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I. Introduction

This is a final report of work carried out under
USAF/OSR Contract #77-3410 during the period June, 1977 through
January, 1982. The research was originally devoted to
problems associated with large amplitude ion waves and was
under the direction of Professor Richard F. Ellis, who was
at that time a member of the Department of Physics and
Astronomy at Dartmouth College. When Professor Ellis left
for the Lawrence Livermore Laboratory, the research was
re-directed into the field of high power microwave generation.
Research carried out under the earlier direction is listed
but not discussed in detail in this document. This report
deals largely with the high power microwave research.

The principle result has been the attainment of
' multi-hundred KW levels of output power in the middle mm
wavelength region of the spectrum. This has been accomplished
with a mildly relativistic electron beam-dielectric resonator
combination. All of the work contained in the remainder of
this report is devoted to one or another aspect of these
Cerenkov radiation sources. Recent experimental results are
contained in the.paper by S. Von Laven, et al., which has
also appear2d in Applied Physics Letters, (41(5), 408 (1982).

Other papers contained herein address theoretical
matters and variations of the basic device, which could prove

important. Among these I might mention in particular the

Cerenkov amplifier calculations of Capt. D. Wise. Experimental

verification of some of the predictions contained in that

section have now been completed.
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Senior Research Associate (Mr. Robert W. La&man), the
following have received at least part of their support from
this contract. Listed are the names, date of degree, and

present affiliations.

Richard Majeski, Ph.D. 1979, University of Maryland.
Elizabeth Marden-Marshall, Ph.D. 1980, Wellesley College.
Scott Von Laven, Ph.D. 1982, KMS Fusion.

Kevin Felch, Ph.D. 1980, Varian Associates.

Douglas Wise, MA 1981, Department of Physics, USA West Point.
John E. Golub, AB 1981, Dept. of Physics, Harvard University.

William B. Case, Research Associate, Dept. of Physics, Grinnell
College.
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*ors supported by US LoE Contract EY-76-C-02-3073.

lﬂ.U. Lee, Y.Y. Kuo, aud H. Okuda, Phys. Fluids 21, 617
(1978).

SR9 Numerical Studv of kinetic Te:ring Modes. J. €.
WHITSON, K. T. TSA%5 and JULTUS SNITH, oFhL. --"zering
wmodes are pertursations wizh aven 5.0, Ind ogd
where x is tre distance measured from the ratignal
magnetic flux surface corzorred  Classical tearirg rode
eigenmode equations are da2rived froa the flyid romzntom
balance egquation and Omn's Taw. Sinijar eyuaticns cav be
derived from <re crift kiretic e..ition 3-¢ Avpere’s law
taking into account dianzanetic drivt, tinite ion gyro-
radius and k:retic dissizative effects. These equations
are the same equaticas used in stuay of electromagnetic
drift waves. however, the boundary conditions are
different. Kinetic tearing eigenusdes must match o
ideal MHD selutions sutside the tearing layer irsteau of
vanisning away from the rational surface. We stucy the
stability of kinetic tearing aodes numerically under
various conditions: coliisicnless, ¢ollisicnal and with
trapped eiectrons. Similar to the electromagnetic drift
waves, thare are t4c orancnes of tearing wodes: the
drift branch ana the srear Aifvén sranch. in the colli-
sionless case, only the snear Aifvén oranch can be
dastabilizes oy a

Vi

ite .

Operated by Union Carbide Corporaticn uynder Sontract
W-7405-eng-26 witn tne 4. S. Jepartmeni of inergy.

5R10 Pitch Angie Scattarini Mudel n E1¢ctromagne»\c
Drift wave Caiculatior. JULIUS IWiTH, K. 7. TSANG and
J. C. WwHILTSON, 07N, ¥--The simplest way to treat colli-
sion in drift wav2 calculations is by a number conszrving
Krcok modal wizh 3 constant collision freg.iency. It is
now krown that tnis mocdel is 2liays stabie in electro-
static or electrc.ugnetic calculatiens. It is then
nec=2ssary 0 %est the sensitivity of tnis result to the
ccllicion model used. Since the pitch angle scattering
mocal is the next simple collis:onal model availatle, we
develop a numerical procedura to provide the perturped
electron response subject to sitch angle szattering.
This is then fed intu tne elactrimagnetic drift wave
eigenmcde solver to determine the stability.

*
Operated by Union Carbide Corporation under contract
W-74C5-eng-25 with the U. S. Departnent of Energy.

5R11 sonloycal Theory of Trift Waves. D. KELLY,

Y. C. L&, A, BWCs, und 8. 0. FRILE, UCIA--Cur eariier
study? of drift waves in shearless plasas sheaths having
density grad.ent lengcth, L, coamparable to the ion cy-
clotron radius r ured a Jifferential eguation appiox-
imation to tiv iRtesrel-iudrerentiai oquation satisfied
by the electrestatse »rt2ntial. he fiwve POw exwnined
the properties or the full eauation, taking advantage
of the fact that the integral crerator anvolved has
Hermite pclynomiais as ¢,jenfunctions in the small fre-
quency (v << :.;) and smill trinsverse wavenumber

{c = klrcj <« 1Y regpime.  bkxmansion in fermite poly-
nodials and trancutica of the rosuiting afