETER-WAVE MULTI-ELEMENT FREQUENCY MULTIPLICATION USING
HOLOGRAPHIC POWER SPLITTING/COMBINING.

M Shahabadi and K Schunemann.

Technische Universitat Hamburg-Harburg, D-21071 Hamburg, Germany.
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Symposium on Spectroscopic Techniques & Applications: session M3
Monday am SEMICONDUCTORS September 7

M3.1 FREE ELECTRON LASER STUDY OF THE SUPPRESSION OF NON-RADIATIVE
SCATTERING PROCESSES IN SEMICONDUCTORS. (Invited Keynote)
C R Pidgeon
Dept of Physics, Heriot-Watt University, Edinburgh EH14 4AS, UK.

M3.2 PROBING THE BAND STRUCTURE OF CUBIC GaN BY IR-MAGNETO-
SPECTROSCOPY. (Invited Keynote)
N Puhlmanr, T Stolpe, M. von Ortenberg & D Schikora.
Institut fur Physik, Humboldt-Universitat zu Berlin, Berlin, Germany.

M3.3 MEASUREMENTS OF THE INTERSUBBAND LIFETIME IN P - GAAS/ALGAAS
QUANTUM WELLS USING A FREE ELECTRON LASER.
C D Bezant, C J Langerak, J M Chamberlain and M Henini
Dept of Physics, University of Nottingham, Nottingham NG7 2RD.

M3.4 THE INFLUENCE OF INTENSE THz FIELDS ON THE MAGNETO-
PHOTOCONDUCTIVITY OF N-GAAS UNDER IMPACT IONISATION CONDITIONS.
F Ghianni, T O Klaassen and W Th Wenckebach.
Dept of Applied Physics and DIMES, Delft University of Technology, Delft, The
Netherlands. :

M3.5 ENHANCEMENT OF TUNNEL IONISATION OF DEEP IMPURITIES IN
SEMICONDUCTORS IN A HIGH FREQUENCY ELECTRIC FIELD OF FAR INFRARED
LASER RADIATION.

S D Ganichev, E Ziemann, H Ketterl, V I Perel, I N Yassievich and W Prettl
Universitat Regensburg, Germany.

M3.6 FTIR SPECTROSCOPY OF p-DOPED GAAS/ALGAAS SUPERLATTICES.
S Farjami Shayesteh, G MirJalili, T J Parker and L E Vorobjev

Dept of Physics, University of Essex.

M3.7 FAR INFRARED CHARACTERISATION OF MIXED PHASE GAN EPILAYERS.
G MirJalili, S Farjami Shayesteh, T J Parker, T S Cheng and C T Foxon
Dept of Physics, University of Essex.

M3.8 DETERMINATION OF PLASMA FREQUENCY AND PULSE RELAXATION TIME IN
DOPED SEMICONDUCTORS BY FIR SURFACE WAVES.
V Vaicikauskas.
Institute of Physics, Gostauto 12, 2600 Vilnius, Lithuania

xvi




Symposium on Gyrotrons & similar devices: session M4

Monday pm THEORY & EXPERIMENTS September 7

M4.1

M4.2

M4.3

M4.4

M4.5

M4.6

M4.7

EXCITATION OF BACKWARD WAVES IN GYRO-FORWARD-WAVE AMPLIFIERS
AND FORWARD-WAVE AMPLIFIERS DRIVEN BY LINEAR ELECTRON BEAMS.
(Invited Keynote)

G S Nusinovich, M Walter and J Zhao

Institute for Plasma Research, University of Maryland College Park, MD 20742-
3511, USA.

A NEW HYBRID ION-CHANNEL MASER INSTABILITY.
R J Barker and Liu Shenggang.
AFSOR, USA and UESTC, P R China.

3-D SIMULATION DESIGN OF 3 MM SLOW WAVE STRUCTURE.

L Song, G Caryotakis, A Vlieks and N C Luhmann Jr

College of Engineering, Dept of Applied Science Davis-Livermore, California 94550,
USA. '

AXIAL MODE LOCKING IN GYROTRONS.

G S Nusinovich and J Zhao.

Institute for Plasma Research, University of Maryland College Park, MD 20742-
3511, USA.

SELF-CONSISTENT TIME-DEPENDENT MODELING OF GYRO-AMPLIFIERS WITH
MAGY.

K Nguyen, M Botton, T M Antonsen, B Levush, M Blank & J Calame.

Vacuum Electronics Branch, Code 6840. Naval Research Laboratory, Washington DC
20375-5347, USA

A TEM-TE 62 CONVERTER BASED ON RING RESONATOR.
Gy Reiter, Gy Veszely and T Berceli.
Budapest Technical University, Dept of Electromag. Theor. 4111 Budapest, EGRY

J.U.18, Hungary.

A CHERENKOV MASER EXPERIMENT USING AN ELECTRON BEAM FROM A

PSEUDOSPARK.
H Yin, W He, G R M Robb, A D R Phelps, A W Cross, K Ronald, P Aitken, B W]

McNeil and C G Whyte.
University of Strathclyde, Glasgow, UK.
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Symposium on Terahertz Technology & Applications: session MS

Monday pm DETECTION 1 September 7

MS5.1

MS5.2

MSs.3

M54

MS.5

MS5.6

MS.7

MS.8

RECENT DEVELOPMENTS ON SCHOTTKY DIODES FOR THz APPLICATIONS.
(Invited Keynote)

A Simon, C I Lin, M Rodriguez-Girones and H L. Hartnagel

Institut fur Hochfrequenztechnik, Merckstr 25, 64283 Darmstadt, Germany.

A 490 GHZ SINGLE-PLANAR-DIODE SUBHARMONIC MIXER. (Invited Keynote)

J L Hesler, N R Erickson and T W Crowe.

Department of Electrical Engineering, University of Virginia, Charlottesville, VA,
USA, and Five College Radio Astronomy Observatory, University of Massachusetts,
Ambherst, MA, USA.

FABRICATION OF QUASI-INTEGRATED PLANAR SCHOTTKY BARRIER DIODES
FOR THz APPLICATIONS.

T Yasui, C M Mann, T Suzuki, H Fujishima, S Tsunekawa and K Mizuno

RIKEN PDC, 19-1399 Koeji Nagamachi, Aoba, Sendai 980, Japan.

ANTI-PARALLEL PLANAR SCHOTTKY DIODES FOR SUBHARMONICALLY PUMPED
MIXER.

C I Lin, A Simon, J Zhang, P V Piironen, V S Mottonen, H L Hartnagel and A V
Raisanen

Institut fur Hochfrequenztechnik, TU Darmstadt, Germany, and Helsinki University
of Technology, Espoo, Finland.

MICROSTRUCTURAL PROPERTIES OF THz SCHOTTKY MIXER DIODES.

H W Hubers and H P Roser.

German Aerospace Research Center (DLR), Institute of Space Sensor Technology,
Rudower Chaussee 5, 12489 Berlin, Germany.

ANTENNA-COUPLED NANOMETER THIN FILM Ni-NiO-Ni DIODES FOR
DETECTION OF CW AND PULSED 30 THz RADIATION.

C Fumeaux, W H Herrmann, F K Kneubuhl, H Rothuizen.

Institute of Quantum Electronics, ETH, Zurich, Switzerland.

W AVEGUIDE HETERODYNE SIS RECEIVER FOR BALLOON-BORNE
SUPERCONDUCTING SUBMILLIMETER WAVE LIMB SOUNDER AT 640 GHz BAND.
Y Irimajiri, T Manabe, H Masuko, S Ochiai, M Seta, Y Kasai, T Noguchi and S C Shi
Global Environment Division, Millimeter-Wave Remote Sensing Section,
Communications Research Laboratory, 4-2-1, Nukui-kita-machi, Koganei-shi, Tokyo,
184-8795 Japan.

METAL-HIGH T SUPERCONDUCTOR INTERFACE RESPONSE TO MICROWAVE
AND MILLIMETER WAVE RADIATION.

A Laurinavicius, K Repsas, R A Vaskevicius, A Deksnys and B Vengalis
Semiconductor Physics Institute, Vilnius, Lithuania.
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Symposium on Spectroscopic Techniques & Applications: session M6

Monday pm SOURCES 3 September 7

Me.1

Mé6.2

Mé6.3

M6.4

Mé6.5

Mé6.6

Mé6.7

Meo6.8

1 W CW MILLIMETER-WAVE OSCILLATOR WITH A GUNN DIODE ARRAY.
(Invited Keynote)

Jongsuck Bae, Tetsu Fujii and Koji Mizuno

Tohoku University, Sendai, Japan.

OPEN RESONATOR SOLID STATE MILLIMETER WAVE SOURCES.
M A Pershin and E A Machusky
National Technical University of Ukraine, Kiev, Ukraine.

A NEW CONTRIBUTION TO THE FIR LASER SYSTEMS.

' A Darwish, T Thompson and A Williams.

Center for nonlinear optics and materials, Alabama A&M University, Normal, AL
35762.

OPTICALLY PUMPED SUBMILLIMETER LASER LINES FROM CD,Cl,.

A Bertolini, G Carelli, N Iola, S Marchetti, A Moretti and F Strumia

Dipartimento di Fisica dell'Universita di Pisa, CNR & INFM, Piazza Torricelli 2, I-
56126 Pisa, Italy.

INFRARED RAMAN SOLITONS, SELF PHASE MODULATION AND SELF FOCUSING IN
CO, LASER PUMPED NH3.

M O Baumgartner and F K Kneubuhl.

Institute of Quantum Electronics, ETH, Zurich, Switzerland.

FREQUENCY STABILISATION OF A FAR INFRARED LASER.
R Bocquet, M Yu Tretyakov and L Margules
Universite des Sciences et Technologies de Lille, France.

SMMW RING LASERS WITH OPTICAL PUMP BEAM GUIDING.

M Raum.

Laboratories for high frequency technology, Universitat Erlangen-Nurnberg, Cauerstr.
9, 91058 Erlangen, Germany.

EFFECTS OF BUFFER GAS N7 ON MINIATURE OPTICALLY PUMPED NHj3
SUBMILLIMETER WAVE CAVITY LASER EMISSION AT 67.2 um.

Luo Xizhang, Luo Jiancong and Qin Jiayin.

Dept of Electronics, Zhongshan University, Guangzhou 510275, P R China.
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Symposium on Gyrotrons & similar devices: session Tul

Tuesday am HIGH POWER TECHNIQUES September 8

Tul.1

Tul.2

Tul.3

Tul.4

Tul.5

Tul.6

Tul.7

A METHOD OF REMOTELY STEERING A MICROWAVE BEAM LAUNCHED FROM A
HIGHLY OVERMODED CORRUGATED WAVEGUIDE. (Invited Keynote)

C P Moeller.

General Atomics, PO Box 85608, San Diego, CA, USA.

INTERNAL MODE CONVERTER MIRROR SHAPING FROM MEASURED FIELD
INTENSITY. (Invited Keynote) '

D R Denison, M A Shapiro, R J Temkin, S Cauffman, T S Chu and K Felch

Plasma Science and Fusion Center, MIT, Cambridge MA 02139 USA.

LOW AND MEDIUM POWER TESTS ON 4 BEAM LAUNCHING OPTICS FOR THE
1.6 MW, 0.5 s ECRH EXPERIMENT AT 140 GHz ON FTU TOKAMAK.

A Simonetto, A Bruschi, R Bozzi, S Cirant, F Gandini, G Granucci, S Mantovani, V
Mellera, V Muzzini, A Nardone, N Spinicchia and C Sozzi

IFP CNR, v. R Cozzi 53, 20125 Milano, Italy.

A HYBRID MAGNET SYSTEM FOR A FAST FREQUENCY-STEP-TUNABLE HIGH
POWER GYROTRON.

K Koppenburg, B Piosczyk and M Thumm.

Forschungszentrum Karlsruhe (FZK), ITP, Association EURATOM-FZK, Postfach
3640, D-76021 Karlsruhe, Germany.

LOW POWER TEST FACILITIES FOR CHARACTERISATION OF HIGHLY OVERSIZED
GYROTRON COMPONENTS.

O Braz, A Arnold, A Mobius, H Kunkel and M Thumm.

Forschungszentrum Karlsruhe (FZK), ITP, Association EURATOM-FZK, Postfach
3640, D-76021 Karlsruhe, Germany.

MODE CONVERSION DUE TO S-BEND DEFORMATION OF AN OVERSIZED HE“
WAVEGUIDE.

B Plaum, G Gantenbein, W Kasparek, M Thumm & D Wagner.

Universitat Stuttgart, Institut fur Plasmaforschung, Pfaffenwaldring 31, D-70569
Stuttgart, Germany.

MOVABLE MIRROR SYSTEM USING SUPERSONIC MOTOR FOR THE LHD-ECH
ANTENNA.

S Sasaki, Y Kanai, K Wakabayashi, A Hayakawa, S Kawashima, F Saito, K
Yamamoto, T Ohgawara, Y Obiya, S Kubo, K Ohkuba and T Watari.

Toshiba Corporation, Yokohama, Japan.
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Symposium on Terahertz Technology & Applications: session Tu2

Tuesday am SOURCES 2 September 8

Tu2.1

Tu2.2

Tu2.3

Tu2.4

Tu2.5

Tu2.6

Tu2.7

Tu2.8

Tu2.9

TERAHERTZ RADIATION FROM SUPERCONDUCTING YBCO THIN FILMS
EXCITED BY FEMTOSECOND PULSES: DISCOVERY, DEVELOPMENT AND
APPLICATIONS. (Invited Keynote)

M Hangyo, M T Tonouchi, M Tani and K Sakai.

Research Centre for Superconducting Materials & Electronics, Osaka University & Kansai Advanced
Research Centre, Kobe, Japan.

GENERATION OF MILLIMETER WAVE RADIATION WITH A QUASI PLANAR
SUPERLATTICE DEVICE.
E Schomburg, K Hofbeck, J Grenzer, K F Renk, D G Pavel'ev Yu Koschurinov, V

Ustinov, A Zhukov, A Kovsch, A Egorov and P S Kop'ev.
Dept of Physics, Univ of Nottingham, University Park, Nottingham NG7 2RD, UK.

THz ELECTROMAGNETIC WAVE SOURCES AND DETECTORS BASED ON LT-
GAAS.

H Abe, M Tani, K Sakai and S Nakashima

Kansai Advanced Research Center, Communications Research Laboratory, 588-2,
Iwaoka, Nishi-ku, Kobe, 651-2401 Japan

GENERATION OF HIGH-FREQUENCY OSCILLATIONS BY ELECTROMAGNETIC SHOCK
WAVE (EMSW) SYNCHRONOUS WITH BACKWARD HARMONIC OF PERIODIC NONLINEAR
TRANSMISSION LINE (NLTL) BASED ON MULTILAYER HETEROSTRUCTURE (MLHS) WITH
NANOLAYERS.

A M Belyantsev and A B Kozyrev.

Institute for physics of microstructures of RAS, 603600, Nizhny Novgorod, GSP-105, Russia.

THE FREQUENCY RESPONSE OF RESONANT CAVITY ENHANCED P-1-N
PHOTODIODE.

D S Golubovic, P S Matavulj and J B Radunovic.
Dept of Microelectronics and Engineering Physics, Faculty of Electrical Engineering, Univ of Belgrade,
Bulevar revolucije 73, PO Box 35-54, 11120 Belgrade, Yugoslavia.

MIXING OF 28 THz CO,-LASER RADIATION BY NANOMETER THIN FILM Ni-
NiO-Ni DIODES WITH DIFFERENCE FREQUENCIES UP TO 176 GHz. (Invited
Keynote)

C Fumeaux, W H Herrmann, F K Kneubuhl, H Rothuizen, B Lipphardt & C O Weiss.

Institute of Quantum Electronics, ETH, Zurich, Switzerland.

TUNABLE FAR INFRARED SPECTROSCOPY IN THE 6 TO 9 THz REGION.

H Odashima, L R Zink & K M Evenson.
Dept of Physics, Toyama University, Japan.

DEVELOPMENT OF HIGH EFFICIENCY BACKWARD OSCILLATORS FOR
MILLIMETER AND SUBMILLIMETER APPLICATIONS.

R L Ives, M Caplan and A Tupulov
Calabazas Creek Research, Saratoga, CA 95070, USA, & Soliton-NTT Res Centre, Moscow, Russia.

STUDY ON FOLDED WAVEGUIDE TRAVELLING WAVE TUBE.
Gun-Sik Park, Hyun-Jun Ha and Soon-Shin Jung.

Plasma and Microwave Lab, Physics Education Dept Seoul National University, Kwanak-gu Shilim-
dong Seoul, Korea 151-742.
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Symposium on Spectroscopic Techniques & Applications: session Tu3

Tuesday am MAGNETIC MATERIALS September 8

Tu3.1

Tu3.2

Tu3.3

Tu3.4

Tu3.5

Tu3.6

Tu3.7

Tu3.8

Tu3.9

INVESTIGATION OF MAGNETIC EXCITATIONS IN RARE EARTH METALS BY FAR
INFRARED ATR SPECTROSCOPY. (Invited Keynote)

S A Feiven, T J Parker, S R P Smith and D R Tilley.

Department of Physics, University of Essex Colchester CO4 3SQ, UK; and School of
Physics, Universiti Sains, Penang, Malaysia.

CALCULATION OF NON-LINEAR MAGNETIC SUSCEPTIBILITY TENSORS FOR A
FERROMAGNET.

Siew-Choo Lim, Junaidah Osman & D R Tilley.

School of Physics, Universiti Sains Malaysia, Penang, Malaysia.

HIGH MAGNETIC FIELD ESR OF CsCuCls.
T Yamada, S Okubo, H Ohta, H Nojiri, M Motokawa & H Tanaka.
Kobe University, Kobe, Japan.

MILLIMETER AND SUBMILLIMETER WAVE ESR OF ALIGNED POWDER SAMPLE
OF Nd;BaNiOs.

S Okubo, H Ohta, M Hayashi, T Ymada, M Motokawa, H Nojiri, I Mogi, K
Watanabe, H Kikuchi and H Nagasawa

Kobe University, Kobe, Japan.

PROSPECTS FOR THE OBSERVATION OF MAGNON MODES IN THE FAR INFRARED
SPECTRUM OF A THIN ANTIFERROMAGNETIC FILM ON A METAL.

T Dumelow.

Universidade Federal do Rio Grande do Norte, Natal, Brazil.

THEORY OF TRANSMISSION THROUGH LAYERED MAGNETIC STRUCTURES. :
Xue-Fei Zhou, Jing-Ju Wang, Xuan-Zhang Wang, Siew-Choo Lim, Junaidah Osman

and D R Tilley. |

Department of Physics, Harbin Normal University, China, Heilongjiang, College of Education, Harbin,

China, CCAST (World Laboratory) Beijing, China, School of Physics, Universiti Sains, Penang,
Malaysia and Department of Physics, University of Essex, Colchester, UK.

INFLUENCE OF MISFIT STRAINS ON THE REFLECTION OF LIGHT FROM THE
INTERFACE OF YTTRIUM-IRON, GARNET FILM ON GADOLINIUM-GALLIUM
GARNET SUBSTRATE IN THE NEAR INFRARED.

N N Dadoenkova, I L Lyubchanskii, M I Lyubchanskii and V D Poymanov.

Donetsk Physico-Technical Institute, National Academy of Sciences of Ukraine, 72, R
Luxemburg str., 340114 Donetsk, Ukraine.

METHODICS ERRORS OF MEASURING THE ELECTRONIC RELAXATION TIME IN A
PARAMAGNETIC.

N Popenko.

Usikov Institute of Radiophysics & Electronics, NAS of Ukraine. Kharkov.

COUPLED SPIN-ELECTROMAGNETIC SURFACE INFRARED WAVES IN
FERRITE/SEMICONDUCTOR SUPERLATTICE AT QUANTUM HALL CONDITIONS.
Roland H. Tarkhanyan

Inst of Radiophys & Electronics of Armenian Nat AcSci. Ashtarack-2, 378410, Armenia.
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Symposium on Gyrotrons & similar devices: session Tu4

Tuesday PM HIGH POWER DEVICES 2 September 8

Tud.1

Tu4.2

Tud.3

Tu4.4

Tu4.5

Tu4.6

Tud.7

Tu4d.8

165 GHz TE31,17 - COAXIAL CAVITY GYROTRON WITH QUASI-OPTICAL RF-
OUTPUT. (Invited Keynote)

B Piosczyk, O Braz, G Dammertz, C T Iatrou, M Kuntze, G Michel, A Mobius and
M Thumm.

Forschungszentrum Karlsruhe (FZK), ITP, Association EURATOM-FZK, Postfach
3640, D-76021 Karlsruhe, Germany.

EXPERIMENTAL RESULTS FROM A HELICAL WAVEGUIDE GYRO-TWT. (Invited
Keynote)

G G Denisov, V L Bratman, A W Cross, W He, A D R Phelps, K Ronald, S V
Samsonov and C G Whyte

Institute of Applied Physics RAS, Nizhny Novgorod, Russia, and University of
Strathclyde, Glasgow, UK.

OPERATION OF A 3 MW, 140 GHz GYROTRON WITH A COAXIAL CAVITY.
R N Avani, M Pedrozzi, K E Kreischer & R J Temkin
Plasma Science and Fusion Center, MIT, Cambridge MA 02139 USA.

DEVELOPMENT OF A MULTI-STAGE DEPRESSED COLLECTOR FOR 1 MW CW
GYROTRONS.

R L Ives, A Singh, M Gaudreau, M Mizuhara, R Schumacher and V Granatstein.
Calabazas Creek Research, Inc, Saratogo, CA, USA, Insitute for Plasma Research,
College Park, MD, USA, and Diversified Technologies, Bedford MA, USA.

MICROWAVE GENERATION AT 5.7 GHZ BY A 100 KW AXIAL TRANSIT-TIME
OSCILLATOR.

J I Barroso, K G Kostov and R A Correa.

National Institute for Space Research (INPE), Brazil.

FREQUENCY-STEP-TUNED OPERATION OF A QUASI-OPTICAL MODE
GENERATOR.

A Arnold, O Braz, H R Kunkel and M Thumm.

Forschungszentrum Karlsruhe (FZK), ITP, Association EURATOM-FZK, Postfach
3640, D-76021 Karlsruhe, Germany.

NUMERICAL SIMULATION AND EXPERIMENTAL STUDY OF THE HELICAL
ELECTRON BEAMS ON 170 GHZ/1 MW GYROTRONS.

A N Kuftin, V K Lygin, A S Postnikova and V E Zapevalov.

Institute of Applied Physics, Russian Academy of Sciences, 46 Ulyanov st, 603600
Nizhny Novgorod, Russia.

DEVELOPMENT OF A W-BAND 120 KW GYROKLYSTRON AT IAP.

E. V. Zasypkin, 1. G. Gachev, 1. I. Antakov, M. A. Moiseev, V. K. Lygin and E. V.
Sokolov.

Institute of Applied Physics, Russian Academy of Science, 46 Ulyanov Str., Nizhny
Novgorod, 603600 Russia.
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Symposium on Terahertz Technology & Applications: session TuS

Tuesday pm QUASI-OPTICAL NETWORKS & COMPONENTS September 8

Tus.1

TuS.2

Tus.3

TuS5.4

Tus.5

Tu5s.6

Tus.7

Tus.8

Tu5.9

QUASI-OPTICAL MEASUREMENT SYSTEMS. (Invited Keynote)

Richard Wylde and Graham Smith

QMC Instruments Ltd, London, Queen Mary and Westfield Colege, London, Thomas
Keating Ltd, Billingshurst, and the University of St Andrews, St Andrews, UK.

TERAHERTZ COMPONENTS FABRICATED BY A NOVEL PHOTORESIST
TECHNIQUE. (Invited Keynote)

C E Collins, J W Digby, G M Parkurst, R E Miles, R D Pollard and J M Chamberlain.
Dept of Physics, University of Nottingham, Nottingham NG7 2RD.

MICRO-MACHINED WAVEGUIDE ANTENNAS FOR 1.6 TERAHERTZ.

J W Bowen, S T G Wootton, S Hadjiloucas, B M Towlson, L S Karatzas, N J Cronin,
S R Davies, C E Collins, J M Chamberlain, R E Miles and R D Pollard.

Dept of Cybernetics, The University of Reading, PO Box 225, Whiteknights, Reading
RG6 6AY.

BAND PASS FILTERS FOR THE MID INFRARED.

K D Moeller, K R Farmer, D V P Ivanov, O Sternberg, K P Stewart and P Lalanne
Dept of Physics and Microelectronics Research Center, New Jersey Institute of
Technology, Newark NJ 07102, USA

THEORETICAL AND EXPERIMENTAL INVESTIGATION OF PHASE GRATINGS.
William Lanigan, Ruth Colgan, J Anthony Murphy & Stafford Withington.
Experimental Physics, National University of Ireland, Maynooth, Co Kildare, Ireland.

EFFICIENCY OF FIR SEW EXCITATION BY APERTURE, PRISM AND MESH
METHODS.

V Vaicikauskas, R Antanavicius and R J Anuskevicius.

Institute of Physics, Gostauto 12, 2600 Vilnius, Lithuania

IMPROVED 2-D PHOTONIC BANDGAP MICROSTRIP STRUCTURES.

T Lopetegi, F Falcone, B Martinez, R Gonzalo and M Sorolla

Dept of Electrical and Electronics Engineering, Public University of Navarra, Campus
Arrosadia, s/n E-31006 Pamplona, Navarra, Spain.

A TRANSDUCER COMBINED TAPER AND CONVERTER WITH PERIODIC
WAVEGUIDE VARIATION.

Hong-hui Yan and Hong-sheng Yang.

Dept of Electronic Engineering, National Key Laboratory of Millimeter Waves,
Southeast University, Nanjing, PRC.

OPTIMUM SECTIONAL WAVEGUIDE TAPERS FOR QUASI-OPTICAL
TRANSMISSION LINES.

V K Kiseliov.

12 Ac. Proskura st., Kharkov, 310085 Ukraine.
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Symposium on Spectroscopic Techniques & Applications: session Tué

Tuesday pm DETECTION 2 September 8

Tué6.1

Tu6.2

Tu6.3

Tu6.4

Tub.5

Tu6.6

Tub.7

Tub6.8

HOT ELECTRON DETECTION (Invited Keynote)

K Wood and H Araujo

QMC Instruments Ltd, Billingshurst, West Sussex, UK, and Department of Physics,
Queen Mary and Westfield College, London, UK.

FIR PHOTOVOLTAIC EFFECT IN SILICON BIB STRUCTURES. (Invited Keynote)
L Asadauskas, D Yu Kovalev, V Rylkov, B Aronzon, R Brazis and J Leotin
Semiconductor Physics Institute, Gostauto 11, 2600 Vilnius Lithuania.

PROPERTIES OF HIGH STABILITY BI MICRO-BOLOMETERS FOR THE
DETECTION OF THz RADIATION.

F Ghianni, F W H J Steenbrink, T O Klaassen and W Th Wenckebach.

Dept of Applied Physics and DIMES, Delft University of Technology, Delft, The
Netherlands.

FABRICATION OF Ge:Ga FAR-INFRARED PHOTOCONDUCTOR TWO-DIMENSIONAL
ARRAY.

M Fujiwara, N Hiromoto, H Shibai, T Hirao and T Nakagawa

Communications Research Laboratory, 4-2-1 Nukui-Kitanachi, Koganei, Tokyo 184-
8795, Japan.

ANTENNA COUPLED FAR INFRARED RADIATION DETECTORS.

Yoshizumi Yasuoka.
Department of Electronic Engineering, National Defense Academy, 1-10-20

Hashirimizu Yokosuka 239, Japan.

TRANSVERSE SEEBECK-EFFECT IN A TILTED TWO METALS MULTILAYER
STRUCTURE.

Th Zahner & H Lengfellner

Institut fur Experimentelle und Angewandte Physik Universitat Regensburg 93040
Regensburg Germany

FIELDS IN THE IMAGE SPACE OF SYMMETRICAL HYPERBOLIC FOCUSING LENS.
W B Dou, ZL Sun, X Q Tan and Z G Wang.

State Key Lab of Millimeter Waves, Dept of Radio Eng,. Southeast University,
Nanjing, 210096 P.R.China.

HTS MICROSTRIP ANTENNAS CHARACTERISED AND ANALYSED BY A HIGHER
ACCURATE METHOD IN THE FTD.

Geraldo F da Silveira Filho and Humberto C C Fernandes.

Dept Electrical Engineering-Technological Center, Federal University of Rio Grande
do Norte, Natal, Brazil.
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Symposium on Gyrotrons & similar devices: session W1

Wednesday am HIGH POWER COMPONENTS & WINDOWS September 9

W1.1

W1.2

W1.3

W14

WL1.5

W1.6

QUASI-OPTIC COMPONENTS IN OVERSIZED CORRUGATED WAVEGUIDE FOR
MILLIMETER-WAVE TRANSMISSION SYSTEMS. (Invited Keynote)

J L Doane, H Ikezi and C Moeller.

General Atomics, PO Box 85608, San Diego, CA, USA.

CVD DIAMOND WINDOWS FOR HIGH POWER GYROTRONS. (Invited Keynote)

R Heidinger, R Sporl, M Thumm, J R Brandon, R S Sussmann and C N Dodge.
Forschungszentrum Karlsruhe, Association FZK-Euratom, Institut fur
Materialforschung 1, PO Box 3640, D-76021 Karlsruhe, Germany.

DEVELOPMENT OF A 1 MW CW WATERLOAD FOR GAUSSIAN MODE
GYROTRONS.

R L Ives, M Mizuhara, R Schumacher and R Pendleton.

Calabazas Creek Research, Saratoga, CA 95070, USA.

PRESENT DEVELOPMENTS FOR THE 140 GHz TRANSMISSION SYSTEM FOR
ECRH ON THE STELLARATOR W7-X.

L Empacher, G Gantenbein, F Hollman, W Kasparek and H Zolm.

Universitat Stuttgart, Institut fur Plasmaforschung, Pfaffenwaldring 31, D-70569
Stuttart, Germany.

LOSSES IN LOW LOSS DIAMONDS AT mm RANGE.

B M Garin, A N Kopnin, M P Parkhomenko, E E Chigryai, V G Ralchenko and V I
Konov.

Institute of Radio Engineering & Electronics of RAS, 1 Vvedensky Sq, Fryazino,
Moscow Region, 141120 Russia

DIAMONDS FOR HIGH-POWER GYROTRON WINDOW.

V Parshin, V Ralchenko and V Konov.
Applied Physics Institution of RAS. 46 Ulyanov Str, N Novgorod 603600 Russia.
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Symposium on Terahertz Technology & Applications: session W2

Wednesday am BEAMS & ANTENNAS September 9

W2.1

W2.2

W23

W24

W25

W2.6

W2.7

W28

W29

A SPHERICAL MAIN REFLECTOR COMPACT ANTENNA TEST RANGE FOR
OPERATION UP TO SEVERAL THz.

C G Parini, M R Rayner and C Rieckmann.

Electronic Engineering Dept, Queen Mary & Westfield College Mile End Road,
London E1 4NS, UK.

FIELD PROFILE SYNTHESIS WITH AN ANTENNA ARRAY.

G Michel azd M Thumm.

Karlsruhe (FZK), ITP, Association EURATOM-FZK, Postfach 3640, D-76021
Karlsruhe, Germany.

FREE SPACE ELECTRO-OPTIC SAMPLING OF TERAHERTZ RADIATION.
M Tani, K Sakai, M Herrmann and H Takahashi.
Kansai Advanced Research Center, Kobe, Japan.

THE EFFECT OF RECEIVING HORN GAIN ON MEASURED RADIATION PATTERNS
AS APPLIED TO THE DESIGN OF BEAM SHAPING REFLECTORS IN A GYROTRON.
V Natarajan, P J Sealy and R J Vernon.

Dept of Electrical & Computer Engineering University of Wisconsin 1415 Engineering
Drive Madison, WI 53711, USA

PHASE SINGULARITIES IN BEAMS.
G F Brand.
School of Physics, University of Sydney, NSW 2006, Australia.

FREQUENCY RESOLVED RADIATION PATTERNS FROM LARGE APERTURE
TERAHERTZ ANTENNAS.

P Uhd Jepsen and H Helm.

Fakultat fur Physik Albert-Ludwigs-Universitat, Hermann-Herder-Str, 3, D-79104
Freiburg, Germany.

SLOT ARRAY ANTENNAS FOR 2.5 THz-CH30H LASER RADIATION.

Y Yasuoka, H Kobayashi, Y Abe and Y Ohkubo.

Dept of Electronic Engineering, National Defense Academy, 1-10-20 Hashirimizu
Yokosuka, 239-8686 Japan.

MILLIMETER WAVE BEAM CONTROL BY THE ILLUMINATION OF A
SEMICONDUCTOR.

G F Brand.

School of Physics, University of Sydney, NSW 2006, Australia.

SIMULATION AND EXPERIMENTAL STUDY OF A WAVEBEAM REMOTE STEERING
SYSTEM.

A Chirkov, G G Denisov, W Kasparek & D Wagner.

Institute of Applied Physics, Russian Academy of Sciences, 46 Ulyanov Sr., 603600
Nizhny Novgorod, Russia.
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Symposium on Spectroscopic Techniques & Applications: session W3

Wednesday am DIELECTRIC MATERIALS September 9

W3i.1

W3.2

W3.3

W34

W35

W3.6

W3.7

W3.8

W3.9

NON-LINEAR OPTIC COEFFICIENTS OF FERROELECTRICS. (Invited Keynote)
Junaidah Osman, Y Ishibashi, D R Tilley and J F Webb.
School of Physics, Universiti Sains Malaysia.

THz TIME DOMAIN SPECTROSCOPY OF ELECTRO-OPTIC CRYSTALS. (Invited
Keynote)

M Schall, H Helm and S R Keiding.

Fakultat fur Physik Albert-Ludwigs-Universitat, Hermann-Herder-Str, 3, D-79104
Freiburg, Germany.

MILLIMETER WAVE SPECTROSCOPY OF SUPERIONIC CONDUCTOR LiNiO;.

~S Ono, Y Ikeuchi, H Ohta, T Nanba, S Okubo, A Hirano and R Kanno.

Kobe University, Kobe, Japan.

CHARGE DISTRIBUTIONS IN FERROELECTRIC STRUCTURES.
S R P Smith and T J Parker.
Department of Physics, University of Essex Colchester CO4 3SQ, UK.

SURFACE OPTICS OF FERROELElCTRICS.
Khian-Hooi Chew, R L Stamps & D R Tilley.
School of Physics, Universiti Sains Malaysia.

NONLINEAR ASIMUTHAL SURFACE WAVES IN GYROTROPIC SECOND-ORDER
NON-LINEAR MATERIALS COATED BY A METAL.

K N Ostrikov, MY Yu, N A Azarenkov & A D Boardman.

Institut fur Theoretische Physik 1, Ruhr-Universitat Bochum, D-44780 Bochum,
Germany.

CHANGES OF IR PROPERTIES OF TRANSLUCENT ALUMINA INDUCED BY
REACTION WITH SODIUM.

M Tazawa and S Tanemura.

National Industrial Research Institute of Nagoya, Nagoya, Japan.

INFRARED ABSORPTION MEASUREMENTS OF TITANIUM HYDRIDE FILMS
PREPARED BY RF REACTIVE SPUTTERING.
S Nakao, M Tazawa, P Jin, T Hirahara and K Saitoh.

National Industrial Research Institute of Nagoya, 1-1 Hirate-cho, Kita-ku, Nagoya
462-8510, Japan.

IDENTIFICATION OF A Ti-RELATED ABSORPTION BAND IN ZnSe.

Mireya Castillo. '

Universidad Nacional Experimental del Tachira, Apartado 436, San Cristobal, Tachira,
Venezuela.

xxviii




Symposium on Gyrotrons & similar devices: session Thl

Thursday am HIGH POWER SYSTEMS & DEVICES September 10

Thl.1

Th1.2

Th1.3

Th1.4

Thl.5

Thl.6

TH1.7

RECENT DEVELOPMENTS ON THE HIGH POWER ECH INSTALLATION AT THE
DIII-D TOKAMAK. (Invited Keynote)

J Lohr, D Ponce, R W Callis, J L Doane, H Ikezi & C P Moeller.

General Atomics, San Diego, California, USA.

STATUS OF THE 118 GHz, 0.5 MW, QUASI CW GYROTRON FOR THE TORE
SUPRA AND TCV TOKAMAKS. (Invited Keynote)

C Tran, E Giguet, Ph Thouvenin, P Garin, M Pain, S Alberti, M Q Tran and M
Thumm.

Thomson Tubes Electroniques, Velizy, France.

A DESIGN STUDY OF A 28 GHz 200 kW GYROKLYSTRON AMPLIFIER.

J J Choi, S W Bak, W K Han, D M Park, J G Yang and S M Hwang.

Kwangwoon University, Dept of Radio Science & Engineering, 447-1 Wolgae-Dong,
Nowon-Ku, Seoul, Korea 139-701.

1 MW, 140 GHz GYROTRON WITH BREWSTER-WINDOW.

G Dammertz, M Kuntze, O Braz, K Koppenburg, B Piosczyk and M Thumm.
Forschungszentrum Karlsruhe (FZK), ITP, Association EURATOM-FZK, Postfach
3640, D-76021 Karlsruhe, Germany.

THE DESIGN OF THE ECRH LAUNCHER IN ITER.

A G A Verhoeven, O G Kruijt, P R Prins, F J van Amerongen, W A Bongers, L de
Jong, R Kruisbergen, M A Makowski and E Woldberg.

FOM-Instituut Rijnhuizen, PO Box 1207, 3430 Be Nieuwegein, The Netherlands.

DRIFT NON-LINEARITIES IN SEMICONDUCTORS GIVING RISE TO 1 THz
RADIATION.

R Brazis, R Raguotis, Ph Moreau and M R Siegrist.

Semiconductor Physics Institute, Gostauto 11, 2600 Vilnius Lithuania.

BEAM-SHAPING, DUAL MIRROR DESIGN USING MEASURED AMPLITUDE AND
RECONSTRUCTED PHASE FOR THE INPUT.

B M Harper and R J Vernon

Dept of Electrical & Computer Engineering University of Wisconsin 1415 Engineering
Drive Madison, WI 53711, USA
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Symposium on Terahertz Technology & Applications: session Th2

Thursday am DIAGNOSTIC SYSTEMS September 10

Th2.1

Th2.2

Th2.3

Th2.4

Th2.5

Th2.6

Th2.7

Th2.8

COMPACT, TURN-KEY TERAHERTZ LASER SYSTEMS FOR FUSION PLASMA
DIAGNOSIS. (Invited Keynote)

W A Peebles, D Brower, Yong Jiang, Lei Zeng, P Pribyl and P King.

UCLA, Los Angeles, CA, IR & T, Santa Monica, CA, and California Institute of
Technology, Pasadena, CA, USA.

THE CHALLENGE OF IMPLEMENTING THZ PLASMA DIAGNOSTIC SYSTEMS ON
ITER. (Invited Keynote)

G Vayakis for the ITER JCT and Home Teams.

ITER Joint Central Team, 11025 North Torrey Pines Road, La Jolla, California
93037, USA

CORRELATION RADIOMETRY FOR TEMPERATURE FLUCTUATION
MEASUREMENTS IN FUSION PLASMAS. (Invited Keynote)

Hans J Hartfuss.

Max Planck Institut fuer Plasmaphysik, Boltzmann Str 2, D-85748 Garching,
Germany.

PASSIVE RANGING BY MEASUREMENT OF PHASE FRONT CURVATURE.

D A Robertson and J C G Lesurf.

School of Physics and Astronomy, University of St Andrews, St Andrews, Fife
KY16 9SS, Scotland.

COMPACT VIDEO-RATE PASSIVE MILLIMETRE-WAVE-IMAGER.

S Price, R N Anderton, J R Borrill, P R Coward, M J Roberts, N A Salmon, G N
Sinclair, M R M Wasley, K St J Murphy and R Appleby.

DRA, Malvern.

MEASUREMENT OF BUNCH SHAPE OF ELECTRONS BY COHERENT RADIATION.

M Ikezawa, Yu Shibata and K Ishe.

Research Institute for Scientific Measurements. Tohoku University, Japan.

THE QUASI-OPTIC DIFFRACTION TOMOGRAPHY SYSTEM FOR NON
DESTRUCTIVE EVALUATION.

A A Vertiy, S P Gavrilov, I V Voinovskiy & V N Stepanuyk.

Turkish-Ukrainian Joint Research Laboratory, Gebze-Kocaeli Turkey.

CONCEALED WEAPONS DETECTION SENSOR AND SIGNAL PROCESSING
DEMONSTRATION.

A Pergande, D Eden, M McKinley, S Sutha and E Weatherwax

Lockheed Martin Electronics and Missiles, Orlando, FL 32819, USA.
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Symposium on Spectroscopic Techniques & Applications: session Th3

Thursday am MOLECULAR MATERIALS September 10

Th3.1

Th3.2

Th3.3

Th3.4

Th3.5

Th3.6

TERAHERTZ SPECTROSCOPY OF BIOMOLECULES. (Invited Keynote)

A G Markelz and E J Heilweil.

NIST, 221/B208, Optical Technology Division, Physics Laboratory, Gaithersburg,
MD 20899-0001, USA.

FAR-INFRARED SPECTRA OF HIGHLY VISCOUS LIQUIDS: GLYCEROL, GLYCEROL
TRIACETATE, O-TERPHYNYL.

T S Perova, D H Christensen, O Faurskov Nielsen, U Rasmussen and J K Vij.

Dept of Electronic & Electrical Engineering, Trinity College, Dublin-2, Ireland.

ROTATIONAL SPECTRA OF PROTONATED RARE GAS IONS OBSERVED WITH
TUNABLE FAR - INFRARED SPECTROMETER.

F Matsushima, H Odashima and K Takagi.

Department of Physics, Toyama University, Gofuku 3190, Toyama 930, Japan.

FAR-INFRARED SPECTRA OF MOLECULAR MIXTURES IN THE LIQUID STATE:
COMPARISON WITH THE LOW-FREQUENCY RAMAN SPECTRA.

T S Perova, D H Christensen, O Faurskov Nielsen, U Rasmussen, P Perov and J K
Vij.

Dept of Electronic & Electrical Engineering, Trinity College, Dublin-2, Ireland.

REVISITING WATER AT TERAHERTZ FREQUENCIES.
J R Birch and D H Martin.
Dorking, UK and Brentwood, UK.

INFLUENCE OF THE MICROWAVE IRRADIATION ON THE INTERACTION OF THE
WATER WITH THE NA-DNA IN THE FILMS.

T V Bolbuch, G M Glibitskiy, E A Andreev and V N Kharyanen

Institute for Radiophysics and Electronics, 12 Ac Proscura, 310085, Kharkov,
Ukraine.
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Symposium on Gyrotrons & similar devices: session Th4

Thursday pm OTHER DEVICES September 10

Th4.1

Th4.2

Th4.3

Th4.4

Th4.5

Th4.6

Th4.7

DEVELOPMENT OF SUBMILLIMETRE WAVE GYROTRONS (GYROTRON FU
SERIES) AS RADIATION SOURCES. (Invited Keynote)

T Hidehara, I Ogawa, S Mitsudo & M Pereyaslavets.

Faculty of Engineering, Fukui University, Japan.

WIDE BAND FREQUENCY TUNABLE SINGLE MODE GYROTRON.
K Yokoo, M Iguchi, N Sato and J Nishihara.
Research Institute of Electrical Communication Tohoku University, Japan.

CAVITY DESIGN FOR SECOND HARMONIC GYROTRON OPERATION.
G F Brand.
School of Physics, University of Sydney, NSW 2006, Australia.

RESONATOR WITH GRATING FOR A QUASI-OPTICAL GYROTRON OPERATING AT
THE THIRD HARMONIC FREQUENCY OF 260 GHz.

D Guyomarc'h, J P Hogge and M Siegrist.

Centre de Recherches en Physique des Plasmas. Association EURATOM,
Confederation Suisse PPB-Ecublens, CH-1015 Lausanne, Switzerland.

CONTINUOUSLY TUNABLE 35-190 GHz POWERFUL GYROTRONS AT GYCOM.

E V Zasypkin, I I Antakov, I G Gachev, S N Vlasov & E V Sokolov.

Institute of Applied Physics, Russian Academy of Science, 46 Ulyanov Str., Nizhny
Novgorod, 603600 Russia.

GYROTRON AT THE 5TH CYCLOTRON HARMONIC. !
V L Bratman, A E Fedotov, Yu K Kalynov, V N Manuilov, M M Ofitserov, S V

Samsonov and A V Savilov.

Institute of Applied Physics, Russian Academy of Sciences, 46 Ulyanov St, Nizhny

Novgorod, 603600, Russia.

A HIGH-POWER, SHORT PULSE DIELECTRIC CHERENKOV MASER AMPLIFIER
OPERATING IN THE SUPERRADIANT REGIME.

S M Wiggins, D A Jaroszynski, A W Cross, A D R Phelps, K Ronald, P Aitken, B W
J McNeil, G R M Robb, M I Yalandin, V G Shpak, S A Shunailov, M R Ulmaskulov,
N S Ginzburg, N Yu Novozhilova. I V Zotova, A S Sergeev and N Yu Peskov.
University of Strathclyde, Glasgow, UK, Institute of Electrophysics, RAS,
Ekaterinburg, Russia, and Institute of Applied Physics, RAS, Nizhny Novgorod,
Russia.
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Symposium on Terahertz Technology & Applications: session ThS

Thursday pm SOURCES 4 September 10

ThS.1

ThS.2

ThS.3

ThS.4

ThS.5

ThS5.6

 ThS.7

ThS.8

ThS.9

A NEW FAR-INFRARED (FIR) SOURCE. (Invited Keynote)
J E Walsh, J C Swartz, J H Brownell and M F Kimmitt.
Dept of Physics and Astronomy, Dartmouth College, Hanover, NH 03755, USA.

A HIGH BRIGHTNESS PHOTOINJECTOR FOR FREE ELECTRON LASER
APPLICATIONS. (Invited Keynote)

F V Hartemann, E C Landahl, N C Luhmann, Jr, J P Heritage, G P Le Sage and CH
Ho.

University of California, Davis, CA, Lawrence Livermore National Laboratory,
Livermore, CA, Synchrotron Radiation Research Center, Taiwan, Republic of China.

COHERENT SMITH-PURCELL RADIATION IN THE MILLIMETER WAVE REGION.
K Ishi, Y Shibata, M lkezawa, T Takahashi, T Matsuyama K Kobayashi and Y
Fujita.

Research Institute for Scientific Measurements. Tohoku University, Japan.

ENERGY-PHASE CORRELATION IN A BUNCHED ELECTRON BEAM: A NEW
SCHEME FOR FREE-ELECTRON GENERATORS OF RADIATION.

A Doria, G P Gallerano, E Giovenale, S Letardi, G Messina and C Ronsivalle.

ENEA, Dipartimento Innovazione, Divisione Fisica Applicata, Frascati, Italy.

A FAR-INFRARED SMITH-PURCELL EXPERIMENT.

G Doucas, M F Kimmitt, G Korschinek, C Walner and J E Walsh

Particle and Nuclear Physics Laboratory, University of Oxford, UK, Department of
Physics, University of Essex, Colchester, UK, Fachbereich der Technischen
Universitat Munchen, Garching, Germany, Department of Physics and Astronomy,
Dartmouth College, Hanover, NH, USA.

PROPOSAL OF THz FEL USING A PHOTOMIXING FIELD EMISSION CATHODE.
K Yokoo.
Research Institute of Electrical Communication, Tohoku University, Japan.

PREBUNCHED FREE ELECTRON LASER IN THE MILLIMETER WAVE REGION.

Y Shibata, S Sasaki, K Ishi, S Ono, Y Inoue, M Ikezawa T Takahashi, T Matsuyama,
K Kobayashi, Y Fujita & E Bessonov.

Research Institute for Scientific Measurements. Tohoku University, Japan.

A KA-BAND CHI-WIGGLER FEM: EXPERIMENTAL RESULTS.

J M Taccetti, R H Jackson, H P Freund, D E Pershing & V L Granatstein.

Vacuum Electronics Branch, Code 6840. Naval Research Laboratory, Washington DC
20375-5347, USA

DETAILED MM-WAVES MEASUREMENTS AT THE DUTCH FREE-ELECTRON
MASER.

W A Bongers, G F 1J Kramer, J A Rietveld, A G A Verhoeven, P Manintveld, V L
Bratman, M Caplan, G G Denisov, C A J van der Geer, A Montvai, A J Poelman, J
Plomp, A V Savolov, P HM Smeets, A B Sterk and W H Urbanus.

FOM-Instituut Rijnhuizen, PO Box 1207, 3430 Be Nieuwegein, The Netherlands.
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Symposium on Spectroscopic Techniques & Applications: session Thé
Thursday pm SPECTROMETRIC SYSTEMS September 10

Th6.1 DESIGN, PERFORMANCE AND APPLICATIONS OF COMPACT FAR INFRARED LASER
MAGNETIC RESONANCE SPECTROMETERS. (Invited Keynote)
H W Hubers and H P Roser.
German Aerospace Research Center (DLR), Institute of Space Sensor Technology,
Rudower Chaussee 5, 12489 Berlin, Germany.

Th6.2 DUAL-FREQUENCY VECTOR DETECTION IN THE 8-800 GHz INTERVAL.
APPLICATION TO SPECTROSCOPY AT HIGH MAGNETIC FIELDS. .
P Goy, S Caroopen, M Gross, K Katsumata, H Yamaguchi, M Hagiwara and H
Yamazaki.
AB Millimetre, Paris, France, Departement de physique de I'Ecole normale superieure,
Paris, France, and The Institute of Physical and Chemical Research, Wako, Saitama,
Japan. '

Th6.3 A HIGH RESOLUTION FOURIER TRANSFORM SPECTROMETER FOR THE
SPECTRAL REGION BELOW 60 cM—1,
A Atkins, G Poulter and J R Birch.
Graseby Specac Ltd, Orpington, Kent, UK, and JB Research, Dorking, Surrey, UK.

Th6.4 A FAST SWEEPABLE BROADBAND SYSTEM FOR DIELECTRIC MEASUREMENTS AT
90-100 GHz.
R Heidinger, R Schwab and F Koniger.
Forschungszentrum Karlsruhe, Association FZK-Euratom, Institut fur
Materialforschung 1, PO Box 3640, D-76021 Karlsruhe, Germany.

Th6.5 DIELECTRIC PROPERTIES OF MATERIALS UP TO MILLIMETER WAVELENGTHS
USING WHISPERING GALLERY DIELECTRIC RESONATORS.
G Annino, M Cassettari, I Longo and M Martinelli.
Istituto di Fisica Atomica e Molecolare, CNR, via del Giardino 7, 56127 Pisa, Italy.

Th6.6 THE USE OF A 250 GHz GYROTRON IN A DNP/EPR SPECTROMETER.
K E Kreischer, C Farrar, R G Griffin and R Temkin.
Plasma Science and Fusion Center, MIT, Cambridge MA 02139 USA.

Th6.7 DIELECTRIC LOSS MEASUREMENTS WITH A CONFOCAL FABRY-PEROT
RESONATOR

J M Dutta & C R Jones
Dept of Physics North Carolina Central University Durham, NC 27707, USA

Th6.8 THE PRECISION OF QUASI-OPTICAL NULL-BALANCED BRIDGE TECHNIQUES FOR
TRANSMISSION COEFFICIENT MEASUREMENTS.
S Hadjiloucas, J W Bowen and L S Karatzas.
Dept of Cybernetics, The University of Reading, PO Box 225, Whiteknights, Reading
RG6 6AY.
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Symposium on Gyrotrons & similar devices: session F1

Friday am HIGH POWER DEVICES 3 September 11

F1.1

F1.2

F1.3

F14

F1.5

F1.6

F1.7

F1.8

OPERATION OF A HIGH PERFORMANCE, THREE STAGE, HARMONIC
MULTIPLYING, INVERTED GYROTWSTRON. (Invited Keynote)

H Guo, J Rodgers, V L Granatstein, G Nusinovich, M Walter and J Zhao.

Institute for Plasma Research, University of Maryland College Park, MD USA.

DEVELOPMENT OF HIGH POWER GYROTRON WITH DIAMOND WINDOW.

K Sakamoto, A Kasugai, M Tsuneoka, K Takahashi Y Ikeda, T Imai, T Tsuyoshi and
Y Mitsunaka.

RF Heating Lab., JAERI, Naka-machi, Ibaraki, Japan.

EXPERIMENTAL RESULTS OF TWO HIGH-POWERED COAXIAL GYROKLYSTRONS.
M Castle, W Lawson, B Hogan, J Cheng, X Xu, V L Granatstein and M Reiser.
Institute for Plasma Research & Electrical Engineering, University of Maryland
College Park, MD 20742, USA.

STATUS REPORT ON A 110 GHz, 1 MW CW GYROTRON WITH A CVD DIAMOND
WINDOW. .

K Felch, P Borchard, S Cauffman, R W Callis, P Cahalan, T S Chu, D Denison, H
Jory, M Mizuhara, D Remsen, G Saraph and R J Temkin.

CPI, Gyrotron Engineering 811 Hansen Way, MS-B450 Palo Alto, CA 94304, USA

DESIGN OF A MULTI-MEGAWATT 95 GHz GYROKLYSTRON EXPERIMENT.

W Lawson and M R Arjona.

Electrical Engineering Dept, Institute for Plasma Research Umver51ty of Maryland,
College Park, MD 20742, USA.

OPTIMISATION OF THE ELECTRON BEAM-CAVITY SYSTEM OF 170 GHz
GYROTRON FOR ITER.

V E Zapevalov, V A Flyagin, N Kuftin, M A Moiseev & N A Zavolsky.

Institute of Applied Physics, Russian Academy of Sciences, GYCOM Ltd., 46
Ulyanov st, 603600 Nizhny Novgorod, Russia.

HIGH POWER OPERATION OF AN 8.6 GHz COAXIAL GYROKLYSTRON.

W Lawson, J Cheng, B Hogan, V L Granatstein & X Xu.

Electrical Engineering Dept, Institute for Plasma Research University of Maryland,
College Park, MD 20742, USA.

DEVELOPMENT OF 140 GHz/1IMW GYROTRON WITH A DUAL RF BEAM OUTPUT.
V E Myasnoikov, M V Agapova, A N Kostyna, L G Popov, G G Denisov, A A
Bogdashov and V E Zepevalov

GYCOM Ltd, Nizhny Novgorod, Russia.
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Symposium on Terahertz Technology & Applications
Symposium on Spectroscopic Techniques & Applications: session F2

Friday am MATERIALS MEASUREMENTS & PROCESSING SYSTEMS

September 11

F2.1

F2.2

F2.3

F24

F2.6

F2.7

THE BENEFITS OF MILLIMETER WAVES FOR MATERIALS PROCESSING. (Invited
Keynote)

G Link, L Feher, S Rhee and M Thumm.

Forschungszentrum Karlsruhe (FZK), ITP, Association EURATOM-FZK, Postfach
3640, D-76021 Karlsruhe, Germany.

OPEN RESONATOR SET-UP FOR SPATIALLY RESOLVED AND TEMPERATURE
DEPENDENT MM-WAVE PROPERTY MEASUREMENTS. (Invited Keynote)

R Schwab, R Heidinger and R Sporl.

Forschungszentrum Karlsruhe, Association FZK-Furatom, Institut fur
Materialforschung 1, PO Box 3640, D-76021 Karlsruhe, Germany.

VISUALIZATION OF PHOTO-EXCITED FREE CARRIERS BY A SCANNING NEAR-
FIELD MILLIMETER-WAVE MICROSCOPE. (Invited Keynote)

T Nozokido, H Minamide, Jongsuck Bae, T Fujii, M Ito and K Mizuno.
Photodynamics Research Center, (RIKEN), Sendai, Japan.

INDUCED ANISOTROPY STUDYING BY THE METHODS OF BWO
-SPECTROSCOPY.(Invited Keynote)

E A Vinogradov.

General Physics Institute, Russian Academy of Sciences, Vavilov str 38, 117942
Moscow, Russia.

T-RAYS IN THE NEAR-FIELD.

K Wynne and D Jaroszynski.

Femtosecond Research Centre, University of Strathclyde, Dept of Physics and
Applied Physics, Glasgow G4 ONG, UK.

MULTIMODE OPEN RESONATOR IN THE DEFECTOSCOPY OF THIN-FILMS.

V Derkach, A Pojedinchuk, A Brovenko and A Vertij. ,

Usikov Institute for Radiophysics and Electronics, Academy of Sciences of Ukraine,
12 Ac Proskura St., Kharkov, 310085 Ukraine.

SURFACE IMPEDANCE MAPPING AT CRYOGENIC TEMPERATURES OF HTSC-
WAFERS AT 145 GHz.

R Schwab, R Heidinger, J Geerk, F Ratzel, M Lorenz & H Hochmuth.
Forschungszentrum Karlsruhe, Association FZK-Euratom, Institut fur
Materialforschung 1, PO Box 3640, D-76021 Karlsruhe, Germany.
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Monday pm POSTER PROGRAMME September 7

P.1

P.2

P3

P4

PS5

P.6

P.7

P.8

P.9

ELECTROMAGNETIC SIMULATION OF A 32 GHZ, TE¢21 GYROTRON.
J J Barroso, K G Kostov and R A Correa.
National Institute for Space Research (INPE), Brazil.

A 4.5 MW - ELECTRON GUN FOR A COAXIAL CAVITY GYROTRON.

B Piosczyk.

Forschungszentrum Karlsruhe (FZK), ITP, Association EURATOM-FZK, Postfach
3640, D-76021 Karlsruhe, Germany.

INVESTIGATIONS OF BEAM INSTABILITIES IN THE COMPRESSION REGION OF
GYROTRONS USING KINETIC THEORY AND PARTICLE-IN-CELL SIMULATIONS.

S Illy and E Borie.

Forschungszentrum Karlsruhe (FZK), ITP, Association EURATOM-FZK, Hermann-
von-Helmholtz-Platz 1, 4 Eggenstein-Leopoldshafen, Germany.

DEVELOPMENT OF A SUBMILLIMETER WAVE GYROTRON (GYROTRON FU V).
T Idehara, I Ogawa, S Mitsudo, M Pereyaslavets, T Tsuchida & M Ui

Faculty of Engineering, Fukui University, Japan.

HIGH POWER, COHERENT INGAAS/INP SEMICONDUCTOR LASER DESIGN
OPERATING AT 1.55 MICRONS.

A R Jha.

Jha Technical Consulting Services, Cerritos, CA 90703, USA.

A NEW BOUNDARY DESCRIPTION IN ABSORBING-BOUNDARY CONDITIONS FOR
TWO DIMENSION TLM MODELS.

Chendong Zhu, Liquan He and Wei Hong.

State Key Lab of Millimetre Waves, Southeast University, Nanjing, P R China
210096.

POWER DIVIDERS IN MILLIMETER WAVES.

R L M Lima and H C C Fernandes.

Dept Electrical Engineering-Technological Center, Federal University of Rio Grande
do Norte, Natal, Brazil.

A NEW METHOD OF CIRCULAR GROOVE GUIDE ANALYSIS.

Hong-hui Yan, Guo-gin Huang and Hong-sheng Yang.

Dept of Electronic Engineering, National Key Laboratory of Millimeter Waves,
Southeast University, Nanjing, PRC.

CALCULATION OF EIGENMODE MIXTURES IN OVERSIZED CORRUGATED
RECTANGULAR WAVEGUIDES.

D Wagner, M Thumm and W Kasparek.

Universitat Stuttgart, Institut fur Plasmaforschung, Pfaffenwaldring 31, D-70569
Stuttart, Germany
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POSTER PROGRAMME (continued)

P.10

P.11

P.12

P.13

P.14

P.15

P.16

P.17

P.18

P.19

A SMALL-SIZED COMPOUND ANTENNA FOR THE AUTO-IDENTIFICATION OF
DUAL-POLARISATION WAVES.

Wu Qun and Gun-Sik Park.

Plasma and Microwave Lab, Physics Education Dept, Seoul National University,
Kwanak-gu Shilim-dong, Seoul, Korea 151-742.

AN EDUCATION PROGRAM FOR RESULTS IN 3D ON FINLINE COUPLER.

H C C Fernandes, L C de Freitas_Jrand S A P Silva.

Dept Electrical Engineering-Technological Center, Federal University of Rio Grande
do Norte, Natal, Brazil.

THE HIGH QUALITY MIRRORS FOR MICROWAVE RANGE.

-V Parshin.

Applied Physics Institution of RAS. 14 Ulyanov Str, N Novgorod, 603600 Russia.

COMPARATIVE ANALYSIS OF MM-WAVE VCO STRUCTURES.
E A Machussky
National Technical University of Ukraine, Kiev, Ukraine.

MODELING OF MICROWAVE IMAGES OF BURIED CYLINDRICAL OBJECTS.
A A Vertiy and S P Gavrilov.
Turkish-Ukrainian Joint Research Laboratory, Gebze-Kocaeli, Turkey.

DYNAMICS OF JOSEPHSON JUNCTION UNDER GREEN NOISE.

S A Guz and M V Sviridov.

Dept of Physics, Moscow Institute of Physics & Technology, Institutskiy per 9,
Dolgoprudniy, Moscow Region 141700. Russia.

A NOVEL METHOD FOR THE EXACT CALCULATION OF WANNIER-STARK
LOCALISATION IN SUPERLATTICES
Y Ergun, R Amca, I Sokmen, H Sari, S Elagoz & N Balkan

Physics Dept, University of Essex, Wivenhoe Park, Colchester, Essex CO4 38Q

EFFICIENCY ENHANCEMENT IN THE RELATIVISTIC MICROWAVE OSCILLATOR.
E Odarenko and A Schmat'ko.
Dept of Radiophysics, Kharkov State University, Ukraine.

DOUBLE RESONANCE IN GYRODEVICES.

G S Nusinovich and J Zhao.

Institute for Plasma Research, University of Maryland, College Park, MD 20742-
3511, USA.

EXPERIMENTAL STUDY OF TRAPPED ELECTRONS EFFECT IN HELICAL
ELECTRON BEAMS OF A MILLIMETER WAVE RANGE GYROTRON.

A N Kuftin and V E Zapevalov.

Institute of Applied Physics, Russian Academy of Sciences, 22 Ulyanov st, 603600
Nizhny Novgorod, Russia.
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POSTER PROGRAMME (continued)

P.20

P.21

P.22

P.23

P.24

P.25

P.26

P.27

P.28

NON-STATIONARY ANALYSIS OF HELICAL ELECTRON BEAMS WITH DIFFERENT
TOPOLOGY.

P V Krivosheev, V K Lygin and V N Manuilov.

Institute of Applied Physics, Russian Academy of Sciences, 24 Ulyanov st, 603600
Nizhny Novgorod, Russia.

THEORETICAL STUDY OF THE GYROTRON BACKWARD WAVE OSCILLATOR.
S H Chen and K R Chu.
Dept of Physics, National Tsing Hua University, Hsinchu, Taiwan, ROC

THE DIFFRACTION RADIATION OSCILLATOR WITH THE WIDE-BAND
ELECTRONIC FREQUENCY CHANGE.

M Demchenko, I Ivanchenko & V Korneynkov

Usikov Institute of Radiophysics & Electronics, NAS of Ukraine, Kharkov.

LOCAL PHASE INHOMOGENEITIES REVELATION IN OPTICAL OPAQUE
DIELECTRIC.

I Ivanchenko.

Usikov Institute of Radiophysics & Electronics, NAS of Ukraine, Kharkov.

OFF-AXIS EXPANSION SOLUTION OF LAPLACE'S EQUATION: APPLICATION TO
ACCURATE AND RAPID CALCULATION OF COIL MAGNETIC FIELDS.

R H Jackson.

Vacuum Electronics Branch, Code 6840., Naval Research Laboratory, Washington DC
20375-5347, USA

THE FEATURES OF THE SMOOTH ANODE MAGNETRON OPERATING IN A MODE
CLOSE TO THE CRITICAL.

O P Kulagin.

Usicov Institute of Radiophysics and Electronics, National Academy of Sciences of
Ukraine, 310085 Kharkov, Ac Proscura St, 12, Ukraine.

MILLIMETER-WAVE COLD-CATHODE COAXIAL TWT.

V D Yeremka and M O Khorunzhiy.

Usicov Institute of Radiophysics and Electronics, National Academy of Sciences of
Ukraine, 310085 Kharkov, Ac Proscura St, 12, Ukraine.

THE MM-WAVE PENIOMAGNETRON.

V D Yeremka

Usicov Institute of Radiophysics and Electronics, National Academy of Sciences of
Ukraine, 310085 Kharkov, Ac Proscura St, 12, Ukraine.

FREE ELECTRON MASER AMPLIFIER EXPERIMENTS.

C G Whyte, D A Jaroszynski, W He, A W Cross, K Ronald and A D R Phelps.
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Abstract - Quasi-optical dimension is practical
size in the millimeter and submillimeter wave
region. We have developed array devices on a
substrate with quasi-optical dimension for practical
use in this region. Detector arrays are used as
imaging arrays, and oscillator arrays offer practical
sources with combined output power and improved
monochromaticity. We discuss also other devices
relevant to these.

1. Introduction

The millimeter and submillimeter wave region lies
between the microwave and the optical regions. In
the millimeter and submillimeter wave region quasi-
optical dimension (several ten wavelenghts) is a
reasonable size to handle in comparison with the
dimension for the microwave or optical region. New
types of devices can be realized by mounting multi-
elements on a substrate with quasi-optical dimension
(Fig. 1). In this paper we discuss development of these
array devices such as detector arrays (imaging array),
oscillator arrays and the devices relevant to these.

N\
= ] =

IUTPUT OUTPUT

- Imaging array

- Oscillator array

- Amplifier array

- Beam steering array

- Frequency multiplier ‘
array

Fig. 1 Quasi-optical multi-element device.

The furthermore guiding principles for our
device development are as follows: the devices should
be operated at room temparature, have response time
shorter than 0.1 nanosecond, and when they are
oscillators outputs shouldbe cw, single-mode, coherent
and frequency-tunable. These device characteristics
are quite normal and common for devices in the
microwave and the optical regions, however not in
the region between them.

2. MM-wave Imaging
Millimeter wave focal plane imaging [1] is able
to provide information through clouds, smoke, and
dust when visible and IR systems are unusable. It can
aJso be used in the fields of plasma measurement,

remote sensing, etc. The resolution of the focal plane
imaging is limited by diffraction and is the order of
wavelength, while scanning near field microscopy
achieves sub-wavelength resolution [2], which offers
other applications of millimeter wave imaging
technologies.

2-1 Focal plane imaging (Imaging arrays)

Conventional millimeter wave imaging relies
mainly on the vse of a single detector, with the optics
mechanically scanned to obtain an image. The use of
multiple detectors in an imaging array, however does
not require mechanical scanning and makes real-time
imaging possible. Figure 2 shows a 60 GHz imaging
array [3,4] which consists of 2-element Yagi antennas
with beam-lead Schottky diodes at the center of the
antennas. The interval between the antennas was
determined by the sampling theorem to obtain the
diffraction-limited image.

Millimeter-wave
object

Detector
/ I Signal output
Contact-pad
N
{
i Radiator
:::r:ispherical /\v Director
<
Substrate

Fig. 2 Yagi-Uda antenna imaging array
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Fig. 3 Phase imaging system for plasma diagnostics




i) plasma diagnostics

The optics for mm-wave imaging radar systems
can be designed using the ray tracing method. Figure
3 shows the 70 GHz optics designed for measuring
2-dimensional plasma density profile in the plasma
machine of the University of Tsukuba for nuclear fusion
research. Figure 4 shows measured time-revolution of
the 2-dimensional density profile [5].

i) Millimeter wave images and neural network
processing [6]

A neural network signal processing has been
successfully introduced to recognize mm-wave images
which were distorted by speckle and/or glint through
coherent illumination.

Alphabetical letters made of aluminum foil were
used as test objects for evaluating our mm-wave active
imaging system. Fig. 5 (a) shows experimentally-
obtained images for the letters A and J. The size of
each object corresponds to about 8 x 8 pixels on the
image plane. The images represent power distribution
of scattered signals and are strongly distorted, mainly
because of speckle and/or glint resulting from the
coherent illumination.

To recognize these images, a feed-forward neural
network was used as a signal processor. The network
consists of 10 x 10 input units, 60 hidden units and
26 output units. In Fig. 5 (b) the recognition rate is

o~ Z=972.5¢cm
]

133 g . ...

a 08% - - " L.ieesen 1
S 063 - e 0.8
X 043 ----°" st 0.6
2 029 g 0.4
g9 02
Q
;'_.5‘ 8 ¢ 80 100

Z~=971.0cm

.........

ooooo~
NAONR

Line Density (xloncm'z) Line Density (><1012 cm'7)

1
0.8
0.6
0.4
9 0.2

emn: N o

. ‘s ¢ 80 100 120 140 160
Radius (cm) Time (ms)

Fig. 4. Time evolution of line density radial profiles
at three axial positions of a plasma at Tsukuba.

shown as a function of the number of "teach-data"
required, when 10 dissimilar alphabetical letters (A,
HIJ,LOPS TV, and Z) were used as the
objects: A high recognition rate of 98 % was obtained
using data from five teaching trials for each letter,
which shows that neural network signal processing is
very suitable for mm-wave active imaging.

Recognition rate (36)
»n
o

2 3 4 5 6
Number of teach-data n(x10)

Fig. 5 (a, above) MM-wave images for the letters A
and J, and (b, below) the recognition rate as a function
of the number of teach-data.

2-2 Scanning near-field microscopy

Diffraction limits the resolution of focal plane
imaging and conventional microscopy to
approximately A /2. Sub-wavelength resolition has
been demonstrated with scanning near-field
microscopes. We proposed and demonstrated a new
type of scanning near-field millimeter-wave
microscopy usinga metalslit at the end of a rectangular
waveguide as a scanning probe [2]. The waveguide
probe is shown in Fig. 6. A reduced-height waveguide
forms the slit; the wide dimension of the slit and that
of the waveguide are identical, but the waveguide
height is reduced down to A /60 (0.08 mm at 60 GHz).
The probe is operated above the cutoff frequency for
the fundamental waveguide mode and thus provides
stronger signals than point-type probes, which operate
below the cutofff frequency, resulting in improved
resolution or sensitivity. Also the slit type probe makes
fast (but rough) scanning over a wide sample possible.

To achieve sub-wavelength resolution with a slit
as a scanning probe, we adopted an image
reconstruction algorithm based on computerized
tomographic imaging (such as that used in x-ray CT
imaging).




We have successfully observed photo-excited free
carriers in a silicon substrate through this microscope

(71
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Fig. 6 Scanning near-field microscopy using a slit
type probe.

3. Oscillator arrays

Solid-state devices, such as Gunn diodes and
FET's are useful radiation sources in the microwave
region because of their lower power consumption,
compactness of their size, and ease of handling.
However, in the short-millimeter wave region, these
devices have only low power capability, typically
several mW or less, and the output is noisy because
of the Jow Q-value of the conventional waveguide
resonator due to a Jarge RF loss. In the submillimeter
wave region the resonant tunneling diode (RTD) is a
promising device, however its output power is less
than u W.

Coherent power combining of these devices
mounted in a Fabry-Perot resonator is one of the
solutions for these problems, because the Fabry-Perot
resonator could achieve a high Q-value at high
frequencies even in the submillimeter wave region
[8], and its quasi-optical size enables a number of
oscillator elements to be mouated in the resonator.

3-1 Metallic grating circuit

We have proposed a Fabry-Perot resonator [9]
with a metallic grating as a resonator for millimeter
and submillimeter wave oscillators with multi-
elements. Figure 7 shows the configuration of the
resonator. This configuration has several advantages
such as capability of mounting a number of oscillator
elements in a resonator, large heat dissipation power,
simplicity of circuitry of biasing and capability of
adjusting circuit impedance by the grating-groove
dimensions.

We have developed an equivalent circvit for
HEMT array in a Fabry-Perot resonator (refer to Fig.
8) and demonstrated the validity of the circuit
experimentally [10]. Coherent power combining of
RTD's has also been successfully observed for the
fundamental TEM ,; resonant mode at the frequency
of 75 GHz [11].
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Fig. 8 An equivalent circuit for the HEMT array
oscillator

3-2 Homn antenna circuit

As high power solid state devices such as Gunn
diodes, PHEMT's, MMIC's are recently being
developed, power combining of smaller numbers of
the devices could produce enough power for many
practical applications. For efficient power combining
of smaller numbers of devices, a new type of a
waveguide power combiner has been developed [12]
which incorporates an array of fundamental-mode
(TE,;) waveguides with diode devices, inside of an
overmoded-waveguide resonator (refer to Fig. 8 ). An
combining efficiency of above 83 % and an output
power of 1.5 W (cw) at 60 GHz band have been
achieved with the overmoded-waveguide oscillator
containing a 3 x 3 waveguide array with Gunn diodes.
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y x | hom
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, Power
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L.E | 2
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<_L__—l Spectrum
Analyzer

M x N (= 3x3) waveguide array with Gunn diodes

Fig. 8 Waveguide array in a overmoded-waveguide




3-3 Metal mesh evanescent-wave coupler

In order to extract the maximum output power
from our quasi-optical oscillators, quasi-optical output
coupler with adjustable coupling coefficient is needed.
We have developed a metal mesh couplerwhich makes
use of the evanescent-wave coupling between a metal
mesh and a dielectric plate [13]. The transmittance of
this coupler with a capacitive metal mesh can be
adjusted by more than 70 % by altering the spacing
between the mesh and a silicon plate by less than A
/140 in 56-GHz experiments.

4. Development of fabrication processes of low-
noise Schottky barrier diodes for the THz region
The dot-matrix-type Schottky barrier diode (SBD)
remains an important device for detecting and mixing
at terahertz frequencies, particularly in atmospheric
remote sensing and plasma diagnostics. In plasma
diagnostics, it is important to reduce low-frequency
(1/f) diode noise, since the IF frequency used is
typically below 1 GHz. We have developed submicron
diode fabrication process (refer to Fig. 9) that has
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Fig. 9 Fabrication processes of Pt/GaAs Schottky
diodes.
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resulted in a significant reduction of 1/f noise [14].
Noise performance is optimized by establishing an
even distribution of gallium and arsenide at the contact
surface, and different SiO, deposition and etching
techniques have been compared. CVD deposition of
the SiO, layer is preferable to RF sputtering. It was
also demonstrated that ECR etching results in two
orders of magnitude in noise reduction at frequencies
below 100 MHz, as compared to RIE, and that thermal
annealing brings further improvement of about 2 - 3
dB.

5. Summary

In order to develop the short-millimeter and
submillimeter wave practical technologies, we have
been developing quasi-optical array devices. The final
goal of the submillimeter wave technologies will be
to contribute to optical fiber communication
technologies as modulation or sub-carrier signal
sources.
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Abstract

A review of the application of high magnetic fields up to the multi-megagauss range in connection with
electromagnetic radiation on selected problems in condensed matter physics is given. Special emphasis is laid
on different experimental techniques. Selected problems of orbital and spin resonances are discussed as well as
non-resonant phenomena.

Introduction

The investigation of the spectral response of matter to incident electromagnetic radiation with well defined
frequency is a classical experimental method for the study of matter. According to. our understanding the
radiation energy ho is an excellent tool to probe the energy levels of all charged and magnetic systems, both on
a macroscopic and sub-atomic level. The response of the system to the electromagnetic radiation can be
resonant or non-resonant depending whether ho fits exactly the energy separation of two levels or not.
Especially in resonance pronounced effects are observed in both dispersion and absorption of the radiation. All
of these transitions are affected by an external magnetic field, since the magnetic field couples with the
associated magnetic moment of the system. As a matter of fact mostly the energy shift of the levels involved can
be approximated in a simple linear dependence. The magnetic moment is related either to the orbital motion
and hence orbital angular momentum or the spin angular momentum. Whereas the orbital angular momentum
reflects the extension of the orbital motion of the charged carrier in space, the spin has no spatial extension.
Interesting phenomena are the result of the coupling of the two constituents to the total angular momentum. A
short-hand notation of this phenomenon is the electronic g-factor in solids. In this way not only the pure orbital
and spin excitation manifest in the two research tools of cyclotron resonance and magnetic resonance
respectively, but also mixed resonances as the combined spin-flip become possible. Cyclotron and magnetic
resonances divide the condensed matter physics in two vast domains and both have contributed a large amount
to our present knowledge about the microscopic interaction of condensed matter.

It is interesting to observe how the wavelength of the applied radiation in these experiments has shifted towards
shorter values of the spectrum with the progress in magnetic field generation. Whereas the for the first -
cyclotron experiment [1] microwaves were applied in magnetic field of "gauss“, nowadays radiation with only
few micrometers wavelength are used in magnetic fields of some hundred Tesla. This factor of more than
thousand reflects a dramatic development of magnet technology in this connection over the last thirty years.

Cyclotronresonance in Semiconductors

Cyclotronresonce can be observed if the radiation frequency o equals the frequency of the orbital motion called
cyclotron frequency o, = eB/m. Here ¢ is the elementary charge, B the external magnetic field and m the mass
of the charged particie. A cyclotronresonance experiment represents therefore essentially a balance to determine
the microscopic mass of the charge carrier, since for resonance holds

o = eB/m a1

and after determination of the resonance field B, the mass m is easily derived. In a more advanced theoretical
concept the mass value is related to energy bands of the charge carriers underlying the strict quantization
effects of the magnetic field. In the case of many electrons occupying the states of an energy band the
individuality of the different carriers manifest in a detailed lineshape of the resonance as a superpositicn of
many weighted single particle transitions. This structure becomes more visible at higher magnetic fields, so
that the latter acts as a ZOOM for studying energy band and population effects, as demonstrated in Fig. 1,
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where the data of low [2] and high field cyclotron resonance on HgSe:Fe [3], respectively, are reproduced. The
megagauss experiments reveals the detailed quantization structure of the quantum well sample. In the low field
data not only the fundamental cyclotronresonance is observed, but also the subharmonics. This effect is due to
the strong interaction of the radiation with the carrier system especially for long wavelength, which converts
the incident plane wave into a strongly decaying one inside the material so that the non-local character of the
interaction along the cyclotron orbit becomes evident.
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Fig 1b  High field CR on HgSe:Fe [3]

Fig. 1a  Low field CR on HgSe {2}
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For the quantization of the orbital motion of charge carriers by an external magnetic field the magnetic length /
= (WeB)” plays a dominant role. Please note that this fundamental quantity is independent on the individual
mass parameter, which means that the wavefuntions for any particle bearing one elementary charge - leptons,
hadrons, or even mesons - are identical for the same set of quantum numbers. The magnetic length / as a
tunable length measure is an excellent tool to probe man-made nanostructures [4]. The ultimate application of /
to natural lattice parameters of the crystalline solid has been investigated theoretically already in the sixties
resulting in the famous "Hofstadter Butterfly“ representing the interference of natural lattice structure with two-
dimensional flux quantization lattice perpendicular to the applied magnetic field [5]. The experimental -
verification of this concept is one of the most challenging problems of modern solid state physics since
magnetic fields up to the order of 1000 T are necessary.

Magnetic Resonance
Any magnetic moment g rotates in the presence of an external magnetic field with the Lamor frequency
oL = gopp @

where pj is the Bohr magneton and g the Landé g-factor. Again resonance can be observed if the Lamor and
radiation frequency are equal. In the same way as for the orbital quantization the mass parameter m includes all
the interesting internal interactions of the solid, here for spin systems the g-factor represents the corresponding
mechanisms. Since in hard magnetic materials the internal fields characterizing the effective exchange
interaction are in the multi-megagauss range such high fields are necessary in an experiment to compete with
the internal interactions.

A very interesting behavior of integer spins in a linear antiferromagnetic chain was predicted by Haldane [6].
In contrast to spin-1/2 particles for integer spin there should be an nonvanishing gap between the effective
singlet ground state and the excited triplet states. The verification of this conjecture was a challenge for
submillimeter-magneto spectroscopy demonstrating again the high efficiency of this method: In Fig. 2 we have
reproduced the data obtained for NENP showing clearly the different behavior of the transitions below and
above the critical field B, where the lowest excited triplet state crosses the singlet state so that the quality of the
ground state is changed [7]. The corresponding scheme of the transition energies is plotted in Fig. 3. The
arrows indicate the observed transitions and indicate also the strength of the resonance. After the confirmation
of the Haldane conjecture various manifestations of the spin-one linear chain have been investigated
corroborating this concept [8].
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Nonresonant Magnetospectroscopy

The interaction of electromagnetic radiation with a solid is most efficiently described by the complex tensor of
‘the dielectric function, which includes the two complementary parts of absorption and dispersion [9]. Whereas
in resonance spectroscopy essentially the absorption is investigated in nonresonant magnetospectroscopy the
dispersion plays the dominant role. As a matter of fact optical nonresonant magnetospectroscopy can be used as
a contact-less method to study quasi-DC magnetoconductivity dominated by the Shubnikov-de Haas effect.
Such data for HgSe are reproduced in Fig. 4 using the strip-line technique in connection with 337 pm-
wavelength radiation of a HCN-laser [9]. For comparison also the data of the DC-magnetoresistance using the
four-probe technique is reproduced and corroborates the one-to-one correspondence of the observed oscillations.
For this semiconductor experiment the off-resonance position was fulfilled for magnetic field intensities much
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larger than the resonance condition in the long-wave limit. For magnetic material mostly the inverse condition
at the low-field side of the resonance is applied. This means that the electromagnetic radiation is of the short-
wavelength type, usually in visible range of the spectrum. In Fig. 5 we have reproduced the data of the
megagauss Faraday effect on Tb;GasO,;, in a setup using crossed polarizers [10]. One full oscillation in the data
corresponds to a rotation of 2x of the polarization vector of the linearly polarized incident radiation. Since in
magnetic materials the Faraday effect is directly proportional to the magnetization of the material this quantity

can directly be evaluated from the data.

L T T T T T T
Eu (Asg 6Py 4)3
Bllb

5.0K

49K

4.2K

RELATIVE STRIP-LINE TRANSMISSION

6.8K.

0 2 4 6 8
MAGNETIC FIELD BI(T)

Any magnetic phase transitions of a solid is
‘reflected by a corresponding change in the optical
properties. In this way even extremely small
changes in the optical constants can be detected
by the above mentioned strip-line technique as
demonstrated for Eu(Aso 6Po.4)3 using
submillimeter radiation of different wavelength.
The curves for up and down sweep differ and
indicate the hysteresis of the material, as shown
in Fig. 6. The nearly vertical steps indicate the
phase transitions. '

Summary

High field magnetospectroscopy applying a wide
spectral range of electromagnetic radiation is an
universal tool for the investigation of the
microscopic interactions spins and orbital
electrons in condensed matter. The ZOOM effect
of the magnetic field the limits of field generation
to higher and -higher fields so that in future
experiments the investigation of the "Hofstadter
Butterfly* will be possible.

Optical detection of magnetic phases

in Eu(AsosPo4); [11]
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INTRODUCTION

Subpicosecond terahertz (THz) pulses or T-rays, have been around for quite some time[1] and the origins of free-
space propagating few-cycle pulses can be traced back to the experiments of Heinrich Hertz in 1887. However,
the recent confluence of better, smaller, faster and more reliable sources of femtosecond visible laser pulses and
a renewed interest among solid state physicists and physical chemists in (time-resolved) far-infrared
spectroscopy, has led to a boom in the interest in THz pulses. Over the past two to three years, many new
techniques were developed for generating especially short (broadband) or especially powerful pulses. New
techniques allow single shot detection of the THz pulse field as well as real-time and near-field imaging. Recent
experiments have exploited the unique properties of T-rays to study ultrafast dynamics in systems varying from
semiconductor heterostructures to highly excited Rydberg atoms in the gas phase. In this paper, I will attempt to
give a brief (and hopefully objective) overview of what is new and interesting in this field.

GENERATION OF T-RAYS

There are effectively two methods for generating subpicosecond THz pulses: Photoconduction or optical
rectification. In photoconduction, a laser pulse incident on an absorbing semiconductor creates (real) charge
carriers. Acceleration of these carriers in an electrical bias field gives rise to a transient photocurrent that radiates
electromagnetic waves. In the far field the radiated electric field is given by E(¢)ocdJ(¢)/dt , where Jg(t) is the
time-dependent surface current. This method is typically used in conjunction with an antenna structure, which
allows an external bias field to be applied. An antenna structure ideally suited to be used with low-power mode-
locked lasers was developed in the 1980’s at Bell Labs[2] and IBM,{3] and the most common method for
generating and detecting T-rays is based on this work. In such a setup, two metal electrodes are laid down on a
silicon or GaAs substrate, typically with a separation on the order of 100 um.{4] A beam of femtosecond laser
pulses is focussed between the electrodes, in a spot with a diameter of a few microns. On the generation side the
metal electrodes are biased with a few tens of volts and the generation of carriers by the pump laser triggers the
emission of THz radiation. On the detection side, the

incident THz beam accelerates the carriers created by 0.8

the visible beam, resulting in a measurable 06 4. ... oz

photocurrent. Since the visible beam has to be Z

focussed to a very tight spot in this method, only @ 04 {. .. 8

unamplified ultrafast lasers can be used. There is no < E

overriding reason, however, why one should use such g 0.2 —/, Freauency emh N
closely  spaced  electrodes.  Large-aperture & O 20 40 60 80 100
photoconducting antennas work very well for the SJ 0.0 4

generation of T-rays when pumped by amplified 02 |

femtosecond laser pulses. The conversion efficiency ’

(energy in the visible pulse to energy in the THz 04

pulse) is on the order of 0.1%. Thus, 1 nJ THz pulses

have been generated with a high repetition rate 2 -1 0 1 2 3 4

(250 kHz) femtosecond laser.[S] With low repetition
rate (10-1000 Hz) ultrafast laser systems, far-infrared
pulses with energies as high as 1 uJ have been
generated.[6, 7] It has recently been suggested[8] that
coherent control techniques might be used to boost
the surface current and hence the T-ray conversion
efficiency.

Delay (ps)

Figure 1. A THz pulse generated and detected in
I mm long, <110> ZnTe crystals, by a 150 fs pulse at
800 nm. The inset shows the amplitude spectrum. The
oscillations in the pulse are due to the finite crystal
thickness. (1 THz =30 cm™)
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An external bias field is not strictly necessary for photoconductive generation of T-rays, as real carriers
generated by a visible laser pulse can be accelerated in the field of the depletion layer of the semiconductor. This
surface field will accelerate the carriers perpendicular to the surface of the semiconductor and hence the THz
oscillating dipole will be perpendicular to the surface. Therefore, THz radiation generated through this effect is
only observed if the angle of incidence of the exciting visible laser beam is nonzero. Typically, the effect
maximizes at Brewster angle.

Optical rectification is distinct from photoconduction, in that the visible exciting beam creates virtual rather
than real carriers. A more appropriate way to describe this is that the second-order susceptibility, x®, of the
crystal is used for difference frequency mixing. Thus, the second-order polarization can be written in the time-
domain as PR(r) = &,2E,(t) Ey,(t) , which shows that the electric field of the THz pulse has the same shape as
the intensity envelope of the visible exciting pulse. Already in the 1970’, it was shown[1] that picosecond pulses
could be rectified in LiNbO; to produce pulses in the far infrared. In the last few years, it was discovered that
optical rectification could be a very efficient method for generating T-rays if used appropriately. Since a
subpicosecond THz pulse has a spatial length comparable to its center wavelength, it travels through a material
at its phase-velocity. Therefore, for optimum conversion from visible to far-infrared wavelengths, one has to

_match the group-velocity of the visible pulse with the phase-velocity of the THz pulse.[9, 10] This condition is
met in some zincblende, large bandgap semiconductors such as ZnTe and GaP [11] when the exciting laser has a
center wavelength of circa 800 nm.

The reverse of optical rectification is electrooptic sampling: A THz pulse incident on an electrooptic crystal
such as ZnTe will induce a birefringence through the Pockels effect. An ultrafast visible probe pulse with a
variable delay co-propagating through the same crystal will experience a retardation that can be retrieved with
balanced detection. Scanning the relative time-delay of the probe pulse, one can record a time-domain trace of
the electric-field of the THz pulse. Using this method, signal-to-noise ratios, defined as the ratio of the THz
pulse-peak to the noise background, as high as 107 have been reported.[11] However, the signal-to-noise ratio
with which one can measure the peak of the THz pulse is typically on the order of 10%-10° in 100 ms. An
exciting new variation on this technique, is the use of a chirped probe pulse.[12] A femtosecond pulse at 800 nm
can be stretched and chirped to tens of picoseconds using a grating pair. If this chirped pulse is used in the
electrooptic sampling process, there will be a relation between wavelength and relative time-delay. Thus,
detection of this probe pulse with a diode-array detector allows one to measure the entire THz pulse chape in a
single laser shot.

As rectification and electrooptic sampling are nonresonant effects, the minimum duration of the THz pulses
that can be generated or detected is only limited by the thickness of the crystal scaled with the difference in
phase and group-velocity. Thus, with circa 10-15 fs exciting pulses at 800 nm, it was shown that T-rays could be
generated with detectable frequencies as high as 37[13] and even 44 THz.[14] At these large bandwidths, it is
unavoidable that the T-ray spectrum will overlap with a phonon absorption band in the generating and detecting
crystals, leading to large oscillations in the T-ray field trailing the main peak.

SPECTROSCOPY AND IMAGING IN THE TERAHERTZ DOMAIN

The frequency range between circa 100 GHz and a few THz has not been studied very well, as not many light
sources are available. Fourier-transform infrared spectrometers (FTIRs) typically peter out at frequencies below
about 50 cm™ (1.5 THz) even when equipped with bolometric detectors and far-infrared optics. Microwave
devices may go to frequencies as high as 1 THz but usually have poor tunability. Yet, this frequency range is of
great interest as many low-frequency vibrational and rotational modes absorb here. The pseudo-bandgaps of
superconductors and inter-bandgaps of semiconductor heterostructures are also in this range.

Over the last few years, many groups have used T-rays to study the low frequency absorption of liquids.
For example, liquid water has a complicated absorption spectrum between 0 and 1006 cm™ (30 THz)
corresponding to librational and hydrogen bond motions. THz spectroscopy was used to study the low frequency
end of the spectrum of water,[15, 16] other liquids{17, 18] and liquids in restricted geometries such as
micelles.[19] Detailed comparisons could be made with Optical Kerr Effect spectroscopy (OKE), Raman
scattering and molecular dynamics calculations. Similarly, THz pulses have been used to study the low-
frequency absorption spectra of doped semiconductors{3] and semiconductor quantum wells.[20]

An exiting new application of THz pulses is T-ray imaging. T-ray imaging was first performed at Bell
labs:[21] A T-ray beam was focussed to a tight spot and a sample scanned through the beam. Due to the long
wavelengths at circa 1 THz, spatial resolution was limited to about a millimeter. However, because the transit-
time of subpicosecond THz pulses can be measured with an accuracy of a few femtoseconds, it is possible to
make tomographic images.[22] Thus, by measuring the internal reflections in a sample, for example, the various
surfaces in a floppy disk, it is possible to detect hidden features. Very recently, several attempts have been made




to improve the lateral resolution by applying near-field techniques such as using small apertures in front of the
sample[23] or T-ray generation in sub-wavelength regions. It was recently shown[24] that electrooptic sampling
can be performed in parallel using a large area electrooptic crystal and an unfocussed probe beam, thus allowing
the acquisition of T-ray images in real-time.

TIME-RESOLVED EXPERIMENTS

It would seem that the most important feature that distinguishes femtosecond THz pulses from other sources of
THz radiation, is their short duration and synchronization with other (visible light) sources. This makes it
possible to perform time-resolved, pump-probe type experiments. Many absorption spectra (particularly at THz
frequencies) in the condensed phase are very broad, which makes it nearly impossible to extract any information
about excited state properties. Yet it is these excited state properties that are often most interesting, for example,
in the study of chemical reaction dynamics or the conduction and trapping properties of carriers in semi- and
superconductors.

The first such visible-pump, THz-probe experiments were performed on semiconductors,[25-30]
semiconductor superlattices[31] and superconductors.[32] Excitation of a semiconductor above the bandgap with
a visible ultrafast pulse creates a plasma of conduction band electrons. This gives rise to a transient absorption,
which can be described using the Drude model. The time-resolved experiment gives direct information about the
electron-mobility and the carrier lifetime. By pumping well above the bandgap, information can be obtained
about the rates at which the carriers scatter between the different valleys.[26, 28] Recently, there has been a
surge of interest in the study of Bloch oscillations, first predicted at the beginning of the century. Various groups
have used a femtosecond visible excitation pulse to create coherent superpositions of Wannier-Stark exciton
states in superlattices.[33] Delayed probing with a THz pulse, shows that the carriers slosh back and forth
between the quantum wells. In superconductors, excitation with a visible pulse causes the breakup of Cooper
pairs and collapse of the superconducting gap.[32] THz probe pulses are ideally suited to monitor these
processes and the subsequent cooling and reestablishment of superconductivity.

An exciting new application of visible-pump, THz-probe spectroscopy is the study of the role of low-
frequency modes in chemical and biological reaction dynamics. It is well known that, for example, low
frequency librational modes in liquids play an important role in the dynamics of chemical reactions but
surprisingly little is known about their microscopic properties. Two recent experiments[34, 35] have shown that
an ultrafast electron-transfer reaction in solution causes a non-instantaneous reaction of the solvent. In these
experiments a dye molecule in solution is excited by a visible laser pulse from its neutral ground state to its
strongly dipolar excited state. The sudden creation of this dipole moment on the dye causes the surrounding
polar sotvent molecules to respond by rotating to adjust to the new local electric field. It was observed[35] that
this sets off coherent librational wavepackets that die out in a few picoseconds.

The time-resolved experiments described so far have all used relatively low-power THz pulses with which
one can passively observe reactions as they proceed. With high-power pulses, it is possible in principle to
interfere with reactions actively. That this is technically non-trivial can be shown with an approximate
calculation. To interfere with a reaction, one has to be able to shift the energy levels involved by a significant
amount. If it is assumed that the reactant and product states have a permanent dipole moment difference of 10 D,
then using the interaction Hamiltonian H=-7- £ , it follows that a field strength of about 10° V/em is required
to get a shift of the energy levels comparable with a typical vibrational quantum (~170 cm™). As such high fields
are still difficult to achieve, research in this area has concentrated on Rydberg atoms in the gas phase, as these
have generally very large dipole moments. The high-energy THz pulses are generated using large area dipole
antennas (circa 2x2 cm?), biased with large DC fields (5-10 kV/cm) and pumped with high energy (~1 mJ) circa
100 fs pulses, to produce THz pulses with an energy on the order of 1 J.[36, 37] The Rydberg atoms are created
by multiphoton excitation of rare-earth atoms with ultrashort pulses, putting an electron in a Kepler orbit. The
high-energy THz pulses, which have a focussed peak field of about 5-20 kV/cm,[36, 37] can be used to ionize
the Rydberg electron or to create Rydberg wavepackets under experimental control. There has been a fair bit of
controversy recently over the exact shape of the THz pulse in the focus: Since the antenna diameter is
comparable to the distance between the antenna and the sample, the whole setup is in the near-field.[38] This
results in severe reshaping of the THz pulse on propagating towards the sample.

CONCLUSION

The current record bandwidth for a THz pulse is 37 THz[13] but there is no reason to believe that this could not
be improved upon. Using the simple time-bandwidth relation Av-Ar=032, it follows that with the shortest
visible pulses achievable, circa 4-5 5,[39] usable power at frequencies from 0 to 160 THz (A = 1.8 pm) could be
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achieved. As femtosecond lasers continue to shrink in size, it may be expected that ultrafast THz devices may
well take over from FTIRs as general-purpose IR spectrometers. As it was recently shown that an entire THz
time-domain trace could be acquired in a single shot,[12] these devices would combine the reliability and
accuracy of FTIR with real-time speeds. The most significant aspect of ultrafast THz pulses, however, is that
they are synchronized with visible or ultraviolet pulses, allowing time-domain spectroscopy. Particularly the

prospect of (coherently) controlling reactions rather than just passively observing them is seen by some as one of
the most exciting avenues for future research.
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TERAHERTZ TECHNOLOGY, A NEW ERA FOR WAVEGUIDE?
by C. M. Mann

Rutherford Appleton Laboratory, Didcot, Oxon, UK.

ABSTRACT

Waveguide has for many years been the preferred choice for the low noise mixers and high efficiency frequency
multipliers used in the millimetre, submillimetre and terahertz region. However, the prohibitive expense and
circuit constraints relating to the precision machining required for component fabrication has limited its use to
single ended receiver systems intended for radio telescopes and remote sensing instrumentation used in
atmospheric science.

The use of micromachining to fabricate waveguide cavities has now been demonstrated by a number of workers
in the field using a variety of techniques such as X-ray lithographic LIGA, laser ablation and silicon machining
to name a few. In particular, a new promising technique that makes combined use of a thick Ultra Violet (UV)
based resist has been developed. Its use allows the low cost realisation of complex three dimensional waveguide
cavities thus allowing the combination of different sized waveguides, notch filters and suspended substrate
channels. When combined with anisotropic silicon processing it is possible to form a high quality horn antenna.
Use of new emerging micromachining techniques promises a cheap method of waveguide circuit manufacture, and
in addition can often allow the fabrication of complex circuit structures that are simply impossible to realise
using conventional machining techniques.

INTRODUCTION
Waveguide’s overriding limitation has been its requirement for sub-miniature circuit assembly and the prohibitive
cost of the conventional machining used to realise millimetre and submillimetre wave waveguide cavities. Its use
has therefore been limited to specialist applications such as remote sensing or radio astronomy where cost is not
the driving factor.

Active device

Figure 1: Hollow metal pipe waveguide of Brown et al

Early attempts at reducing the cost of millimetre and submillimetre wave components concentrated on the
development of ‘open structure’ type devices. These in general consist of a planar antenna combined with a
dielectric lens or micromachined horn antenna. Such devices have been used with great success but have mainly
been confined to single ended mixer/detector circuits.

More complex circuits such as frequency multipliers or harmonic mixers greatly simplify system complexity but
are difficult realise using open structure circuit architecture. Conversely such devices have been realised for many
years using waveguide circuitry, mainly because its natural frequency selectivity greatly eases circuit layout and
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design constraints. To date the best harmonic mixers and multipliers have been realised using waveguide but still
waveguide has not been the favoured choice for more general applications. However, recently a number of
technological developments have lead to the reassessment of waveguide as the preferred circuit medium. These
include its demonstration at terahertz frequencies and the improved speed of accurate finite element circuit
analysis. However, without doubt the most important reason has been the innovative use of lithographic
micromachining to form waveguide circuitry.

The use of lithography to produce micromachined waveguide was first reported by Brown et al'. A schematic
showing the basic concept of their hollow metal pipe waveguide technique is shown in figure 1. A photoresist
waveguide former is patterned onto the surface of a semiconductor substrate. An active device such as a Schottky
diode or Resonant Tunnelling Diode (RTD) is formed on the surface of the substrate and an electroformed pillar is
fabricated on top of it. Finally the outer skin of the waveguide former is coated in metal and the unwanted
photoresist removed by dissolution in a suitable solvent. It quickly became apparent that by using this and other
lithographic techniques the cost of millimetre and submillimetre wave waveguide components could be
dramatically reduced.

. TERAHERTZ WAVEGUIDE

In addition to the features described above, waveguide has a few additional advantages. It is possible to design
horn antenna that have very low loss and near perfect radiation characteristics. Also, movable backshort tuners
can be incorporated to allow the empirical adjustment of the RF circuit. There is currently a remote sensing
requirement for heterodyne mixers operating at 2.5THz. Such mixers can be realised relatively easily using
primitive comner reflectors and 4-lambda whiskers. However, such mixers have a relatively poor beam quality and
are renowned for being mechanically unstable. In addition, the real impedance presented by the corner reflector
antenna requires the use of unreasonably small diodes.

In order to try to circumvent these problems workers at the Rutherford Appleton Laboratory switched effort to the
development of a space qualified 2.5THz waveguide mixer %. In order to realise the RF circuit, use was made of a
micromachined ‘planar whisker’ which contacts an 0.5ym diameter University of Virginia NF1T2 Schottky
diode. The mixer cavity is machined using state of the art conventional techniques and incorporates a corrugated
feedhomn and a movable backshort. Recently this work has been further developed * and the resulting waveguide
mixers have now effectively replaced those implementing a corner cube in terms of LO requirement, radiation
pattern, reliability and performance. One such mixer is shown below in figure 2.

e

2kv @84

Figure 2: An RAL 2.5THz waveguide mixer and the planar whisker RF circuit

Finally, workers at JPL have also demonstrated a 2.5THz waveguide mixer. Similar performance to the RAL
mixers has been obtained, however, the JPL mixer, for which the waveguide cavity is also conventionally
machined, makes use of a micromachined GaAs chip incorporating a planar Schottky diode *. It should now be
apparent that both whiskered and planar waveguide circuits are able to operate successfully deep into the terahertz
region and are currently defining the state of the art.

MICROMACHINED WAVEGUIDE
Once the potential for micromachined lithographic waveguide had been demonstrated new, more versatile
fabrication approaches were sought. Of these by far the most exciting arose out of the development of a new ultra
violet (UV) based lithographic resist SU-8 * . This resist can be imaged to form vertical structures to depths of a
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millimetre or more. Wall angles of ~89 degrees can be obtained routinely making this approach perfectly adequate
for most applications down to around 200GHz. In addition, multiple exposure techniques can be used that allow
3-dimensional structures to be realised. An example of this is shown in figure 3. The scanning electron
micrograph (SEM) shows a resist structure that is ~ Imm high and has been superimposed over an earlier image
that is ~500pm high. Use of this technique allows straightforward fabrication of complex waveguide cavities that
cannot be realised via the use of conventional machining.

Figure 3: An example of split level deep UV lithography
Use of SU-8 resist has been combined with the anisotropic etching of silicon wafers to form an integrated
waveguide to horn transition and a new novel type of horn antenna ®. The process used to achieve this is shown

in figure 4.
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Figure 4: The fabrication process for the composite micromachined mixer cavity

Anisotropic etching of a silicon wafer can be used to produce either vertical walls or walls that incline at an angle
of 54.7 degrees depending on the orientation of the crystal plane etched in the wafer. Previous techniques have
used the latter method to form a pyramidal recess in the surface of the wafer, thus creating a hom with a large
flare angle and wide beam widths, necessitating the use of a machined extension to improve the beam quality’. In
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this case, a mask with a shallow flare angle is carefully aligned to the crystal orientation of the silicon wafer,
thus resulting in a tapered ‘V’ type groove in which the side walls are inclined at an angle of 54.7 degrees to the
horizontal. The wafer with these recesses is then planarised and coated with a thick layer of photoresist. For the
600 GHz mixer design shown in figure 5 the resist is 200um deep. This mixer cavity was based on that of a
600 GHz planar diode waveguide mixer®,

Figure 5 shows a finished 600GHz mixer cavity. The main waveguide circuit incorporates microstrip channels,
waveguide transformers and the antenna itself. The two halves of the mixer are fixed together, alignment being
carried out with the aid of raised and recessed pins and holes.

Figure 5: An SEM image of an assembled and split 600 GHz waveguide mixer cavity

CONCLUSIONS

The future for waveguide looks very bright. Waveguide circuits at terahertz frequencies have recently been
reported showing that losses are not as prohibitive as once thought. The use of micromachining techniques
holds the potential to remove the last hurdle to waveguide in its domination as the circuit medium of choice, i.e,

cost. The race is now on for the first RF demonstration of an all lithographically produced terahertz waveguide
device. ’
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Technology for Electron Cyclotron Heating and
Current Drive in ITER

M. Makowski

ITER Garching Joint Work Site, Boltzmannstr. 2
85748 Garching, Germany

Abstract

Electron cyclotron heating and current drive (EC
H&CD) systems in concert with other forms of
auxiliary heating will provide a wide variety of
functions on ITER, the International Thermo-
nuclear Experimental Reactor. The scale of the
proposed system presents many challenges with
regard to source technology, efficient long-
distance high-power transmission, and injection
of power into the tokamak. EC H&CD is in a
good position to be a major source of auxiliary
power on ITER due to the simplicity of the
injection physics, the flexibility provided by the
transmission technology, its high delivered
power density, and the range of applications it
provides.

Introduction

On ITER, the International Thermonuclear
Experimental Reactor, electrori cyclotron heating
and current drive (EC H&CD) can be used to
assist in plasma initiation and shut-down, to
access the H-mode confinement in D-T Ohmic
plasmas, to provide on- and off-axis current
drive for profile control and stabilization of
MHD instabilities, for wall conditioning, and for
bulk heating to increase the plasma temperature
to ignition values.

With the design developed during the EDA
(Engineering Design Activity) a total of 50 MW
of power is delivered to the torus using two
equatorial ports 2.6 m in height by 1.6 m in
width. With the current design, this allows for
injection of up to ~40 MW per port. Evacuated
waveguide transmission lines carry power from
the gyrotron sources to the port up to the
launcher. Toroidally steerable mirrors inject the
power into the torus through a slotted shield-
blanket mounted on the port plug assembly.

Physics Overview
Modeling of standard ignited scenarios and

advanced discharges has shown that launch of
elliptically polarized ordinary-mode electron

cyclotron waves from the low-field side of the
device provides the necessary capabilities for
start-up, heating, and current drive

In order to provide these capabilities with a
single frequency source over the full range of
central magnetic fields an injection system
providing some steering capability must be
used. Toroidal steering is found to provide
significantly greater functionality than poloidal
steering. The ability to provide some frequency
tuning would increase the flexibility of the
system. For most scenarios, current drive
efficiencies in the range (0.1 - 0.3) x 102 A/Wm?
are expected.

In addition, two 3 MW start-up systems are
required at lower frequencies (90 and 140 GHz).
No steering capability is required for this
application, but toroidal injection at a fixed angle
of ~20° improves the absorption efficiency. The
start-up systems can also be used for wall
conditioning.

ITER Systems

Gyrotrons have been selected for the sources on
ITER due to their demonstrated ability to
generate high power for a long pulse length with
high efficiency when operated with a depressed
collector. The goal of the R&D now in progress is
the demonstration of steady-state, 2 1 MW
output power, ~50% efficient, 170 GHz sources.
The results of the ITER gyrotron development
program are summarized in Fig. 1 which plots
output power versus pulse length for prototype
170 GHz tubes developed within the program.
Both diode and triode tubes have been
developed and tested. During the EDA the
following have been achieved on separate
occasions:

» 3.6 MJ at 170 GHz in long pulse (450 kW, 8 5)
operation (Japanese Home Team);

* Demonstration of a single stage depressed
collector at 110, 140, and 170 GHz (Multiple
Parties);

¢ Demonstration of CW operation at 110 GHz
(US Home Team);
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Fig. 1. Results from the ITER 170 GHz gyrotron development program are displayed as a plot of
achieved output power versus pulse length. Both diode and triode type tubes have been developed
and operation in several different volume modes demonstrated. A variety of volume modes, as shown
in the legend, have been tested in the course of the development.

* Demonstration of 1 MW output at up to 1 s at
170 GHz and 2 s at lower frequencies
(Russian Home Team).

Thus all performance goals have been demon-
strated at least separately. The goal of the work
in the EDA Extension is the integral demonstra-
tion of a full performance tube.

Diamond disks have been chosen for use as the
barrier window on the torus and will also be
used as the output window on the tubes due to
the material’'s high thermal conductivity, low
loss tangent, high mechanical strength, and
availability in large diameters (> 100 mm). As a
result of the material properties it is possible to
fabricate a single disk, 1 MW, 170 GHz, edge
cooled window with water as the coolant. The
more demanding application is that of barrier
window, as here, not only must the window
transmit the power with low loss as for the
gyrotron output window, but it must also with-
stand 0.5 MPa pressure as part of the primary
confinement and be resistant to neutron and
gamma irradiation.

One of the major successes of the development
program has been the demonstration of the
needed component in the form of a water cooled
single disk diamond window. The work was a

collaborative effort between the European and
Japanese Home Teams. Within a two year period
the technology to manufacture large diameter
diamond disks was developed, the material
quality improved to the point that 2 MW CW
windows are theoretically feasible, the technique
to bond the disks to metal tubes was developed,
prototype bonded disks were subjected to the
tube bakeout cycle establishing the feasibility of
their use on gyrotrons, high power tests of the
material at 170 GHz were made, and a complete
window assembly was fabricated, installed and
successfully tested on a 170 GHz high power
tube.

In order to prevent leakage of water into the
vacuum in the event of a failed window, the
edge may be "encased" with a thin ~0.5 mm thick
layer of electrodeposited copper. The window
temperature does not increase significantly with
the added thermal resistance of the copper layer
due to the high thermal conductivity and low
loss tangent of diamond.

Evacuated circular corrugated waveguide is
used to transmit the power from the gyrotron to
the torus. The waveguide run is composed of
standard waveguide components such as miter
bends, DC breaks, and vacuum pumping
sections. Quasi-optical components, such as
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Fig. 2. Isometric view of the EC H&CD in-vessel launcher system as viewed from inside the vacuum
vessel. The toroidaily slotted shield-blanket is in the foreground. Fixed and steerable optics are located
in the region immediately behind the shield-blanket. A pair of miter bends are used to form a
labyrinth with staggered shielding on either side to prevent neutron streaming. Waveguide runs

continue to the closure plate at the back of the port .

polarizing and phase correcting optics, are also
used at the output of the gyrotron to condition
the output beam for long distance transmission.
The estimated transmission efficiency for the
system is 85%. As they enter the port the
waveguides are configured in a 7 x 7 array
allowing injection of ~40 MW /port.

Specialized designs are required to transport the
power through the interspace, the region of the
port between the cryostat and vacuum vessel.
This is accomplished through the use of mode
conserving sections of deformable waveguide.

An S-shaped deformation arises as a result of the
relative motion between the two structures
which, due to the symmetry of the deformation,
gives rise to specific length to diameter ratios for
which the net mode conversion of the bend is
nearly zero. Low-power measurements in scaled
experiments have verified the predicted
performance.

In an effort to standardize interfaces between
systems as much as possible, the concept of the
integrated equatorial port has been developed.
Here a standardized port-plug assembly
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provides a frame which houses the differing
systems such as diagnostics, RF heating systems
{electron cyclotron, ion cyclotron, and lower
hybrid), breeder blankets, and limiters. Figure 2
shows this concept as it applies to the EC H&CD
system.

As the waveguides pass the port-plug, a "dog-
leg" is formed using a pair of miter bends in
order to reduce neutron streaming. The wave-
guide runs are terminated within the equatorial
port at a point behind the backplate. The beams
radiating from the ends of the waveguides
illuminate an array of fixed mirrors which reflect
the beams downward onto a set of steerable
mirrors. The vertical axis of rotation of the
second mirror allows the beams to be steered
toroidally as required for heating and current
drive. Waveguides are shifted to one side of the
port in order to obtain the greatest possible
toroidal injection angles. Toroidal injection
angles in the range 15° - 45° can be achieved for
most of the array and larger angles for restricted
portions of it.

Future Work

Future work will concentrate on developing
detailed designs of critical components and
reducing the system cost.

Design studies and detailed analysis have shown
that a steerable injection system is feasible but
that a reliable design for the steering mechanism,
bearings, and cooling system will be needed. For
this reason, a remote steering concept has also
been proposed which potentially does not
require mechanical components in the vacuum
vessel. The remote steering concept uses square
corrugated waveguide and is based on the
principle that in highly oversized waveguide an
input pattern consisting of a restricted spectrum
of wavenumbers is repeated periodically with a
characteristic length. Thus a beam injected into
the waveguide at an angle at one end of the
waveguide is launched with the same angle at
the output end. The length can be reduced by
one half due to symmetry. In this case, a beam
injected at angle 8j, is launched at -8j,.

Development can be extended based on two
considerations. The first is cost. The diamond
window appears to be the ultimate window and
is expected to remain an expensive item so
alternative concepts should still be sought.
Development of higher unit power tubes would
also aid in reducing system costs. This can be
accomplished either through improvements in
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the current (cylindrical cavity) tube design or by
means of an alternative, but related type of tube,
the coaxial gyrotron. Secondly, in order to
improve the flexibility of the system and provide
as many functions as possible, some degree of
frequency tunability would be very useful. The
desired frequency agility can likely be achieved
with "course" step-tunable gyrotrons (widely
spaced discrete frequencies matched to the
gyrotron oscillation frequencies and
corresponding to passbands in the single disk
windows). One of the challenges in this area is
the development of efficient multi-mode internal
mode-converters. For finer step-tuning or for a
continuously tunable source such as the free
electron maser, a true wide-band window, such
as a Brewster angle window, is required.

Summary

The design of the electron cyclotron system for
ITER provides the desired capabilities in the
areas of start-up, heating, and current drive.
Both on- and off-axis current drive is possible
over the desired range of central fields. An
injected power density of ~40 MW /port (~10
MW/m?) is achievalbe while still complying
with ITER design constraints imposed by
shielding, safety, and maintenance as well as
conforming to the envelope provided by the
integrated port-plug concept.

The overall system has been designed to be
compatible with future technologies. The goal is
to provide a system which maintains its
inherently broadband characteristics. In this way
step tunable gyrotrons and continuously tunable
masers can be adopted as these technologies
mature. Generally, windows are the most fre-
quency sensitive elements in the system. Broad-
band window options included a double disk
diamond window and a Brewster angle window.
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Abstract

A free-electron maser (FEM) has been built as a pilot
experiment for a mm-wave source for applications on
future fusion research devices such as ITER, the Inter-
national Tokamak Experimental Reactor. A unique
feature of the Dutch Fusion-FEM is the possibility to
tune the frequency over the entire range from 130 to
260 GHz at an output power exceeding 1 MW. In the
first phase of the project, the so-called inverse set-up is
used. The electron gun is mounted inside the high-
voltage terminal. The entire beam line was tested suc-
cessfully with extremely low loss current, lower than
0.05 %. First generation of mm-waves was achieved in
October 1997. Up to now a peak power exceeding
730 kW was measured at 200 GHz and 350 kW at
167 GHz. Output power, start-up time and frequency
correspond well with simulation results. Parameter
scans for the longitudinal undulator gap, accelerator
voltage, waveguide settings and reflection coefficient
have given a wide range of interesting data.

Introduction
The free-electron maser consists of a 12 A thermionic
electron gun and a 2 MeV electrostatic accelerator, see
fig. 1. The undulator and mm-wave system are located
inside a terminal at 2 MV level. The terminal is placed
inside a steel vessel of 11 m length and a diameter of
2.6 m, filled with SFg at 7 bar. After interaction with
the mm waves in the undulator, the energy of the spent
electron beam is recovered by means of a decelerator
and a multi-stage depressed collector. This approach is
expected to lead to an overall system efficiency of 50
% [1]. For long-pulse generation a low loss current,
lower than 20 mA, is essential. Therefore, the electron
beam line is entirely straight from gun to collector.
The mm waves are directed sideways from the electron
beam by means of a stepped waveguide. This is a
symmetrical step in the transverse dimension of a low-
loss HE,, waveguide. Furthermore, an adjustable re-
flector enables adjustment of the feedback power over
the entire range from O - 100% [2]. In the first phase of
the project, the inverse set-up is used. Now, the elec-
tron gun is mounted inside the high-voltage terminal at
-2 MV. The undulator and waveguide system are out-
side the pressure vessel at ground potential for easy
adjust-ments and fine-tuning of the entire system.

Therefore, the decelerator and depressed collector are
not installed yet, which means that the FEM pulses are
limited to 10 - 20 ps.

undulator waveguide

»
electron beam out
MOLL

> | oo oo
i-optical © | ' to mm-wave
quasi-optical | SN : e
telescopic | - i diagnostics
mirror fine e

brewster-angle window

Fig. 1. The beamline system, showing the electron
gun, the dc-accelerator, the 100% reflector, the un-
dulator, the ' splittericombiner, the outcoupling
waveguide and the confocal mirror system to the
brewster-angle window

First Experimental Results
In October 1997, the FEM generated mm-wave power
for the first time. Using an electron beam current of
6 A and an accelerator voltage of 1.76 MV, the mm-
wave pulse started after 3 ps and lasts for 3 ps,
reached a peak power level of 375 kW, see fig. 2.
Output power and start-up time correspond well with
simulation results.
In the present set-up (without electron beam recovery)
the accelerating voltage drops rapidly during the pulse
(1 kV per A of beam current per ps, so for 6 A this
means: 6 kV/ps). Due to a bandwidth of the mm-wave
cavity of 4% the pulse length is limited to a few ps,
since the gain curve thus rapidly shifts across the cav-
ity bandwidth. Consequently, the output power drops
sharply.
The highest power achieved so far is just over
700 kW. See fig. 3 [4]. The mm-wave power signal is
peaked and drops sharply.
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Fig.2. One of the first high-power experiments.
Plotted are the beam current vs. time, the accelerator
voltage and the mm-wave power as measured by a fast
broadband detector. With these parameters the spec-
trum is very pure and the output power grows to about
375 kW. Feedback coefficient: 0.35.
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Fig. 3. Highest power achieved so far, reaching just
over 700 kW. Accelerator voltage at start: 1.77 MV.
Feedback coefficient: 0.6. Beam current 8 A.

At very similar parameters the output power behaviour
can be completely different by just changing the start-
ing value of the acceleration voltage. See fig. 4. This
effect is believed to be caused by the different starting
conditions of the different longitudinal modes in the
mm-wave cavity in relation to the gain curve of the
interaction between the mm-waves and the electron-
beam and is subject of further investigations.

M1.1

Simulation of the Interaction

The interaction between the electron beam and the
mm waves inside the Fusion-FEM has been simula-
ted using several codes. Very often the CRMFEL
(Cyclotron Resonance Maser Free Electron Laser)
code was used. CRMFEL is a fully three dimensional
(3-D), non-linear, particle-EM wave interaction code.
Until recently these simulations were done with a
single-frequency, stationary version of this amplifier
code. Simulations indicated that for a 12 A beam the
net mm-wave power generated is above 1 MW for all
frequencies between 130 GHz (at 1.35 MeV) and
260 GHz (at 2 MeV).

Simulations with a modified non-stationary (space
charge and high gain included) code developed
jointly by the University of Maryland and LLNL in-
dicate that a parameter regime can be found with a
pure single-frequency operation, without any side-
bands. A result of a simulation with this code is given
in fig. 5.
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Fig. 4. At very similar parameters (feedback coeffi-
cient: 0.7, beam current 6 A), the output power can be
completely different by just changing the start value of
the acceleration voltage. Acceleration voltages at start
are as follows:

Top: 1.754 MV.

Middle: 1.755 MV.

Bottom:  1.769 MV.
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Parameters are very similar to those used during the
first experiments, including the time behaviour of the
accelerator voltage. The reflection coefficient of the
mm waves, the size of the electron beam and espe-
cially the distance between the two undulator sections
have a strong effect on the FEM behaviour.

212

Fig. 5. Frequency spectrum as calculated by Malt 1D
code [5]. Beam current is 6 A. Voltage droop is
6 kVius. Accelerator voltage starts at 1.75 MV. Meas-
ured data for mm-wave reflection and transmission
coefficients are taken into account. The beam radius is
1.4 mm. At these parameters it can be noted that a
pure frequency develops and decays followed by a
much broader frequency spectrum.

Experiments at 167 GHz.
With the cavity tuned at a different setting around
167 GHz in stead of. 200 GHz a new series of ex-
periments were performed. In fig. 6 a few examples
are given at accelerator voltage levels of 1.6 MeV
and a beam current of 7 A,

Conclusions

In the first phase of the project, experiments were done
in the inverse set-up. The entire beam line was tested
successfully with extremely low loss current, lower
than 0.05 %. This included the accelerating structure
up to 2 MV level and the transport through the undu-
lator and waveguide system. First generation of mm-
waves was achieved in October 1997. Highest peak
power measured so far is 730 kW at 200 GHz. This
was achieved with a beam current of 7.2 A and an ac-
celerator voltage of 1.77 MV. Output power, start-up
time and frequency correspond well with simulation
results.

M1.1

After the series of experiments in the inverse set-up,
the equipment will be reinstalled in the final set-up.
From that moment on (now scheduled for the first half
of 1998), the pulse length can be extended up to
100 ms.

200

§'150~
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Fig. 6. At cavity settings around 167 GHz. (feedback
coefficient: 0.7, beam current 6 A), the output power
reaches a maximum of 350 kW
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Abstract

The design and test results of 170GHz/IMW gyrotron for ITER are reported. Stable operation at the
TE1s.0 mode was achieved for a number of regimes: IMW/1 s, 500 kW/5 s, 270kW/10 s, etc. The maximal
efficiency was 34 % without depressed collector operation. Obtained experimental results are in a good
agreement with numerical simulation data. RF pulse energy was limited by single-disc BN window
capacity at the level of about 2.5 MJ.

1. Introduction

According to ITER requirements the gyrotron should produce output power of IMW/CW with depressed
collector operation efficiency not less then of 50 %.

Preliminary numerical simulations and experimental tests of short-pulse gyrotron prototypes have shown
that 170GHz/IMW level regimes can be reached at TE313, TE2s7 and TE2s.10 operating modes [1]. For
ITER gyrotron the TE2s.10 operating mode was chosen, because it permits to have minimum cavity
specific losses, as well as to use the available superconducting magnet with room temperature bore
diameter of 140 mm,

A 170GHz/IMW gyrotron was designed, manufactured and tested. Excluding the depressed collector and
output window, the main gyrotron assemblies are designed for CW operation.

2, Design of 170 GHz/1 MW gyrotron

A 170GHz gyrotron was developed on the base of | MW/110GHz-140GHz gyrotrons creation experience
[2, 3]. The cavity in a form of 35.6 mm cylinder with smooth curve transition sections [4] is equipped by
the intensive water cooling system. Water flow for cavity and mode converter cooling of about 40 I/min is
provided at pressure drop of about 4 bar. The built-in converter of the TE3s.0 mode into wave beam
consists of a visor of optimized shape and three mirrors.

Output window is a critical component of the 170GHz/ IMW/ CW gyrotron. Here, the design was done
with single-disc BN output window of 123 mm diameter with edge water cooling. This window has loss
tangent tan §=1.1*10-3 at 170 GHz and is obviously not adequate for 170 GHz/1 MW/CW gyrotron.

The collector is equipped by an additional sweeping coil, which increases the effective collector surface up
to 5000 cm2. Water flow for collector cooling of about 1200 ¥min is provided at pressure drop of about
4 bar. Calculations and experimental study shows, that this collector can dissipate up to 1.5 MW.

3. The experimental results and discussion

The gyrotron tests were carried out on the special set-up at "Kurchatov institute”. Gyrotron conditioning
was performed according to the technique, optimized during many years of such class gyrotron tests. The
gyrotron vacuum level was monitored by an inside electron-discharge pump. Also, integrated getter
blocks of large capacity were used for maintenance the good vacuum conditions. The calorimetric dummy
load for output power measurement at pulse length up to 0.1 s was used. For longer pulses the load
formed with absorbing bricks was applied. The output power was measured in these regimes by means of
calorimetry in window cooling system. Percentage of window dissipated power relatively to gyrotron
output power was periodically checked with dummy calorimetric load and quoted as 5.3 % to 5.5 %. Also,
power dissipation in the cavity and mode converter visor was calorimetrically measured. It was about
3.5 %, that corresponds to a value of increase factor with reference to ideal copper ohmic losses of [.8.
Oscillation frequency was about 170.17 GHz and frequency drift during RF pulse did not exceed 50 MHz
(Af/ffo = 3*10-4). There was no frequency change from pulse to pulse, so there were no plastic
deformations of the cavity.

Experimental dependencies of gyrotron output power and efficiency versus beam current (a) and beam
voltage (b) are shown in Fig. 1. The stable tendency of an efficiency growth with increase of beam voltage
and optimum range versus beam current may be observed. The maximum output power of 1000 kW at
1.0 s pulse length was achieved and limited by collector overloading. Optimum efficiency was 34.8 %

(Pout = 870kW, Ub = 76 kV, Ib = 34 A) that is in a good agreement with simulating data and results of
short-pulse prototype tests [1].




25 M1.2

70 M
1050 — et 36 | I !
| r_A_H
1000 — i Y 0~ Ib=29 A | k<)
o0 P Rl B | e=1s | /]
00 — - 27 = = ~ ! A/ x
g 850 2 2 X = I P ; 1 / ‘EE
= — -
L 80 o —b— — 2 2 $ o a e
3 [ / : 3 a9 3
g™ ; o P Go=76 B 5 = T AR S
s S B I S o i B R
&0 . [_t=ts L 12 Ll / , : -
. ! i
60 9 500 1A i : S »
=0 ! & l / . : ‘ i |
¢ { ! i : | ! :
500 T 1 T 3 450 T T t T ni T T T T 28
20 2 24 26 28 W R 34 ¥ B L0 42 66 68 b} k] 74 76
Beam Current [A] Beam voltage [kV]
(@)

Fig. 1: Output power and efficiency versus beam current (a) and beam voltage (b)

During tests the temperature distribution over
window surface was measured by means of
videocamcorder with computer data processing.

Dependencies of window maximally heated up 1200 /M .
area temperature versus pulse output energy are .t :/
shown in Fig. 2. RF pulse energy was limited at 1100 WV
about 2.5 MJ (500 kW/ 55 ; 270 kW/ 10 s etc.) by /A f
window temperature rising up to 1200 °C. & 1000 ’? .
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pulse prototypes. An advanced 170GHz gyrotron RF pulse energy [kJ]

with new window, one-stage depressed collector
and CW adequate cooling of all elements is
planned to be tested in 1998. It is expected to

. . ~ Fig. 22 Maximum window temperature versus
reach IMW/10-20 s with efficiency of 50 %.

RF pulse energy
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Abstract

W-band gyroklystron and gyrotwystron amplifier experiments are currently underway at the Naval Research
Laboratory. Recently, a four cavity gyroklystron amplifier achieved 84 kW peak output power, corresponding to
34% efficiency, with a 56 kV, 4.4 A electron beam. A five cavity gyroklystron produced 72 kW peak output
power at 50 dB saturated gain. A four section gyrotwystron amplifier demonstrated 50 kW peak output power at
a center frequency of 93.9 GHz with 925 MHz full width half maximum (FWHM) bandwidth. Results from
several experiments are discussed and compared with theoretical performance predictions.

Gyro-Amplifier Experiments

Several TEq; mode W-band gyro-amplifiers amplifiers operating near the fundamental cyclotron frequency have
been built and tested. Each circuit consists of four interaction sections separated by drift sections cutoff to the
operating mode. For each circuit, a coaxial drive cavity was used. Drive power is coupled from a cylindrical
waveguide to the TE4;; mode of the outer coax through a single aperture. Power is then coupled to the TEqy;
mode in the inner cavity through four slots positioned 90 degrees apart around the azimuth of the common wall.
The input cavity parameters were determined through theoretical modeling with HFSS, a finite element code that
computes field distributions and S-parameters for passive 3D structures.

Because the intermediate cavities are terminated by drift sections that are cutoff for the TEy;; operating mode, the
diffractive Q’s are quite large. The desired Q values (100-200) are achieved by ohmically loading the cavities
with rings of lossy ceramic placed at one end of each cavity. In the output sections, where no ceramic loading is
used, power is diffactively coupled through a 5 degree linear uptaper to the collector radius. For each circuit, the
parameters of the intermediate cavities and the output cavities/sections were determined through cold test
measurements. A 2 kW peak power, mechanically tunable Extended Interaction Oscillator was used to supply
the drive power. The tests were typically performed with 2 psec pulses at 250 Hz for 0.05% duty. The measured
results for five recently demonstrated W-band gyro-amplifier circuits are shown in Table 1.

Circuit Peak Output | Efficiency Bandwidth Gain (dB) | Power x BW
Power (kW) (%) (MHz) = (kW-GHz)
WGKL1 67 28 460 29 30.8
WGKL2 60 25 640 27 384
WGKL3 84 34 370 42 31.1
WGKIL4 72 27 410 50 29.5
WGTWY1 50 18 925 30 46.3

Table 1. Measured performance of NRL W-band gyro-amplifiers.

Results from the WGKL1 circuit [1], which was used to benchmark the design tools, and WGKL2 {2], the low
duty prototype for the 10 kW average power radar driver [3], have been previously reported. The WGKL3 circuit
was designed to demonstrate high peak output power and efficiency at moderate bandwidths. The efficiency and
peak output power as functions of drive frequency for a 56 kV, 4.4 A electron beam are shown in Fig. 1. In the
figure, experimental data points are indicated by the filled circles and the predictions of theory are shown by the
solid line. The measured results are in good agreement with theoretical predictions. Also shown on Fig. 1 are the
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resonant frequencies and Q’s for each cavity, determined by modeling (cavity 1) and cold test (cavities 2-4). The
high efficiency is achieved through the combination of the high Q output cavity and the minimized stagger tuning
of the intermediate cavities about the resonant frequency of the output cavity.

The five cavity WGKLA4 circuit was designed to demonstrate large gain, as well as high power and efficiency. A
peak saturated output power of 72 kW was produced for a 54 kV, 5 A electron beam with 1 W drive power,
corresponding to 50 dB saturated gain. In the experiment, the drive power was measured at the output of the EIO
driver and the losses in the drive line and input cavity were not taken into account.

In the four section WGTWY1 circuit, the output cavity was replaced by a traveling wave section to maximize the
bandwidth of the device. Figure 2 shows the measured and theoretically predicted peak output power and
efficiency versus drive frequency for a 57 kV, 5 A electron beam. As shown in Fig.2, the measured FWHM
bandwidth was 925 MHz and the peak output power was 50 kW, corresponding to a power-bandwidth product of
46.25 kW-GHz. This power-bandwidth product represents a significant increase over the power-bandwidth
product of the gyroklystron amplifiers (see Table 1). The measured data and predictions of non-linear theory are
in good agreement. The cavity and output section parameters are also indicated on the plot. The traveling wave
output section has a measured Q of 70, which is 15% below the minimum diffractive Q.
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Figure 1. Measured (filled circles) and theoretical Figure 2. Measured (filled circles) and theoretical
(solid line) peak output power and efficiency versus (solid line) peak output power and efficiency versus
drive frequency for the WGKLS3 circuit. drive frequency for the WGTWY circuit.
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Abstract

Experimental studies of a three-cavity, Ka-
band gyroklystron amplifier employing stagger-tuning
have been completed. A peak power of 225 kW at
3490 GHz, with a -3 dB bandwidth of 0.82%, a
saturated gain of 30 dB and an efficiency of 31% was
obtained. The design of a four cavity gyroklystron with
improved gain ( > 45 dB) will also be presented.

Introduction

Gyroklystron amplifiers operating in the Ka-
band are attractive for the next generation of
millimeter wave radars [1,2] and are currently under
investigation at the Naval Research Laboratory [3].
The advantages of operating in the millimeter wave
band include the ability to achieve high angular
resolution with an antenna of modest dimensions,
improved radar scattering from small targets and the
potential for higher absolute bandwidth. Such sources
must also be capable of operating at high average
power with typical duty cycles ranging from 10% to
CW. The three-cavity, 35GHz gyroklystron amplifier
experiment is presented as a significant result towards
the goal of higher average power, broader bandwidth
sources.

Experimental Set-up

A schematic of the three-cavity, gyroklystron
amplifier experiment is shown in Fig. 1. An electron
beam of up to 12 A is produced from a thermionic,
double anode magnetron injection gun by applying
voltages of 65-75 kV. The magnetic field at the
cathode can be varied with the gun coils to control the
beam velocity ratio, o (v/v). The beam is
adiabatically compressed as it enters the region of
high magnetic field (approx. 13 kG) generated by the
14 coil superconducting magnet. The three cavities of
the gyroklystron circuit are positioned in the region of
constant magnetic field. Each cavity operates in the
TE,,, cylindrical mode. Drive power is directed into a
passive TE, coaxial resonator which surrounds the

TE,,, input cavity. Power is coupled to the circular-
electric mode inside the inner cavity by four axial slots
placed every 90 degrees in azimuth. The cold-test
resonant frequency of the input cavity is 34.89 GHz
and the loaded Q, is 188 (primarily diffractive due to
the coupling slots). The intermediate (buncher) cavity
employs an annular ring of lossy ceramic against the
upstream endwall to provide the desired cold-test Q, of
194 and a resonant frequency of 34.62 GHz. The
downstream end of the output cavity employs an
outward radial step and a nonlinear uptaper to achieve
a cold-test Q, of 175 and a resonant frequency of 34.83
GHz. The frequency upshift due to the presence of the
electron beam is approximately 70 MHz. The drift
tubes between cavities are loaded with lossy ceramic
rings to suppress instabilities.
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Figure 1. Schematic diagram of the experiment.

A 3.81 cm, half-wavelength thick BeO disk
positioned immediately after the pumping manifold
functions as the output window. The experiment
employed two different diagnostic systems for
measuring output power. The main diagnostic was an
anechoic chamber joined to the output waveguide
which had an absolute accuracy of 8% and a relative
accuracy of 0.25%. A high-average power calorimeter
with 5% absolute accuracy was also used to confirm
the higher power measurements.

Results
Systematic studies were performed over a

wide range of operating voltage, current, magnetic
field and drive frequency. A peak power of 225 kW at
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3490 GHz, with a -3 dB bandwidth of 0.82%, a
saturated gain of 30 dB, and an efficiency of 31% was
obtained. These values were measured with a beam
voltage of 70.2 kV, a current of 10 A, a magnetic field
of 13.1 kG and a pulse width of 2 us. The beam
velocity ratio o was determined to be 1.27 £ 0.05 using
a capacitive probe placed just upstream of the input
cavity. The frequency response for this case is shown
in Fig. 2.

250 T T T T T T T T T T T T

Y 225 kW V=702kV
v’ - 31% efficiency =100A
T 200 ' 30dB gain - 13 ]
5 & B =13.1kG
g [ ]
a 150 | 8
o
) r
£
g 1or ]
E
3 ]
A 50 T

0 1 1 1 | 1

346 347 348 349 35 351 352

Frequency (GHz)

Figure 2 Experimental frequency response at 13.10 kG.

Additional enhancements in bandwidth were
achieved with magnetic field adjustments and changes
in beam voltage and current, at the expense of output
power. For example, raising the voltage to 73.10 kV
and the nominal magnetic field to 13.40 kG produced a
-3 dB bandwidth of 0.94% but with a lower peak
output power of 200 kW (shown in Fig. 3). The beam
current was 10 A, and the efficiency was 27.5% for
this case. Detailed studies of how the bandwidth
varies with operating parameters will be presented,
along with comparisons to theory. In general, the
measured bandwidth of the three-cavity device is 2.0-
2.7 times as large as that obtained from the previous
two-cavity gyroklystron experiment [3].
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Figure 3 Experimental frequency response at 13.40 kG.
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Four-cavity Gyroklystron Amplifier

Future efforts in the Ka-band region at the
Naval Research Laboratory include developing a four-
cavity gyroklystron to increase the saturated gain to
40-45 dB while maintaining bandwidths in the 0.6-
0.9% range and output powers greater than 200 kW.

Preliminary design studies have been
completed using a time-dependent version of the non-
linear code MAGYKL [4]. These studies suggest that
the above requirements of improved gain (45 dB) with
greater than 200 kW output power and 0.6-0.9%
bandwidth can be met. This can be achieved by the
addition of a second buncher cavity with very similar
design criteria as the buncher cavity in the present
three-cavity design. The status of the four-cavity
gyroklystron will be presented.

Conclusions

A three-cavity, Ka-band gyroklystron
amplifier has demonstrated a peak output power of 225
kW at 34.90 GHz, with a -3 dB bandwidth of 0.82%,
30 dB saturated gain and 31% efficiency. Variation in
magnetic field was found to have a strong influence on
power-bandwidth tradeoff. The design of a four-cavity,
Ka-band gyroklystron amplifier indicates that
improved gain (>45dB) can be achieved and a four-
cavity gyroklystron experiment is currently underway.
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In contrast to conventional linear beam devices, the electron beam employed in the gyrotron has a
transverse motion at the electron cyclotron frequency. It is this property that allows the beam to selectively
interact with a high order waveguide mode at a high cyclotron harmonic by properly matching the
resonance conditions. However, the extra degree of freedom provided by the multitude of cyclotron
harmonics can also generate numerous spurious oscillations. In the case of the gyrotron traveling wave
amplifier (gyro-TWT), interactions in the backward wave region are absolute instabilities (oscillations due
to an internal feedback), whereas those in the forward wave region are normally but not always convective
instabilities. The gyro-TWT is a complicated case because it exploits a convective instability near the
cutoff frequency which will turn into an absolute instability at sufficiently high beam current when the
unstable spectrum extends into the backward wave region. These various absolute instabilities can easily
be the dominant sources of oscillations in an unsevered interaction structure. For example, in a
fundamental harmonic gyro-TWT operating at the lowest order waveguide mode, a second harmonic
absolute instability has been observed [1] at beam current as low as 0.1 A. The instability was shown to
compete with and eventually suppressed by the amplified wave, but linearity was affected at low drive
powers.

Feedback due to reflections at the input/output couplers and structural nonunifomities presents a
different oscillation problem (refered to as the reflective oscillation) in the high gain regime. Even when
the gain is kept below the oscillation threshold, reflective feedback can still cause ripples in the gain and
output power spectra.

Reflective oscillations are common in traveling wave structures. The feedback loop can be effectively
cutoff by a sever as has been a standard practice in conventional TWT’s. The absolute instability, a much
more serious problem to the gyro-TWT than to the conventional TWT, is basically different from the
reflective oscillation in that the backward wave associated with the absolute instability is internally
generated by the ac beam current. In the experiment of Ref. 2, a sever was used as a remedy for the
absolute instability. But the two stages, though separated by the sever, are coupled by the beam. With the
beam providing an internal path, the sever does not really quite cut the interaction structure into two
isolated sections to produce a substantial stabilizing effect. With the sever, the start-oscillation current can
be increased from 0.1 A to 0.9 A, but still well below what is required for high power generation.

Recently an interaction structure with distributed wall losses was shown to be effective in suppressing
both types of oscillations [3]. The losses are distributed over much of the linear interaction region. Like
the sever, the lossy section cuts off the path of the reflective feedback loop. In contrast to the sever,
however, it is an integral part of the linear amplification stage. To the predominantly backward power
flow of the absolute instability, the lossy section also functions as an effective energy sink. The absolute
instability threshold can be raised to 26 A as a result.

The distributed-loss structure can in principle yields ultra high stable gain. The scheme is based on
the different responses to wall losses between the cold tube and hot tube modes. The cold tube mode has
all of its energy in the electromagnetic fields. In a hot tube, however, energy of the beam generated mode
resides not only in the electromagnetic fields but also in the kinetic energy of the oscillatory motion of the
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electrons, the latter being an integral part of the hot tube mode. The lossy wall absorbs the electromagnetic
energy but not the oscillatory energy of the electrons. Thus, wall losses of the amplifier circuit attenuate
the reflected wave (basically a cold tube mode) far more than it reduces the gain of the amplifying wave (a
hot tube mode). As shown in an early analysis [4], the reduction in hot tube gain due to wall losses is only
one third of the cold tube attenuation over the same distance.

Such unequal effects can be exploited to achieve both high gain and reflective stability at the same
time. The lossy and conducting wall sections form the linear and nonlinear stages of the amplification,
respectively. The linear section is made sufficiently long to provide the desired gain while the nonlinear
section is kept at a minimum length to enhance the threshold of absolute instabilities.

This talk will present theoretical and experimental studies of a high gain gyro-TWT based on the
distributed-loss scheme. High gain operation enhances the possibility of spurious oscillations caused by
various internal and external feedback mechanisms. Thus the physics issues involved are the identification,
characterization, and suppression of possible sources of oscillations.

Three types of oscillations have been analyzed theoretically. Each type of oscillation exhibits
different characteristics. Experiments have been conducted to investigate these oscillations and their
stabilization by proper distribution of wall losses. Based on these results, a Ka-band gyro-TWT with 93
kW saturated peak output power at 70 dB stable gain, and 26.5 % efficiency has been demonstrated in

stable operation.
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Abstract

A four-cavity, high average power gyroklystron amplifier designed to operate at 94 GHz has been designed
and built. This device is scheduled to be tested during 1998. The status of the project is outlined in this

paper.

Introduction

There is currently a need for high-power, W-band amplifiers for a variety of millimeter-wave radars. To
meet this need, a 94-GHz gyroklystron amplifier has been designed by a collaboration of the Naval
Research Laboratory (NRL), Litton Electron Devices, Communications and Power Industries (CPI), and
the University of Maryland. This four-cavity gyroklystron is designed to be capable of delivering 10 kW of
average power and has been fabricated in U.S. industry. The design of this amplifier is based on the series
of high peak power, low-duty factor experiments on gyroklystron amplifiers which have been carried out
at NRL during the past two years [1,2,3]. This amplifier is will produce in excess of 80 kW peak power at
20% efficiency with a bandwidth of 600 MHz and 41 dB saturated gain. The amplifier is designed to
operate at up to 12.5% RF duty factor (15% beam duty factor), for an average power of 10 kW at 94 GHz.
Following successful operation of this amplifier, it will be delivered to the NRL Radar Division for |
incorporation into a millimeter wave radar system.

Amplifier Design and Project Status
The gyroklystron amplifier operates at the fundamental of the cyclotron frequency in the TEgq mode.

Details of the device design parameters are listed in Fig. 1. The gyroklystron will utilize a magnetron
injection gun designed to produce a 65-kV, 6-ampere electron beam with very low velocity spread ((V(/ v(

= 1.8%) at a velocity ratio (V(/ v(() of 1.5. The electron gun cathode has been successfully tested at CPI,
where it required 22 W heater power to reach 1060 °Cg. The cathode uniformity was better than the
pyrometer instrumental limit of 5 ©Cp. This magnetron injection gun represents the smallest MIG that CPI

has ever built. Cavities have been fabricated at both Litton and CPI, following detailed design work at NRL
[4]. Particular areas of emphasis in the circuit design have been the thermal capacity of the penultimate

1 Work sponsored by the Office of Naval Research. Work at Litton and CPI sponsored under NRL Contract
N00014-94-C-2136.

2( KN Research, Inc.
3( Mission Research Corp.
4( Science Applications International Corp.
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cavity, the stagger tuning of the resonant frequencies of each of the 4 cavities, and manufacturing and
assembly issues. Recent calculations using the MAGY gyroklystron code have also indicated an increased
heat load in the drift tubes from non-resonant RF resulting from the bunched electron beam [5]. Detailed
thermal and mechanical stress analysis of the circuit under the high thermal load accompanying the 10 kW
average power operation has been carried out. The input window is in WR-10 rectangular waveguide, and
the output is in 1.284” ID circular waveguide. The required input power is approximately 50 W at the input
window flange and will be provided by a CPI coupled-cavity TWT (VTW-6495). The drive level of this
CCTWT is approximately +4dBm.

The amplifier utilizes a diamond output window in the first device. The first device will be tested with a
liquid helium (LHe) filled magnet system, however, a cryogen-free superconducting magnet is presently
being built for this gyroklystron and will be delivered with the gyroklystron to the Radar Division. In
addition, an all-high temperature superconducting magnet is being fabricated by Intermagnetics General
Corp. for this gyroklystron [6]. This HTS magnet will operate with a closed-cycle cryo-cooler at
approximately 15K. To date, the LHe magnet has been successfully tested. The major components of the
tube have been completed, and the gyroklystron has been successfully processed and pinched-off.

Parameter Design Following successful demonstration of this device at

Value high average power, the gyroklystron will be
Frequency 94 GHz delivered to the NRL Radar Division for the
Operating Mode TEo1 millimeter wave radar project. In the initial
Peak Power 80 kW installation of the radar, the amplifier will be mounted
:":i'_‘ag:a:logz:y Factor :g,,}:w in a trailer with th_e pedestal and dish‘ anteflna mounted
Bandwidth [-3 dB] > 600 MHz on top of the trailer. The transmission line from the
Drive Power 40W gyroklystron to the antenna is presently being
Cathode Voltage —65kV designed. This transmission line must incorporate
Mod-anode Voltage 18KV provision for handling the full 10 kW average power
P?ak Curr.ent 8A over the instantaneous bandwidth of >600 MHz (2
Fig. Design Parameters for 94 GHz gyroklystron GHz in future upgrades), with two rotary joints

(Azimuthal and Elevation) and low cross polarization mode content. A quasi-optical TEM(j mode antenna

duplexer will be mounted on the antenna with a design similar to past high power millimeter wave radar
duplexers, albeit at a much higher power.

Conclusions

The 94 GHz gyroklystron has been completed; testing is scheduled to begin during the summer of 1998.
When successful, this amplifier will enable the development of a millimeter wave radar with more than an
order of magnitude more power than present day radars at comparable frequencies.
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Abstract

GaAs Double-Read IMPATT diodes for pulsed operation are optimised for extremely high current densities
(200 kA/cm®) at frequencies up to 200 GHz. Active device and resonator impedance are determined by the help
of simulation programmes. The used mounting technique without parasitic elements ensures low loss
impedance transformation of the investigated IMPATT diodes. The experimental results (176 GHz: 1 W,
198 GHz: 0.3 W) fit quite well to the applied oscillator model.

Introduction

In the past few years significant progress has been achieved in mm-wave power generation using GaAs transit
time devices [1]. Due to their excellent noise behaviour in cw-mode at upper D-band frequencies [2, 3], these
devices are used for pulsed operation, too. Since very promising results were obtained with pulsed Double-Read
IMPATT diodes [4], investigations concentrate on the optimisation of these structures for operation at
extremely high current densities.

Device Design

The realisation of mm-wave oscillators at elevated frequencies is concerned with high dc-current densities to be
supplied to the IMPATT diode. In the cw-mode dc-input power and thus maximum current density of the active
element are thermally restricted. Since at pulsed operation this limitation is not as severe, extremely high
current densities can be applied, to increase the avalanche frequency and thus the oscillation frequency of the
diode. The applied device structure has to be well designed for efficient heat transfer to the heat sink in order to
decrease the thermal resistance and thus the maximum device temperature during operation.

The applied active devices in this paper are Double-Read GaAs IMPATT diodes which have been already
successfully realised for cw-operation [1]. The avalanche region of this device type was designed by Monte
Carlo simulation and the drift regions for electrons and holes, respectively, are optimised for pulsed operation.
For typical dc current densities in the range of 150 kA/cm’ to 200 kA/cm?, the electric field strength within the
drift zones must be below breakdown field to prevent carrier generation due to impact ionisation. The real part
of the device impedance must compensate at least the total losses of the diode contacts and the resonator (about
2-4-10® Qcm?). By the help of a large-signal drift-diffusion model [6] the optimum length and doping
concentration of the drift zones are determined for a given current density and frequency range. Thus,
successful design of IMPATT-structures up to 200 GHz was performed. In Fig. 1 an optimum diode structure
for a frequency range between 160 GHz and 200 GHz at dc current density of 175 kA/cm? is given,

Resonator Structure

Generally, the realisation of oscillators at pulsed operation is related to the application of waveguide resonators
with inductive post structure, where the waveguide height is reduced to 1/3 of the normal height for impedance
matching of devices with relatively large areas. Since there is a great demand on mechanical precision and
tuning behaviour at G-band frequencies (140 GHz - 220 GHz, waveguide height: 650 um), the application of
this resonator structure appears quite critical. First experiments carried out at D-Band frequencies (110 GHz -
170 GHz) [4] and simulations from a finite element programme qualifies also the full height waveguide
resonator with inductive post structure for pulsed operation. Impedance matching of active device and load
resistance can be achieved for oscillation frequencies up to 200 GHz if the impedance transformation to the
relatively low device impedance is carried out by appropriate choice of only the resonator post height and
diameter. Conventional stand-off technology for the encapsulation of the active device is not applicable due to
the relatively high values of the parasitic elements and the small degree of reproducibility. Even the module
technique [1], which represents the monolithic integration of an active element and the surrounding stand-off
structure with well defined parasitics can not be applied, since also the parasitics of this encapsulation
technique lead to a drastic reduction of the small negative device resistance or to a quenching at all. Therefore,




35 M2.1

a new mounting technique without parasitic elements for large area devices is developed, which ensures low
loss impedance transformation of the investigated IMPATT diodes. By the help of standard photoresist
technology the active device structure and a truncated cone of Au on top of the device are fabricated. The
truncated Au-cone adjusts the height of the post above the waveguide bottom. The monolithic realisation of the
element ensures high reproducibility and sensitive adjustment of the load resistance for impedance matching.
The single elements are bonded by thermocompression on the metallised diamond heat-sink on the bottom of
the resonator. The total applied resonator structure consists of the full height waveguide section with inductive
post structure and a sliding short for tuning as illustrated in Fig. 2.

Experimental Results

The applied Double-Read IMPATT structures (see Fig. 1) are grown in an MBE system on GaAs n'-substrates.
During growth attention is focused on exact compliance with length and doping concentration of the individual
layers. The diodes have been optimised with regard to low internal losses by the application of a Ti-Schottky
contact on the highly doped n*-GaAs epitaxial layer [5]. For the p‘-ohmic contact Ti/Pt/Au is used. The
truncated cone of Au for post height adjustment is galvanically grown on the upper n’-contact of the active
device. For optimum heat transfer from the chip to the diamond heat sink, the pressure in the
thermocompression process has to be adjusted precisely according to the applied device diameters. Experiments
are carried out at dc current densities of 150 kA/cm® and 175 kA/cm?. For a current density of 175 kA/cm?,
which is equivalent to an applied dc input power density of about 2 MW/cm?, the pulse length is reduced from
75 ns (used for operation at 150 kA/cm®) to 55 ns to ensure a device temperature of about 500 K for optimal
operation. The devices have diameters between 24 um and 37 um. The results for rf-output power as a function
of oscillation frequency are given in Fig. 3. At 176.5 GHz a maximum rf-output power of 1 W could be
realised. Up to now the maximum oscillation frequency of 198 GHz is realised with 0.3 W rf-output power. The
results are in good agreement with those of a self-consistent steady state oscillator simulation where oscillation
frequency and rf-output power can be calculated as a function of the sliding short position [7]. Herein the
nonlinear device is characterised by the drift-diffusion model and the load impedance of a given resonator
geometry is described by a finite element programme. The theoretical results from Fig. 3 are calculated for a
value of the total losses of 2-10° Qcm?. Fig. 4 shows as an example the resonator and diode impedance loci in
dependence of frequency and rf-voltage U,, respectively, for the realised oscillator at 176,5 GHz. At the point of
intersection oscillation condition is fulfilled and stabile operation of the oscillator is obtained. The
representation in Fig. 4 is associated with the given rf-output power at this frequency in Fig. 3.

Conclusion

With the help of a large-signal drift-diffusion model, a GaAs Double-Read IMPATT diode is designed for
pulsed operation up to 200 GHz for extremely high current densities. An appropriate resonator structure
consisting of a full height waveguide section with inductive post structure is realised for optimum impedance
matching between active device and load resistance. Using the applied mounting technique without parasitic
elements low loss transformation of the negative device resistance is ensured. Rf-output power of 1 W at
176,5 GHz and 0.3 W at 198 GHz are realised. The experimental results are in good agreement with the
applied oscillator model.
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Fig. 1:

Structure of the applied Double-Read IMPATT
diode for 160 GHz to 200 GHz.

(The dashed line shows the electric field
distribution)
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Introduction

~ Until now little work has been performed to optimize the short pulsed characteristics of the
p-Ge hot hole laser in order to optimize this source for time resolved THz experiments. Some
time ago we proposed a method to achieve gain modulation that might result in active mode
locking of the laser [1]. Recently we reported on the first experimental observation of mode
locked operation (2,3]. Here we will discuss the experimental realisation of active mode locking
and present recent results on wavelength, small signal gain and pulse shape of this mode locked
THz laser, with emphasis on the behaviour at B ~ 0.5 T. We show that the system is capable
of producing 100 ps FWHM pulses.

B (112]

)_ K111
(o] E
Figure 1: Mechanism for population inver-

sion : the pumping cycle from heavy (h) to Figure 2: p-Ge laser cavity design.
light (1) hole subband is indicated.

The operation of the p-Ge hot hole laser [4] is based on the acceleration of holes in E L B fields
at T<20 K . For E/B = 1.5 kV/cmT the heavy holes are scattered by optical phonons - partially
into the light hole band - whereas the light holes are accumulated on closed trajectories below
the optical phonon energy (see fig. 1). The resulting population inversion between the Ih- and
hh-band leads to emission in the 1.5-4.2 THz range. An electric field component || B causes an
acceleration of the holes || B. This leads to optical phonon scattering of light holes too, and
thus to a decrease of population inversion. Application of a radio frequency (RF) electric field
I B at half the roundtrip frequency of the laser cavity then leads to modulation of the gain at
the roundtrip frequency -the gain reaches a minimum at maximum amplitude of the rf field, i.e.
twice per cycle - and possibly to mode locking [1].

The laser sample was cut from a single crystal of Ga doped Ge, with Ng, = 7.10'3 ¢ , in
the form of a rectangular parallelepiped of 5 X 7 x 49.46 mm. The high voltage electric excita-
tion field (E [| [170}) is applied to ohmic contacts covering two opposite lateral surfaces of the
sample in pulses of a few us long to avoid excessive heating. The magnetic field (B ||[112]) is
applied perpendicular to the long axis and to E (Voigt configuration). The RF electric field
i B for gain modulation is applied also in short pulses to additional chmic contacts of 1 x 10

m-3
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mm? on the lateral sides of the sample. The RF frequency of 386.1 MHz equals half the laser
cavity round trip frequency. Two gold mirrors, evaporated on quartz substrates and isolated
by 10 um Teflon films are attached to the ends of the sample. The entire system is immersed
in liquid helium. At the side of the smaller, 4 mm diameter, mirror, laser radiation is coupled
out and detected with fast room temperature GaAs Schottky diode detectors. The signal is
displayed using a 1 GHz bandwidth, 5 GS/s, oscilloscope to monitor the overall pulse enve-
lope. For a detailed study of the waveform of individual pulses, a 6 GHz bandwidth real time
oscilloscope was used. The overall response time of the electronic system was found to be 100 ps.

Pulsed operation

To better understand the mode locked operation, first the time- and wavelength resolved prop-
erties of the laser under unmodulated, pulsed, operation is discussed. The absence of frequency
selective elements in the present cavity together with the inherently broad band nature of the
lh- to hh- hole transition, causes laser action to occur simultaneously at a large number of lon-
gitudinal modes. In fig. 3 the observed frequency band as a function of the applied B-field

A (cm™)
a

or —
50 A A 1 r i 1
04 0.5 0.6 0.7 08 0.9 1.0

B(T) ' ~ Time (us)

Figure 3: Laser emission band as a function Figure 4: Time resolved optical output for
of applied B-field different wavelengths at B=0.5T

is shown. The gap in the spectrum results from optical absorption due to acceptors in the crys-
tal. In fig. 4 the time dependence of the optical pulse for B=0.5 T at three different wavelengths
is shown, together with the pulse shape of the total optical output, measured using a mirror
instead of a grating as reflecting element. The zero of the time scale coincides with the start of
the E-field excitation pulse. It is clear that laser action starts at short wavelengths and shifts
towards longer wavelengths during the optical pulse. Similar effect are observed for B> 0.75
T. From the growth of intensity in the early part of these pulses, the wavelength dependent
effective small signal gain has been determined to be g(;72)=0.015 cm™!, g(;77y=0.0026 cm~!
and g(155)=0.0021 cm™1.

Mode locked operation

With the RF modulation field applied, active mode locking of the laser is achieved [2,3]. The
emission band is about the same as observed for pulsed operation, although the pulse delays are
slightly larger. In figs. 5 and 6 the typical time dependent optical output under mode locked
conditions, at B=0.5 T and A =~ 172 um, is shown.

In the early stage of laser action (fig. 5) a regular train of pulses with a 1.3 ns separation, the
cavity round trip time, is observed. The growth of intensity reflects the small signal gain per
round trip. With increasing amplitude also a decrease of pulse width, typical for mode locked




39 M2.2

S o
&
0 5 10 5 20 o 2 4 6 8 10
Time (ns) Time (ns)
Figure 5: Laser output in early part of emis- Figure 6: Pulse train in saturated gain re-
sion: small signal gain region gion

operation, is observed. The small signal gain is found to be slightly larger than for pulsed op-
eration. Because the rf modulation causes a loss in overall roundtrip gain, clearly a substantial
increase of the gain in the unmodulated part of the crystal with respect to that under quasi CW
operation must occur. Under saturated gain conditions, a train of constant amplitude, narrow
pulses is observed (fig. 6). As shown in fig. 7, the minimum width of these pulses is found to be
about 100 ps FWHM. In view of the system risetime of 100 ps, it is conceivable that the actual
pulse width can even be shorter.

In the 177-182 pm region where laser action is
delayed compared with that at 172 pm, merely
a low intensity amplitude modulated output is
seen. Probably due to the much smaller gain at
3 these wavelengths, the gain modulation does not
lead to genuine mode locking. Because of the
change of wavelength during the optical pulse,
stationary mode locking at 172 pm is only of

o 500 1000 1500 2000 short duration: near the end of the emission

Time (ps) the pulse train therefore shows an irregular be-

haviour. Introduction of a, frequency selective,

Figure 7: Shape of micropulse in satu- mesh outcoupler might yield a more stable mode
rated gain region ‘ locked output.

This work is part of the research program of the European TMR network "INTERACT”
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Introduction

The laser action of the p-Ge hot hole laser is based on a population inversion between the
light and heavy hole band at temperatures below =~ 20 K [1]. This population inversion is
created through the acceleration of the light and heavy holes in crossed electric and magnetic
fields. The heavy holes are than accelerated up to energies above the optical phonon energy (37
meV); consequently they are scattered strongly, partially into the light hole band. The light
holes do not reach the optical phonon energy and are accumulated on closed trajectories, and
exhibit a much longer lifetime than that of the heavy holes. The resulting population inversion
leads to frequency tunable emission in the 1.5-4.2 THz range. A component of E|| B causes
an acceleration of the holes || B, such that also the light holes will reach the optical phonon
energy and scatter at optical phonons. This leads to a destruction of the population inversion
and thus of the laser gain. In [2] we proposed to use a radio frequency (RF) electric field || B
to modulate the gain. As the gain reaches a minimum at maximum amplitude of the rf field,
i.e. twice per cycle, an RF field at half the cavity round trip frequency leads to gain modulation
at the roundtrip frequency, and thus active mode locking of the laser. In fig. 1 the sample
magneto-resistance and necessary E and B fields for laser action are shown.
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Fig. 1. Sample resistance and active E-B

region Fig. 2. p-Ge laser cavity design.

Experimental setup and results

The laser sample was cut from a single crystal of Ga doped Ge, Ng, = 7.10!3 cm~3, in the
form of a rectangular parallelepiped of 5 X 7 x 49.46 mm (fig. 2). The high voltage electric
excitation field is applied to ohmic contacts covering two opposite lateral surfaces of the sample
in pulses of a few us long to avoid excessive heating. The magnetic field is apphed perpendicular
to the long axis and to E (Voigt configuration). The RF electric field || B for gain modulation
is applied also in short pulses to additional ohmic contacts of 1 X 10 mm? on the lateral sides of
the sample. Two gold mirrors, evaporated on quartz substrates and isolated by 10 pm Teflon
films are attached to the ends of the sample. The entire system is immersed in liquid helium.
At the side of the smaller, 4 mm diameter, mirror, laser radiation is coupled out and detected.

The High Voltage pulser consists of a large low inductance capacitor bank and a fast switch
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with the following specifications: flatness is better then 1% over a 10us pulse, risetime < 500ns,
Vmax=1800V, Imax=500A and output impedance Zy=4 Q. A balanced Zo=4 § transmission
line for this HV pulse was made from 75 ym thick KAPTON film with 5mm wide copper con-
ductors on both sides. For the gain modulation, a high voltage proof buffer amplifier with a
250W @ 386MHz. output was developed. The RF power is transferred to the Ge- sample by a
50  coax cable. Inside the home build cryostat, as close as possible to the sample, a resonant
circuit and transformer to match the &~ 10 Q resistance between the RF contacts on the Ge
crystal to the 50 Q cable is situated. The homogeneous electromagnet (Bpnor = 1.5T) with a
65mm bore, can be rotated to adjust the angle betweén E-and B-field to obtain optimum laser
action. The spectrum of the laser output is measured with a resolution of about 1% using a 7.9
grooves/mm Littrow grating. The optical output can be detected with a variety of far infrared
detectors, and monitored with different oscilloscopes (see fig. 3 for the experimental setup).

Detector Sens. | Risetime | NEP | Oscilloscope Bandwidth | Sampling
Pyro 1 1KV/W 100 us | 4.7E-9 || Tektronix TDS 620 | 0.5GHz 2GS/s
Pyro 2 100 V/W 10 pus | 1.5E-8 || Tektronix TDS 680 | 1GHz 5GS/s
Micro bolo 1V/W 50 ns Tektronix 7250 6GHz real time
Ge 2 KV/W 350 ns H.P. 54120B 34GHz

Schottky 60 V/W 50 ps | 5E-9 || + 54123A preamp

“1dnos ‘¥Ig

MACNET .
POWER 3
SUPPLY <

sc” AMPL. CORNER (o] é l; é é 110
% eron Time (09)
Fig. 3. Experimental setup Fig.4. Mode locked Pulse train.

Fig. 4 shows pulse trains under mode locked operation; FIR pulses at 1.3 ns cavity round
trip time, with a 150 ps FWHM [3]. The upper trace gives the signal of a corner cube Schottky
detector with inferior video circuit showing many internal reflections. The lower trace depicts
the signal using a Schottky detector with factory optimized video circuit. Now the limmit of
the rise time of our overall electronic system (100ps with Tek. 7250) is reached. Probably FIR
pulses are shorter than we can detect at this moment. The H.P. 54120B scope has a 10ps reso-
lution, but because of its slow sampling rate, the signal is build up from many sequential pulses.
Although mode locked pulses can be observed with that system, more work on laser stability
and trigger circuit has to be performed before effective risetimes below 100 ps can be realized.
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Abstract: Pulse oscillation has been obtained from p-Ge
IVB lasers with a Ga-doped Ge crystal of 1X1X5 mm®
under the [100] uniaxial stress, which is the smallest in the
sizes previously reported so far  Electric power needed to
lasing was only 300 W, This small power is important to
keep the crystal at the low temperature and to achieve the
continuous wave (CW) oscillation in future.

1. Introduction

The p-type Ge IVB (intervalencee band) laser ™ is the
promissing coherent source in the far-infrared region
because of its small size, reasonable output power, wide
tunable-wavelength range, narraw line-width, long life-
time, and so on. _

Although only the pulse oscillation was achieved with
the pulse widths of the order of i s so far, the
miniaturization of the p-type Ge laser rods has been
recently studied in order to accomplish high-duty-cycle
pulse oscillation and continuous wave oscillation in near
future 15,

In this paper, we report the laser oscillation from a very
small (1X1X5 mm°) rod of the p-type Ge crystal to which

uniaxial stress is applied.
— A brass or copper
—1r— / mount
SCIEW ] ¢ A
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Fig.1 A p-type Ge laser mount which applies the [100] uniaxial
stress to the small laser rod.

2. Fabrication and Experiment

The p-type Ge laser rods of rectangular shape were
fabricated by the same process as the case of the Ge:Ga
photoconductors®™  The size of the rods is 1X1X5 mm?,
the ohmic electrodes are 1X 5mm? area, and all surfaces
are (100).

The p-type Ge crystal has acceptor (Ga) concentration of
1X10"“cm® and compensation of 5.6 X103

Figure 1 shows a mount which applies uniaxial stress to
the small p-type Ge laser rod in the direction of the
electrodes.

The p-type Ge laser was cooled at 4.2 K in the liquid He
dewar, and it was oscillated under the crossed electric and
magnetic fields in the Faraday configuration. The electric
pulse width applied was typically 2 s, Far-infrared
power was measured with a stressed GeGa
photoconductor® which responded to the light of shorter
wavelengths than 200 x m.

1.5

B(M

~—a—(d)

—a—(e)

00 b v e e
1
E (kV/cm)
Fig2 Lasing regions on the plane of electric and magnetic
fields. Stresses applied to the p-Ge crystal are (a) 1300 kg/em?,
(b) 3500 kg/em® (c) 4100 kg/em?, (d) 5000 kg/ cm?, and (e) 6500
kg/em?,




43

o1t

001 ¢

Laser intensity (arb.)

0.001 1 L L

E (kV/cm)

Fig. 3 Farinfrared intensity of the laser oscillation as
functions of the electric field. Conditions of stresses for (a) to (e)
are the same as Fig. 2.

3. Results

The lasing regions on the plane of electric and
magnetic fields are shown in Fig. 2. Uniaxial stresses
applied to the small p-Ge laser rod were (a) 1300 kg/cm?,
(b) 3500 kg/em? (c) 4100 kg/em?, (d) 5000 kg/cm?, and
(e) 6500 kg/cm? Lasing occurs only in the lower
electric and magnetic fields for the smallest stress (a),
but it occurs only in the higher fields for the largest
stresses (d). The widest lasing regions are achieved for
around the stresses of (b), (¢) and (d). The minimum
fields necessaary for lasing increase with the stress.

Figure 3 shows the measured far-infrared laser
intensity as functions of the electric field for the same
stress conditions as in Fig. 2. The laser intensity
increases, it has the maximum at the stress of (), and
then it decreases, as the stress inceases.

Figure 4 shows the input voltage and curent for the
small p-Ge laser The minimum electric power needed
for lasing was only 300 W. The largest duty cycle was
achieved at a 1.4 kHz pulse repetation rate, and it was
larger than 2X 103

4. Discussion

The previous studies revealed that both the lasing
regions and the intensity of laser emission were
remarkably increased by the uniaxial stress,® 1% but their
experiments were made under relatively small stresses,
that is smaller than only 500 kg/cm?®

We found that the large uniaxial stress as 3000-4000

M2.4

kg/cm? was the most effective for the laser oscillation of
the p-Ge laser.

Increase in the lasing regions and the laser intensity
appeared in Figs. 2 and 3 can be explained by the
decrease of ionized impurity-scattering probability
between holes due to the splitting of the valence bands "
caused by the uniaxial stress. Increase of the minimum
fields for lasing is also related to the band splitting which
diminish the transition probability from heavy to light
holes by the optical-phonon emission under the lower
electric fields.
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Fig. 4 Input current and voltage for the small ptype Ge laser
of 1X1X5 mm?®-volume,
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The p-Ge far-infrared laser (50 — 140 cm™!) is based on a population inversion between light and heavy hole
valence subbands in strong crossed electric and magnetic fields (E L B) at helium temperature. Recently, active
mode locking by rf gain modulation at one end of the laser rod in the Voigt configuration [1, 2] yielded 200 ps
pulses with ~ W peak power. Fig. 1(a) shows the experimental scheme with contacts, mirrors and applied fields.
The gist of this method is that a small electric field component E; along B accelerates light holes beyond the
optical phonon scattering threshold, thereby decreasing their lifetime and reducing gain. In our active mode-
locking experiments [2] we have found that the rf E; -field modulation is offset by a ‘DC’ E field due to charging,
with significant impact on short pulse formation [2]. An analysis of this offset is presented here.

Figure 1: (a) Experimental set-up (b) Equipotential lines (each 100 V) in the sample cross-section L B for f =0
(no space-charge, long-dashed lines) and f = 0.7 (solid lines). The short-dashed contour lines indicate space charge
(in units of € x 10% Vm~2) formed for f =0.7. A constant Hall-angle (ctyy = 45°) is assumed and V,pp; = 700 V.

Fig. 1(b) shows the electric field distribution found by solving Pois- o 30 180 270 360
son’s equation for a cross-section L B ofourd x Ax [ =7 x5 x 42 mm ' ' '
laser crystal in Voigt configuration, where d is the distance between HV
contacts, A the distance between rf contacts, and [ the crystal length.
Near the long ends of the laser rod, the total transverse electric field E7
is larger and rotated over an angle ¢ with respect to the applied field
Eyppt due to the usual Hall effect. Apparently, space-charge effects due
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to current saturation (modeled here by taking the transverse conductivity angle ¢ with respect to [1 -1 0] (degrees)
or = jr/Er «< E~f with 0 < f < 1 a free parameter determining the de-
gree of saturation [3]) significantly enlarge the affected area. Figure 2: j; /j versus ¢; T =20 K,

Since Eqpp || [110] and B || [112], there is no symmetry plane L B,and E = 1.35kV/cm, B= 1.0 T{[ [112],
a significant current component j;, || B occurs even in perfectly crossed E- N; = 1.3 x 10'* ecm™, py = 7 x
and B fields [4,5]. In Voigt configuration, where the sample dimensions 10'* ecm™*, Brooks-Herring model
|| B are relatively small, a £, field due to charging will built up in order to  with self-consistent screening
make j; zero and meet the boundary conditions. In principle, this Ey, field
can be compensated by turning the laser crystal over a small angle o around its long axis (see insets in Fig. 3).
However, due to the inhomogeneity of Er (Fig. 1(a)), also this Ey, field differs strongly between the central part of
the sample and near its long-ends. This can be directly concluded from Fig. 2, showing the Monte Carlo results [4]
for the current j;, || B when Er is rotated over ¢ due to the Hall effect. Additionally, j; depends strongly on the ratio
E/B [4,5]. Turning the sample now optimizes the gain (by minimizing E.) only in the central part, and additional
local gain increase between the additional contacts can be achieved by applying a bias U, — Uy to them (see inset
in Fig. 3). This allows also to optimize gain modulation and improve active mode locking [2].

In Fig. 3 the change A(U, — U)) is plotted versus Aot = o0 — 0 (0 is the center of the angle range of lasing).
Clearly, for most values of a, the U; — U, value without external biasing (denoted by solid symbols in Fig. 3(a))
differs significantly from the U, — U, values for which lasing is optimal (denoted by open triangles) as obtained by
external biasing. This is due to the effects described above. Moreover, the curves in Fig. 3 have non-zero slopes

R T




45 M2.5

106 56 I T T T T 15
—8—B=0.36 T, Ew‘éoo Vicm
asl ;3—8:0,18 T, E_,=500 Viecm 110
.. 53t . slope for
> H —_ f streaming h
g > 19 U, holes 5 g
5 —_ o
0 ;0
. > ° 8
2 3 =
g 2-19 5D
. b
53 < slope for
38 k accu- J-10
l B=1.0T, E,_=1.1 kV/cm mulated
106, - - ; -10 s foles E, E
L " 2 Il 1 A -15
-10 -5 0 5 10 45 -10 5 0 5 10 15
(a) Ao (degrees) (b) Aa (degrees)

Figure 3: Effect of magnetic-field tipping on the potential U, — U between rf contacts.

(and in Fig. 3(b) a clear change of slope is observed), indicating another remarkable effect of charging: when the
magnetic field B is tipped (by turning the sample over an angle A, also the total electric field inside the sample
rotates over an angle A@ ~ A« in order to (largely) maintain the perpendicularity of E and B. This can be understood
in terms of a two conductivity model [4], simplifying the complicated hole motion into a longitudinal motion along
B (determined by 67 = ji/E) and transverse motion perpendicular to B (determined by o7 = jr/Er), where jr, jr
and Ey , E7 are the longitudinal and transverse hole currents and total electric field components, respectively. When
o is larger than or, and the magnetic field is tipped (E £ B), additional charging of the sample sides with the rf
contacts occurs. The resulting potential difference is estimated to be (U, — U})/h < (1 — 67 /0L)Eg sinc, where Ey
is the total transverse electric field in the region between the additional contacts. Hence the slope becomes steeper
when 6 /o7 increases and is zero when oy = or. Analysis of the slopes yields 61,/067 = 4 for Fig. 3(a) and the
steeper slopes in Fig 3(b), and 6/07 & 1.4 for the less steep slopes in Fig 3(b). These values agree well with
those expected from Monte Carlo simulations for accumulated and streaming holes, respectively [4].

Finally, Fig. 4 shows the perturbing E;, field and hence the gain modulation to be more localized to the area
directly in between the additional contacts due the space-charge effects because of the difference in 6, and 67 and

because of current saturation.

Yy

(a) (b)

Figure 4: Distribution of E; components ; U, =700V, U; = 0V, the additional contacts have a width w = 0.8 mm,
and U; =375 Vand U, =325V.(a)oL/or =1,f =0. (b)o,/or =5,f =0.7.
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Abstract

This paper presents a novel CAD-tool for the design and the optimisation of quasi-optical frequency
multipliers. A brief description of the theoretical background of this approach is presented. Moreover, the design
and the fabrication of a frequency tripler, based on Hetero—structure Barrier Varactors and operating at 430 GHz,
is discussed.

1. Introduction

The design of quasi—optical frequency multipliers requires an accurate modelling of the planar antenna
integrated with the non-linear devices as well as of the external system of dielectric slabs and filters [1]. This
analysis is very complicated and time—consuming when using general-purpose simulation tools.

In this paper we present a CAD—tool for the analysis and the automatic optimisation of quasi—optical
frequency multipliers, operating in the millimetre and sub—millimetre wave range. Our code is able to simulate
the non-linear device, the planar antenna and the embedding layered structure as a whole. The analysis of the
multiplier is performed under the simplifying approximation of an infinite array excited by an uniform plane
wave incident from the broadside direction. The array parameters are deduced from a full-wave analysis, based
on the Method of the Moments, while the solution of the non~linear circuit is found by the Harmonic Balance
method. This analysis algorithm is integrated into an optimisation routine, which adjusts the antenna geometry
and the layered structure, in order to maximise the overall conversion efficiency of the multiplier.

2. Modelling of Quasi—Optical Multipliers

The modelling of the multiplier is based on the approximation of the infinite array [2]. The input wave is a
uniform plane wave, incoming from the broadside direction, and the electric field is vertically polarised. Under
these assumptions, the analysis of the antenna reduces to the investigation of the single unit cell of the array
(Fig. 1). The unit cell consists of a rectangular waveguide with two electric walls and two magnetic walls
(according to the polarisation of the electric field), containing a layered medium. It includes a thin metal layer
(with an arbitrarily shaped aperture) and, possibly, a number of dielectric slabs and filters. The non—linear device
is connected between the terminals A and B.

FRONT VIEW SIDE VIEW
metal
4!\ electric wall ' elec!r;c wall n;tal
: \ apertum: .
ER 1 § input ~ tput
3 pu g a ] ourpu
A N I Y
o 1§ — 3 Fy g g
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g : : g £ = 3 g
1 ' »
1 (]
1 1
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Fig 1 — Elementary unit cell of the array: front view (left) and side view (right).

These assumptions lead to the equivalent circuit NON—LINEAR
sketched in Fig. 2. The antenna is modelied by a Thevenin ANTENNA DEVICE
equivalent circuit, including the open circuit voltage V, Z(f)
(generated by the input power at the fundamental frequency
Jmw) and the impedance Z(f,) seen at the terminals A-B in .
the absence of the incident wave at all the harmonics. Ve T

The diode is represented by its non—linear impedance
Zni(v), which is a function of the voltage v between the
terminals A and B. The analysis of the multiplier requires
the solution of a twofold problem: the former is the
calculation of V, and Z(f,), deduced from a full-wave Fig 2 — Lumped element circuit representing the
analysis, based on the Method of the Moments [3]. elementary cell of the array.

Zni(v)

BQ———0 >
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The latter is the modelling of the non-linear device, which leads to a lumped element circuit, whose
characteristics can be either extracted from the measurement of test structures or theoretically calculated using
analytical models. Once the equivalent model has been determined, the non-linear circuit is solved using the
Harmonic Balance technique.

Following this approach, we have developed a specialised computed code, for the analysis and the
optimisation of quasi—optical frequency multipliers. The available power per unit cell at fiv, the antenna
geometry and the layered structure, together with the characteristics of the non-linear device, represent the input
data for the analysis code. The analysis algorithm is embedded in an optimisation routine, which is able to adjust
the antenna geometry and the layer position and characteristics (layer thickness, dielectric constant, ...), in order
to maximise the multiplier efficiency.

The validation of the analysis results has been performed, comparing the calculation of the antenna
impedance with the results provided by MDS—Momentum, and the Harmonic Balance method with publications
in literature. In both the cases, we found a good agreement.

3. A 430 GHz Frequency Tripler

This code has been used for the design and optimisation of a quasi—optical frequency tripler, based on
Heterostructure Barrier Varactors, operating at 430 GHz (Fig. 3a). It consists of a 10x10 slot antenna array on a
GaAs substrate. The HBVs are monolitically integrated on one side of the slots and consist of four
GaAs/AlGaAs hetero-structure barriers (Fig. 3b). The tripler chip has been fabricated at the Darmstadt
University of Technology. The design and the fabrication of the tripler have been recently presented [1].

It has been proved that a proper tuning of the position and the electrical characteristics of the external
elements allows for obtaining an antenna impedance very close to the optimal one, both at the fundamental
frequency and at the output harmonic.

The computation time required for a single analysis of such a structure is in the order of few seconds on a
Sun Sparcstation 10, while a whole optimisation of the antenna and of the embedding system (dielectric slabs

and filters) can be performed in a couple of hours.

Fig. 3—a. Photograph of the 10x10 slot array (left). b. SEM photograph of the four—barrier HBV (right)

4. Improvements

The assumption of the infinite array, which our algorithm is based on, results very reasonable in the
calculation of the antenna impedance, at least for the elements not too close to the boundary of the chip.
Nevertheless, this method does not account for the power coupling of the array with the quasi—optical gaussian
beam. Moreover, it is not possible to evaluate the diffraction effects in the tuning of external filters and slabs.
We are embarked [4] in the extension of the theory described in this paper, with the aim of including in the
analysis the gaussian coupling effects. It is possible to expand the gaussian beam on a basis of plane waves,
incident on the antenna from different directions, and so calculate the efficiency of the multiplier embedded in a

gaussian system.
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The single-barrier varactor (SBV) has become an alternative multiplier device for mm-wave applications as
compared to the Schottky diode [1,2]. Due to its symmetric capacitance-voltage characteristic, the multiplier rf-
circuit can be less complex, e.g. for triplers no bias and no idler circuits are necessary. For optimum multiplier
operation besides the demand of a high ratio of maximum to minimum capacitance (which determines the cut-
off frequency and conversion efficiency), the onset voltage of conduction current should be as high as possible
to ensure large rf-input power. According to the SBV structure of Fig. 1, the following parameters of the SBV
are optimised: Al-concentration and width of the barrier as well as doping concentration and widths of the
adjacent layers.

To determine the device properties, a simulation programme was developed which considers thermionic field
emission as well as tunnelling [3]: First, the conduction band shape and the field distribution are computed as
functions of the applied voltage neglecting conduction current which results in the capacitance-voltage
characteristic. The conduction current and therewith the onset voltage are achieved from the solution of the
Schrédinger equation which delivers the quantum mechanical transmission factor for thermionic emission and
tunnelling across the barrier.

Following previous investigations on GaAs/GaAlAs SBV’s from literature, mainly an Al-concentration of 70 %
is used [1,2] which, however, is not optimum. Fig. 2 shows the theoretical results of the onset voltage versus
Al-concentration for a current density of 1 kA/cm® with 20 nm barrier width. The barrier is undoped and the
doping concentration of the depletion layer is 1 10" cm?. It can be seen that the onset voltage for 50 % Al-
concentration is nearly twice that of 70 % Al-concentration.

Fig. 3 demonstrates the dependence of the maximum capacitance on the doping concentration of the adjacent
depletion layer again for a barrier width of 20 nm. The effective space charge layer of the SBV consists of the
width of the hetero-barrier and two layers on both sides of the barrier corresponding to the Debeye length.
Since the Debeye length decreases with increasing doping, the effective space-charge layer reduces. Therefore,
high doping concentration would lead to a large maximum capacitance. However, with increasing doping
concentration, the modulation of the space charge region due to the applied voltage decreases also, from which
a larger value of the minimum capacitance follows. So, for optimisation of the ratio Cpax/Cmin, @ depletion layer
with two step-wise constant doping concentrations is proposed. A high doping concentration near the bartier
enhances the maximum capacitance, an adjacent lower doping concentration allows larger space charge layer
modulation resulting in a smaller minimum capacitance at higher maximum voltage.

An increase of the hetero-barrier width on the one hand leads to an increase of the onset voltage, but on the
other hand also to a reduction of the ratio Ca/Cri. Fig. 4 shows the contrary behaviour of Cpa/Crin and the
onset voltage versus the barrier width for constant doping concentration and for the splitted depletion layer.
From the results of Fig. 4 the conversion efficiency of the SBV applied as tripler can be computed for different
widths of the hetero-barrier. It follows a smooth maximum at a hetero-barrier width of 20 nm for both constant
and step-wise constant doping in the depletion layer. The maximum conversion efficiency of the two different
structures, however, differs essentially: 13.8 % for constant and 21.8 % for step-wise constant doping
concentration with 70 GHz fundamental frequency. Table 1 summarises the results of an optimised SBV
structure. The total length of the depletion layer is limited by velocity saturation.

SBV’s with step-wise constant doping concentration in the depletion layer according to Table 1 have been
successfully fabricated by MBE technique and monolithically integrated in microstrip circuits for a frequency
tripler from 70 GHz to 210 GHz. Output power of 1.4 mW with an efficiency of 2.8 % has been achieved [4].
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Table 1:

Parameters of an optimised SBV structure for 70 GHz fundamental frequency
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Abstract

The realization of a multi-element solid—state frequency multiplier primarily relies on an efficient method of power split-
ting and combining. It will be shown that the newly introduced method of holographic power splitting/combining almost
entirely meets the requirements on power splitters/combiners at millimeter and submillimeter-wave frequencies. A possible
setup for a millimeter-wave multi-element frequency multiplier working on the basis of this holographic approach will be
presented.

1 Introduction

The efficiency of millimeter—wave frequency multipliers exploiting nonlinear elements such as varactor diodes mostly
shows a maximum within a determined range of input power levels, so that the increase of the input power of a fre-
quency multiplier does not generally lead to a higher output level. To achieve higher power levels, one may obviously
utilize a multi—element configuration of frequency multipliers in which every single element receives the optimum
power level at its input. Evidently, the essential components for such a multi-element arrangement are power splitters
and combiners to be connected to the input and output port of each frequency multiplier, respectively.

Spatial power splitting/combining seems to be the method with the lowest losses at very high frequencies. For in-
stance, the state—of—the—art terahertz multi-element frequency multiplier presented in [1] applies the mentioned tech-
nique to an array of 12 x 12 planar Schottky diodes jointed to bow-tie antennas. However, to reach a constructive
superposition in free space, the neighboring antennas should be located within a close spacing of less than half a wave-
length, which necessitates the miniaturization of the frequency multiplier.

In contrast to the above procedure, we will make use of the newly developed method of holographic power com-
bining [2], [3] which imposes no severe restriction on the dimensions of the circuit, while it maintains a very high
splitting/combining efficiency. As a consequence, circuit miniaturization can advantageously be avoided, and the mul-
tipliers can be manufactured in well-studied, efficient technolgies.

For a more detailed explanation, we firstly review the operating principle of holographic power splitting in the
coming section. Later, the implementation of a multi—element frequency multiplier will be discussed.

2 Holographic Power Splitting

We approach the problem of power splitting in free space from the point of view of wavefront transformation. That is
to say, the process of power splitting may be imagined as the transformation of the wavefront equivalent to the input
electromagnetic beam into a desirable wavefront. The latter should clearly be constituted by a set of wavefronts each
of which corresponds to one of the output beams.

A hologram is capable of carrying out the aforementioned transformation if it stores the desired output wavefronts
as the object wave while the input beam plays the role of the reference wave. At millimeter and submillimeter—wave
frequencies, the required hologram can, in some special cases, be realized by a dielectric periodic structure [2], [3].
Fig. I(a) depicts a possible configuration for a holographic power splitter. In this arrangement, the main reflector along
with its feed system provides the input beam to the hologram. This computer—generated hologram transforms the uni-
form input beam into a defined number of output beams to be collected by appropriate antennas that supply the indi-
vidual circuits. Assuming a simple rectangular profile for the periodic structure, we arrive at a relatively large splitting
efficiency by optimizing the geometrical parameters of the hologram and the antennas. This has been shown in the
diagram of Fig. 1(b) as a function of the normalized inter-element spacing D/A, where A, denotes the free-space
wavelength. According to Fig. 1(b), a high efficiency will be maintained nearly independent of the spacing D.

In summary, the considerable features of this method, which have also been observed in experimental investiga-
tions, are its scalability up to even the frequencies of the optical range, high efficiency, and broad—band character [3].

3 Multi-Element Frequency Multiplication

Fig. 2 illustrates how the method of holographic power splitting can be applied to a multi—element frequency multiplier.
In this setup, the purpose of the power splitter seen on the input side is the coherent distribution of the input power
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Fig. 1: (a) A holographic power splitter, (b) achieved splitting efficiency as a function of the normalized spacing.

among the multipliers. After undergoing a frequency multiplication, this signal appears at the output ports where an
array of beam launchers along with a hologram combines the output signals to a common output at a multiple of the

input frequency.
4 Conclusions

In this contribution, we have demonstrated a new quasi—optical scheme for multi—element frequency multiplication. On
the one hand, this method avoids circuit miniaturization, and on the other hand it establishes at a moderate complexity

a high efficiency as well as a relatively large bandwidth.
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Introduction

A brief review is given of pump/probe studies of far infrared inter-sub-level relaxation between conduction
band states in doped "quasi" quantum dots (created by the application of a magnetic field along the growth
direction of an InAs/AISb quantum well) and of mid-infrared interband recombination in narrow gap
semiconductors, using the free electron laser at FOM-Rijnhuizen (FELIX). In the former case we are
concerned with the suppression of LO phonon scattering in "quasi" quantum dots in a collaborative
programme between the universities of Heriot Watt, Surrey and Imperial College [1]; in the latter case we
are studying the suppression of Auger recombination in the lead salts due to their "mirror" energy band
structure, in a programme between the universities of Heriot Watt, Surrey, Linz and Leoben [2]. The
experiments were all performed at FELIX, which is continuously tuneable in stages from 4.5 to 100pm.
FELIX delivers "macropulses” of typically 4us in duration at a frequency of 5Hz, and each macropulse
consists of a train of micropulses separated by 40ns, which have an energy of 1-10uJ. The micropulse
length is controllable in the range 1-10ps. The sample was mounted in one case in vacuum on a cold finger
in the Faraday configuration of a horizontal bore superconducting magnet [1], and in the other case in a
continuous flow cryostat [2]. The temperature could be varied from 4 to 300K. For the pump/probe
experiments the FEL was split into pump and probe beams and calibrated wire-mesh attenuators were used
to independently control the intensities so as to achieve full saturation by the pump but linear absorption
only by the probe. The intensities used were estimated to be typically 40kW/cm? and 0.89kW/cm? for the
pump and probe respectively.

Suppression of LO phonon scattering in "quasi" quantum dots [1]
q q

Electronic lifetimes of 2D systems in magnetic fields are of fundamental interest in part because the
quantisation effect of the magnetic field mimics the effect of a quantum dot potential with an easily
variable degree of confinement. The magnetic field perpendicular to the layers forces the electrons into
confined orbits and the density of states becomes a ladder of broadened delta-functions similar to that of a
quantum dot. Recently much work has been carried out on the so-called "phonon bottlenec! " which has
been claimed to inhibit the cooling of carriers in quantum dots. However, partly as a result of different
groups using different growth techniques for interband photoluminescence samples and partly on
fundamental grounds, this is controversial and is the subject of much debate. In the present work we
observe clear phonon suppression in "quasi" 0-D dots by a time-resolved intraband (cyclotron resonance)
absorption measurement [1]. This provides unambiguous evidence for the phonon bottleneck effect
independently of arguments concerning which processes dominate in the interband photoluminescence
measurements such as electron-hole scattering. Further, because of the very clean model system (much
sharper interfaces and no wetting layer etc), the interpretation is not complicated by detailed questions
about different growth techniques and the quality of different sample (dot) structures. The results should
assist in the understanding of which aspect of these processes is fundamental and which is dependent on
sample structure.

Resonant longitudinal optic (LO) phonon absorption has long been known to be responsible for
the magnetophonon effect. which generates oscillatory structures in a variety of transport properties such as
magnetoresistance [3]. At resonant phonon scattering (RPS) the LO phonon absorption/ emission
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probability is strongly enhanced giving rise to large changes in the electron energy relaxation lifetime [4].
Resonant phonon scattering occurs when

Alha, = hayo . 1)

where haxo is the LO phonon energy, #ie, = heB/m* is the cyclotron resonance (CR) energy, and Al is an
integer. In the present work we have utilised the pump/probe technique for the first time with CR to
quantitatively determine the relaxation time associated with the phonon bottleneck effect away from RPS in
an InAs/AISb quantum well [1]. This narrow gap material (E, = 0.42eV in InAs) has sufficient band non-
parabolicity so that higher Landau levels are bent out of resonance. The Landau level ladder is thus
truncated and saturation is possible over a wide range of energies, enabling determination of energy
relaxation lifetime both below and above the LO phonon energy.

Our results and calculation for InAs/AlSb show lifetimes on-resonance which are consistent with
those found previously in InAs/GaSb [4,5], where lifetimes at RPS were sub-picosecond. However, in
these earlier experiments the pump-probe technique was not available, and the sample used was not of the
high mobility and narrow linewidth used in the present work. Under these circumstances it was not possible
to observe the strong phonon bottleneck effect away from RPS reported here.

In summary, we have measured the relaxation lifetime of carriers in a quasi quantum dot resulting
from a 2DEG in a magnetic field [1]. The measurements have been made both with the level separation
equal to the phonon energy and away from this condition. A bottleneck exists in LO phonon cooling of
carriers away from the resonance, which is independent of temperature in the range 4-80 K. The fact that
the LO phonon cooling is significantly quenched away from the resonant phonon scattering condition, may
have important consequences for quantum dot devices based on either inter- or intraband optical transitions,
since it confirms the existence of the LO phonon bottleneck between the lowest dot states, even at the
higher temperatures. On the other hand the lifetimes found here under bottleneck conditions (~50ps) may
not be deleterious since they are similar to the lifetimes predicted to be necessary for dot operation [6].

Auger recombination dynamics of lead salts under ps FEL excitation [2]

The lead salts are of interest both fundamentally, because of their novel band structure, and from a device
point of view since they are widely used in mid-infrared (MIR) optoelectronic emitters and detectors. A
particular feature of this system — i.e. their near “mirror” conduction and valence bands — has been cited as
potentially leading to much smaller Auger scattering rates than found in ITI-V material systems. However,
theory predicts that there may nevertheless still remain a substantial contribution to this unwanted
recombination process through intervalley scattering [7-10], although later theories [8-10] including more
realistic band structure pictures suggest that this should not be as serious as originally predicted [7].
Understanding accurately how the recombination processes change with carrier density is important for
emission devices which operate far from equilibrium, and in particular in the continuing quest for the
development of compact MIR room temperature lasers. A recent design study suggesting the possibility of
cw room temperature MIR operation of GaSb/PbSe/GaSb double heterostructure lasers [11] depends
critically on the theoretical prediction of a low value of Auger coefficient, C [10]. Although considerable
research has been done on the recombination processes, with the exception of one report {12] almost all
previous work has utilised techniques using relatively long pulse or cw radiation, and experimentally
reported values for C vary over an order of magnitude.

We have made direct pump-probe measurements of radiative and non-radiative recombination in
epilayers of PbSe under high excitation with an rf linac-pumped (ps) free electron laser (FELIX), in the
temperature range 30 to 300K [2]. For temperatures below 200K and carrier densities above the threshold
for stimulated emission, stimulated recombination represents the most efficient recombination mechanism
with kinetics in the 50-100ps regime, in good agreement with earlier reports [12]. Above this temperature
Auger recombination dominates on a 0.1-2ns time scale. The sophistication of a 3-beam pump-probe
experimental technique described below has enabled an analysis of the decay at times longer than 100ps, in
terms of the non-parabolic anisotropic band structure of the lead salts, to give the Auger coefficient, C,
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quantitatively over a wide temperature range, 30-300K. The results are in good agreement with theory for
non-parabolic, anisotropic bands [13,14] and non-degenerate statistics [8], and confirm that the original
parabolic band calculations [7] underestimated the measured lifetime by more than an order of magnitude
[8-10,12]. Finally the Auger results for the lead salts are compared with earlier measurements taken at
FELIX [15-17] for Hg, «Cd,Te of a composition such that the bandgap for the two semiconductors is the
same at T = 100K [15-17]. It is found that C for PbSe is between one and two orders of magnitude lower
than for Hg, «Cd,Te over the whole temperature range for comparable values of bandgap. This results in
domination of stimulated radiative recombination even at quite low carrier concentrations.

This review summarises the collaborative work of many workers as indicated in references [1] and
[2]. We wish to thank Dr. A. van der Meer and the FELIX staff for technical assistance. We are grateful to
Ivair Gontijo and Ray Murray for helpful discussions concerning the "phonon bottleneck” problem. This
work was undertaken as part of the joint EPSRC (UK) and FOM (NL) programme at FELIX. CJGML and
HAP are grateful for the support of EPSRC research assistantships (UK). Three of us are grateful for
EPSRC studentships and for CASE awards with DERA, Malvern (ARH, CMC and PCF). ACR is grateful
to the British Council for a Commonwealth fellowship. The lead salts work was supported by the
Osterreichischer Fonds zur Féderung der Wissenschaftilicken F orschung.
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Abstract

For the first time we present high field cyclotron resonance measurements on p-type cubic GaN. Megagauss
peak fields up to 300 T are generated by the semidestructive single-turn coil technique within a time scale of
about 5us. Different lines of a CO, laser are used as radiation source. Transmission changes in the order of 1%
of zero field transmission are clearly resolved. For a detailed interpretation of the experimental data the Landau

level scheme of cubic GaN s calculated.

I. Introduction

The recent progress in fabricating bright light emitting
diodes [1,2] and laser diodes both operating in the
blue-to-violet wavelength range [3] as well as
heterostructure field effect transistors operating up to
300°C [4] has considerably increased the interest in
the details of the band structure of GaN. Despite of the
fundamental technological interest basic experimental
data are rare in literature. The first experimentally
determined value of the electron effective mass
(m*=0.2 m,) in highly conducting n-type single
crystals of GaN was reported many years ago [5].
More recently cyclotron resonance (CR) experiments
on conduction band electrons in GaN films [6] and
GaN/AlGaN films [7,8] have been published. Most of
the results reported up to now refer to wurtzite type
material, since GaN naturally crystallizes in this
structure. However, it was shown recently that also the
epitaxial growth of cubic GaN on GaAs (001)
substrates is possible [9]. By use of far infrared
spectroscopy Mirjalili et al [10] have very recently
determined electron and hole effective masses in GaN
epilayers with cubic and wurtzite structure,
respectively. A direct determination of effective
masses in cubic GaN using cyclotron resonance,
however, has to the best of our knowlegde not yet
been published. This lack of experimental results is
mainly due to the missing of either high quality
material or sufficiently high magnetic fields. The
necessary condition for the observation of cyclotron
resonance @.T >> 1, where w, is the cyclotron
frequency and 7 the mean collision time, can only be
fulfilled at higher fields for samples with low carrier
mobility. The present paper describes CR experiments
on p-type cubic GaN in extremly high magnetic fields
and reveals by the different observed transitions the
detailed structure of the valence bands.

I1. Experimental techniques
The single-phase c-GaN layers were grown on
GaAs(001) substrates by plasma- assisted MBE
monitored continuously by RHEED. The thickness of
the layers was always in the order of one micrometer,
so that the corresponding carrier system is 3D. The
layers were additionally doped with Mg. Despite of the

well-known difficulties in producing ohmic contacts
on p-type GaN [10] the Hall effect proves
unambigously the p-type character of the layers.

For the magneto-spectroscopical experiments we used
a multi-megagauss generator producing fields in the
order of 300 T within a pulse length of 5 ps in a
copper single-turn coil with a useful volume of about
lem® [11,12]. All experiments were performed without
additional polarization of the CO,-laser radiation in
Faraday geometry with the magnetic field oriented
parallel to the [001] direction of the epitaxial layer.
The radiation was focused on the sample of about 1.5
by 1.5 mm’ by means of mirror optics. A fast HgCdTe
detector located outside the Faraday cage was used for
the detection of the transmitted radiation intensity.

III. Results and Discussion
Figure 1 shows the relative transmission of CO,-laser
radiation (A=10.65 um) versus the magnetic field for
different temperatures. Two pronounced resonance
structures are observed at room temperature in the
transmitted radiation intensity as shown in the upper
curve of Fig.1. The solid curve indicates a classical
oscillator fit for a layered structure. Note, that despite
of the low depth of the transmission minima in the
order of only a few percent, the resonances can be
clearly resolved, due to the excellent signal to noise
ratio of the measuring system. Evaluation of different
reference samples as are substrate, substrate with
GaAs-buffer layer, and substrate/GaAs/GaN with and
without Mg-doping ensures that both of the observed
resonance lines are related to the p-type GaN. An
analysis of the different data reveals that the resonance
field of the transmission minimum at around 91 T does
not scale with the radiation energy but extrapolates to
a finite offset, as shown in Fig. 2. This effect is
probably due to nonparabolicity effects in the
bandstructure and not an indication for an impurity
transition. There is strong evidence by the temperature
dependence of the resonance intensity that the
observed two resonances are caused by quasi-free
holes and not by impurities, as shown in Fig. 1. The
medium and high field resonances vanish completely
at low temperatures. Another interesting and
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Fig. 1: Temperature dependent cyclotron resonance in
p-type cubic GaN. The radiation energy s
E=116.4 meV. The points are the experimental data,
wheraes the solid line was simulated according to
Drude’s theory.

completely unexpected feature is the temperature
independent increase in the normalized radiation
intensity of about 1.5% in the field range from B=0 to
B=50 T. The simulation of the data in an extended
oscillator model in a multilayer structure, as shown by
the solid curve in Fig. 1, is only possible, if we
assume a third very broad resonance at low magnetic
fields. The line shape of the transmission curve was
simulated according to Drude’s theory in a layered
structure, taking into account interference effects in
the layer and assuming three resonances at field
strength of B=9 T, B=91 T and B=261 T, respectively.
From a physical point of view the existence of such an
additional resonance is very questionable, however,
and might be entirely due to the application of the
oversimplified classical model. The estimated line
width of the resonances is in good agreement with the
DC-mobility of the carriers in the order of 200 cm?/Vs,
however.

To our knowledge no kp-model for c-GaN has been
established so far in contrast to the wurtzite
modification [13]. However, Kim et al. have pointed
out the group theoretical relations between the
effective mass tensors and the related Rashba-Sheka-
Pikus and Kohn-Luttinger Hamiltonian parameters for
wurtzite and zincblende GaN [14]. For the calculation
of the Landau levels for a magnetic field parallel to the

M3.2

200 -

150

100

Transition Energy [meV]

50

i 1 n 1 " 1 i 1
] 50 100 150 200
Magnetic Field {T]

Fig. 2: Transition energy of the ,medium field
resonance line* vs. resonance field. The points are
the experimental data, the dashed line represents a
least square fit, wheraes the solid line refers to kp-
theory.

[001]-orientation we have applied a 6x6 Hamiltonian
splitted into two submatrices 3x3 for the "a"- and "b"-
set, respectively. The parameters used are
Y1 = -(A+2B)/3 = 2.463, Y, = -(A-B)/6 = 0.647,
v = -C/6 =0.975, k=0, and A = 19 meV for the spin-
orbit splitting [14]. Since for wurtzite GaN the
temperature dependence of the Luttinger parameters is
neglegible we expect to hold the same for the cubic
modification and apply the model for the entire
temperature range of our experiments. The lowest
Landau levels for the "a"- and "b"-set for k, = O are
piotted as a function of the magnetic field up to 300 T
in Fig. 3. Due to the missing crystal field splitting in
the cubic modification the splitting of the valence
bands at zero magnetic field is less pronounced than
for wurtzite GaN. To locate possible transitions
between the levels we have also calculated the square
of the transition matrix elements between the levels
involved for a transition energy of Fiw = 116.4 meV.
The arrows indicate the lowest transitions which
should be observable according to the model, whereas
the thickness of the arrow lines indicate qualitatively
the strength of the matrix elements. We obtain clearly
for both "a"- and "b"-set a low field transition of
medium intensity starting from an excited state at
about 120 T. The energy difference to the ground state
is of about E=~15 meV. A careful evaluation of the
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experimentally observed temperature dependence of
the integrated resonance intensity of the 91 T line (Fig.
1) yields a rough estimation of the activation energy of
about E,=20 meV, which is in fairly good agreement
with the theory. The transition energy of this line is
plotted as a function of the magnetic field in Fig.2
(solid line). Since the initial- and the final state belong
to different valence bands, separated at zero magnetic
field by a spin-orbit splitting of A = 19 meV, the
resonance line does not scale with the energy, thus
explaining the experimentally found offset of about 25
meV (dashed line in the insert of fig. 2).

50 T T M T T

-100

-150

Energy E, [meV]

8

<300 0 50 100 150 200 250 300
Magpnetic Field [T]
50 ——— 1T

Energy E, [meV]

o o w0 e 20 20 a0
Magnetic Field [T]
Fig. 3: Landau-Level scheme for the 3 highest valence
bands in cubic GaN for the ,a“ and ,b*“ set in the
upper and lower part, respectively, as calculated in a
kp-model. The magnetic field was assumed to be
parallel to the [001] orientation. The arrows indicate
the lowest transitions with relatively strong matrix
elements and a transition energy of E=116.4 meV

Different transitions at magnetic fields between 230 T
and 300 T contribute to an observable broad CR line.
For this group the transitions starting from excited
states and higher fields are definitely stronger than the
transition from the ground state at about 220 T. This
means that the theoretical model supports the general
tendency of a freeze-out effect of the observable
transitions in agreement with the experimental findings
of vanishing intensity at low temperatures. With
respect to the resonance position theory reproduces the
splitting of two resonance groups. The resonance field
is, however, only qualitatively reproduced. This fact is
not only due to the crude extrapolation of the band

M3.2

parameters from wurtzite to zincblende structure but
also to the strong coupling to the optical phonons [15].
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ABSTRACT
This contribution reports recent saturation-
absorption and pump-probe studies of the

intersubband lifetime of holes at energies below the
LO-phonon energy in a p-type GaAs/Aly33GagerAs
multiquantum well. In the case of the saturation-
absorption measurement, the lifetime is limited by
the width of the Free Electron Laser (FEL) pulse,
and is found to be greater than 1.7 ps at 4K. In the
pump and probe investigation, a lifetime of

approximately 300ps is found for this
multiquantum well of well-width 7nm. The
implications of this result are discussed in

comparison with the equivalent data for electron
systems.

INTRODUCTION

The band architecture of two dimensional hole systems
(2DHS) realised in GaAs/AlGaAs systems is now
becoming increasingly well understood [1]; the
complexity of 2DHS contrasts strongly with the
companion two dimensional electron systems (2DES)
displaying a wide range of effective masses and a
large and complex non-parabolicity. Furthermore, the
band structure and its attendant parameters show
considerable variations as the substrate growth
orientation and confinement lengths are changed [2]. It
is evident that this range of carrier-transport
parameters may be of considerable value to device
designers; it has recently been suggested that 2DHS
terahertz emitters can be fabricated [3], taking
advantage of their large joint densities-of-states and the
breakdown of intersubband selection rules {4]. In order
to exploit this freedom to design suitable emitting
structures in 2DHS, however, a much better
understanding is required of such important
parameters as the intersubband lifetime, t.

Over the last few years, a considerable
number of studies of 1 for electrons in wide GaAs
QW wells and related systems have taken place (see:
Murdin et al [5] for a review). These studies have

focused on the dependence of t on temperature, well-
width, laser-intensity and other parameters when the
intersubband separation is below the optical phonon
energy ( 36.7meV for GaAs). The outcome of these
measurements is that below a certain critical carrier
(electron) temperature ( about 35K), t is chiefly
determined by acoustic phonon emission; above this
temperature LO phonon emission is dominant.

The present experiments report the first
attempts to pursue similar measurements in the
companion p-type system. Although a FEL has been
used to measure T in a sample of Ings Gaos As / Alys
Gaos As [6), the pump energy in that experiment
greatly exceeded the LO phonon energy, which renders
comparisons difficult.

EXPERIMENTAL DETAILS

The sample was a 10x MQW grown on (311)A
substrate using Si as a dopant. Each well was doped to
a density of 3x10" cm?® ; the well-width was 7nm.
Figure 1 shows the calculated band structure of this
sample. The 4K linear FIR absorption has been
discussed elsewhere [7], and the complexity of this
spectrum is attributed to the strong non-parabolicity.
Depolarisation shift effects [8] are important in these
structures for the polarisation conditions in the FEL,
and give rise to enhanced absorptions at energies
greater than the Fermi edge absorption. For this
reason, the FELIX experiments were conducted at
wavelengths (around 57um ), which were slightly
lower than those corresponding to the k=0 absorption.

Details of the saturation-absorption set-up have been
given elsewhere [9]. Figure 2 shows the saturation
absorption behaviour when the sample is irradiated
with a train of micropulses of width 1.7 ps at a
wavelength of 57um. These results indicate that <
exceeds  Ips. Calculations of the effective hole
temperature (Te) have been undertaken and indicate
that during the experiment Tex ~ 40K. In the second
experiment, a pump-probe arrangement was used
with FELIX again tuned to approximately 57 pm.;
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Fig 2. Saturation-absorption at 57 um

this wavelength corresponded to the HHI-LHI
absorption ; the sample was mounted behind a
pinhole in a liquid helium cryostat at a temperature
of 5K. The pump radiation was directed onto it
using a focusing mirror. A small part of the pump
beam was diverted to act as a probe (of intensity
approximately 1% of the pump) and a delay line
was used to temporally separate pump and probe.
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Fig.3 Decay of the probe signal at 57 um

The change in transmission as the absorption
recovers was measured with a Ge:Ga detector.
Figure 3 shows the decay of the 57 um probe beam
following excitation. The pump-probe effect is
rather small (2-4%), but nevertheless is clearly
present above the noise. A number of rather crude
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fits to the decay data is shown , from which an
approximate value of T of 300ps is determined.

DISCUSSION AND CONCLUSION

Figure 1 shows the valence band structure for the 7
nm well-width sample used in this experiment. It is
clear that the ground (HHI) state has a hole-
character, whereas the next (LHI) state has an
electron character. This ordering of valence bands
clearly resembles the situation in a conventional
band-to-band laser. Sun et al [ 3] have discussed
the possibility of constructing a terahertz frequency
laser using transitions occurring near the inverted
effective mass region . The present experiment, for
the first time in a hole system, provides evidence
that the lifetime of carriers may be long enough to
allow population inversion and strongly indicates
the feasibility of such a p-QW system exhibiting
optical gain at terahertz frequency.
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Introduction

The influence of THz radiation on the magneto-photoconductivity of epitaxial n-GaAs under low
temperature impact ionization conditions has already been subject of investigation by other au-
thors. Impact induced negative photoconductivity (PC) at long wavelength under non-resonant
conditions [1], and the influence of impact ionization on the saturation of the (positive PC)
1s-2p* donor transition [2] were studied. In both cases however, relatively low intensity THz
radiation was used.

In the present study, the behaviour of the resonant PC under intense THz radiation at the
1s-2p* and the cyclotron resonance (CR) transitions is studied. Prelimenary experiments at
T=4.2K and A = 118.8 um have been carried out as a function of dc bias current, magnetic field
and THz intensity.

Experiment

The GaAs:Si sample used in the experiments consists of a 10 um epitaxial layer grown on a SI
GaAs substrate with Ny=4.10%cm~3and N, <1.10!%/ cm™3.

4 o
10" "5 6 7

Magnetic Field [T]
Fig. 1. THz antenna on n-GaAs; the Fig. 2. Magneto resistance at BC=30 nA for
electrode is also visible various THz intensities

In fig. 1 a photo of the planar logperiodic antenna is shown. AuGeNi electrodes with a 15
pm separation are fabricated underneath the 220 nm thick gold antenna to provide a good
ohmic contact with the epitaxial GaAs layer. The area between the antenna tips is is 3x3 um?.
The far infrared beam is focussed onto the antenna by an (externally adjustable) polyethylene
Fresnel lens, instead of by the usual Si hyperhemispherical lens. Therefore the optical coupling
efficiency in this setup is only of the order of 1%. Nevertheless, using a conventional OPFIR
laser, intensities of the order of 1 kW /cm? at the apex of the antenna can be obtained. In order
to position the antenna in the beam focus, the sample is placed on a small x-y translation stage.
The sample insert is placed in the bore of a 7T superconducting solenoid, immersed in liquid
helium. The experiments have been performed using a constant bias current; the voltage across
the sample - with and without far infrared (FIR) illumination - is monitored using a sample
and hold technique. In fig. 2 the influence of the intensity of the 118.8 pm THz field on the
PC is shown for a low bias current (BC), i.e. with not to large impact ionization effects. The
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upper, straight, curve shows the sample magneto- resistance without illumination. The other
four curves give R(B) under FIR illumination. The FIR intensity increases by about 25 dB
from top curve to bottom curve. The lowest intensity trace shows the well known shape of the
spectrum at low FIR and BC intensity. The donor transitions 1s- (110) at 3.0T, 1s-2pt at 3.66T
and the cyclotron resonance (CR) transition at 6.07T are easily discernable; also non-resonant
PC is observed. With increasing THz intensity the transitions broaden due to saturation effects.
As expected, the value of R decreases towards higher FIR intensity, be it that at the highest
intensity at the center of both the 1s- 2p* and the CR transition a relative increase of R occurs,

similar to that observed in earlier publications (3,4].

35¢ [
— 30 H
S _10%
z 2 G,
20 a
15 e S o 4
3 4 5 6 0 ——"% 5 6 1
Magnetic Field [T] Magnetic Field [T]
Fig. 3. Magneto resistance at BC=10 pA Fig. 4. Magneto resistance at high THz
for various THz intensities intensity for various BC values

In fig. 3 similar data are shown, but now under strong impact ionization conditions. With
increasing THz intensity the R value at the CR transition becomes even larger with than with-
out THz illumination: negative photoconductivity. This trend is more clearly seen in fig. 4
where traces for 3 different bias currents with and without high intensity FIR are given. Under
strong impact ionization (lower trace) a negative PC is observed for both donor transitions and
for the CR; the non-resonant PC tends to become negative too.

Conclusions

These prelimenary experimental data seem to indicate the presence of counteracting effects. The
bias current, through the impact ionization, excites electrons into the conduction band, whereas
the THz field, through stimulated optical transitions, tends to restore the population in the low
lying donor states. Possibly the strong negative PC at the 1s-2p* and CR transitions is due to
stimulated transitions from electrons in the conduction band to lower bound states, by which
the number of free electrons, and thus the sample conductivity, will be diminished. For instance
at B=3.66T the 2p*-1s transition could play such a role when the 1s groundstate is depopulated
through impact ionization. At B=6.07T one might speculate about the occurrence of stimulated
transitions from high lying donor states (1,1,v) to low lying states (0,-1,v). The energy difference
between any such pair of states equals the CR energy. Although formally parity forbidden, these
transitions certainly will gain transition probability under these extreme ionization conditions.
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Abstract

An enhancement of tunnel ionization of deep impu-
rities in semiconductors in a high frequency electric
field of FIR laser radiation as compared to static
and quasi-static fields has been observed experimen-
tally. A theory of this effect has been developed.

Introduction

Here we report on the experimental observation of
an enhancement of tunneling in alternating elec-
tric fields. In contrast to the quasi-static regime,
where electrons tunnel at constant energy in a
time much shorter than the reciprocal radiation fre-
quency Q7! in the high- frequency regime elec-
trons can absorb energy from the radiation field
during tunneling leaving the barrier at higher en-
ergy. By this the effective width of the tunneling
barrier is reduced and thus, the tunneling probabil-
ity enhanced. This effect has been observed at tun-
neling ionization of deep impurities in semiconduc-
tors. In contrast to tunneling ionization of atoms,
where only electron tunneling takes place (1], ioniza-
tion of impurities in solids is accomplished by two
simultaneous tunneling processes, electron tunnel-
ing and the redistribution of the vibrational system
by defect tunneling [2]. In the quasi-static regime
the electron tunnels at the momentary magnitude
of the electric field in a time shorter than the period
of oscillation, thus the electric field acts like a static
field. The jonization probability is independent of
frequency and increases with rising field strength E
like exp(E?/E?) where E, is a characteristic field
(3. In the high frequency regime the ionization
probability, being characterized by the same field
dependence, substantially increases with increasing
frequency [4].

Results and Discussion

Measurements have been carried out on different
types of deep impurities in semiconductors: sub-
stitutional impurities with weak electron phonon
coupling and auto-localized DX~ centers, with
strong electron phonon coupling in the tempera-
ture range from 20K to 150 K. Tunnel ionization
has been achieved by far-infrared laser radiation

with photon energies much smaller than the ther-
mal impurity ionization energy er. The ioniza-
tion probability has been determined by detecting
photo-conductivity. The radiation source applied
was a pulsed far-infrared molecular laser optically
pumped by a TEA-CO; laser. Using NHj; as ac-
tive gas, 40 ns pulses with a peak power of 100kW
have been obtained at frequencies of 25, 21, 13 and
6.7 THz

0.008
a) A
Aly35Gag AS:Te A o
- T=150K
o
Ch 0.004 ¢+
£ O Q= 25THz
A Q= 21 THz
[} O 0= 13THz
O Q= 67THz
0.000 . . . L
b)
Aly1sGay e As:Te
— 0.200
hel
©
&
© 0.100
0.000
0 2 4 6 8 10
E2(107V2%/cm?)
Fig. 1

Fig. 1 shows experimental results obtained with
DX~ .centers in AlGaAs:Te at T = 150K and
T = 60K. The ratio of the conductivity under ir-
radiation to the dark conductivity ; /o4, which is
proportional to the ionization probability, is plot-
ted as a function of the square of the peak elec-
tric field strength E. The ionization probability at
T = 150K is independent of radiation frequency
and increases with rising E like exp(E?/(EX)?)
where E} is a characteristic electric field strength.
Such a behavior has been observed for all materi-
als at sufficiently high temperatures. In contrast
to these observations at T = 60K the ionization
probability gets frequency dependent and is drasti-




cally enhanced with rising frequency 2. The ioniza-
tion probability still depends exponentially on the
square of electric field strength, but the magnitude
of E* decreases strongly with increasing frequency.
We have shown that the ionization probability de-
pends on alternating electric field strength as (4]

(2)

The tunneling process is controlled by Q22 where
the tunneling time 7, depends on temperature like
1o = h/2kT + 7 [5]. Here 7y is of the order of the
period of the impurity vibration and plus and mi-
nus correspond to substitutional and auto-localized
impurities, respectively.

(1) = E:;—B-(sinh@ 1) — 2Qm)

20

0.0

100K/ T

Fig. 2

The experimentally deterinined temperature depen-
dence of 7 for both types of impurities is shown in
Fig. 2 where ¢-Ge:Cu; O- Ge:Hg are substitutional
impurities and - O- DX~ centers in Al 35Gag g5 As;
A- DX centers in Alg5Gag.5Sh are auto-localized
impurities. Insets show schematically adiabatic po-
tential structures corresponding to substitutional
impurities (top left) and auto-localized impurities
(bottom right).

Varying the temperature and the radiation fre-
quency the dependence of the effective time 75 has
been obtained from measured values of E} for vari-
ous frequencies, temperatures and all investigated
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materials. In Fig. 3 the ratio 75 /72 determined
experimentally is plotted as a function of QO and
compared to calculations after Eq. (?7).

Ge Hg
T 40K 0K
aer-25TH

2 Ay G, SOTe
Ay 1582 ¢ AS:To)

(=]

Qr,
Fig. 3

To show in detail the transition from the quasi-
static regime €272 < 1 to the high frequency regime
Q7> > 1 the data obtained for Ge:Hg are plotted in
the inset for Q7 on an exaggerated scale. Note that
even a ratio 75 /7, slightly larger than one causes a
considerable enhancement of tunneling in an alter-
nating field as compared to static fields, because the
tunneling probability depends exponentially on the
third power of tunneling time (Eq. (??)).

We have shown that typically the limit Qm = 1
is in the range of terahertz frequencies where high
electric fields can easily be applied in a contact-less
manner by powerful far-infrared lasers. Our mea-
surements have been carried out with deep impuri-
ties in semiconductors, however, because tunneling
is crucial in numerous processes in physics, chem-
istry, and biology we expect that an enhancement
of tunneling by contact-less application of coherent
radiation will have significant consequences.
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We examine some consequences of the phonon and plasmon modes of low dimensional semiconductors that are
important in far infrared spectroscopy, with particular reference to oblique incidence reflection spectroscopy,
dispersive Fourier tranform spectroscopy and attenuated total reflection (ATR) spectroscopy. In modelling long
period superlattices the phonon resonances are determined by a modified effective medium [1] and take into
account the directional dependence of plasmons in the wells of the MQWs, whereas, in short period
superlattices the resonances are shifted from their bulk frequences due to phonon confinement [2]. We apply
ATR spectroscopy to the study of superlattice structures and surface modes and use the technique to probe both
of the principal components of the superlattice dielectric tensor, and to investigate surface phonon polaritons
and guided wave polaritons.

Attenuated total reflection provides a large out-of-plane electric field component and induces coupling to a series
of surface polaritons whose mode frequencies depend sensitively on the components of the dielectric tensor
parallel and normal to the layers, €4y and €,,. We present details of the technique and show how its application

to superlattice samples can probe some interesting phonon and plasmon phenomena. Due to different band
structures for samples grown in different directions ((001) GaAs/Alg 5Gag.5As and (31 1)
GaAs/Al( 33Gag g7As), superlattices are likely to exhibit interesting orientation-dependent phenomena, such as
a reduction of the in-plane effective mass [3]. Superlattice periods are typically orders of magnitude less than far
infrared wavelengths. It is therefore always reasonable in practice to consider a superlattice as a single uniaxial
medium. The modified bulk slab model has been applied to the phonon and plasmon response [1] of such
samples. The principal components of the dielectric tensor at frequency  for a structure with alternate layers of
thickness d{ and d; are given by:

Exx(®) = (Exx 1(@)d] + exx2(w)d2)/(d] +d2)

el 5(0) = €711 + &l z(@)d2)/(d1 +d2)
where €441, £xx2 are the components of the dielectric function in the plane parallel to the quantum layers and
€721, €572 are the components of the dielectric function in the direction perpendicular to the plane of the

MQWs. In considering the free carrier contribution it must be noted that carriers are quasi two-dimensional and
confined to the wells.

Far infrared measurements were made by polarised oblique incidence reflectivity and ATR spectroscopy using a
silicon prism at 20° internal angle of incidence in s and p-polarisation. Measurements were made at 0.5 cm!
resolution. The detector was a liquid He-cooled Si bolometer. Fig. 1 shows a 77 K ATR spectrum of a
multiple quantum well sample in p-polarisation. The calculated ATR spectrum shows a
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Fig. 1. Measured (solid line) and

calculated (dashed line) p-polarisation 2z 7
ATR reflectivity spectra of sample GA2 %
in the GaAs reststrahl region. The air 2
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series of plasmon-phonon polaritons in the range of the plasma response which are sensitive to €;,, and hence

to the hole distribution. The best-fit theoretical spectra correspond to plasma frequencies of 150 and 90 cm-!
which are dependent on the propagation direction of holes in the wells. Dips in the ATR

Fig.2. Theoretically modelled p-
polarisation ATR spectra of sample
GA2 with full damping and 10% of the
full damping for the phonons and
plasmons

ATR, Reflectivity

0 , )
250 300 350 400
Wave Number ( cem™)

reflectivity are expected when the scan line crosses a dispersion curve. The dispersion curve shows that there are,
in fact, four surface mode branches, but only one interaction is strong enough to produce a clear feature in the
measured spectrum, due to high damping. In Fig. 2 we compare calculated ATR spectra with

2.0
©=2774 cm’!

Fig.3. The calculated magnetic field
profile in p-polarisation of sample GA2
at 77.4 cm-! and 77 K, showing a
guided wave mode. q, is real in the
MQW layer and imaginary in the gap
and substrate. The depth is measured
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full damping and 10% of full damping for the phonons and plasmons, demonstrating that for full damping the
ATR features are difficult to resolve. The p-polarised field profile of the MQW sample at 277.4 cm land 77K
shows a guided wave mode (Fig. 3). q is real in the MQW layer and imaginary in the vacuum.
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Polarised oblique incidence FIR reflection spectroscopy at room temperature has been used to
investigate the phonon frequencies of mixed phase GaN epilayers deposited by MBE on GaP
substrates as the epilayers switch from the o-to the $-phase crystal structure. The amount of GaAs
in the epilayers has been measured and found to correlate well with the use of As during growth.

The crystal structure of GaN depends strongly on the growth conditions and orientation of the
substrate surface. Strite et al. [1] have shown that the wurtzite phase often coexists with the cubic
phase. GaN films deposited on [001] GaP substrates grown by MBE exhibit mixed structures (c-, B-
GaN), and Chen et al. [2] have demonstrated that by varying the arsenic flux and using different
substrate temperatures during the growth of the epilayer, a film with a wurtzite (a-GaN),
zincblende (8-GaN), or mixed crystal structure can been grown.

We have previously reported on GaN epilayers in the cubic and wurtzite phases on GaP substrates
[3]. Here we describe studies on mixed phase GaN layers on GaP substrates. The measurements
enable us to determine the transverse optic (TO) and longitudinal optic (LO) phonon frequencies at
the centre of the Brillouin zone, and this enables the amount of GaAs that emerges during growth to
be determined. The samples were grown by MBE using elemental solid sources of Ga and As and an
activated nitrogen source. Prior to growth the substrates were heat-cleaned under either active
nitrogen or arsenic flux at 620 °C to remove any residual surface oxide [2]. We have studied four
samples grown under different conditions, each consisting of a thin epilayer of mixed phase GaN
grown on a GaP substrate. Far infrared measurements were made by s- and p-polarised reflection
spectroscopy at 45° angle of incidence at 300 K, and spectra are interpreted by comparing with
spectra of o- and B-phase epilayers of GaN deposited on the same substrate [3].

Examples of p-polarisation spectra of samples MG80, MG85, MG88, and MG89 obtained at 300 K in
comparison with o-phase sample MG84 and B-phase sample MG108 are shown in Fig. 1. To account

#MGB84 lsMG8a4,
b
#MGES Fig. 1. Comparison of p-
polarisation spectra of
mixed phase samples
(MG85, MG89, MG88, and
MGB80) with the spectra of
samples MG84 (a-GaN)
and MG108 (B-GaN). Left:
GaP reststrahl region, and
right: GaN reststrahl
region. The graphs are
displaced vertically for
300 300 400 500 T e 600 700 800 clarity.
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for all features observed in these spectra, we have modelled the reflectivity using a standard
matrix optics model using three layers: (1) a GaN epilayer, (2) a very thin layer of GaAs, and (3)
the GaP substrate. We obtained a good fit between the experimental and theoretical spectra, as
shown in Fig. 2. The results have been used to determine the phonon frequencies of each of the
epilayers and thicknesses of the GaN and GaAs thin films, so we could calculate the fraction of
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GaAs in the grown epilayers. The parameters used in modelling are listed in Table 1 [4], which also
includes results from electron microscopy .

1.0 »1.0 1
1] —— Experiment (b) - TEh"g::"y’"em; .
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Zo. Zo6 Fig. 2. p-polarisation
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‘ \ region, and right: the GaN
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From the table and Fig. 1 we see that as the As flux increases a peak arising from the GaAs TO
frequency appears in the spectra, increasing in size as the flux increases. In sample MG80, the
sample grown with the highest As flux, this peak is largest. We have modelled the GaAs modes
with bulk GaAs phonon parameters; if a GaAs alloy were present, the LO and TO frequencies would
be shifted from the bulk frequencies [5]. This implies that the ternary alloy GaAsyN1.x is not
present in our samples, which is consistent with [2, 4] which also indicate that no alloy is present in
the epilayers. Furthermore, with increasing As flux the GaN TO frequencies decrease. Indeed, in
the absence of an As flux the TO frequency has a maximum value equal to the a-GaN TO frequency
at 560 cm-1 (sample MG84). With an arsenic flux of about 1.2 x 10°5 Torr, the TO frequency has a
minimum value of about 553 cm-1 (sample MG88) which is fitted with the B-GaN phases in the
epilayers. In spite of the presence of both o- and B-GaN, there is no evidence of segregation in the
phonon frequencies. The TO frequencies for the mixed phase are between the TO frequencies of the
a- and B-phases, but the LO frequency is usually less than those of either the a- or the B-phases.

Sample | As-flux Tarowth d epitayer | doaas | deaN | Youn Yoars | TOcan | LOgan | GaAs epilaysqr
(Torr) | O | w* | @ [ @) | em") | m") |[@em")| % | - phase

MG84" 0 620 048 0.00 | 48 70 - 560 740 0 a-GaN

MG85 | 1.2x10° | 620 | 042 |002] 40| 15 6 558 | 734 | 44 | o-GaN
B-GaN
MG89 | 2.0x10° | 620 | 055 | 008 | .50 | 25 5 556 | 728 | 14 o-GaN
B-GaN

MGS88 | 4.2x10°® 620 0.45 0.15 | .40 50 6 554 729 33 o-GaN, B-
GaN GaAs

MGS80 | 1.2x10° 620 0.60 045 | .15 35 5 553 734 75 B-GaN
. ) GaAs

MG108° | 2.4x10° | 700 0.20 0.00 | .20 17 - 553 733 0 B-GaN

Table 1. W: wurtzite structure, C: cubic structure, M: from electron microscopy, *: nominal thickness.
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Theory. The conventional method for determination of parameters of plasma oscillations in semiconductors
is IR reflectivity [1]. In the homopolar semiconductors possessing a diamond structure, e.g. Si and Ge plasma
reflection edge is’t affected by lattice vibrations and this method gives good results. In polar semiconductors
longitudinal modes involve collective ion and electron motion and plasma reflectance edge is affected by
phonons.. Effective dielectric permitivity of semiconductor with one type of phonons and one type or carriers
can be expressed:

2 2 2
_ Do~ Oro @,
L LI s 1 )
Wro ® +igh
where @, o, are frequencies of transverse and longitudinal optical phonons, T and v, are damping
constants of phonons and plasmons, y=1/t=e/um’, u is mobility of electrons, T is pulse relaxation
2

time, ) = __fV_e_ is plasma frequency (in cm™). Surface Electromagnetic Waves (SEW) wavevector
" Ym'g,e.
k=2 € L
cye+l 2¢

The positive contribution of phonons into € decreases when ® moves away from phonon frequency, whereas
negative contribution of free carriers increases with the wavelength according to Drude law. So, in the FIR
region, contribution of free carriers becomes dominant. The SEW propagation distance L and real part of SEW
refraction index n’ =ck’/w can be expressed:

2 2
a,E,
=_1’_2’ n _1=__L_i_ 2)
ef
21y o 2 £.0

Experimental results. The experimental arrangement and technique used for measurement L and n’  have
been described previously [2].

<
=]

Fig.1. A scheme of amplitude (a) and phase (b) SEW spectroscopy.
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Experiments were carried out using the automatic homemade SEW spectrometer. The pulse optically
pumped CH30H-laser operating at frequencies 85, 103, 128, 142 and 238cm™!  was used for SEW excitation.
The pumping of was accomplished by the pulse COj -laser (T = 100ys, Ppulsc= 0.1+0.5kW) with the
150mm-! rotating grating output mirror.

The imaginary part of the SEW refraction index was determined from the intensity I(x) dependence on
the distance x along the interface (fig.1a). In order to obtain the real part of ngf’ (phase spectroscopy) the
interference measurements have been carried out (Fig.1b). After the SEW excitation they propagate along the
interface, transform into bulk waves at the sample edge and interfere with that part of the bulk wave that has been
diffracted on the screen. The condition of interference maximum at the point z,, can be written in this way:

axny+ (b2+zﬁ,)~\/zfn+(a+b)2=m:A' (3)

where a is distance between the screen and the sample edge, b is distance from the sample edge to the observation
plane, m are even numbers for maximums and odd numbers for minimums,V is linear frequency (in cm -1 ). The
value A is introduced to account the possible phase shift between the bulk wave and the SEW. So, the
interferrogram modulation depth relies on the SEW excitation efficiency, the propagation distance L and on
the distance between the sample edge and the screen used for SEW excitation. From the m dependence on zp,
at few distances the ng’ can be determined. In the FIR region the modulation pattern is deeper modulated in
comparison with 10im region in metals, because SEW excitation efficiency in the FIR region is higher.Namely,
at 97um line about 40% of incident radiation transforms into SEW for N=2x10"cm”. So, positions of extremums
are clearly expressed and can be determined with high accuracy. The precision can be even increased by using
cooled semiconducting FIR detectors instead of pyroelectric ones.

In the spectral range where phonon contribution becomes appreciable L and n’ , must be calculated exactly. It
must be mentioned from (2), that from the experimentaly measured complex SEW refraction index the plasma
frequency and the plasmon damping constant y (or T) can be determined independently. They are presented in
Table | and compared with these obtained by the IR reflectance method.

Table 1.Plasma frequency and plasmon damping constant measured by SEW and IR Reflectance methods

Parameter SEW (103cm™) IR reflectance
W, 510 506
Y 74 71

Another way to determine both yand T is to measure L at two FIR laser lines and from the obtained two pairs
of (olp/y (from (2)).This method is even more simple because it is carried out at one geometry of the experiment.
We obtained nonlinear dependence L(N) in GaAs (Te) in the concentration range (107-10")cm™. It is
caused firstly by the dependence of effective mass m* of carriers on N due to nonparabolity of the conduction
band. The pulse relaxation time 7T is determined by the scattering mechanism. At low dopant concentrations in
A'B* semiconductors, carriers scatter mainly by acoustic modes. In the strongly doped crystals combined
scattering by ions of admixtures and polar lattice vibrations dominate. We obtained a *“hump” in L(N)
dependence in GaAs(Te) at N approximately 2x10"cm”, which was explained by isostructural phase transition
[3]. In this case scattering by impurity ions falls down when the separated admixture ions transform into some
correlated state .

1.B.V.Tata and A.K.Arora. Infrared Physics.24 ,547 (1984).
2.V . Vaicikauskas.Infrared Physics and Technology. 36, 475 (1995).
3. N.A.Semikolenova.Fizika Tverdogo Tela.22, 137 (1988).
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Excitation of Backward Waves in Gyro-Forward-Wave Amplifiers
and Forward-Wave Amplifiers Driven by Linear Electron Beams

G.S. Nusinovich, M. Walter, and J. Zhao

Instituie for Plasma Research
University of Maryland
College Park, MD 20742-3511 USA

Excitation of parasitic backward waves is one of the most important issues for all microwave amplifiers based on
interaction between electrons and forward traveling waves propagating in waveguides. This excitation restricts the
interaction length, and therefore, limits the gain of amplifiers. It may also cause some restrictions on the operating
bandwidth.

We developed the theory describing the self-excitation conditions for backward waves in the presence of the large-
amplitude forward waves. This theory is applicable to a wide class of traveling-wave amplifiers, including gyro-
traveling-wave tubes (gyro-TWTs) and gyrotwystrons as well as conventional twystrons and traveling-wave tubes
(TWTs). Our formalism is based on a two-step procedure. First, the large-signal amplification of a forward wave is
considered which allows one to determined the optimal parameters of the device in the absence of backward wave
parasites. Second, the conditions of self-excitation of backward waves in the presence of the forward wave are studied.

The results illustrating the effect of suppression of backward waves by forward waves operating in large-signal regimes
are obtained for gyro-TWTs and TWTs as well as for output waveguides of gyrotwystron and twystrons. These results
allow one to determine the maximum ratio of the coupling impedance of an electron beam to the backward wave parasite
to that for the operating forward wave, at which the forward wave amplification remains stable. For twystron
configurations with well prebunched electron beams this maximum ratio is larger than for gyro-TWTs and TWTs with
a relatively low input power level. This shows that twystron-type devices are more stable with respect to parasitic
backward wave excitation than single-stage traveling-wave devices.

Our formalism can easily be generalized for the analysis of multi-stage forward-wave amplifiers as well as for including
the effects of electron velocity spread, distributed wall losses and other factors important for operation of real devices.

This work has been supported by the U.S. Department of Defense Multidisciplinary University Research Initiative
(MURI) program and by the Naval Research Laboratory.
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A New Hybrid Ion-Channel Maser Instability

Robert J. Barker *, Liu Shenggang**

Abstract: A new hybrid ion-channel maser instability , in which the electron cyclotron
maser instability mechanism and the ion-channel instability maser instability mechanism
are combined, is proposed and studied. The features and the dispersion equation of the
new maser are given in the paper with detailed discussion.

L. Introduction

An ion-channel can be formed due to either intens laser beam or relativistic electron
beam injection. Based on this effect, varieties of ion-channel lasers’ and ion-channel
masers’ instabilities have been presented and studied [1]-[5].Now a new instability
scheme is proposed, in which the ion-channel maser instability and the electron cyclotron
maser instability are combined. Theoretical analysis and the dispersion equation of the
new instability mechanism are given in the paper. It shows that this new hybrid ion-
channel maser instability has some interesting features.

II. Analysis

In an ion-channel, the force affecting the electron motion is

o |el2np =
b= R M
0

It is a centripetal force, we get the cyclotron frequency as

2
2 2 2 le| n
wy = a7’ [23,, o), =L )
my&,
n, is the ion density and },, is the relativistic factor of the electron beam. Almost all
electromagnetic instabilities of ion-channel laser’ and maser’ are based on equ.(2).
If there exists an axial magnetic field B , we have a combined force:

i Per—n,, ]
F=F +F,=—"—LR+|¢Byv, e, 3

It shows that both F, and F, are centripetal force. Then we get the electron cyclotron
frequency:
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The former one is the base of Electron Cyclotron Maser instability, the 3, 2 energy

dependence of which is 3;' , while the second one is the base of ion-channel maser
instability, the energy dependence is }5'/2 [ 3 ].Now equ.(4) shows that for the new hybrid
one , the energy dependence is not3};', nor 3; V> it is a new interaction scheme.

III. Dispersion Equation

By using the fluid model the following dispersion equations of the hybrid ion-channel
maser instability can be obtained:

i o, e 2 .
(kzz —k220 )= _%ij d E;ds = ﬂHi jg)‘o‘Rx + (wo + Q)Ro(”l + R,k 02, |® E(le:Ro
P, P, Q
(5)
Where
Q=w—kyv,,—w, (6)
A
R="& 7
A )
L A
F=—lel(E, +7,%B,) Ry, = - @)
A
4L = —AL %)

2
w
a=pQ | (+76°) @ -} - 22 |- (@, -0,V [+ 2B} )]
Yo )
(10)
Where f is the force due to the electromagnetic wave field:

7 =e|(E,+%,x5,) (11)
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Substituting the field expressions into the above equations we can get the complete form
of the dispersion equation.

IV. Conclusion

A new kind of ion-channel maser instability is proposed and studied in the paper. This
hybrid ion-channel maser is based on the combination of magnetic electron cyclotron
maser and the ion-channel maser instabilities. The theoretical analysis given in the paper
shows that the new hybrid ion-channel maser instability has the following features:

1. The new instability mechanism is based on the hybrid cyclotron frequency that has a
special energy dependence (1/2<q<1). Accrding to [3],the energy  dependence can be
written as 3,7 , it showed in [3] that there are three kinds of the dependence: g= 1, is the
electron cyclotron maser instability; q= 1/2 is the ion-channel maser instability and qg=0
is the Free Electron Laser instability. Now we get a new one the q of which should
be(1/2<q<1).. Actually , there is another one, the Electrostatic Electron Maser [5 ], the
energy dependence is also q=1/2. Therefore, there are four different kinds of energy
dependence for different instability mechanisms: q=0, q= %, Y2<q<1 and g=1. It shows
that the instability mechanism is also negative mass effect, and the energy dependence is
weaker than that of magnetic electron cyclotron maser and stronger than that for the ion-
channel maser.

2.The character of the singularity in the dispersion equation of the new maser instability
is different from that of electron cyclotron maser and the ion-channel maser. There are

2
two singularities: Q =0 and [(1 + 702,82{9.2 -} ——a;—”]— (@ -, )2(1+ vl ))= 0

0 J
- The last one was never seen in published papers.
3.Comparing with the electron cyclotron maser and the ion-channel maser , the new
hybrid ion-channel maser may have some advantages: At first, because of the ion
neutralization the beam density can be increased, secondly, since g<1, for the same
electron energy, the operating frequency may be higher. In addition, since the interaction
takes place in the jon-channel region, stronger interaction efficiency is expected.

*AFSOR, USA; **UESTC, P.R.China.
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3-D Simulation Design of 3mm Slow Wave Structure

L.Song, G. Caryotakis', A. Vlieks' and N. C. Luhmann Jr

Department of Applied Science, University of California, Davis, CA 95616
(1) Stanford Linear Accelerator Center Menlo Park, CA 94025

A new type of slow wave structure is proposed for use in next generation millimeter wave sources for a variety of
applications [1][2]. The structure is compatible with fabrication techniques such as LiGA (Lithographie,
Galvanoformung, Abformung) as well as more conventional approaches such as EDM (Electrical Discharge
Machining), which are expected to result in favorable manufacturing cost. This paper is concerned with the
design and modeling of the slow wave structure using the 3-dimensional code MAFIA [3]. It is found that
structures, such as shown in Fig. 1, are capable of providing high R/Q and thus conversion efficiency, either for
narrow or wide bandwidth use. The rectangular structure is chosen because of the fabrication requirements.

'SECTION A-A

coupling slot
Figure 1. Schematic of 2mm x 2mm cross-section slow wave structure

The periodic structure of the output cavity results in the dispersion relation shown in Fig. 2. It is observed that the
hybrid HE,, and HEj,, cavity modes and the HE,, and HEj; slot modes are degenerate, unlike those in traditional
cylindrical structure designs. The EH;; and HE;; modes are separated by a stop band due to the cutoff frequency
of the coupling slot. Also, it is found that TE and TM modes can not exist independently since they must satisfy
periodic boundary conditions in coupled-cavity slow wave structures. In this sense, the present structure differs
from conventional cylindrical corrugated waveguide such as those employed in backward wave oscillators
(BWOs) and mode converters. For such BWO type slow wave systems, the TM;,, and TE,, mode can exist
independently. The EH; cavity mode is proven to be the optimal operating mode because of its strong interaction
with the electron beam. Its cold pass band is 20.037GHz. The self oscillation problem with other harmonic
modes is also ameliorated by the choice of the EH;, mode.
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Figure 2. Dispersion Characteristic of Periodic 3mm Slow Wave Structure
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A realistic 3-dimensional nonperiodic five section coupled cavity was also simulated to obtain the eigenmodes
shown in Fig. 3, which agree very well with scaled x-band cold test measurements. The fifth eigenmode, i.e. the
quasi-21 mode on the EH, curve, is the interaction point. Its z-component electric field profile along the z-axis
was measured by a bead perturbation experiment. Also, the cavity quality factor Qo , R/Q values for each cell
and the total structure ( where R is the reentrant cavity impedance ) were also obtained and found to be in

reasonable agreement with predictions.
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Figure 3. Theoretical and experimental eigenmodes of 5-cell 3mm slow wave structure

This work has been supported by AFOSR under Grant F49620-95-1-0253 (MURI) and Contract F30602-94-2-

0001 (ATRI).
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Axial Mode Locking in Gyrotrons

G.S. Nusinovich and J. Zhao

Institute for Plasma Research
University of Maryland
College Park, MD 20742-3511 USA

Recently, a new gyrotron configuration, the inverted gyrotwystron, was studied experimentally [1]. In this device,
electrons are prebunched in an input waveguide, which is followed by a drift section. Then, the prebunched electron
beam enters an output cavity where it excites oscillations at the signal frequency or its harmonic. An intriguing feature
of the experiment [1] was the dependence of the output power on the signal frequency; when this frequency was
increased, the device’s radiation exhibited two narrow, isolated peaks followed by a large (1.3%) continuous bandwidth.
This bandwidth is much larger than the width of a resonance curve of one mode, which is a typical scale of operation in
the cavity.

Gyrotron cavities are usually formed by slightly irregular open waveguides excited at frequencies close to cut-off. In
such cavities, as the number of axial variations, { , increases, the diffraction quality factor, Q,, decreases as 1/¢? [2].
Therefore, as ¢ grows the width of the resonance curve, w/Q, widens, which may lead to their overlapping. This fact
allows one to assume that in the experiment [1], first, two modes with ¢ =1 and ¢ =2 were excited, which have narrow
resonance curves. Then a set of low-Q modes with ¢ > 3 and overlapping resonance curves was excited in a continuous
way. As aresult, the phase locking of such modes may occur.

In our paper we develop the theory describing this effect. The results are in reasonable agreement with experimental
data.

This work has been sponsored by the U.S. Department of Defense Multidisciplinary University Research Initiative
(MURI) program under AFOSR Grant No. F4962001528306.
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Radiophys. Quantum Electron. 12, 971 (1969).
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Self-consistent Time-dependent Modeling of
Gyro-amplifiers with MAGY

K.Nguyen®, M. Botton*, T.M. Antonsen®, B. Levush, M. Blank, and J. Calame
Vacuum Electronics Branch
Naval Research Laboratory
Washington D.C. 20375

Abstract

In this paper, the modeling of several recent experiments on gyroklystron amplifier at the Naval
Research Laboratory using the quasi three-dimensional code MAGY is presented. Amplifiers in both Ka-
and W-bands have been studied. Using known experimental input parameters, code-predicted salient
amplifier performance characteristics, e.g. efficiency, bandwidth, drive curve, have been found to be in
good agreement with experimental results. The self-consistency of MAGY also reveals the existence of RF
excitation at the drive frequency in cutoff drift sections driven by the bunched electron beam. This
phenomenon may impact the design and use of lossy ceramics in drift-sections of high-average power
devices due to thermal considerations.

Introduction
Detailed and accurate nonlinear simulations of the interaction between the electromagnetic (EM)

fields and the electron beam in vacuum electron devices are essential to the understanding of their
performance. This understanding is critical to the design and development of future devices. This is the
essential impetus for the recent development of the self-consistent, time-dependent, quasi three-
dimensional, new MAGY code [1]. Differently from the Finite-Difference-Time-Domain Particle-in-cell
(PIC) approach, MAGY employs a reduced description approach in which the electromagnetic fields are
described by a superposition of the waveguide Transverse Electric (TE) and Transverse Magnetic (TM)
eigenmodes. Furthermore, the temporal evolution of the EM complex field amplitudes and of the electron
beam are assumed to be slow relative to the RF period; hence, allowing for the averaging over time-scale
on the order of the RF period. The fast-time-scale averaging and RF-fields reduced description approach
substantially reduces the computational resources compared to that required by PIC codes. However,
unlike other reduced description codes, MAGY does not incorporate restricting assumptions on the physics
involved, and thus, does not compromise on the fidelity of the results. For instances, in MAGY, the RF
field profiles, rather than being restricted to a fixed form, freely evolve in response to the interaction with
the electron beam. This capability is achieved in the new MAGY code via a novel formulation of the
generalized telegrapher’s equations together with the fast-time-scale averaging of the fully-relativistic
electron equations of motion. Even though, the new MAGY code is intended for the modeling of both slow
and fast-wave devices. In this paper, we shall only report results on a type of fast-wave devices, the
gyroklystron amplifiers.

Ka-band and W-band Gyroklystron Modeling

Several experiments on gyro-amplifiers have recently been performed at the Naval Research
Laboratory. The goal is toward extending the bandwidth and average power of these devices for the next
generation of millimeter wave radars and for communications applications [2]. To illustrate the capability
of the new MAGY code, we will report here the comparison with experimental results of one such devices:
a two-cavity 35-GHz gyroklystron [3] which operates in the cylindrical TEo mode. In Figure 1, the
geometry and axial RF field profile for the Ka-band gyroklystron are shown. Also shown in this figure is
the comparison of simulated drive curve and saturated frequency-response (bandwidth) curve against
experimental data with good agreement. Similar agreement for the 94-GHz gyroklystrons has also been
obtained. It should be noted that for the input parameters used in the comparison: the cavity quality factors
(Q) and resonance frequencies are from experimental cold-test measurements, the beam voltages and

* KN Research, Silver Spring, MD 20906
* University of Maryland, College Park, MD 20742
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currents are measured values, and the beam velocity ratio (o) and perpendicular velocity spread are
deduced from beam optics simulations.

Beam-induced RF Excitation in Cut-off Drift Section

This physical phenomenon, previously not been observed with reduced description codes, has
been self-consistently simulated with MAGY. Non-resonant RF excitation at the drive frequency is
observed in cut-off drift sections. The RF amplitude is found to scale linearly with the bunched electron
beam perturbed current. The origin of this phenomenon is similar to that of a driven harmonic oscillator.
The presence of RF in the drift section has important consequence in the use of lossy dielectrics in cutoff
drift-section, especially for high-average power devices. Subsequent to the discovery of this phenomenon, a
model has been incorporated into MAGY to estimate the power loading on lossy ceramics due to beam-
driven RF excitation. This model was benchmarked against a particle-in-cell code, MAGIC, with excellent
agreement, and has been employed to provide information about the thermal stress on the ceramics in the
last drift-section of the high-average power 94-GHz gyroklystron [2].
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Figure 1: Geometry and field profile for a two-cavity gyroklystron (top) Comparsion with experimental data:
dive curve at 34.95 GHz (bottom left) and frequency response with input power of 920 W (bottom right).
Resonance frequency and quality factor are 34.89 GHz and 188 for first cavity and 34.895 GHz and 191 for
second cavity. Beam current and voltage are 8.2A and 70 KV with velocity ratio of 1.35 and perpendicular
velocity spread of 5%.

[1] M. Botton, et al., “MAGY: A time-dependent Code for Simulation of Slow and Fast Microwaves
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[2] B.G. Danly, et al., “Development of a W-band Gyroklystron for Radar Applications,” This Conference
Digest 1998.

(3] J.J. Choi, et al., “Investigation of a High-power Two-cavity 35GHz Gyroklystron Amplifier,” IEEE

Trans. Plasma Sci., Vol.26, No. 3, June 1998.
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A TEM-TEj¢ 3 converter based on ring resonator

Gy. Reiter, Gy. Veszely and T. Berceli
Budapest Technical University, Departement of Microwave Telecommunications
Goldmann t. 3. Budapest, 1111 Hungary

Abstract

A mode transducer is described consisting of a surface excited ring resonator and iris-coupled resonators. An
equivalent network is determined and used for the proper construction of the transducer.

Introduction
Recently a mode transducer using a microstrip-slot antenna was developed by the authors [1}, [2]. At higher
frequencies (above 100GHz) and higher azimuthal mode numbers (m>30) the realization satisfying the strict
symmetrie conditions of the microstrip-slot antenna is impossible. In this paper another excitation method is
proposed.

Construction

The construction of the proposed transducer can be seen in Fig. 1. At the left side there is a coaxial input
which excites the circular input resonator. Instead of the coaxial input a circular waveguide with TMy; mode

/ A
i,
% TEj6,2,1 output
/, ‘ resonator waveguide
/ 7/,
coax // I R I
input 5
N x
2l
E g
/ E- ns
T,
o ////////////Z
////7///:'////,/////////////////,//';;
7,

Fig. 1. The construction

can be used as well. The length of the input resonator is much shorter as the wavelength belonging to the
uppermost frequency of the transducer. The rotational symmetrical coaxial or circular excitation generates @-
independent fields. Consequently in the input resonator TMp,0 modes are present There are 16 symmetrically
placed coupling hole on the common wall of the input resonator and the ring resonator. Through this holes -
among others- the modes with the 16k azimuthal indices are excited. The ring resonator is used in the
TE16~0’1 mode and the length of it is choosen so that its resonant frequency equal to the midband frequency of
the transducer. On the common wall of the ring resonator and the TEj g, | resonator there are 32
symmetrically placed coupling hole. ’
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One or more TE16,2,1 resonators can be applied which are separated by irises.
The network model

In [3], [4] a network model was elaborated for the modeling of aperture coupled resonator systems. If the
symmetriec demands are approprietly satisfied then mode purity is valid , the network is separated into
independent parts and this makes possible the application of the construction methods well known from the
theory of microwave filters.
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Fig. 2 . The network model

The network model consists of transmission line sections, coupling circuits and lumped reactances. The
transmission lines model the propagating waveguide modes, the lumped reactances are the pure imaginary
wave impedances of the cut-off modes, the coupling circuits express the mode converting effect of the coupling
holes. The first partial coupling circuit transforms the input coaxial or circular waveguide field into the TMy,,
field of the input resonator, the second one transforms this circular symmetrical field to the modes of the ring
resonator among which the modes with the 16k azimuthal indices are the important for us. If the coupling
holes between the ring and TE ¢ 5 ) resonators are perfectly symmetrical then there are no mode conversion
between the modes of 16k and other azimuthal idex and the last coupling circuit is separated into isolated parts.
We choose the length of the ring resonator to be eqal to the half wavelength of the TE ¢ ,0 mode.This length
possibly must strongly differ from the integer multiple of the half wavelength of the unwanted modes. Similarly
must be adjusted the lengthes of the TE}g,2,] resonators to depress the TE16,1, TMjg 1 and TM16’ 2 modes.
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A Cherenkov Maser Experiment Using an Electron Beam
from a Pseudospark

H.Yin, W.He, G.R.M.Robb, A.D.R.Phelps, A.W.Cross,
K.Ronald, P.Aitken, B.W.J. McNeil and C.G. Whyte

Department of Physics and Applied Physics
University of Strathclyde
Glasgow, G4 ONG, UK

Abstract

Experimental and computer simulation results are
presented of the first free electron maser experiment
using a pseudospark (PS) cathode. A pulsed, 75kV,
10A electron beam of normalized brightness
10"'Am?rad? from a PS device was used to achieve
coherent microwave amplification in a 60cm long
alumina-lined waveguide using the Cherenkov maser
mechanism. A gain of 30dB has been measured from
a PS beam noise level of 2.7W at a frequency of
25.5GHz and in the TM,, radiation mode.

Introduction
A pseudospark discharge[l] is a low pressure,
transient hollow cathode glow gas discharge which
occurs in a special geometry and can use several
kinds of gases, e.g., argon, nitrogen, and hydrogen.
The background gas pressure is such that pd, the
product of the gas pressure p and the distance d
between the front faces of the cathode and anode, is
on the left-hand side of the Paschen curve between
the Paschen minimum and vacuum breakdown. The
pseudospark discharge offers possibilities for fast,
high repetitive rate, high power closing switches{2]
and of electron beam production at high current
density (> 10*‘Acm?), high brightness (up to
10"2Am’rad?), narrow beam diameter (< 4mm), very
low emittance (tens of mm mrad) and variable
duration (tens of ns to hundreds of ns)[3]. It is
therefore very attractive as an electron beam source
for high power sources of microwave radiation, such
as free electron lasers (FELs), cyclotron
autoresonance masers (CARMs) and Cherenkov

masers. In this paper we present the first free electron
maser experiment using the novel PS beam.
Simulation and analysis of these results are also
presented.

Experimental setup

A schematic outline of the PS-based Cherenkov maser
apparatus is shown in Fig. 1. The main components of
the experiment are the pseudospark-based electron
beam source, the magnetic field for beam transport,
the Cherenkov interaction waveguide, electrical/beam
diagnostics and the microwave launching/diagnostic
system.

A linear electron beam was extracted from the anode
of an 8-gap pseudospark discharge chamber. The
beam was then transported to the interaction space by
a 80cm long 0-0.3T solenoid. The waveguide where
the interaction between the electron beam and the
waveguide modes takes place is a section of 60cm
long cylindrical waveguide, 4.75mm in radius, lined
with a 1.75mm thick layer of dielectric (alumina).
The microwave radiation was launched into free space
by a conical horn antenna. A double screened
microwave diagnostics system was situated ~1m from
the antenna. The discharge voltage was measured by
an instantaneous capacitive voltage probe. The
discharge current was monitored by an in-line current
shunt. Two Rogowski coils were inserted into the
system to measure the beam current entering and
exiting the Cherenkov interaction region. A field-free
collimator of cylindrical shape was used immediately
after the anode to measure the beam brightness.

Rogowski
cofl 1

Dielectric Liner

Vacuum
Gauge

LE] Output window

Rogowski
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X/ Solenoid cofl,

mm-wave
diagnostics

A
Collimator

Pressure
gauge
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Fig. 1 A schematic outline of the PS-based Cherenkov maser experiments
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The presence of the dielectric in the interaction cavity
slows down the electromagnetic wave phase velocity.
This allows a resonant interaction to occur between a
TM or HE waveguide mode and the electron beam.
Coherence of the radiation generated arises due to
bunching of the electrons in the beam into phase with
the electromagnetic wave. The bunching of the
electrons in a Cherenkov maser is axially distributed
because of the axial electric field of the
electromagnetic wave mode.

Microwave diagnostic results
Microwave pulse duration and temporal profile from
the PS-based Cherenkov maser were obtained from a
crystal detector signal observed on an oscilloscope,
time-correlated with the electron-beam current and
voltage profiles. It was observed that removal of the
dielectric liner resulted in the loss of the microwave
amplification and the amplitude of the amplified
microwave pulse was independent of the guide
magnetic field over the range 0.13 to 0.26 T.

The microwave spectrum with and without Cherenkov
amplification at an applied discharge voltage of
~80kV were analyzed using a series of in-waveguide
cut-off filters. The results showed that the signal
without the amplification, ie PS beam noise, had a
wide frequency distribution but was below W-band
(62.5GHz) frequency. The microwave output of the
maser had roughly two frequency components: one
was between 25.5-28.6GHz corresponding to the high
voltage beam during the hollow cathode phase,
another between 28.6-41.8GHz corresponding to the
lower voltage beam from the conductive phase.

To verify the operation mode of the maser, the
far-field output radiation pattern from the conical
homn antenna of aperture diameter 60mm was
measured. The output microwave pattern associated
with the azimuthal E-field component was measured
to be independent of the presence of the dielectric and
close to zero and hence confirmed the operation of a
TM mode. The measured pattern associated with the
radial E-field component was in good agreement with
the results from bench experiments in which a 27GHz
microwave signal was launched in a TM,, mode using
the same launching horn.

The absolute power of the microwave output from the
Cherenkov maser was calculated to be 2.0 + 0.2 kW
(without considering any losses within the detecting
system) by integrating the measured normalized mode
pattern and multiplying with the measured maximum
power density. After similar treatment the microwave
signal without maser amplification was found to be
2.7TW in the frequency range 25.5-28.6GHz. This
corresponded a gain of 29 + 3 dB.

M4.7

Modelling results

A 3-D numerical simulation code was developed to
complement the experimental investigations of the
Cherenkov maser. The code integrates the Lorentz
equations of motion for the electrons self-consistently
with Maxwell's wave equation for a TM,, waveguide
mode in the steady-state limit. It includes the effect of
resonant space-charge forces and electron energy
spread. Figure 2 shows a graph of predicted output
power from the Cherenkov maser as a function of
interaction length for a beam voltage V=75kV and a
beam current I=10A. Only TM,, and TM,, modes lie
within the frequency range of the noise from the PS
discharge. The microwave power at z=0 was
assumed to be 3W for both modes. The beam was
assumed to have an axial velocity spread of 3% and
a radius of 1.5mm. The predicted power at z=60cm
is ~3kW for the TM,, mode and 3W for the TM,,
mode.
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Fig. 2 Predicted output power of the TM, and TM,,
modes as a function of z

Conclusion

In this first PS-based free electron maser experiment,
a Cherenkov maser amplifier was operated. The
microwave radiation was allowed to build up from the
PS beam noise. The frequency of the microwaves
produced by the Cherenkov system was measured to
be mainly 25.5-28.6GHz and the dominating mode
was identified as being TM,. A peak power of
~2kW and a gain of ~30dB were achieved.

Acknowledgements

H.Yin would like to thank the Committee of Vice-
Chancellors and Principals of the Universities of the
United Kingdom and the University of Strathclyde for
financial support

References

1. K.Frank and J.Christiansen, IEEE Trans. Plasma
Sci., 17, 748, (1989)

2. H.Riege and E.Boggasch, IEEE Trans. Plasma
Sci., 17, 775, (1989)

3. T.Y.Hsu and M.A.Gunderson, Appl. Phys. Lett.,
61, 2515, (1992)




83 M5.1

Recent Developments on Schottky Diodes for THz Applications

A. Simon, C. I. Lin, M. Rodriguez-Gironés, H. L. Hartnagel
Institut fiir Hochfrequenztechnik, Merckstr. 25, 64283 Darmstadt
Fax: + 6151/164367, e-mail: hfmwe015@hrzpub.th-darmstadt.de

Abstract

Advances in Schottky diode design and technology are reported that lead to significant performance
improvements at THz frequencies. Whisker contacted substrateless varactors provide doubler efficiencies of 40%
at 150 GHz and tripler efficiencies of 16% at 300 GHz, 8% at 480 GHz and 7% at 630 GHz. European activities
on planar Schottky devices and integrated receiver structures are presented.

Introduction

GaAs Schottky barrier diodes are a key element as frequency multiplier in an all-solid-state local oscillator and
as mixer element in heterodyne receivers. Especially whisker-contacted Schottky diodes have been the preferred
nonlinear element at frequencies above 300 GHz. The main limitation of whiskered diodes is that no integration
is possible. Therefore, competitive planar Schottky barrier diodes technologies have been developed in the last
decade [1,2].

In the submillimeter-wavelength range there is a need for compact and reliable sources of local oscillator power.
All-solid-state sources that use GaAs Schottky varactors to multiply the output of Gunn or Impatt devices are
reliable, compact and are relatively inexpensive. Recently, fundamental sources can provide sufficient input power
to frequencies up to approximately 150 GHz. Therefore, a chain of frequency doublers or triplers is required to
cover the frequency range up to 1000 GHz.

GaAs Schottky diodes have been used as the nonlinear element in the mixer of heterodyne receivers due to the
high cut off frequency and low parasitics. Improvements of other mixer technologies (i. e. SIS) have reduced the
Schottky mixer activities in the past years and the applications have mainly focused on 2.5 THz mixers where
Schottky diodes remain the devices of choice. Recently new activities consider fully integrated planar Schottky
diodes to provide reliable integrated front ends. The most attractive benefit of Schottky diodes for this
revitalization is that they require no cooling. Especially for space applications this is a demanding issue.

Varactor Optimisation

For multiplier applications in the submillimeterwave regime several phenomena limit the performance. Very high
current densities and a low heat conductivity of GaAs limit the power handling capabilities. An increased series
resistance at high frequencies (skin effect) and velocity saturation effects lead to a decrease of the efficiency.
The improvement potential of a standard honeycomb style whisker-contacted diode were based on new strategies
reducing velocity saturation effects and improvements of the fabrication process. Substrateless Schottky diodes,
proposed in 1995 [3], offer the prospect to increase the power handling capabilities and to receive a minimum
series resistance. Important characteristics of a varactor diode are the capacitance modulation ratio C, / C,, the
breakdown voltage Uy, and the series resistance R;. Recently new passivation techniques are in use to increase the
breakdown voltage and the capacitance modulation ratio for a specific doping level.

For the passivation and definition of the anodes, SiO, has been used almost exclusively in the past. It is a reliable
process and the definition of the anodes can be done very accurately. We investigated several alternative
passivation techniques to improve the varactor performance. We have established a new polyimide passivation
technique that lead to an improvement in the breakdown voltage and the capacitance modulation ratio. Fig. 1
gives a comparison of the breakdown voltage of SiO, layers and of the polyimide passivation as a function of the
GaAs-doping concentration. At the same doping concentration the polyimide passivation offers a 30-50% higher
breakdown voltage compared with the best reported values of CVD-SiO,. This behavior gives a new flexibility to
the design of varactor diodes. For the same amount of input power higher doping levels are possible. This leads
to a smaller series resistance and a reduction of the velocity saturation effect.
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Fig.1: Breakdown voltage as a function of the Fig. 2 Capacitance modulation ratios
GaAs doping concentration depending on the passivation

Additionally to the improvement of the breakdown voltage the polyimide passivation offers a C-V characteristic
close to the theoretical limit. Fig. 2 shows the C-V characteristics of two substrateless diodes with identical diode
parameters and SiO, and polyimide passivation. The capacitance modulation ratio of the SiO, passivation is
smaller in the same voltage range (0 - 10.5 V). The capacitance modulation of the polyimide passivation shows
almost the same characteristic as the calculated value.

Table 1 shows the output power and efficiency achieved with different diodes. Some of these multipliers yielded
record output power and efficiency. At around 500 GHz the best achieved output powers have been around 1 to
1.2 mW. Therefore, the result at 480 GHz (2 mW) is outstanding recently. It is important that the efficiency does
not degrade between 300 and 640 GHz. With optimised complex doping structures we can further increase the
capacitance modulation ratio (SLHA5010, hyper-abrupt doping profile).

Table | : Multiplier performances

v, [GHz} Vou [GHz) Diode P, [mW] P, [mW] Efficiency [%]
75 150 SLHAS5010 25 10 40
89 267 SLV2818 30 5.6 18.7
93 279 SLV2018 50 6 12
101 202 DAPV3016 40 5 12.5
100 300 SLV2818 35 5.5 15.7
126 378 SLV2818 84 4.1 49
160 480 SLV0910 25 2 8
210 630 SLV0510 10 0.7 7
266 800 SLV0510 6 0.2 3.3
375 1125 SLV0310 4.1 0.02 0.5
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Integrated Mixer

Whiskered mixer diode technology has been in use mainly for 2.5 THz mixers where no competitive device
concept is available recently. The main shortcoming of the whiskered device technology is that any integration of
other mixer components or several diodes in a mixer is not possible. An important advantage that remained for
Schottky mixers is that no cooling is necessary for a proper operation. Therefore, due to a mature planar Schottky
diode technology that is now available many activities in Europe and the United States are now based on
integrated structures. The possibility to fabricate subharmonically pumped mixers or fully integrated front-ends
that provide reproducibility, reliability and low costs mainly motivate these activities. In Europe the activities
focus on integrated front-ends for operation at 650 GHz with integrated diode, RF- and IF filter, transmission
lines and planar antenna [4]. In addition subharmonically pumped mixers with an anti-parallel diode pair at 220
GHz and 650 GHz are in progress [5]. In the United States the activities concentrate on integrated filter-diode
structures for waveguide mixers at 640 GHz and 2.5 THz[6].

Conclusion

New technologies have improved the performance of Schottky barrier varactor diodes significantly in the last two
years. All-solid-state local oscillators with sufficient output power are now available up to 800 GHz. Further
improvements are necessary and possible to cover the frequency range up to 1.5 THz. Planar diode technology is
starting to become an attractive technology for oscillators up to 400 GHz.

Planar mixer diode technology has become a mature technology and many activities are now based on integrated
structures to overcome serious shortcomings of the whiskered diode technology. The possibility to fabricate
subharmonically pumped mixers or fully integrated front-ends that provide reproducibility, reliability and low
costs mainly motivate these activities.
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Abstract

The modeling and design of a 490 GHz single-planar-diode subharmonic mixer is presented. The mixer
was designed using HP’s High Frequency Structure Simulator to determine the effect of the planar diode on the
mixer impedances. The fixed-tuned RF bandwidth of the mixer is predicted to be greater than 40 GHz. Mixer
results will be presented at the conference.

Introduction

This paper will describe the design and testing of a 490 GHz single-planar-diode subharmonic mixer.
There are two main goals for this research: first to produce a set of spares for the existing SWAS [1] mixers, and
second to develop a prototype for new broadband, rugged, low-power submillimeter wave mixers. The existing
SWAS mixers use whisker-contacted diodes, and while possessing the required sensitivity, present potential
problems with reliability. For this reason it is desirable to have equally sensitive spares that are more rugged; a
requirement which can be satisfied using planar Schottky diodes [2]. The second goal of this research is to
develop a sensitive fixed-tuned room-temperature mixer with broad RF and IF bandwidths that is rugged and
uses a relatively simple block geometry, in particular one that is compatible with molding and micromachining
block fabrication techniques [3]. The use of an E-plane split block design, with the RF and LO guides machined
in the same plane of the block makes this design amenable to these inexpensive block fabrication techniques.
The single-diode subharmonic mixer is a particularly interesting candidate for use at submillimeter wavelengths,
not only because of the reduced LO frequency, but also because of its ability to operate with very little LO
power. In addition, with proper design the single-diode subharmonic mixer can show sensitivity comparable to
other mixer configurations [4].

Mixer Block Configuration

The mixer geometry, shown in Fig. 1, is similar to that of the whisker-contacted Schottky diode mixer
described in [4]. The mixer block, machined at Millitech Corp. [5], is split in two parts in the E-plane of the RF
and LO waveguides, which simplifies mixer assembly and reduces the losses in the waveguides. The planar
diode is mounted on a 25 um thick fused quartz substrate and then placed in a channel which runs perpendicular
to the RF and LO waveguides. The planar diode is positioned across the RF waveguide, and is grounded at the
bottom of the waveguide. A three-section low-pass filter prevents the RF signal from traveling up the microstrip
channel. The LO signal is coupled from a waveguide into the microstrip channel, and a low-pass filter above the
LO waveguide couples the IF and DC signals to the diode.

Mixer Block Design

The mixer was designed using Hewlett Packard’s High Frequency Structure Simulator to model the
waveguides, planar diode chip, and quartz circuit. A coaxial probe was artificially introduced at the junction
during the finite element modeling to allow the direct prediction of the diode embedding impedance. The circuit
was designed to present an LO embedding impedance of 40+j160€, and an RF impedance of 55+j95Q.
Harmonic balance simulations were performed for the University of Virginia SC1T5 planar diode (n=1.17,
1,=3-10"" A, R=14Q, and C;;=2 fF), and for the above embedding impedances the simulation predicted a mixer
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conversion loss of 8.5 dB (DSB) and noise
temperature of 1000 K (DSB) with | mW of LO
power. Assuming conductor and dielectric losses
in the horn, waveguide, microstrip, and diode of 2
dB total, and an IF noise temperature of 60 K, the
system noise temperature is then predicted to be
2500 K (DSB). The fixed-tuned RF bandwidth
of the mixer is predicted to be greater than 40
GHz.

Preliminary Testing

The noise temperature of the mixer was
measured at room temperature, yielding an
overall system noise temperature of 14,000 K
(DSB) using 1.2 mW of LO power. A variable
attenuator was used to vary the IF noise
temperature from 80 K to 370 K, thus allowing
the measurement of T,,=10300 K (DSB) and
L.,=16.8 dB (DSB). Correction of the IF
standing-wave-ratio of 3 is predicted to improve
the performance to T, ~6700 K (DSB) and
Lo c=15.5 dB (DSB). Additional test results will
be presented at the conference.

Conclusions
Using this design we expect to achieve
performance comparable with the SWAS mixer,

DC and IF : Quartz
Signals : Microstrip
LO

Guide

Single
Planar

Short Diode

To Block

but with larger fixed-tuned bandwidth and greater
ruggedness. These properties, combined with the
low LO power requirement, make this mixer a
promising candidate for use at submillimeter
wavelengths.

Fig. 1. Schematic of single-diode subharmonic
mixer.
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INTRODUCTION: Schottky barrier diodes (SBDs) still remain the most important semiconductor device used
for direct detection and heterodyne mixing of terahertz frequency signals. This is particularly true for space
applications and plasma diagnostics where the Schottky diodes ability to operate at ambient temperatures greatly
reduces radiometer complexity and cost. This paper describes the fabrication of a new quasi-intergrated planar
(QUIP) SBD chip [1] that has been used in a 2.5 THz waveguide mixer. For a more detailed description of the
mixer design see ref. [2]. Use is made of the same circuit architecture. A schematic diagram showing the basic
concept of the QUIP SBD chip is shown in figure 1.

QUIP SBD chip has Schottky didoe anodes and the ohmic contact on the front face of the chip which has
dimensions of 395 x 400 pum. This front side ohmic forms the top face of the waveguide which in turn feeds a
corrugated conical feedhorn antenna. A planar whisker with an integrated IF filter was used to contact one of the
0.25-0.3 um diameter anodes. The QUIP SBD chip realizes easier handling, simplifies mixer block fabrication, and
also minimizes losses between the antenna and the diode by allowing the SBD contact to be placed virtually at the

feed of the antenna.

PROCESS OPTIMIZATION: The QUIP SBD fabrication procedure is very similar to that used for the
fabrication of the conventional back contacted Schottky diode chips used in corner cube mixers [3, 4]. This new
design of chip combined with an optimized fabrication process has been successfully fabricated and its use resulting
in reduced receiver noise. A fabrication process has been developed, which minimizes intrinsic diode noise. This
process has to be performed carefully particularly when active GaAs surface is directly exposed to radical and/or

ions, as is the case in the use of atmospheric CVD,

ECR pl hi i ing.

plasma etching, wet etching and eleiclroplatlng Quartz IF OUTPUT
It was found that the ECR plasma etching reduces substrate Y
defects at the surface than the RIE does, and thus Planar whisker Corrugated
significatly lowers the 1/f noise from the diodes. The with IF filter feedhorn
noise spectrum for various etching techniques have R+F >
been compared in figure 2.To realize atomic scale Adjustable LO

perfection of the GaAs surface, we combimed the ECR backsh.ort

plasma etching with wet etching and surface
passivation by (NH,),S , resulting in the diode noise
closing to the thermal and the shot noise limit as shown

in figure 3

MIXER PERFORMANCE: The preliminary RF

experimental results at 2.5 THz are very encouraging

and are displayed in figure 4. A double sideband Figure 1: The basic quasi-integrated planar diode
receiver noise temperature of 24,000 K was obtained concept and QUIP SBD chip
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Abstract

Anti-parallel planar Schottky diodes using the Quasi-Vertical Schottky Diode (QVD) geometry, developed by TU
Darmstadt, are realized and applied to a subharmonically pumped waveguide mixer at 220 GHz, realized by
Helsinki University of Technology. Because of the geometry, the diode has low parasitics, vertical current flow and
improved heat sink capability, and is less affected by the skin effect. The technology and the electrical
characteristics of the Anti-Parallel Quasi-Vertical Schottky Diode (APQVD) are presented.

Introduction

GaAs-Schottky diodes are used as the nonlinear element (varistor) in the mixer of heterodyne receivers for THz
applications because of its high cutoff frequency and low parasitics as compared with other semiconductor devices.
Planar Schottky diodes offer possibilities to integrate more than one diode and other system components such as
filters and antennas by using coplanar waveguide (CPW) or microstrip designs.

The Quasi-Vertical planar Schottky Diode (QVD), developed by TU Darmstadt [1], is based on the substrateless
whisker contacted Schottky diode concept [2], which is geometrically the same as the conventional whisker
contacted Schottky diodes, but with extremely reduced size of the diode chip. Therefore, like the whisker contacted
Schottky diodes, QVD has vertical current flow and offers low parasitics. The modeling of the whisker contacted
Schottky diodes can also be applied to QVD without any modification. In addition, because of the reduced distance
from the diode to the ohmic contact metal, it has better heat sink capabilities and is less affected by skin effect in
comparison to conventional whisker contacted Schottky diodes or other planar concepts [3]. Based on the concept
of QVD, the Anti-Parallel Quasi-Vertical Schottky Diode (APQVD) has been developed and fabricated.

Diode Design

Both diodes of APQVD have the same structure as a single QVD. Fig.1 shows a side view of the mesa region of
the single QVD. According to the experiences [1, 4], a doping level of 3x10'" cm™ and a thickness of 100 nm is
chosen for the active n-layer, while the anode diameter is set to be 0.8 um. The thickness of the n*-layer of 2 ym,
which is chosen to be as thick as the skin depth of the n’-layer at an RF signal frequency of 220 GHz, eliminates
the influence of the skin effect. While the conventional whisker contacted Schottky diodes use the whisker as the
main heat sink due to the low thermal conductivity of the 100 pm thick GaAs substrate, the QVDs use not only
the air-bridge, but also the backside ohmic contact metal as heat sink because of the dramatically reduced thickness
air-bridge ’

$i0z passivation (300nm) pillr  backside ohmic contact
active n-layer (100nm) A\ -

*-layer (2 pm)

SR

backside ohmic contact (7 um plated) GaAs substrate airbridge mesa with diode
Fig.1: Sketch of the mesa region of a QVD chip Fig.2: Geometrical structure of an APQVD chip

of the n"-layer. The vertical current flow in the QVD enables the direct implantation of the model of whisker

contacted Schottky diodes to the QVD model [4, 5, 6]. Only by adding the paracitic lump elements, which stem

from the air-bridges and the contact pads [7], the QVD model complete.

Several specifics of the APQVD structure can be pointed out here:

* Reduced chip thickness of 10 ym: Compared with whisker contacted devices a general problem of planar
devices is the stray capacitance introduced by the contact pads. But the need of short air-bridges to reduce the
air-bridge inductance decreases the distance of the pads and increases therefore the stray capacitance between
the pads. In order to reduce the stray capacitance of the pads, a reduced substrate thickness of 10 pm is
achieved by using the etch-separation technique from the front side of the sample.
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« High air-bridges: By using high air-bridges of 2 pm over the mesa and 4 um over the backside ohmic contact
metal the stray capacitance of the air-bridges is reduced to a negligible value.

« Pillars for flip-chip technique: APQVDs are soldered onto the microstrip RF filter by using the flip-chip
technique. To prevent any possible damage of the air-bridges while handling such a thin device, two pillars
of about 6 um are fabricated onto the contact pads.

Accurate modeling of the APQVD employed in the mixer is fundamental to design the circuitry in the mixer. The

modeling is divided into two parts: modeling of the diode and of the parasitic part around the diode. With the

experiences in conventional and substrateless whisker contacted diodes there was no difficulty to get a proper
model of the diode [4, 5, 6]. For the study of the parasitic lump elements of the APQVD, Helsinki University of

Technology has used the electromagnetic structure simulator HFSS, whose S-parameter results are fitted with the

equivalent circuit and therefore the values of parasitic elements can be evaluated [7]. Simulated values of the

model of an APQVD, which are used in the equivalent circuit and embedded into the microwave circuit simulator

MDS for simulation of the mixer performance are: Air-bridge inductance = 8.7 pH, Air-bridge to cathode

capacitance = 1.1 fF, Pad-to-pad capacitance = 11.4 fF, Pad to microstrip-ground capacitance = 0.69 fF, Series

inductance = 0.8 pH, zero bias junction capacitance = 1.2 fF and Reverse saturation current = 2.5510"A.

APQVD Fabrication and Characterisation

The fabrication process is based on the technologies of single QVD which we have developed in the last years [8].
Fig.3 shows a SEM picture of an APQVD that shows that the air-bridge is several microns over the mesa. The
pillars are even higher than the air-bridges for the handling during the flip-chip soldering.

Isat = 6E-16 A
1E-31 Re =25 0hm
1E-4y =114
< 1E-6
g
= 1E-7
1E-8
1E-94 : . ; . ,
00 02 04 06 08 10 12
voltage (V)
Fig. 3: Side view of an APQVD Fig. 4: I/V-characteristics of two diodes of an APQVD

Fig. 4 shows measured I/V curves of a APQVD. The noise temperature measurement at 1.4 GHz is performed
on each diode of the mounted APQVD at different bias currents. At a typical bias current of 500 pA for a single
mixer diodes, a noise temperature of 350 K is achieved which is comparable to whisker contacted ones.

Conclusion

Anti-parallel planar Schottky diodes using quasi-vertical structure are developed. To reduce to parasitic
capacitance of the contact pads, reduced chip thickness of 10 microns and high air-bridges are realized. For a
reliable handling of this thin device two flip-chip pillars are introduced in the fabrication. The DC measurements
show that the characteristics are comparable to whisker contacted ones and the variation of the anode diameters
is little. Several batches of diodes were already finished and delivered for RF measurements. The first successful
flip-chip mounted APQVD has shown a at 1.4 GHz measured diode noise temperature of 350 K at a bias current
of 500 pA. Further measurements on mixer performance is being in progress.
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Introduction

Schottky diodes are widely used as mixers in low noise mm and submm wave THz heterodyne receivers. In
order to optimize their performance a detailed understanding of the underlying physical mechanisms is
necessary. We have investigated the microstructural properties of the potential barrier of Pt/n-GaAs diodes such
as defects at the metal-semiconductor interface and spatial inhomogeneities.

Experimental Setup and Analysis

Current voltage (I-V) characteristics of different Schottky diodes were measured in the temperature range from
80 K to 300 K by the use of a closed cycle He refrigerator. The temperature was measured with a Si
temperature sensor diode mounted closely to the Schottky diode. To allow for thermal equilibrium a delay of
about 15 minutes between two measurements was held. The stability of the temperature was better than + 0.1
K. The diodes which we have investigated are listed in table 1. It is worth noting that all diodes were used as
mixers in THz heterodyne receivers.

12

Diode  Manufadurer _n {10 cm] 10k o
SDO 20 Farran Tedh. 05 % : g
DA499  TU Darmstadt 1.0 g 0.8 F 8
HSD3S  TohokuU 1.0 B ok §
1T6 U Virginia 1.0 o 0 f o
117a U Virginia 30 ¥ o4k &
1I7b U Virginia 3.0 g 3 E
1I7c U Virginia 3.0 0z f =
1T12 U Virginia 3.0 ;

1112 U Virginia 45 0.0

IT14 U Virginia 10.0 50 100 150 200 250 300

1T15 U Virginia 10.0 Temperature [K]

Table 1: Manufacturers and doping

densities np of the investigated diodes.
The I-V curves of the diodes shift with decreasing temperature towards higher voltages and become steeper.
From a least squares fit of the standard expression for the I-V curve of a Schottky diode [1, p. 99] one can
determine the ideality coefficient n and the zero bias barrier height ®y,. Fig. 1 shows the results for the diode
117c. While the ideality coefficient decreases with increasing temperature the zero-bias barrier height increases.

Defects at the Interface

According to [2] one can determine the so called flat-band barrier height ®ye=n @y, - (n-1) (KT/q) In(N:/ Ny).
Here N, is the effective density of states in the conduction band, Ny is the ionized donor density, k is the
Boltzmann constant, T is the temperature and q is the electronic charge. N, and Ny are functions of the
temperature which is taken into account in our analysis. It is worth noting that the flat-band barrier height is
independent of the current transport mechanism and can be determined also for highly doped diodes as in our
case where tunneling contributes significantly to the total current. One can show that the flat-band barrier
height is the same as the barrier height dermined by the capacitance-voltage method [2]. As an example fig, 1
shows the flat-band barrier height of the diode 117c¢. It decreases linearily with increasing temperature. From a
linear fit @y (T) = o0 T + Dp(T=0) to the temperature dependent flat-band barrier height it is possible to derive
the temperature coefficient «. Fig. 2 shows the flat-band barrier height at 300 K as a function of the
temperature coefficient. One can clearly distinguish two groups. While the first group has a flat-band barrier
height of 1.02 + 0.01eV and a temperature coefficient of -0.23 + 0.02 meV/K the diodes of the second group
have a barrier height of 0.92 + 0.02 eV and a temperature coefficient of -0.002 + 0.004 meV/K. It is worth
noting, that even diodes which are nominally the same can belong to both groups (e.g. diodes 117a,b,c in fig 2).

The barrier height as well as the temperature coefficient of the diodes of the first group can be well explained
by the theory of Tersoff [3,4]. This theory contains an adjustable parameter which accounts for the chemical
nature of the metal. With this parameter one yields a barrier height of 1.02 eV. In this framework the

Fig. 1 : Barrier heights and ideality coefficient of the diode 117c.
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temperature coefficient is governed only by the temperature dependence of the direct (E,) and the indirect (E,:)
band gap, ie. a = dE,/dT-1/2 dEsi/dT. With the appropriate values this yields o = -0.18 meV/K in well
agreement with our measurements. For the diodes of the second group the barrier height and the temperature
coeficient are governed by defects at the interface. In this case the Fermi Level is pinned by defects and the
temperature dependence of the barrier follows the ionization entropy of the defects which changes weakly with
temperature [5]. In addition, defects at the interface result in a reduction of the barrier height. The maximum
reduction is given by 8®@g ~ N;/ Dygs where N is the density of the interface defects and Diqgs is the density of
the metal induced gap states [6] For these diodes the reduction is about 0.1 eV and Dyges ~ 3.7x10* eV cm™
[6] yielding N ~ 3.7x10"® cm™. This is about one fiftieth of the total density of sites in a GaAs (100) plane.
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Fig 2: Flat band barrier height as a function of the temperature

. 0 Fig, 3: Barrier height ®* as a fimction of the ideality coefficient n*
coefficient. The open symbols belong to the diodes 117a,b,c.

(explained in the text).
Spatial Inhomogeneities at the Interface

Very often the ideality coefficient of a Schottky diode is bigger than predicted by the thermionic emission
theory even if tunneling of electrons through the barrier and image force lowering are included. As Tung [7]
has pointed out spatial inhomogeneities at the metal-semiconductor interface can explain these "*anomalous”
ideality coefficients. According to Tung the zero-bias barrier height and the ideality coefficient depend in a
complicated way on the density and distribution of spatial inhomogeneities at the metal-semiconductor
interface. With an increasing density and an increasing distribution of the inhomogeneous patches the ideality
factor increases while the zero-bias barrier height decreases. In fig. 3 the zero-bias barrier height corrected for
lowering due to image force and tunneling [1], ®*=®y +5D; +8Duun , is shown as a function of the ideality
coefficient (also corrected for image force and tunneling, n*=n-(Ngy.-1)-(ni-1)) . A linear extrapolation to n=1
yields the barrier height in the absence of spatial inhomogeneities, tunneling and image force lowering. The
values of 1.04 eV for the diodes with a ~ -0.22 meV/K and 0.95 eV for the diodes with oo ~ 0 meV/K are in
agreement with the flat-band barrier height.

Conclusion

Microstructural properties of the metal semiconductor interface determine the barrier height and the
temperature dependence of the Schottky diodes. A defect free Pt/n-GaAs potential barrier has a height of 1.02
eV and a temperature coefficient of -0.23 meV/K. Both values are in good agreement with current theories of
the Schottky barrier formation. Defects at the interface pin the Fermi level and consequently lower the barrier
up to 0.1 eV. In addition, the temperature coefficient is close to 0 meV/K because it is governed by the
ionization entropy of the defects which is almost independent of the temperature. An ideality coefficient bigger
than predicted by thermionic emission and tunneling theory can be attributed to spatial inhomogeneities at the
interface. This results in a smaller zero-bias barrier height because the current flows preferentially through
patches with a smaller than the average barrier height. Our measurements show that spatial inhomogeneities
contribute significantly to the barrier lowering in Pt/n-GaAs Schottky diodes.
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Abstract
Thin-film nanometer Ni-NiO-Ni diodes with a contact area
of 110 nm X 110 nm are integrated with 5 pm dipole,
bow-tic and spiral antennas. We report on their
performance as detectors for 30 THz (= 10 pm)-cw CO2-
laser radiation and 35 ps OFID CO3-laser pulses.

Point-contact Metal-Oxide-Metal (MOM) diodes [1][2] are
applied since the late 1960 as detectors and mixers of
infrared and visible laser radiation. Here we report on the
realization of thin-film Ni-NiO-Ni diodes with integrated
infrared antennas for 10 pm radiation. These devices
constitute a mechanically stable alternative to the point-
contact MOM diodes suitable for field applications.

Our development of thin-film Ni-NiO-Ni diodes with
integrated dipole, bow-tie and spiral antennas as detectors
and mixers has been described previously [3-10]. Our thin-
film diodes are fabricated on SiO72/Si substrates with the
help of electron-beam lithography at the IBM Research
Laboratory (Riischlikon, Switzerland). We have reduced
the contact area to 110 nm X 110 nm in order to achieve
a fast response of the device.

Fig. 1: Electron micrograph of our thin-film Ni-NiO-Ni
diode with integrated bow-tie antenna.

Figure 1 shows an electron-microscope image of one of
our Ni-NiO-Ni diodes integrated with a bow-tie antenna
with a flare angle of 60°. The antenna improves the
coupling of the incident radiation fields to the diode with

dimensions much smaller than the wavelength of the
incident radiation.

The nonlinearity of our diodes at infrared frequencies is
accurately described by the second derivative I'(V) of the
static current-voltage characteristic I(V) measured at 10
kHz (Fig. 2). The corresponding zero-bias resistance is in
the range of 100 Q.
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Fig. 2: Second derivative of the current-voltage
characteristics I(V).

The dc response of our diode used as a detector of cw CO2-
laser radiation consists of a polarization-dependent part Vp
due to antenna coupling and rectification by a fast
tunneling process [11] and a polarization-independent part
Vip mainly of thermal origin (Fig. 3).
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Polarization angle @ (°)

Fig. 3: Polarization dependent response of the MOM diode
with integrated bow-tie antenna.
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For linearly polarized antennas, the polarization-dependent
part of the signal is described by a cosine square curve
with a maximum for the polarization parallel to the
antenna axis in accordance with antenna theory [12].
Optimum detection of cw-30THz radiation with bow-tie
antennas was achieved for an overall arm-length of 4.6 um
which confirms that the dominant modes propagate at the
dielectric wavenumber [13].

We have also performed detection measurement of cw
CO32-laser radiation with thin-film diodes integrated with
spiral antennas with a diameter in the order of 5 um (Fig.
4). These devices generate the comparatively highest
signals. However, the central asymmetric feed structure
necessary to relax fabrication tolerances was shown to
introduce a polarization-dependent antenna responsivity
that differs from the expected circular polarization [6].

2lowdn
Fig. 4: Electron micrograph of the spiral antenna.

The application of 35 ps 10.6 pm CO2-laser optical-free-
induction-decay (OFID) pulses gives information on the
speed of the different conduction mechanisms in our Ni-
NiO-Ni diodes. The response of our diode to an incident
short pulse is represented in Fig. 5. A thermal relaxation
is observed after a fast peak caused by rectification of the
antenna currents in the diode.

M5.6

with characteristic times t] = 100 ns and ©2 = 15 ns
(Fig. 6). These two distinct exponential relaxations are
explained by thermal diffusion in the Ni and in the SiO2
layers of our structures.
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Fig. 6: Thermal response of the MOM diode to a 35 ps 28

THz COy-laser pulse.

Our experiments show the potential application of
antenna-coupled thin-film MOM diodes as fast detectors.
In addition we have demonstrated the efficiency of planar
infrared antenna for frequencies in the order of 30 THz.
This development extends present millimeter-wave
techniques to the mid-infrared.
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Abstract

Submillimeter-wave waveguide type SIS receiver
has been built for atmospheric research. The
mixer uses Nb/AlOx/Nb SIS junctions using
PCTJ. Trz of about 700 K in DSB has been
achieved in the frequency range 605 - 650 GHz.
The SIS receiver will be installed in the balloon-
borne superconducting submillimeter-wave limb
emission sounder (BSMILES).

1. Introduction

Balloon-borne limb emission sounder at the
submillimeter-wave using superconducting low
noise receiver is developed for observations of
stratospheric minor constituents. Emission line
spectra from ozone and chlorine monoxide will
he observed. From the observed line intensity
and shape of the spectra. height profile of vol-
ume mixing ratio of the gases will be given by
scanning antenna elevation angle.  The main
purpose is to research on ozone depletion mech-

anism in detail.

2. SIS receiver

SIS (Superconductor Insulator Superconductor)
wmixer with Nb/AIOx/Nb SIS junction using
PCT) (Parallel-Connected Twin Junctions) [1]

[2] is designed and fabricated. The waveguide

tunerless SIS mixer mount for the 640-GHz band
is designed based on that for the 200-GHz band,
that is, the dimensions of the mixer mount are
scaled down with respect to frequency. SIS junc-
tion chip is fabricated in the clean room facil-
ity of Nobeyama Radio Observatory (NRO), Na-
tional Astronomical Observatory (NAO), Japan.
The normal resistance (R, ) of 10 €2, current den-
sity (J.) of 5.5 kA/cm?, junction size of 1.25 x
1.25 pum?, and w R, C;j product of 8 are designed.
The wR, C;j product was determined to be 4 for
200-GHz band SIS mixer. However, it is difficult
to fabricate SIS junction with the same wR, ()
value in the submillimeter-wave range. In this
case, SIS junction with high current density of
10 kA/cm?® should be fabricated. Therefore, the
wR, C!j product of 8 is determined at the sacri-

fice of the band width.

The receiver noise temperature is measured
by Y-factor method. The measurement system
is shown in Fig.l. LO signal in the frequency
range 600 - 650 GHz is supplied by Gunn oscil-
L.O

signal is injected by a mylar film into the SIS

lator followed by a doubler and a tripler.

mixer which is cooled by a mechanical cooler
down to 3.95 K. The ratio of the I1I" output power
for hot (room temperature of 295 K) and cold
load (liquid nitrogen temperature of 77 K} in-
puts is measured. From the ratio whicl is called

Y-factor. the receiver noise temperature is ob-
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Figure 1: measurement set-up

tained. Measured dc I-V curves for LO pumped
and unpumped, and IF output power for hot and
cold load inputs as a function of a bias voltage
are indicated in Fig.2. Reference IF curves (1
dB and 2 dB attenuation) are also shown. LO
power and bias voltage are optimized to obtain
the best Y-factor. The receiver noise tempera-
ture of about 700 K has been achieved in the
frequency range 605 to 650 GHz as shown in
Fig.3. The receiver noise temperature within IF
frequency band has been achived to be about
700 - 1000 K for each LO frequency.

3. Discussion and Conclusions

The measured Trz is slightly higher than ex-
pected. This might be caused by the shift of the
center frequency of the RF band characteristics.
or by the high noise temperature of the HEMT
amplifier at a relatively high [F frequency. The
bandwidth of the SIS mixer is defined by wR, C;
product. Relative bandwidth of 12.5 % would be
achieved by the designed wR,(; value. If the
center frequency shifts toward lower frequency,
the performance would be degraded. The mask
size of the SIS junction is fabricated 0.2 pm
larger than that of the designed value consider-
ing the shrink effect during manufacturing pro-
cess. The actual junction size. however, is nearly
the same size as the mask. Therefore, it could

be possible that the center frequency shifts to-
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Figure 3: Measured DSB receiver noise temper-
ature

ward lower side due to the larger capacitance of
the SIS junction. Using photo mask of which
junction size is same as the designed value, this

problem will be overcome.
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There are several papers [1-5] where the response of high-Tc superconducting films to microwave radiation
were investigated. In this paper, we present the experimental results of normal metal - high T¢ superconductor
point contact response to microwave radiation.
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Fig.1. Schematic diagram of the experimental set-up.
Fig.2. Point contact response signal (curve

2) and resistance (curve 1) dependencies on
temperature. Microwave power and wave
frequency are 115 mW and 10 Ghz
respectively. Bias voltage is 3V.

The experiment was carried out at microwave and millimeter wave ranges. The incident power was 0-115 mW.
The superconducting Bi-Sr-Ca-Cu-O layers with a thickness of about 30um were used for the investigation,
Samples were prepared on cleaved MgO(100) faces by the so-called melt processing technology, i.e. by melting
and recrystalyzing coatings of the superconducting powder. The schematic diagram of the experimental set-up
is shown in Fig.1. The sample used for the investigations was placed on the wide wall of the rectangular
waveguide. Bias voltage V was applied to the point contact wolframium probe-superconducting layer through
the load resistance R. which was much higher then the point contact one. The next silver-superconducting
sample contact was connected with the metallic waveguide wall.

The response measurement results are shown in Fig.2. It is seen that the response has wcak dependence on
temperature cven in the region of the transition from the normal state to the superconductive one. The response
was also observed in room temperature. From these facts. we can conclude that the responsc is not related to
the superconducting phenomenon. We thus assume that the responsc could be associated with the degradated
metal-high Tc superconductor interface. Such assumption have been confirmed by N. A. Tulina [6]. who
investigated metal-high T superconductor point contact dc properties. The increase of the response when
temperature is decreased and the large point contact resistance show that the nature of the interface laver
should be semiconductive. Such response behaviour is well known in Ge and Si semiconductors.
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Fig. 3. Point contact response signal and
detection voltage-power characteristics.

In Fig.3 the response (V=3V) and detection (V=0V) voltage-power characteristics arc presented at 86K
temperature. A small detection signal shows that the voltage-current characteristic of the point contact is very
close to symmetric. This means that the inner electric field in the degradated layer is very small. The
application of the bias voltage annuls the voltage-current characteristic symmetry and a relatively large
response signal appears. The dependence of the response signal on the microwave power (small scale) has a
linear character, which could have practical applications.
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1 W CW Millimeter-Wave Oscillator with a Gunn Diode Array
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ABSTRACT - A millimeter-wave oscillator which in-
corporates an overmoded-waveguide resonator with an
array of TE,;-mode waveguides containing Gunn diodes,
has been developed as a means for achieving highly ef-
ficient spatial power combing. The oscillator with a 3x3
waveguide Gunn diode array has achieved a power com-
bining efficiency of more than 50 % and an output power
of 450 mW (CW) at 98.8 GHz.

INTRODUCTION

Spatial power combining techniques are useful to
generate coherent and intense millimeter and submilli-
meter waves using solid-state devices, such as HEMT’s
and HBT’s, with lower capability for radiation power.
Many authors developed quasi-optical oscillators [1]-
[4] as a spatial power combiner that can accommodate
a large number of devices. On the other hand, recently,
high power devices, such as Gunn and IMPATT diodes,
PHEMT's, and MMIC's [5] have been developed, which
can be used to produce several tens of mW, even at fre-
quencies above 90 GHz. Thus combining power from
twenty of these source devices or even less could pro-
duce enough rf-power for many practical applications
at millimeter wavelengths. However, quasi-optica! os-
cillators must use a number of source elements of more
than 25 for efficient power combining, as described by
Mink [6]

For efficient spatial power combining of smaller
numbers of the devices, a new type of a waveguide
power combiner has been developed, which incorpo-
rates an array of fundamental-mode (TE,;) waveguides
with diode devices, inside of an overmoded-waveguide
resonator (refer to Fig. 1). An efficiency of about 83 %
and an output power of 1.5 W (CW) at 61.4 GHz have
been achieved with the overmoded-waveguide oscilla-
tor containing a 3x3 waveguide array with Gunn diodes
[7]. In this paper, the overmoded-waveguide oscillator
newly developed at W-band is presented.

RESONATOR CONFIGURATION

Figure 1 shows the experimental configuration of a
waveguide array oscillator with Gunn diodes. The os-
cillator consists of an MxN (3x3) array of fundamental-
mode (TE,;) waveguides with pyramidal horn couplers
at both ends, a metal overmoded waveguide with a cross
section of greater than an operating wavelength, and a
sliding short. The Gunn diodes are mounted at the cen-

ter of the TE,,-mode waveguides and are biased by a
dc-power supply through an insulated metal post 8].

The resonator configuration allows the oscillator to
operate in a single mode even though an overmoded-
waveguide is used as a resonator. Referring to Fig. 2,
the 3x3 TE,,-mode array transfers energy selectively to
a TE,;-mode in the overmoded-waveguide through the
horn couplers with conversion efficiency of 100 %, be-
cause their electric and magnetic fields at the boundary
between the horn array and overmoded waveguide are
exactly the same.

The overmoded-waveguide resonator not only im-
proves efficiency, but also provides a large heat sink for
the Gunn diodes, which have a low dc-rf conversion .
efficiency. Therefore, the overmoded-waveguide power

Sliding short Overmoded waveguide Receiving
y | hom
il
7 L Power
3 Meter
_—cy ALY
A [
-t L / Spectrum
Analyzer

M x N (= 3x3) waveguide array with Gunn diodes

Side view Front view
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N

-}

a
Gunn diode [4—»‘

_4*M=3 —

Horn l<___L"—_>l

couplers

Fig. |  Experimental configuration of the overmoded-waveguide os-

cillator with Gunn diodes.

Overmoded-waveguide Waveguide array

N

3x3 TE,( modes

TE;y mode

Fig.2 Mode conversion between a 3x3 TE, mode array and the
TE,, mode in the overmoded-waveguice resonator.
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Fig.3 Equivalent circuit for the overmoded-waveguide oscillator.

combiners can be used to achieve high output power
with high combining efficiency at millimeter wave-
lengths.

EQUIVALENT CIRCUIT

Figure 3 shows the equivalent circuit developed for
the overmoded-waveguide oscillator. When the oscilla-
tion mode in the resonator is TE,,, the propagation con-
stant in the overmoded waveguide matches that of the
TE,,-waveguide formed by the horn aperture. The at-
tenuation constants do differ: in the overmoded
waveguide the attenuation constant is decreased by 1/3
times compared to that in the TE,,-waveguide. The
overmoded-waveguide resonator acts therefore as a
TE,,-waveguide with a smaller propagation loss. Con-
sequently, we can apply the same equivalent circuit de-
sign techniques used for conventional waveguide reso-
nators containing Gunn diodes [9] [10]. In Fig. 3, L 4,
is an effective resonator length between the Gunn diode
and sliding short, Z,, is the characteristic impedance of
the TE ,-waveguide, X, and X, are reactances of the bias
post, and Z; is the impedance of the Gunn diode. The
parameters, X; and X, are calculated using the induced
EMF method {9].

EXPERIMENTAL SETUP

In Fig. 1, the Gunn diodes used are of InP-type, Ja-
pan Energy Co., NT-W90, and have a maximum rated
output power of about 90 mW in CW at 94 GHz. The
TE,,-waveguides are standard W-band waveguides with
the horn couplers which have square apertures with di-
mensions of a=b=15 mm. The length of the waveguide,
L,, is 60 mm. The oscillation frequencies and output
power for the oscillator were measured using a W-band
standard horn antenna connected to a spectrum analyzer
(HP-8563A) and a power meter. The receiving horn an-
tenna was placed at a distance of 1.3 m from the oscilla-
tor.

EXPERIMENTAL RESULTS

Figure 4 compares the measured frequency spectra
for the oscillators with one and nine diodes at 98.8 GHz.
The measured C/N ratio for the oscillator with nine di-
odes is -91.3 dBc/Hz at a 100 kHz offset which is com-

M6.1

AMKA —-81.80dB/Hx
100kH=

cL 30.o0a8

AL Oosm 10a8/

LMK
100| kKHZ|

8/Hx

)
[
]

{

Al B s

CENTER 868.68333406Hz 8FAN 1.,000MHZ
»#ABW 10kHZ VBW 3.0kHz SWF a4ms

AMKA —91.349B/HZ
100kHx

CL 30.00c8

RL. Odsm 1048/

oM
100! ki

Pl-oi] sa [ae/ vz

|
/

WWM

(b) CENTER 96.033480GME SPAN 1.000MMHZ
“ABW 10kHZ vBW 3.0kHz WP 84me

Fig.4 Measured frequency spectrum of the overmoded-waveguide
oscillators with one Gunn diode (a), and nine diodes (b).

pared to -81.5 dBc/Hz measured for that with a one di-
ode. The C/N ratio reduction indicates that power from
the nine diodes has been successfully combined coher-
ently in the overmoded-waveguide resonator.

In order to confirm the TE,, oscillation mode, radia-
tion patterns from the output horn array were measured.
The measured radiation patterns for H- and E-planes
are shown in Fig. 5. The oscillation frequency was 98.4
GHz. The solid curves indicate the theoretical radiation
patterns for the TE,, oscillation mode. The coincidence
between the two patterns shows that the oscillation mode
in the overmoded-waveguide oscillator is TEy,

The total output power of the oscillator was esti-
mated from the power detected by the W-band standard
horn and the theoretical radiation patterns for the TE,,
mode. Figure 6 shows the measured frequencies (a), and
corresponding total output power for the oscillator in
the TE,, mode (b), as a function of the length, L, be-
tween the sliding short and the horn array. The solid
lines indicate the theoretical frequencies calculated us-
ing the equivalent circuit for the oscillator. The mea-
sured tuning frequency range is about 2 GHz at a center
frequency of 98.5 GHz. The maximum output power is
about 450 mW at 98.8 GHz, demonstrating a power
combining efficiency of about 51 %. For some applica-
tions using this oscillator in guided wave systems, the
TE,, output mode can be easily converted to TE,,
through waveguide circuit techniques.
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Fig. 5 Measured and theoretical (a) H- and (b) E-plane patterns of

the output beam from the overmoded-waveguide oscillator
in the TE,, mode at 98.4 GHz. The radiation angles are mea-
sured from the center of the surface of the output horn an-
tenna array.

CONCLUSION

We have demonstrated the use of an overmoded-
waveguide resonator with a fundamental-mode
waveguide array, as a coherent power combiner with
millimeter wave solid state devices. The experimental
results have shown that the oscillator with a 3x3 Gunn
diode array can produce an output power of greater than
400 mW even at high frequencies above 98 GHz.

This research was partially supported by the Minis-
try of Education, Science, Sports and Culture, Grant-
in-Aid for Scientific Research (B), 09450134, 1998.
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Quasyoptical electrodinamical structures are perspective at millimeter and submillimeter wavelengths
especially with diode and transistor active elements due to the simplicity of active circuit installation. High Q of
open resonators gives the possibility of oscillator noise minimization. Simple is mechanical tuning and matching.

Generally oscillators resistance system include active element, open resonator and coupling-matching
circuit. Coupling-matching circuit realizes impedance transformation to optimal power or noise point of active
element, selects the resonant frequency and forms the necessary field configuration (as primary antenna).

At the negative active resonance port the coupling system can give the reaction of series (Z) or parallel
(Y) type. The main (open) cavity can also give the reaction of series or parallel type depending on coupling fea-
tures. Than it is possible to realize four resonant structures:

1. Z coupling - Z resonator; 3. Z coupling - Y resonator,

2. Y coupling - Z resonator, 4. Y coupling - Y resonator.

With Z (series) representation of active element (Zp=Rp+jXp) under practical condition |Xgg>|Rge| the
reaction of complex electrodinamical structure at the negative resistance terminals at the resonant frequency
must be of Z-type. Then the partial Q of open resonator and coupling resonator must have different meanings in
different above mentioned structures. In Fig. 1 there is shown equivalent circuits of practical structures N 2 and
N 3. where ny, n,, n; - coupling factors of different parts of oscillating system; Zy, - useful load; Zx (Ya), Yor
(Zor), Zr (Y5) - parameters of coupling circuit, open resonator and losses of free space.
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For the structure “Z coupling - Y resonator” (Fig. 1,a) impedance components of resonant circuit at
the active elements terminals are:

l+o+E? af,
Rs = Ra L. Xs=Ra -
E.=2Qu(Aw/0,);
- oscillator frequency; o, - open resonator frequency;
Q. - loaded Q of open resonator,
Ea=2Qa(Aw/®on);
®oa - Tesonant frequency of coupling-matching (antenna) circuit;
Qa - quality factor of unloaded antenna,
o - coupling factor of antenna - open resonator [1].
Typically Qor>>Qa and at resonant antenna frequency
T
XS|§A=0 = Ra T
and fixing capability of system at the active elements terminals is
2 _ — +2 1
6Xs =22L"(XRA_‘—é; ! =2gRD(D=29iRDZ(I D)(__a - =),
00 [sa.0 ® EL +1 ® o o 2 D
where ®=Qosc/Qr [2]; Qosc - loaded Q of oscillator; D=Ra/[Rp oprl;
- aD |
Sr=fyiTp b

Parameters @ and D give the possibility to estimate oscillator quality (Fig. 2) and to obtain optimal
parameters of coupling-matching (antenna) circuit.
Experimental results will be presented for optimally tuned mm-wave oscillators and for other oscillator

circuits.

1 J I T T 13 T T T T
a=100

101~ 7]
@ 0.5 a=10 ] gL Us 1
a=1 ar i

0 | ! 1 I | | | |

0 0.2 04 0.6 0.8 | 0 02 04 06 08
D D

1 Kotserzhinskii B.A., Machusskii E.A., Pershin N.A., Taranenko V.P. Solid-state oscillators with
quasioptical resonant systems. Radioelectronics and communications systems (Izwestiya VUZ.
Radioclektronika). Vol. 30, No. 10, pp. 11-20, 1987

2.Machusskii E.A. Stabilizing the frequency of diode microwave oscillators. Radioelectronics and
communications systems ([zwestiya VUZ. Radioclektronika). Vol. 30, No. 10, pp. 25-31, 1987.




105 M6.3

A New contribution to the FIR laser systems
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Abstract

As a new research program at AL A&M University, we have built a FIR laser which is pumped by CO2
laser. The system was tested and new FIR lines from CH;OH were observed. A tentative assignment for
these lines will be presented as well as the complete design for the FIR laser system.
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Optically pumped submillimeter laser lines from CD-Cl;

A. Bertolini, G. Carelli, N. Ioli, S. Marchetti*, A. Moretti and F. Strumia

Dipartimento di Fisica dell’Universita di Pisa, CNR and INFM
Via Buonarroti 2, 56127 Pisa, Italy
*IFAM-CNR Via del Giardino 7, 56126 - Pisa, Italy

The deuterated dichloromethane molecule is a near—prolate asymmetric top rotor (asymmetry factor
k = —0.97), belonging to Ca, symmetry point group [1]. We investigated the vg IR absorption band by
using a CW waveguide CO, laser having a tunability of 300 MHz in order to pump infrared transitions
with large offset. As a FIR laser resonator we used a Fabry—Perot cavity described in details elsewhere
[2};in order to make easier the search of new FIR lines it is equipped with an electret microphone for
an optoacoustic monitoring of absorption transitions. With this system we could observe 16 new lines,
ranging from 212.63 to 983.3 um. The precision in the wavelength measurements is 10-3. For each of
them we also measured the infrared absorption offset relative to the COg line center, the polarization
relative to that of the CO, pumping laser, the optimum operating pressure and the relative intensity.
The polarization has been measured by means of a mesh polarizer. The pump offset is measured using
the Transferred Lamb Dip [TLD] technique [3]. In table I are given the data for the new lines and for six
old ones whose offset was unknown.

Pump Wavelength Rel. Offset ~ Rel  Press. Comments
Line (pm) Pol (MHz) Power (Pa)
10R(18) 506.7 L -60 M 8
287.5 L ~-60 S 8 old
10R(14) 247.8 | -140 W 6
587.2 1 90 M 8
10R(12) 705.7 1L =70 VW 8
643.2 1 130 MW 7
10R(08) 447.5 L =50 M 9
586.5 4 90 MS 10
10R(06) 438.2 I 45 M 10 old
695.2 1 9% W 12 old
10R(04) b543.2 L - 30 A\ 8
587.5 L -10 W 10
10P(10) 983.3 L -8 M 10
10P(12) 212.6 Il -80 M 8
260.1 1 -8 M 8
476.3 L 8 M 10
10P(14) 328.3 L -3 W 6
270.4 [l 100 S 8
376.5 L 100 M 8
10P(16) 588.7 1 15 M 8 old

Table I. New FIR laser lines of CD2Cls.

The assignment of the FIR laser lines of CD,Cls is complicated by the presence of two chlorine
isotopes, 33Cl and 37Cl and by the possible interaction between the vg and the vy bands. For this reason
it was not possible to assign the IR transitions, while tentative assignments can be proposed for the
FIR laser transitions when two lines having different polarizations and sharing the same upper level are
present. For the first time we obtained a large number of lines with a polarization perpendicular to that
of the pump laser and combining our experimental results with previous known laser lines it was possible
to assign 15 Q-R FIR emission doublets.

The rotational levels of the molecule are identified by J, K4, K_. Given the slightly asymmetry, the
K-splitting is negligible and the energy of the level can be written as:

Ejk = (B+C)/2J(J +1) + (A = (B+C)/2)K?

where the rotational costants of the excited levels are obtained from Fourier Transform IR absorption
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spectrum [4], and K is K_. Our assignments are given in table II. Column one gives the pump laser
line and the offset relative to the centerline; column two the experimental wavenumber; column 3 the
calculated one; column four the quantum numbers of the levels involved in the laser emission.

Pump line Offset Pol. vexp Veale (JK) = (J,K'")
(MHz) (em~!) (cm=1)
10R(18) -60 L 19.736 19.707 (72,15) — (72,14)
| 34783 34.818 (72,15) — (71,14)
10R(14) 90 1 17.030 16.989 (56,13 ) — (56,12)
| 28.727 28.742 (56,13 ) — (55,12 )
10R(12) -70 L 14170 14.270 (52,11) — (52,10)
| 25208 25.184 (52,11) — (51,10)
(

) =
) =
10R(12) 130 L 15.547 15.629 (45,12) — (45,11)
| 25100 25.074 (45,12) — (44,11)
10R(08) -50 L 22.346 22425 (38,17) — (38,16)
| 30.469 30.400 (38,17 ) — (37,16)
10R(08) 90 L 17.050 16.989 (33,13) — (33,12)
| 23946 23.915 (33,13) — (32,12)
10R(06) 95 L 14.384 14270 (41,11) — (41,10)
| 22.821 22.875 (41,11) — (40,10)
10R(04) -30 L 18409 18.348 (18,14) — (18,13)
| 22158 22.126 (18,14 ) — (17,13)
10R(04) -10 L 17.021 16.989 (20,13 ) — (20,12)
| 21.286 21.187 (20,13) — (19,12)
10P(10) -80 L 10.170 10.193 (37,8) — (37,7)

| 17.880 17.959 (37,8) — (36,7)

10P(12) -80 L 38447 38.734 (40,29) — (40,28)
| 47.037 47.129 (40,29 ) — (39,28 )

10P(12) 80 L 20995 21.066 (43,16) — (43,15)
I 30.175 30.091 (43,16 ) — (42,15)

10P(14) -30 L 30460 30.579 (48,23 ) — (48,22)
| 40.634 40.653 (48,23 ) — (47,22)

10P(14) 100 L 26.560 26.502 (50,20 ) — (50,19 )
(50,20 ) — )

(58,13 ) — )

(58,13 ) — )

| 36.982 36.996 (49,19
10P(16) 15 1 16.987 16.989
| 20172 29.162

(58,12
(57,12

Table II. Assignments of CD,Cl, laser transitions.
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Infrared Raman Solitons, Self-phase Modulation and Self Focusing in
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With the aid of a pulsed CO2-laser system {1] including a fast plasma shutter we have observed the first spontaneous Raman
solitons in the forward stimulated FIRcell  Gas Iniet 810, Mesh 0 axis Focusing
Raman scattering (SRS) by the far- B rror
infrared-active laser gas NH3. The
measured SRS processes are

rotational transitions at 58 Hm and
72.6 um optically pumped with
pulses of preselected duration and
wavelengths of 10.37 um and 10.35 Hm respectively. Our experimental arrangement shown in Fig. 1 enables us to measure
the depleted pump pulse with the SRS solitons and simultaneously the scattered far-infrared radiation (FIR) with the
corresponding dip. Such a measurement is shown in Fig. 2.

In addition we have measured the statistics of the relative delays and relative amplitudes of these spontaneous Raman solitons
at 10.37 um wavelength. We performed these statistics on the basis of 1000 shots with a shot to shot variation of the pulse
intensity within the limit of 10%. The Histogramms are shown in Fig. 3.

FIR Shottky-Barrier
Diode Detector D3

E HgCdTe Photosiectromagnetic E
Detectors D1 and D2

Fig. 1: Experimental arrangement for SRS of CO;-laser radiation by NH 3

SRS colitons
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@) relative colitan delay thme v

mtensity | jark. anits}

FIR-vadiation at 88 yne

- S NN AL
I Fig. 3: Histogramms of a) spontaneous SRS solitons delay
Fig.2: Multiple SRS solitons in the depleted pump  (imes measured relative to the duration of the temporal
pulse with the corresponding dips in the FIR depletion region and b) solitons Sfractional heights

For 362 of these 1000 shots we observed unambiguous multiple solitons within one pump pulse. In total we measured 542
solitons in our 1000 pump pulses. Subsequently, we compared these results with earlier measurements performed by
MacPherson et al. [2] in para-hydrogen pumped by a frequency doubled Nd:YAG laser and with the calculations by Englund
and Bowden [3]. ’

As reported by Girdauskas et al. [4] the mutual diffractive focusing of laser and Stokes beams has a strong influence on the
gain of the observed SRS as well as on the process of Raman soliton generation. Therefore, we have measured the
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magnitude of self focusing shown in Fig. 4 for two different intensities of the CO7 10(R4) laser transition. In this figure the

relative intensity is the intensity transmitted through an aperture at the end of the FIR cell versus the total intensity of the
laser beam. In order to determine the nonlinearrefractive index n3 for NH3, we have measured for the first time the

comresponding self-phase modulation with the set-up shown in Fig. 5. Fig. 6 shows the result for the 10.37 um (10R4)
CO2-laser emission. The total self-phase modulation is a linear function of the NH3 gas pressure due to the maximal relative
refractive index change of Anpax/ng =~ 5%1077. Making use of these data we evaluated the cubic refractive index n3 as a
function of the NH3 pressure. Thus, we determined the nonlinear refractive index n2 of NHj for the wavelengths at the CO,-
laser emissions 10(R4), 10(R6) and 10(R8). No phase change could be observed at 9(P20). This is in agreement with the fact
that NH3 has no vibrational resonance at that wavelength.
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NHj pressure p [mbar] Fig. 6: Self-phase modulation for the maximal intensity

Fig. 4: Normalized transmission of self-focused laser Iomax at the laser emission 10.365 pm (10R4) as a function
beam. Dots represent the measurement with P, = 150 kW, of the ammonia pressure p. Phase modulation for the intensity
while stars indicate the result for Py = 75 kW lomax with a pulse energy Ej = 70 mJ (full line and circles).
Phase modulation with an intensity attenuated by a factor 1/2
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Abstract

All the spectrometers based on the use of a far infrared laser present the drawback of the laser frequency
uncertainty. Even if the knowledge of the laser frequency is very precise, a shift of the laser cavity length is
always present, limiting the spectrometer frequency accuracy at 1 MHz. The goal of this paper is to give a
solution to this drawback in demonstrating the feasibility of a frequency stabilization of the far infrared laser.

Introduction
Since 1990, we are using at Lille (France), a far infrared (FIR) spectrometer for spectroscopic
applications [1]. This experiment consists to mix the output radiation from an FIR laser with the radiation from a
synthesizer, operating in the range 2-18 GHz, to produce sidebands in the FIR region. These sidebands with a
tunability of 32 GHz serve as a source for the spectrometer. The drawback of this experiment is the knowledge
of the FIR laser frequency. The uncertainty of the measured absorption line frequency is indeed proportional to
the laser line frequency uncertainty. Figure 1 shows an example of FIR laser gain curve.

800
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500 e \u\
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300
200
100
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divergence from the central frequency in MHz

Figurel : FIR laser gain curve for the vinyl fluoride line centered at 634.222 GHz pumped by the
10P20 CO, line

One can see on this characteristic example, a bandwidth of the order of 4 MHz. This means that we can
tune the laser radiation frequency over this range. One can also imagine the difficulty to tune the laser cavity
length just at the top of the gain curve. We can reach in these conditions, an accuracy between 500 kHz and
1 MHz for the absorption line frequency measurements [2].

The goal of this short paper is to show the possibility of a frequency stabilization of the FIR laser to
increase the frequency accuracy of the experiment.
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Experimental set up
Figure 2 gives a scheme of the experimental set up used to stabilize the FIR laser.
FL FL
< ¢ FIR laser _——4—
Step by step motor
FL driving the cavity length
Fc _
BWO FL-n FC-SZO MHz
78-118 GHz > T
520 MHz
Fc
Synthesizer | Fs Spectrum
8-12 GHz analyser
320 MHz +
Phase lock
loop Computer —>

Figure2 : Experimental set up
A part of the FIR laser output power is used to generate a beat note arround 520 MHz, with the radiation

from a backwardwave oscillator BWO) in the range 78-118 GHz, phase locked on a 8-12 GHz synthesizer. The
beat note frequency is measured by a spectrum analyser and sended via a HPIB bus to the computer which drives
the step by step motor of the laser cavity. We are then able to control the FIR laser freqency by tuning the cavity
length.

Results
Beat note with the 1397 GHz line Beat note with the 2522 GHz line
65,00 -75,00
70,00
.20,00
dBm -75.00
dBm -35,00
-80,00
90,00
85,00
90,00 95,00
519,00 519,50 520,00 520,50 521,00 519,00 519,50 520,00 520,50 521,00
Frequency Mz Frequency Mz
Figure3 : beat note with the 1397 GHz line Figured : beat note with the 2522 GHy line

The two examples given in figures 3 and 4 show beat notes arround 520 MHz with signal to noise ratios
better than 10 dB. So, they can be used to stabilize the FIR laser up to 2500 GHz. We tried the stabilization in
spectroscopic configuration with the OCS molecule. We measured 31 times on 4 days, the same transition at
899015.989 MHz. These trials give a 60 kHz standard deviation. The theoretical laser accuracy was 25 kHz, but
the standard deviation found, takes into account other experimental parameters such as the signal ratio of the
observed line, the accuracy of the software which measure the transition, the line deformation due to the optical
path.

References

1 D. Boucher, R. Bocquet, J. Burie, W. Chen, J. Phys. III France 4,1467-1480 (1994)

2 X. Li, R. Bocquet, D. Petitprez, D. Boucher, L. Poteau, J. Demaison, J. Mol. Spectrosc. 172,449-455 (1995)




112 M6.7

SMMW Ring Lasers with Optical Pump Beam Guiding
Michael Raum

Lehrstuhl fiir Hochfrequenztechnik, University Erlangen-Niirnberg, D-91058 Erlangen, Germany
email: michael@lhft.e-technik.uni-erlangen.de

Introduction

The OH radical, one of the radicals involved in stratospheric chemistry, emits radiation at a frequency
around 2.514 THz. For its remote sensing, airborne heterodyne receivers with a local oscillator frequency
near the emission line are required. As local oscillators, methanol gas lasers on the 2.522 THz line pumped
by a CO, laser on its 9 P 36 line are used. The design of a SMMW laser head for airborne applications,
which require compactness, efficiency and reliability [1] at this frequency will be introduced.

Optical Pump Beam Guiding

The ring resonator of the SMMW laser head (perimeter Lo) consists of four mirrors (figure 1). The pump
beam is injected into the SMMW resonator via a pinhole in a plane mirror 1. Mirror 2is a focussing mirror
(focal length fg) serving for pump beam guiding as well as for SMMW beam guiding. The outcoupling
of the SMMW radiation takes place at a hybrid hole mirror 4.

. Hybrid Hole Mirror 4; SMMW Beam:
Plane Mirror 3: o aperture l» co-propagating
o aperture » SMMW reflectivity = counter-propagating

i
o frequency offset

[ Optimum g-Parameters |

0.53712 0.55104
0.56151 0.57692

Vacuum Ve |
: be radics 0.59679 0.61010
: kempentine 0.63937 0.64799

0.66276 0.67354
Pump Beam: 0.68524

Focussing Mirror 2 Pinhote Mirror {: |» frequency offset
e aperture » aperture . waist. radjus
l» focal length '» pinhole diameter e polarization

R ——— » power

Figure 1: Resonator geometry and parameters important for SMMW output power; table of standard
resonator g-parameters

The most important constructional parameters to be determined are the focal length fp and the perimeter
of the ring resonator Lg. It is useful to introduce the g-parameter of the resonator g = 1 — 5%7; as a
characteristic measure for the resonator geometry. In order to maximize the SMMW beam volume, but
minimize its spotsizes on the mirrors, a g-parameter around g ~ 0.6 is adequate [2]. But not every

g-parameter provides good pump beam guiding; g-parameters obeying

me
g = cos [m " 1} (1)
with i and m integers lead to refocussing of the pump beam on the pinhole in the m + 1 roundtrip (3],
and the remnant pump power is lost. From the viewgraphs given in [4], eleven geometries of resonators
providing good pump beam guiding can be derived (see table in figure 1). With perimeter length Lo and
g-parameter (i. e. the focal length) known, one is able to completely design the ring resonator.

With the Rayleigh length of the SMMW beam

Lo l1+g
z = — _— 2
=21 @)
the SMMW beam geometry is now perfectly known. The waist radius of the pump beam to be coupled
into the resonator is characterized by a pump beam factor fp via

/ - A
Wo,p = fpb : ZL‘L;——P (3)
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and has a maximum spot size of the pump beam

1 Lo - Ap [Zn L Ly ]
Wpmaz = 7 * . =+
B fob \/ ™ Ly 4-zpy

on the focussing mirror. An optimum pump beam factor can be found by compromising between a small
fpo requiring large mirror apertures and a large fp increasing the pump beam losses at the necessarily
large pinhole; fp, = 0.22 is a good solution.

(4)

Measurement Results

Two SMMW laser heads have been realized in close accordance to the given design process. The first one
was based on a 1.5 m perimeter length design with g-parameter of g; = 0.551, the second one includes
a 2 m perimeter length resonator with g-parameter of go = 0.61. The perimeter length is thermally
compensated by a INVAR-aluminium frame [5]. To provide a tuning range of more than one SMMW
wavelength (> 119 pm) with an accuracy corresponding to the emission linewidth (< 1 pm), a two stage
tuning unit consisting of a differential screw and a piezoelectric stack is used.

The measured SMMW laser output power of the strongest SMMW mode, the radial TEMy; mode, is
shown in figure 2 (left) in comparison to the TEMgg mode for the case of the 1.5 m resonator system.
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Figure 2: Pressure scans for the TEMgg and the TEMy; mode of the 1.5 m laser system (left) and the
TEMgo mode of the 2 m laser system (right).

Both characteristics have been measured at the copropagating end of the SMMW laser for a pump power
of 20 W. The better conditions for the TEMg; mode compared to the TEMg mode can be explained
by the heating of the laser gas on the optical axis and the fact that the hybrid hole outcoupler is not
optimized for this resonator length. A maximum output power of 18 mW for the TEMgo mode, which is
of special interest for the heterodyne application, and 30 mW for the TEMy; mode have been observed.
The scattering in the higher power part of the TEMg; mode scan is due to two modes of the pump laser
competing with each other; the measurements on the envelope are to be taken as valid.

The outcouplers have been optimized meanwhile. The pressure characteristics of the TEMyo mode in
the 2 m resonator system are shown in figure 2 (right). The maximum output powers are 49 mW in the
copropagating direction and 27 mW in the counterpropagating direction.

Conclusions

The design of SMMW ring lasers using a focussing mirror for optical pump beam guiding has been
described. The features of two compact system prototypes optimized for the 119 gm methanol line have
been presented, measurement results have been given.
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Effects of Buffer Gas N, on Miniature Optically Pumped NH;
Submillimeter Wave Cavity Laser Emission at 67.2um
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ABSTRACT
The effect of buffer gas N, on miniature optically pumped NH; submillimeter wave (SMMW) cavity laser
emission at 67.2um was studied theoretically and experimentally. It has been found that:
1.N; had a positive effect on laser output of 67,2um,
2. sharp absorption in laser spectrum under certain gases mixture pressure corresponded to the threshold of
“bottleneck effect”.

INTRODUCTION

NH; pumped by TEA-CO; laser line has been known as an effective SMMW emission source [1, 2]. In mini-
cavity laser, NH; operates with very high pressure (compared with the conventional cavity laser), interaction of
Raman processes has significant effect on SMMW emission, leading to high power output, wide band spectral
characteristics and wide range frequency tunability [3]. However, the efficiency of this laser is very low (less than a
percent). This low efficiency is largely caused by the so called “bottleneck effect” -a large accumulation of
population in lower laser level caused by a slow vibration relaxation rate and thus a great reduction of population
between the upper and the lower laser levels [4]. In this paper, based on the density matrix equation theory, the
effect of buffer gas NH; was calculated and was verified by experiment.

THEORECTICAL DISCRIPTION
Our calculation was based on the density matrix equation theory and the gain superposition principle, which
have been described in detail elsewhere [3]. The relevant energy levels of NH; molecule and that of buffer gas N»
were shown in Fig.1. NH; was a six-level system and level J=5 (v=0) of N, was near-resonant with level s(5,0)
(v=2) of NH; (AE<2.5cm™).

The effect of buffer gas N, was included in our calculation. In the presence of N,, the relaxation time t was
determined by the collision between NH; molecules and by the collision between NH 3 and N, molecules as follows
(collision between N molecules had no effect on t):

r__r .1 )
T T.AIA rAB
Y
_l_ — ””(dA + dB )Z{M} n, ()
Tap m mpg

Where the subscripts A and B denoted NH; and N, respectively, m- the molecule mass, d- the diameter of the
molecule, n- the number of molecule per unit volume, T- the absolute temperature of the system. 1- the probability
of de-exciting a NH; molecule in a given collision with a N, molecule.

* This work is supported by the National Natural Science Foundation of China.
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n should be deduced and calculated by quantum theory. For simplicity, it was assumed that n was 1 for near-
resonant or resonant energy transfer caused by collision between NH; and N, molecules and was 0 for off-
resonant energy transfer.

RESULTS AND DICUSSION
The calculated spectrum characteristics of miniature OPSMMW cavity laser emission at 67.2um was shown
in Fig.2 and was verified by our experiment. Compared with that of our early work [3], it could be seen that:
1. a very wide band (~13GHz) laser emission was roughly the same as that without buffer gas N,
2. sharp absorption appeared in the spectrum under certain gases mixture pressure (35 Torr in our case),
about 20% more SMMW laser power was output.

Under certain gases pressure, “bottleneck effect” became serious and dominated the transition where AC
Stark splitting centers of each Raman process was located, there the population inversion was broken and SMMW
laser transition stopped, leading to sharp absorption in the spectrum. With higher pressure, collision between NH;
and N; molecules became more frequent, the effective near-resonant energy transfer from NH; molecules in lower
laser level to N, molecules greatly reduced the influence of the undesired “bottleneck effect”. Obviously, the gases
mixture pressure under which the sharp absorption appeared corresponded to the threshold of “bottleneck effect”.

The study of the threshold of “bottleneck effect” would lead to a more comprehensive understanding of the
mechanism of buffer gas and would be significant to the optimized operation of OPSMMW laser.
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Fig.1, Part of energy levels of NH; and N, Fig.2, The calculated spectrum characteristics of mini-OPSMMW
related to 67.2pum emission NH; cavity laser emission at 67.2um (with buffer gas Na)
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A Method of Remotely Steering a Microwave Beam Launched
from a Highly Overmoded Corrugated Waveguide

C.P. Moeller
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A primary application of high power millimeter waves is electron cyclotron heating and current drive in
magnetically-confined plasma research. Transmission of the power from generator to load, if skin effect losses,
risk of microwave breakdown, and first wall penetration area are to be minimized, can best be accomplished by
using corrugated waveguide having transverse dimensions »Ap, where Ag is the free space wavelength.
However, for a fixed frequency or even a step tunable source, such as a gyrotron, localization of current drive
requires toroidal or poloidal steering, depending on electron temperature [1].

Although this steering can be accomplished by rotatable mirrors within the vacuum vessel, engineering
details are challenging, and reliability remains a question [2]. A method of controlling the angle at which a
microwave beam is launched from a corrugated waveguide is described which places the only moving parts
many meters from the waveguide output. This approach was first developed as an alternative to the internal
moving mirror baseline design for ITER [3].

Description and Results

The proposed scheme for remote beam steering requires the use of a square or reciangular corrugated
waveguide. Designating b(z) as the waveguide height in the steering plane (y—z plane), and by the waveguide
height at the output, it is necessary that by > 107»0 for this scheme to be useful. Designating the transverse
dimension orthogonal to & as a(along x), the effective wave number in the y~z plane is k| = [(21(/?\0)2—
(1t/a)2] 172 To avoid the complication of diffraction in the x—z plane outside the waveguide, we will let @ — oo,
so that the geometry is truly 2D and k) = 21/ = kg

A Gaussian-like beam will be emitted from the output of a square or rectangular corrugated waveguide
at ¢ radians with respect to the waveguide (z) axis if the Ey-field component has the profile at the outlet:
sin(my/bg) exp(idpkgy. This profile can be expanded in terms of the normal modes of the waveguide as
Ey = X1-1 Bn sin(nmy/bg), where the coefficients are given by:

~idnu {explin(u —n)]+1}
n[u2 —(n+ 1)2][ 2 _(n- 1)2]

B, =

(1

where u = dpkobg/m. If these mode amplitudes could 0
be excited at some remote point such that the modes ]
arrived at the waveguide output with the phases
required by (1), remote steering would be achieved. :
It is interesting to see which modes contribute to -10
the far field radiation pattern for a given value of u ]
in (1). A 2D far field pattern {4] for the case u = 14 Q ] .
(which corresponds to ¢ = 11.1° for by = 6.35 cm at : :',
170 GHz) is plotted in Fig. 1 for modes of index 14, -20 1
I13-15, and 12-16. The five modes account for ]
99.3% of the total radiated power. When « is not an
integer, the basic behavior is the same so that the

L Dy,

hY

output pattern shape only changes weakly with ¢. -30 J J

The required mode amplitudes can be excited -20 -10 0 10 20
most easily by the inverse process, e.g., launching a Degrees
beam into the waveguide input at angle ¢. In Fig. 1. The far field pattern of the N = 14, N = 1315,
addition, the correct phases are given by (1), so with and N = 12-16 modes having amplitudes given by
this excitation, it is “only” necessary for the relative Eq. (1) radiated from an aperture of height bg =
phases to replicate at the waveguide output. 6.35 cm at 170 GHz. The corresponding power in the

main lobe is 50%, 83.5%, and 99.3%.
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The accumulated phase difference between any two modes of indices m and n along a waveguide of length
L (which in general may be tapered) is given by:

172
AYpn = IOL[{’%% -[m”/b(Z/L)]z} - {8 -['m/b(Z/L)]}”zJ dz , o)
7% kgLl 1 L 1 1
= _Z_(IczTo)lz(nz—mz)[uz(q)ﬁ+¢,2,,)1—T+§(¢ﬁ+¢§¢?,,+¢;‘,,)f+ J

where 1, = b3" I(; dt/b(t)* , ¢p = pskobo, and b(r) 2 by. Considering first only the lowest order term of o,
if we choose koL = (4/m)(kobo)¥/11, 5o that Ay 7 = 6, then AWy, , = 21(n? — m2). Therefore, if ¢2 and ¢2, «
1, so that the higher terms of the binomial expansion can be neglected, all the incident modes come back into
phase over this length, and the tilted input beam is replicated at the waveguide output. It was pointed out by G.

Denisov [5] that the tilted beam would also be replicated at L/2, but at —¢, thereby reducing both the required
waveguide length and the phase error. koL = (2/1)(kgbo)2/I; will be used in all plots that follow. In particular, if
b(Z/L) = by, koL = 2(kobg)?/m.

Figure 2 shows examples of a 2D far field pattern of a beam steered through a uniform waveguide, which
shows a useful range of about £10°. The steering range can be extended to +15°, as shown in Fig. 3 by reducing
L by ~AL where AL/L = 1 — 4Nr/(AYpN N+1 — AYN N—1) and N is chosen so that N— 1/2<u <N+ 1/2. ALIL
varies approximately as ¢2. Varying the length with angle requires a line stretcher or a means of changing the
effective position at which the input beam enters the waveguide.

Regarding any further steering range extension, for modes having significant amplitudes in Eq. (2), ¢, and
Om = ¢, so phase errors can only be reduced by reducing Ir/I; and I3/I|. The form of b(z/L) that has been
examined so far is b(t) = bg(R-(R - 1)t%), where Rby is the input height and by is the output height. For k = 1,
koL = 2R(kgb)?/m, and for R = 3, for example, Io/I} = 0.48 and I3/I} = 0.30.

For k = 2, kgL = 4R(kobo)2/n{1 + In[(1 + o)/(1 - cx)}/2Re}, where ot = (1 — 1/R). For R =3, I/I} =0.39
and /3/I} = 0.22, which further reduces the phase error, although unlike the linear taper, this parabolic taper has
no set of normal modes, so mode mixing near ¢ = 0 needs to be examined. Figure 4 shows that with R = 3 and
k =2, steering +24° is possible.

The performance of various profiles with and without AL length correction is summarized in the Table 1 for
the same kgbg as in the examples above. The last column in the table, “ohmic loss,” is the ratio of the total
attenuation in the taper to that of a uniform waveguide having the same kgb( and radiating at the same exit angle
¢. Compared to the HE| | mode, the HE;, ; mode has n? times the loss, but still varies as 1/b3 locally.

Degrees

Fig. 3. Radiation patterns of a remotely steered
Gaussian beam from a uniform waveguide of height

Fig. 2. Radiation patterns of a remotely steered )
bg = 6.35 cm at 170 GHz. Ratio of power in range

Gaussian beam from a uniform waveguide of height

b =6.35 cm at 170 GHz. Ratio of power in range (¢-
5°, $+5°) to total power: 5°. 97.3%; 10°: 98.6%;
12°: 93.6%; 13°: 78.7%; L = 8.996 m.

(9-5°, 0+5°) to total power: 5°: 99.8%: 10°:
98.6%; 15°: 95.5%; and 20°: 87.4%; L =9.150 m,
AL: -3.2,-15.1,-32.5,-57.0 cm.
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Windows

A window is often required near the vacuum vessel to
separate its vacuum from the waveguide vacuum. If the
disk or plate thickness is chosen so that p = 0 for an
incident angle 8, where p is voltage reflection coefficient,
then as a function of steering angle ¢:

_i(JE - l/JE) tan[Nn(G2 - ¢2/2£)]

p(0.8) = ”+ l(Jg ¥ 1/\/5) tan[Nﬂ(92 - ¢2/2£)] ?

where ¢ is the relative dielectric constant of the disk and N
is the number of half wavelengths in the dielectric. As an
example, let € = 5.7 (diamond) and N = 5. Then for 6 =0,
p2<2x 103 over —11° < ¢ < 11°, while for 8 = 10.5°,
pZ <2x 1073 over +20°.

Conclusions

We have shown that it is theoretically possible to steer the
exit angle ¢ of a Gaussian-like beam radiated from a
highly overmoded rectangular corrugated waveguide as

Tul.1
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Fig. 4. Radiation patterns of a remotely steered
Gaussian beam from a parabolically tapered (3:1
in:out) waveguide of output height by = 6.35 cm
at 170 GHz. Ratio of power in range (¢—5°, ¢+5°)
to total power: 10°:. 99.7%; 15°: 99.0%, 20°:
97.2%; 24°: 95.2%; L = 37.380 m, AL: -23.8,
-51.5,-90.5,-132.3 cm.

much as +24° by injecting a similar beam in to the uniform or tapered waveguide at a specific distance from the
exit (typically 10s of meters). This distance takes the approximate form Lg x [1 — (¢/¢0)2], where Lg and ¢ are

constants dependent on the taper profile and kgbg.

Table 1: Summary of Examples

Taper/ALength ¢° n at Lm AL at ¢, cm Ohmic Loss
uniform/AL =0 12/13 93.6/78.7 8.996 0 1
uniform/AL # 0 15/20 95.5/87.4 9.147 -32.5/-57.0 1
linR=2/AL=0 15/16 95.6/87.3 17.984 0 0.75
linR=2/AL=0 15/16 97.4/91.8 27.052 0 0.67
linR=3/AL#0 20/24 96.2/93.5 27.436 -84.7/~119.4 0.67
parR=2/AL=0 15/16 97.1/91.4 22.220 0 0.68
par R=2/AL#0 20/24 96.3/93.5 22.536 -68.7/-99.3 0.68
par R=3/AL#0 20/24 97.2/95.2 37.380 -90.5/-132.3 0.59
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Abstract

A new approach to mode converter mirror design is presented. The proposed method uses field
intensity measurements and a fast numerical phase retrieval algorithm to fully account for the mode
converter field structure in the mirror design. Phase-correcting mirrors are designed from this
reconstructed field to synthesize a desired beam on the output window of the gyrotron. The method
is applied to a 110 GHz gyrotron internal mode converter to produce a 1.52cm waist Gaussian beam
at the gyrotron window. Cold test measurements of the mirrors validate the proposed method,
producing a Gaussian beam with the specified characteristics.

Introduction

Quasi-optical internal mode converters ([1],[2]; see Figure 1) designed from theory and numerical sim-
ulations effectively transform the high-order gyrotron cavity mode into a free space beam; however,
the measured field intensity pattern on the gyrotron window typically exhibits unpredicted behavior
that can reduce the overall power handling capability of the window (e.g. [3]). The disagreement
between theory and experiment most likely arises from an incomplete theory of the rippled-wall
launcher and/or machining errors in the launcher. MIT has developed an alternative approach to
mode converter design that uses measured field intensities following the launcher, along with nu-
merical phase retrieval, to account for the full field structure inside the mode converter [4]. A pair
of phase-correcting mirrors are then designed from these measured field patterns to produce the
desired beam on the window.

WINDOW
M3 —

M1
LAUNCHER

Figure 1: Internal mode converter schematic.

Approach to Mode Converter Design

Consider the internal mode converter depicted in Figure 1. The proposed design approach employs
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the following steps [4]:

1. Design and build (from theory) the launcher and first two mirrors to produce a quasi-Gaussian
beam at the surface of mirror 3.

2. Measure the field intensity over several planes parallel to the surface of mirror 3.

3. Retrieve the phase of the beam from the intensity measurements to reconstruct the full field
structure of the wave incident on mirror 3.

4. Shape phase-correcting mirrors 3 and 4 to transform the incident wave into the desired field
pattern on the window.

Phase Retrieval and Mirror Shaping

Because of the difficulty in measuring the phase at gyrotron frequencies (> 100 GHz), we rely on
a numerical iterative phase retrieval algorithm that uses the measured field intensity over two or
more planes to determine the phase of the beam [5,6]. This method propagates the field from plane
to plane, and upon each propagation updates the phase function with the measured intensities as
constraints. MIT has developed a FORTRAN code implementation of the algorithm which uses an
FFT to rapidly compute the inter-plane propagation. The code has been extensively tested for both
simulated and experimental data, and it accurately recovers the phase [4].

The mirror shaping procedure is essentially identical to that of phase retrieval, and is similar to that
discussed in [7,8]. With the incident beam amplitude and desired window field amplitude as input,
the phase retrieval procedure finds a set of self-consistent phases for those amplitudes. The phase
correctors then transform the incident and output phases into the self-consistent phases to satisfy
the overall beam synthesis problem.

Design and Experiment: 110 GHz Gyrotron

The 10-cm diameter, double-disk sapphire window in a CPI 110 GHz high-power gyrotron [3] has
been replaced with a 5-cm edge-cooled diamond window. The new window requires a well-formed
Gaussian beam over its aperture, and the above procedure was used to retrofit the existing mode
converter with a pair of phase carrecting mirrors to provide the desired Gaussian beam. The mode
converter was first placed in a cold test configuration (external to the tube) at CPI and measurements
were made over several consecutive planes following the second mirror (M2 in Figure 1). The phase
of the beam was then retrieved with the MIT phase retrieval code and the mirrors (M3 and M4
in Figure 1) shaped to synthesize a 1.52-cm waist beam at the window aperture. This beam size
corresponds to 99.5% of the beam power passing through the window and minimizes edge heating
and diffraction while maintaining an acceptable power density over the window surface. The shaped
mirrors were simulated in an independent physical optics code [2], which demonstrated that the
mirrors do produce the specified Gaussian beam at the window.

The shaped mirrors were mounted on the mode converter in a cold test set-up and the output beam
was measured over planes — perpendicular to the direction of propagation — before, at, and after the
window plane. Figure 2(a) shows the measured field intensity at the window. The beam is a centered
Gaussian with a z-waist size of 1.7cm and a z-waist of 1.6cm. These values are slightly larger than
the specified waist of 1.52cm, but the wider beam does not adversely affect the power transmission
through the window. Integrating the measured intensity over the window aperture indicates that
roughly 98% of the power incident on the window plane will pass through the aperture. Figure 2(b)
compares an ideal Gaussian beam with a waist of 1.6cm to the measured beam along the z-axis. The
beam has an excellent Gaussian profile over the range of measurable intensity. Measurements on
planes following the window show that the beam propagates perpendicularly to the window plane
and evolves as a nearly ideal Gaussian.
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Figure 2: (a) Measured field intensity at window. Contours of constant |E;|? are at 3dB intervals
from peak. (b) Measured (solid) and Ideal Gaussian (dashed) field intensity at window along the
z-axis.

Conclusions

We have presented a new approach to internal mode converter design that uses measured field
intensities over several planes along with a rapid phase retrieval algorithm to fully describe the true
fields in the mode converter. The reconstructed beam serves as input to a mirror shaping procedure
that synthesizes a specified output beam from the incident wave. The method was used to modify
the internal mode converter for a CPI 110 GHz gyrotron with a diamond window in order to generate
a Gaussian beam at the window aperture. Cold test results of the shaped mirrors reveal that the
new method works very well, producing a Gaussian beam with the desired size and propagation
behavior.
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Introduction

The Electron Cyclotron Resonance Heating experiment [1] on the FTU tokamak in Frascati is performed
with four 400KW, 0.5s gyrotrons at 140GHz [2]. The RF power is injected from the low field side, usually at
the first harmonic EC resonance in the ordinary mode. Second harmonic, extraordinary mode can also be used.

Each gyrotron’s output beam is corrected for astigmatism and filtered of spurious mode content with a
matching optics unit provided by the manufacturer, and the resulting nearly gaussian beam is matched to the
transmission line with an elliptical mirror and a polarizer made of two flat corrugated mirrors [3]. The
transmission line is made of about 40 m of aluminium corrugated waveguide [4] with an internal diameter of
88.9 mm carrying the HE11 mode. Four quasi optical 90° bends are required to reach the tokamak.

ECRH experiments have been made at short and medium pulse length using a single gyrotron in the last
few years [5], the power being launched into the plasma in the equatorial plane from the open end of the
corrugated waveguide.

The four beam launching optics has now been installed on FTU to deliver the full power scheduled with
good control over the resonance position, and low and medium power laboratory tests were made on the
assembled unit before it was mounted on the tokamak.

Launching optics

The launching optics [1,6] consists of four mirrors per transmission line, three of which under vacucum.
The first mirror is outside the vacuum and can be used to switch the power into an external calorimetric load for
high power transmission line tests. The last mirror of each line can be adjusted in elevation independently on the
others, allowing a wide poloidal scan of the resonance position without adjustment of the toroidal field:
-50 mm to +250 mm for line 1,+150 mm to -50 mm for line 2, -150 mm to +50 mm for line 3, -250
mm to +50 mm for line 4, i.e. up to 75% of the minor radius of the vessel (333 mm). Also the azimuth can
be varied independently to allow angled RF launch into the plasma after one to three bounces on two flat steel
surfaces (with >1um gold plating) inserted into the narrow port duct of FTU. Electron cyclotron current drive
experiments can thus be performed at three discrete angles of incidence (about 10, 20 and 30 degrees).

Millimeter wave tests

The most extensive measurements were made using a Varian VKT2438N4 10 W Extended Interaction
Oscillator feeding a horn-mirror antenna [7] whose output beam closely matches the HE11 from the corrugated
waveguide. The radiated power was sampled with a thin partially absorbing target made with black plastic
antistatic sheet. The temperature increase of the target was measured with an infrared camera with a telescope lens
to give good spatial resolution, using a frame grabber to acquire a frame sequence in order to check for the onset
of the vertical image spurious elongation due to hot air convection. The target was placed at 45°to the beam, and
the camera’s line of sight was perpendicular to the beam, to avoid image distortion. The variation in beam size
across the field of view is negligible. The best compromise between detector noise and hot air convection was
found at a temperature increase between /0 and 20 °C, which was reached in about five seconds. Fig. 1 shows a
typical image.

The beam shapes were measured placing the target at the position of the plasma center, and moving each of
the four beams at three different positions, at plasma center and close to full upper/lower range. The beam radius
along the toroidal (horizontal) direction is quite close to the design specifications but in the poloidal (vertical)
direction the beam is on average 25% larger. This was expected, being a consequence of the beam truncation at a
radius equal to the amplitude e—folding width, which had to be applied to the last mirror because of the
dimension of the FTU port duct. Table 1 below lists the measured beam radii at the center position, together
with the design specifications. The size of one pixel was taken as the error bar. One can see that the poloidal size
of the beams, which is the most significant for plasma heating, is anyway 2/ to 37% better than in the
preliminary experiments (where it was about 30.5 mm ). This translates into a volume power density at plasma
center that is 46 to 89% larger than before. The variation of beam radius when moving the resonance position
along the vertical plane is usually within /0%.

The angled launch was tested in the equatorial plane for one to three bounces on the side plates. The beam
shape was quite good, with small diffraction lobes appearing only with three bounces. Configurations with four
and five bounces were also tested, although not useful for ECRH because the plasma absorption would decrease
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too much. Appreciable distortion to the beam was found as one might expect, but the beam shape would still be
acceptable for plasma heating.

In the angled launch configuration the beam path from the final mirror to the plasma increases with the
number of bounces, and the increased beam diameter may cause interaction with the side plates at the end of the
narrow port duct. As a consequence of the interaction, a spurious beam may appear opposite to the main one.
Attempts to estimate this effect taking IR images of the expected spurious beam gave no signal above the noise
for one and two bounces, and a level of -/4.3 dB for three bounces. To expand the 8 bit image level, the main
and spurious beams were measured in different temperature ranges (2 and 50 °C) when equilibrium had been
reached after ten seconds ot heating.

A better picture of the beams was taken at low power, using a modulated solid state generator to feed the same
horn-mirror antenna. The RF power was measured with a sensitive heterodyne receiver, using a lock-in to detect
the modulation in the receiver’s output signal. The receiver was moved across the beam using IFP’s automated
test range. These measurements are intrinsically more precise and have a wider dynamic range, but since they
take a much longer time, they were made only on each beam at its center position, and on beam 3 at one bounce.
The measured beam shape is well fitted with a gaussian (Fig. 2), with a sidelobe level of -17 to -19 dB in the -
vertical (poloidal) direction and always below-25 dB in the horizontal (equatorial) plane. The -25 dB threshold is
comparable to the sidelobe level in the horn-mirror antenna. Table 2 shows the beams’ amplitudel/e radii as
determined from these data. The results are close to the ones estimated from thermal images.

Conclusions
The four-beam optics for ECRH can deliver millimeterwave power in a narrow region in the FTU plasma.
The beam’s shape is elliptical and the diameters kave been measured and found to be close to what expected. The
sidelobes produced by diffraction are small under all circumstances, and the multi-bounce angled launch can
deliver power to the plasma with a well controlled &k spectrum.
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Table 1 Table 2
Beam Spec’s x(mm) y(mm) Beam x(mm) y(mm)
1 18.1 17.6+.5 | 24.2+.5 1 20.8 26.0
2 17.4 17.7£.5 | 23.0+.5 2 19.9 23.8
3 17.4 17.9+.5 | 22.2+5 3 20.1 23.0
4 18.1 18.5+.5 | 25.2+5 4 20.3 25.3
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Abstract

The design problems of magnet systems for fast
(2s) frequency-step-tunable high-power gyrotrons
are discussed. A hybrid magnet consisting of a
superconducting (B < 6.5 T) and a fast variable
normal conducting magnet (AB~ £0.25 T) is pre-
sented and the specific problems are considered.

Introduction

Fast frequency-tunable gyrotrons are of interest for
controlling instabilities in magnetically confined
plasmas in large fusion reactors like e.g. ITER [1].
The confining magnetic field depends on the radial
position in stellarators and tokamaks. Hence, the
electron cyclotron resonance interaction between
the RF wave and the plasma electrons occurs only
in a small plasma layer where the resonance con-
dition is approximately fulfilled. The possibilities
to reach other plasma flux surfaces are a change of
the gyrotron frequency or mechanically steerable
mirrors in the plasma vessel making use of the
Doppler effect. Since it is difficult to find a material
for such mirrors and a reduction of the number of
movable parts is desired, it is obvious that the first
solution is more promising.

Fig. 1: Gyrotron with hybrid magnet system consisting of two
normal conducting solenoids

A 1 MW frequency-step-tunable gyrotron for
ITER that operates between 114 and 166 GHz is
under development at FZK [2]. In a first step the
frequency change has been performed by a slow
variation of the magnetic field due to a modification
of the current flow in the superconducting (sc)

coils. To prevent quenching the sc solenoids, 0B /0t
is limited to a maximum of ~ 0.1 Tesla/minute.
This results in a frequency change of < 42 MHz/s.
To detect and suppress plasma instabilities in the
ITER tokamak the estimated time duration for a
frequency variation is of the order of seconds for
several GHz [1]. To fulfill these demands at FZK
different hybrid magnet systems including one or
more fast tunable normal conducting (nc) solenoids
are under investigation; the currently favoured one
is shown in Figure 1.

Fast frequency tunability of gyrotrons

Mechanical tuning : Several possibilities for
mechanical tuning have been considered but found
to be impractical for high-power devices [3}.

Electrical tuning : Electrical tuning is achieved

by a variation of the accelerating and modulating
voltages in a gyrotron. With the gyrofrequency of
the electrons Q[GHz] = 28 B[T]/~ and the relativis-
tic factor v = 1 + U[kV]/511 the relation between
the accelerating voltage and the output frequency,
which is always very close to § or its harmonics, is
simple. Unfortunately, the tuning range is limited
to ~ 0.1% if the quality factor Q of conventional
gyrotrons is about 1000, as is usually the case.
For gyrotrons with triode guns theoretical investi-
gations were made in [4] which show that a very
fast switching between operating modes is possible
by variation of both the accelerating and modulat-
ing voltages.

Magnetic tuning : The most simple tuning
method is changing the magnetic field B. Since Q is
directly proportional to B and the dependence on
the accelerating voltage is small, it is possible to
switch between the operating modes by changing
the current in the solenoids. The main problem of
this frequency step tuning is the large time constant
of a current change in large sc magnets. A possi-
ble solution is therefore a small auxiliary nc magnet
located between the sc-solenoid and the gyrotron.
The frequency range of such a system is limited by
the maximum reachable B-field of the nc-solenoid.

Superconducting wires

The losses in sc-wires are dependent on the pin-
ning forces of the penetrated flux in the material. If
the Lorentz force density exceeds the pinning force
density, the critical current is reached and the wire
quenches (becomes normal conducting). The three
main reasons for the sc quenching during a current
change are the following. Since the technical su-
perconducters magnetization curve is a hysteresis
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loop a variation of the magnetic flux is a dissipa-
tive process, which produces heat. The area under
this curve is a measure for the energy losses. The
second reason is the movement of the wires due to
the strong forces. The friction heats up the mate-
rial. The third reason is the eddy current in the
copper coat of the sc, produced by the movement
of the wire in the B-field and the 0B/0¢ itself. Thus
the field variation at the sc has to be small enough,
that the heat energy can be carried off by the cop-
per and helium, to prevent a temperature increase
higher than T,.

Screening cylinders

The first idea to prevent the sc-coils from quenching
was a copper cylinder between the nc and the sc-
solenoids. A fast change of the magnetic field affects
a screening eddy current in the cylinder with the
opposite direction of the current change in the nc-
coil, so that the B-field change at the sc-magnets
is slowed down. For a current variation within 1 s
the delay time in a 6 mm thick copper cylinder is
~ 14 ms. Unfortunately the eddy current is like a
further magnet which also has an effect on the field
at the cavity axis. Therefore a gyrotron operation is
not possible until I.,;=0. For this reason the effect
is the same as if the screening time delay is added to
the variation time of the magnetic field. Since the
time constants of the planned nc-solenoids which
are in the order of 150 ms are essentially higher than
the delay time of the copper coat, for the magnet
system at FZK there are no advantages to use a
screening cylinder.

Operating modes

The development is based on a 140 GHz, IMW gy-
rotron designed for operation in the T Eyy ¢ mode.
The possible working modes with a similar electron
beam radius corresponding to the T'Ey; ¢ mode are
shown in Table 1. During the experiment the cal-
culated beam radius has been optimized for highest
output power.

Mode Calculated Optimized f AB
beam radius | beam radius
[mm] [mm] [GHz] | [Tesla]
TE20,6 7.64 7.75 1326 | -0.3
TEa1 6 7.79 7.88 136.3 | -0.152
TE2.6 7.94 7.94 140.1 0.0
TE23.6 8.07 8.09 143.8 0.148
TEa46 8.21 8.23 147.5 | 0.296

Tab. 1: Possible working modes with parameters

With the estimated B,.;=10.25 Tesla of the
nc solenoid the maximal possible frequency vari-
ation is ~%6.25 GHz. To work with the T Eyg ¢
and the T Ey4 ¢ mode the current density in the nc

magnet has to be increased by 20%.
Simulations

To calculate the field profiles, currents and energy
densities, forces, power and cooling consumptions
and the resulting beam radius a program based on
the laws of Biot-Savart and Lorentz was written.
Results for the planned hybrid magnet system with
two nc-solenoids (Figure 1) are shown in Table 2.
The maximum current density of 7684/cm? re-
quires for a continous wave operation a water cool-
ing set for the nc-solenoids.

Tul.b
Mode Rb J FzGun FzRes PMag
[mm] | [A/em?] | [N] IN] | [kW]
TE2,6 7.73 -768 -145.3 153.1 6.8
TE21.6 7.87 -365 -67.7 71.4 1.5
TE226 | 7.99 0 0 0 0
TE23,6 8.11 422 75.0 -79.3 2.1
TE6 | 8.22 768 134.0 | -141.7 6.8

Tab. 2: Simulation results

It is very important to minimize the total
force to prevent lifting the hanging sc-magnet
system. The maximum of less than 8N is a good
solution for this problem. The calculated beam
radius with the hybrid magnets (curve) agree,
as demonstrated in Figure 2, very well with the
experimental measurements in Table 1.
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Fig. 2: Electron beam radius depending on frequency

RF output system

The investigations of diamond brewster output win-
dows in [5] have demonstrated that frequency tun-
ing over a wide frequency band is possible. In [6] it
is shown, that the output of the quasi-optical mode
converter for the T E2 ¢ mode at 140 GHz is very
similar to that of the TElg,s mode at 117.8 GHz and
the T Eys 7 mode at 162.2 GHz. Since the modes of
Table 1 have nearly the same Brillouin angle and
caustic radius these operating modes work very fine
too.
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Abstract

To verify the proper behavior of highly oversized gyrotron components required for the generation and
transportation of high power micro- and millimeter-waves, special test facilities are needed. This paper
summarizes the status of such low power tests developed at the Forschungszentrum Karlsruhe during
the last few years.

Introduction

In order to increase the generated rf-power of gyrotrons at very high frequencies the size of the ratio of
the cavity radius to the wavelength has to be increased to keep the Ohmic losses within technically
acceptable limits. This requires the operation in high asymmetric TE,,, modes. For launching the
generated power through a broadband Brewster window, transmission through an HE,; or a quasi-
optical waveguide and for plasma heating the gyrotron cavity mode has to be converted into a linearly
polarized Gaussian wave beam. This is performed by helically cut antennas with feed waveguide
deformations, serving as mode converters, and a series of phase correcting and astigmatism removing
mirrors that have to be integrated into the ultra high vacuum system of the tube. Theoretical predictions
for these components have to be checked experimentally since for this frequency range and size of the
components neither a purely geometrical optical description nor a fully 3D- numerical method based on
field discretization is possible. Once these components are integrated into the tube their replacement

and alignment is difficult. For this reason their proper performance has to be verified experimentally in
advance.

Quasi-optical mode generation

incident beam The main need for the iow power analysis of
microwave transmission components that are inte-
grated into the gyrotron is the low power generation
of high order rotating modes. The principle of the
coaxial cavity arrangement can be seen in the sketch to the left.
The parallel incident rays are reflected by means of
a quasi-parabolic mirror such that the reflected rays
form a cylindrical caustic which is coincident with the
caustic formed by the rays of the desired waveguide
mode. Modes of extremely high order such as the
TE.7s2 require a coaxial cavity for increased mode
selection. To maintain a high quality factor of the
cavity the transverse aperture has to be closed by a

perforated wall. A detailed description of the
theoretical performance has been given in earlier papers [1, 2, 3]. A variety of mode generators have
been built and investigated [4, 5, 6]. Their theoretically predicted behavior has been confirmed by
experiments. However additional knowledge has been obtained during this experimental investigation.
A complex theoretical description of these additional results would be very difficult. The main tool for
the measurements has been the k-spectrometer [7], which requires an extremely high dynamic range
of the detecting electronics. For this reason a new analyzer providing a dynamic range of more than
110 dB over the entire frequency range from 70 GHz up to 170 GHz [5, 6] has been constructed.

perforation
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The measured effects are:
A: Drop of resonant frequency due to the perforation. This drop can be evaluated to be

Af =14 f,11000

where £, is the design frequency of the non perforated cavity.

B: Undesired coupling to Am = +1 modes. This coupling into the undesired modes in all cases has
been considerably below 5%, which is determined by an effectively larger radius at the location of
the perforation (Fig. 2 a)). For the investigation of transmission line components the effect of these
spurious modes is negligible.

C: For extremely high order modes the axial field profile of the beam launched onto the cavity has to
match the cavity’s field profile (Fig. 2 c)). The required matching can be achieved by either turning
the horn antenna as shown in the Fig. 2 b) or appropriate tapering of the coupling holes and/or
achieving a narrow waist of the beam launched onto the cavity.
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perforation N 0
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Fig. 2:
Summary and conclusions

In order to achieve a high mode purity quasi-optical mode generators individually have to be optimized
by experiment. The most convenient way is by applying k-spectrometer measurements. By this
analysis a series of discrepancies with the theoretical predictions have been found.

The high benefit from low power measurements has been demonstrated by analyzing several quasi-
optical mode converter systems. Significant differences in the experimental behavior of the tube
compared to theoretical predictions in all cases have been explained by cold test measurements.
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1 Introduction

The movement of the vacuum vessel of large fusion devices like ITER leads to an s-bend type deformation of
the connected waveguide antennas. The mode conversion in such a deformed HE,; waveguide has been
calculated and compared with measurements.

2 Calculation of the expected mode conversion

The mode conversion in s-bends was described in [1] using a simplified model with only one spurious mode.
The calculations show, that for an optimum bend-length of 1.4 times the beat wavelength between the HE;;
mode and the spurious mode (TEy,), the whole power in the spurious mode will be converted back into the HE,;
mode in the second half of the bend.
For the calculation of the expected mode conversion, the coupled mode equation was used:

3 Ai N,i#j

9z VA + IZ‘{C,‘;A,'
where A; is the amplitude of the i’th mode, v, = o; + jB; is the p
propagation constant of the mode, and Cj; is the coupling coefficient
for the i’th mode and the j’th mode. A program was developed to
integrate the coupled mode equation numerically. The coupling
coefficients for curved corrugated waveguides derived by Li and Fig. 1: Geometry of an s-bend
Thumm [2] are used by the program. The code can take into account an arbitrary number of spurious modes as
well as ohmic losses. The s-bend geometry is approximated by a 3™ order polynomial [1}:

zD
¥(@) = =5 (L* - 42%)
2L

where z is the coordinate along the bend, D is the total displacement of the bend and L is the total bend length
(see Fig. 1). For the calculations, the following parameters were used:

Total deflection D: 7 mm 80
Frequency: 140 GHz

Corrugation depth 0.41 A/4 (=220 pym) 70 f
Waveguide diameter: 70 mm

60 F

50 t
40 |

30t

Fig. 2 shows the fractional power sum of spurious
modes at the bend output for different lengths of
the bend. One can see, that for a length of 6.6 m,
the spurious modes approach a minimum.

3 Comparison with measurements

Power of spurious modes (%)

. 20 t
To confirm these calculations, a low power

experiment has been designed and built. The 10 |

available waveguide has a diameter of 70 mm and

is coated with 70 um of Al,O;. The wall o, . T s 0 o "
impedance due to the dielectric layer corresponds L (m)

to a corrugation depth of 220 ym for the HE,
mode. To generate the HE;; mode, a lens horn Fig 2: Content of spurious modes at the output of a s-bend
antenna has been used and attached directly to for different lengths.

the waveguide (See Fig. 3). The results presented
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here are the co-polarised
components of the electric Al203 coated
field at a distance of 2.12m HE11 waveguide
from the open end of the
bend. For the optimum
length of 6.6m, the
spurious mode content is
less than 0.5 % at the bend
output. The far field of such
a mode mixture is a Xy
gaussian-like beam which is corrugated horn /

expected for the HE;, mode
(see Fig. 4). To further
check the codes and to
compare the results with measurements, calculations have been performed for a bend length of 3.3 m, which
leads to a higher amount of spurious modes (see Fig. 2). The power of the HE mode is only 42 % of the total
power for this bend length. For this case, the far field was also calculated and measured (see Fig. 5) and a good
agreement is found.

> —

to detector

dielectric lens
Fig. 3: Experimental set-up for far-field and near-field measurements
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Fig 4: Far field of a mode mixture at the output of an s-bend (length: 6.6m) calculated (left) and measured
(right).
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Fig. 5: Far field of a mode mixture at the output of an s-bend (length: 3.3 m) calculated (left) and measured
(right).

3 References

{1} Doane, J. L., Mode Conversion in S-Bends, ITER ECRH Meeting

[2] Li, H., and Thumm, M., Mode conversion due to curvature in corrugated waveguides. Int. J. Electronics
(1991). 333-347.




130 Tul.7

Movable mirror system using supersonic motor for the LHD-ECH antenna

S. Sasaki, Y. Kanai, K. Wakabayashi, A. Hayakawa, S. Kawashima, F. Saito, K. Yamamoto (1),
T. Ohgawara (1), Y. Obiya (1) ,S. Kubo (2) , K. Ohkubo (2), and T. Watari(2)

Machinery and Equipment Dept., Toshiba Corp., 2-4 Suehiro-cho, Tsurumi-ku, Yokohama 230-0045, JAPAN,
(1) Toshiba Engineering Corp., 66-2 Horikawa-cho, Saiwai-ku, Kawasaki 210-0913, JAPAN
(2) National Institute for Fusion Science, Toki-shi, Gifu 509-5202 JAPAN

Abstract

An antenna with supersonic motors for the
ECH (Electron Cyclotron Heating) system on
LHD (Large Helical Device) enabled the op-
eration under high magnetic field (~ 4 T). Four
antenna mirrors provide a well focused milli-
meter wave beam of 15X 50 [mm] (waist size),
with steering range of £220 mm (radial) *+
180 mm (toroidal) at the mid plane. Aluminum
(A5052) and stainless steel (SUS304) mirrors
are cooled by water, capable for CW and 500
kW - 1 MW transmission.

I. Introduction

. LHD is a heliotron type plasma device at
NIFS (National Institute for Fusion Science),
which has superconducting magnets with major
radius of 3.9 m. The ECH antenna is designed
to meet various requirements; a) non-magnetic
materials, b) 1 MW-CW transmission, ¢) 2-axis
mirror drive system, d) well focused beam, d)
compact dimensions compatible to the limited
port size [1,2]. This antenna is relevant to the
ITER (International Fusion Experimental Reac-
tor) class superconducting fusion device with a
megawatt level ECH heating.

Il. ECH transmission system

The ECH transmission system conveys 84
GHz, 82.6 GHz, and 168 GHz microwave to
the antenna. Each transmission line have total
length of 120 - 150 m and 17 - 20 miter bends,
operated with filling air or flowing dried air.
The corrugated waveguide has 88.9 mm diame-
ter, and corrugation with 0.8 / 0.6 / 0.6 [mm]
period, depth and width. The miterbend has a
flat mirror with 1 MW - CW transmission ca-
pability. The waveguides were aligned using a
transit within ~0.3 mm linearity. Bend mirrors
were adjusted using He-Ne laser within 0.5 - 1
mrad precision. Four transmission lines were
connected to the antennas at 5.5 U and 9.5 U
ports, through BN (water cooled) or SiN (water
and dry air cooled) windows.

lll. Antenna system

The antenna unit has 84 GHz and 168 GHz
launchers, Fig. 1. Each launcher has four mir-
rors; ml: flat mirror (SUS) driven by super-
sonic motors, m2: concave mirror (SUS), m3:
flat mirror (Al), and m4: concave mirror (Al).
Rotation angles of m1 mirror around the hori-
zontal and vertical axes are +8° and £3°,
respectively. The m1 and m2 mirror, has ~250
X 300 [mm] dimensions and circular water
channels, Fig. 2(a), designed for IMW-CW
transmission. The plasma facing mirrors m3
and m4, has ~300 X450 [mm] dimensions and
rectangular water channels, Fig. 2(b), bearable
for 500 kW - CW transmission at 168 GHz.
The concave mirrors were machined with the
precision of 20 um (<1/80A). Center area (20
mm dia.) of mirrors were polished for the laser
alignment. Those mirrors are assembled on the
antenna unit with a flange with 1040 X 565
[mm] dimensions and four support pipes of
2320 [mm] length. Two of those pipes are
employed as water channels. A corrugated

g:hin rading

R3900 Y: Tereidal

Fig. 1 ECH antenna system on LHD
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Fig. 2 Water cooling channel
(a) Aluminum, and (b) SUS mirrors.

waveguide is put in one of the support pipes as
a spare microwave launcher. The final flat
mirror, m1, is controlled by supersonic motors
by mechanical links and optical positioning
sensor, which has been tested at the magnetic
field up to 4 T. A Molybdenum compounds
coating is employed for the link system to
avoid lubrication. The positioning accuracy,
due to the backlash of the link system, is within
5 mm. Full stroke motion of the mirror takes
about 60s.

IV. Test and instaliation

Helium leak test is performed from the
flange and the water channel (10 kg/cmz). Flat
mirrors, ml and m3, were adjusted using He-Ne
laser. The traces of the He-Ne laser at the mid-
plane is compared to the calculation in Fig. 3
(a) and (b). After installation, the laser spot
was geometrically measured relative to the
vacuum vessel. The millimeter beam profiles
were measured using HE11 mode excitors, Fig
4 (a) and (b), which shows good focuses with
radially 15 mm and toroidally 50 mm waist
size.

V. Plasma production and conclusion

The first plasma of LHD was produced on
March 31, 1998 using 84 GHz and 82.6 GHz
microwave at 1.5 T operation (second harmon-
ics). In the experiment, it is concluded that the
positioning of the microwave beam to the ECR
region is important for the initial plasma pro-
duction. The ECH antenna with well focused
beam, wide positioning ability in the high
magnetic field (~4 T), and 0.5 - 1| MW CW
transmission capability, satisfies the further
experimental plans in LHD.
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Fig. 3 Mirror alignment test using He-Ne
laser. (a) 84 GHz, (b) 168 GHz.

RS
.8 60 -40 20 O 20 40 60 80

y: toroidal direction {mm]
(a) 84 GHz

x: major radius direction {mm]

(x=0: plasma center)

x: major radius direction [mm]

{x=0: plasma center)

y: toroidal direction [mm]

(b) 168 GHz

Fig. 4 Low power microwave test.
(a) 84 GHz, (b) 168 GHz.
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Abstract

Ultrashort electromagnetic (EM) pulses (~ 450 fs in time width) are emitted from current biased high-T_
superconducting films by exciting with femtosecond laser pulses. The EM pulses (called THz radiation) are also
emitted from high-T, superconducting films under external magnetic fields or in magnetic-flux rapped states. The
THz radiation is ascribed to the ultrafast modulation of transport , shielding and persistent currents associated with
the breaking of the Cooper pairs. As applications of these phenomena, we propose and demonstrate a new
supeconducting optical memory and noncontact supercurrent mapping system.

Introduction

In 1995, we found that ultrashort EM pulses are emitted from current-biased superconducting YBCO films by
exciting with femtosecond laser pulses [1,2]. The Fourier spectrum of them extends up to ~ 3 THz and therefore
they are referred to as THz radiation hereafter. Later, we found that THz radiation is emitted from YBCO films
under external magnetic fields or in magnetic-flux trapped states even without a bias current [3]. These penomena
indicate that high-T_ superconductors are interesting materials from the view point of ultrafast optoelectronics.

In this paper, we describe a basic idea of the THz radiation from the high-T  superconductors, fundamental
characteristics of the radiation and recent progress including various applications {4,5].

Basic Idea

It is well known that the THz radiation is emitted from an ultrafast photoconductive switch (Auston switch) by
exciting with femtosecond laser pulses. The transient photocurrent J is the source of the THz radiation, whose far-
field electric field is given by E ~ dJ/dt. This is illustrated in Fig. 1 (a) schematically. On the other hand, what
happens when a superconducting bridge with supercurrent flow is irradiated with femtosecond laser pulses? The
optical pulses may destroy part of the Cooper pairs and change them into quasiparticles. The quasiparticles
undergo scattering by electrons and phonons and as a result

decrease of the supercurrent may occur. After energy relaxation, , - T
the photogenerated quasiparticles recombine into Cooper pairs Voage Cureen 5 |
and the recovery of the supercurrent occurs. If the decrease and ‘ 1 L
recovery of the supercurrent occurs in a subpicosecond time
scale, the THz radiation is emitted. This is shown in Fig. 1 (b)

Photocol

. Mot Gap  notoconductiv Superconductor  Substrate
schematically. 8 Semicons e "
Radiation Characteristics pump laser pulse pump laser pulse
Figure 2 (a) shows the waveform of the THz radiation from a e o
dipole antenna type device made of a superconducting YBCO I &
film on an MgO substrate. The device is exciled by laser pulses —L»
with 80 fs in time width and 80 MHz in repetition rate. A low- Eedidt Eedfd

temperature grown GaAs photoconductive antenna is used to
record the waveform. A sharp pulse with 600 fs time width is
observed followed by a weak replica due to multiple reflection in
the MgO su‘bstratc‘ Figure 2 (b) shows the Four{er transform (a) Semiconductor (b) Superconductor
spectrum of the pulsc. The component extends from 0.1 to 2 Photoswitch Photoswitch

TH7. The radiation power is proportional to the square of the
bias current and laser power. The waveform and its temperature

Fig.1. Comparison of the THz radiation
from a semiconductor and superconductor.
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Fig. 2. (a) Typical waveform of the electric field and Fig. 3. Compariscii of the radiation power for
(b) its Fourier spectrum. three cases

dependence are analysed by using the rate equations for photogenerated quasiparticles and phonons. The result
indicates that the recombination time of the quasiparticles is less than 500 s and increases rapidly with approaching
T.

* In order to increase the radiation power, the bow-tie antenna is adopted instead of the dipole one and an MgO
hemispherical lens is attached to the back surface of the substrate. The result of this improvement is shown in Fig.
3. The radiation power detedcted by an InSb hot electron bolometer increases by two orders of magnitude
compared to that from the dipole antenna type device without the MgO lens and reached 0.5 uW by the 30 mW
excitation.

Radiation Related to Magnetic Fields

Thus far, the THz radiation is emitted from current biased thin film devices. However, we found that the THz
radiation is emitted from the YBCO devices under external magnetic fields even without a bias current. Figure 4
(a) shows the waveform radiated from the bow-tic antenna type device under the external magnetic field B= 150 G.
Without the magnetic field, no signal is observed. By applying the magnetic field, the THz radiation is observed
and the polarity of the waveform is changed by reversing the magnetic field. The radiation mechanism is
interpreted in terms of the ultrafast shielding current modulation by the laser pulses. The radiation is even observed
after applying and removing the external field as

shown in Fig. 4 (b). The radiation after removing st ' ! ' ] of ) " i
the external field is related to the persistent current o .
. R . . Zero Magnetic Field Zerc Magnetic Field
associated with the magnetic flux trapped in the  _ 4 - = 4
film. The radiation intensity decreases Lo somc é l E
finite levels with the characteristic time constant % 3 s ] Z
of scveral minutes. H 5 z
3 g
Application to New Magnetic-Flux Trap =} l { =2
Memory g -B £
“ 0 -
We proposed and demonstrated a new type of A 1l Zero Magaedc Field |
superconducting optical flux-trap memory using o 5 0 s 0 0 5 TR
the THz radiation from magnetic-flux trapped Time (ps) Time (ps)
states [5]. Figure 5 (a) shows the structure of the (a) (b)
memory cell and Fig. 5 (b) shows the change of the
wavelorm with the bias current and the laser spot Fig. 4. Radiation under (a) external magnetic fields

position. The cell has a hole in the center of the and (b) magnetic {lux trapped state.
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Fig. 5. (a) Structure of the memory cell and (b) change of the  Fig. 6. Mapping of the THz radiation amplitude
waveform with the bias current and laser spot position. for the bow-tie antenna type device.

bridge to trap the magnetic flux. The direction of the magnetic flux trapped in the hole can be changed by the
combination of the bias current direction and the laser spot position. The polarity of the THz radiation (read-out
signal) reflects the direction of the magnetic flux. By integrating this memory cell two-dimensionally, it is possible
to make a new type of superconducting optical flux-trap memory.

Two-Dimensional Mapping of Supercurrent Distribution

Since the amplitude of the THz radiation excited by the femtosecond laser pulses is proportional to the supercurrent
density at the laser spot, the two-dimensional supercurrent distribution can be obtained from the THz radiation
intensity by scanning the excitation laser beam. Figure 6 shows the distribution of the THz amplitude (root of the
intensity) near the bridge of the bow-tie antenna type device under a bias current of 100 mA. The diameter of the
laser spot is ~ 30 um, which determines the spatial resolution. Since the MgO hemispherical lens 3 mm in diameter
is attached to the back surface of the substrate, the amplitude in the central part of the bridge is enhanced. Itis scen
that the supercurrent flows near the edge of the bridge. Until now, the supercurrent distribution is obtained
indirectly from the magnetic field measured by a magneto-optical film or Hall sensor. The present method
provides a new direct noncontact method for measuring the supercurrent distribution.

Summary

It is found that ultrashort electromagnetic pulses ~ 500 fs in time width are emitied from supcrconducting films by
exciting with femtosecond laser pulses under current biased, external magnetic field and flux trapped states. The
radiation intensity is proportional to the squarc of the bias current and the laser intensily. A new type of optical
flux-trapped memory can be made utilizing this phenomenon. A new method for measurcing the supercurrent
distribution using the phtooexcited THz radiation is also demonstrated.

The ultrafast optical response and THz radiation from high-T_superconductors open a new field
"Superconducting Optoelectronics" combining the superconducting electronics and optoelcctronics.
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A quasi-planar structured GaAs/AlAs superlattice, mounted into a waveguide, delivered tuneable
radiation around 55 GHz (power: 400 pnW). Harmonic radiation at frequencies up to 220 GHz was
observed. We associate the generation of this radiation with current oscillation caused by travelling

dipole domains.

1. Introduction

Almost three decades ago, Esaki and Tsu [I]
proposed to use semiconductor superlattices, having
a negative differential conductance, for the
generation of microwave radiation. A doped wide-
miniband superlattice, built into a resonator, has
been used as the active device of a microwave
oscillator with emission frequencies from 6 to
30 GHz [2]. Recently, it has been demonstrated [3,
4], that a superlattice, not coupled to a resonator,
can show microwave emission due to self-sustained
current oscillations, with oscillation frequencies
corresponding to a transit frequency for travelling
dipole domains. The occurrence of travelling dipole
domains in superlattices was predicted earlier [5]. In
this contribution, we report on a millimeter wave
oscillator based on a quasi-planar superlattice
electronic device (SLED).

2. Experimental

The SLED was fabricated using a superlattice
(doping 10" cm's), grown by molecular beam
epitaxy, with 140 periods of 37 A GaAs layers and
9 A AlAs layers. The quasi planar SLED (Fig.la; a
detailed description is given in [6]) consisted ofan’
GaAs substrate (area 200 x 300 pm height 40 pm)
supporting a small area (cross section 7x7 um?) and
a large area (cross section 70x150 pm %y superlattice
mesas, both covered with ohmic contacts and
connected by the n* GaAs substrate. The mesa with
the smaller cross section acted as an active element
responsible for the millimeter wave emission. The
active element was connected to a metallic contact
pad (100 um long and 25 pm wide) partly carried
by a polyimide film; the contact pad protruded
(80 pm) beyond the n” GaAs substrate.

The SLED was mounted (Fig.1b) in a metallic
waveguide structure (impedance about 100 €)
having both a V-band (50 - 75 GHz) and a D-band
(110 - 170 GHz) output. The contact of the large
mesa was connected to the waveguide by indium

solder and the active superlattice to a voltage
supply. A mixer and a spectrum analyser were used
for monitoring the millimeter wave generation.

M-superlattice

polyimid

Fig.1: (a) Quasi-planar SLED and (b) SLED in a
waveguide.

3. Results

The current-voltage characteristic (Fig.2a) of the
SLED in the waveguide exhibited a negative
differential conductance in a large voltage region,
where current jumps downwards and upwards
followed by smooth parts occurred. These current
jumps indicate the formation of travelling dipole
domains in the active element [3, 4, 6]. From the
peak current we estimated a peak current density of
about 60 kA/cm’ corresponding to a drift velocity of
Vp = 4-10% cm/s.

Narrowband microwave emission at a fundamental
frequency v, between 54 and 60 GHz was found
between 1.8 and 2.5V (Fig.2b). The line was
tuneable by about 400 MHz0.1 V. A maximum
output power of about 400 pW was observed
corresponding to an efficiency of 1% for the
conversion from dc to rf power. The emission line
had, relative to the centre frequency, a full width at
half maximum of 10,
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Fig.2: (a) Current-voltage characteristic of a SLED

and (b) tunability and power of the fundamental
harmonic.

Besides a fundamental line, higher harmonics at
v,=nv, (n=2, 3,..) were observed (Fig.3); the
power in a harmonic decreased with increasing
order. Using a short-circuit plunger at the V-band
output in order to tune the power of the higher
harmonics monitored at the D-band output, a
maximum power of 100 pW (efficiency about
0.2 %) for the second harmonic was observed;
powers of 16 pW (for the third) and 0.2 uW (for the
fourth) were found.
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Fig.3: Spectra of harmonics for a fundamental at

v] = 56 GHz.
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4. Discussion

The conduction in the active superlattice was
attributed to electron transport in the lowest
miniband (width 70 meV), with a negative
differential mobility due to Bloch oscillations of the
miniband electrons. When the SLED was biased in
the region of negative differential mobility, a dipole
domain was periodically formed, which travelled
through the active superlattice and was quenched at
the anode. This domain propagation gave rise to a
current oscillation exciting the millimeter wave
radiation in the waveguide The fundamental
frequency corresponded to the transit frequency of a
travelling dipole domain and was about 0.8 v,/L,
where L (~ 0.64 um) is the length of the
superlattice. The observation of higher harmonics

Tu2.2

indicate the nonsinusoidal character of the current
oscillation. A detailed treatment of dipole domains
in a superlattice is published in [7]. We suggest that
the propagation of dipole domains in the active
superlattice was influenced by a feedback of the
field in the waveguide; this feedback was
responsible for the tunability and the frequency
jump at about 2.1 V. We do not yet know the origin
of the sidebands observed in the spectra (Fig.3).

5. Conclusion

In conclusion, we have presented an active two-
terminal device for generation of millimeter wave
radiation and have demonstrated generation of
radiation up to 220 GHz.

E.S. would like to thank the European Commission
(EC) for financial support through the INTERACT
Project (FMRXCT 960092).
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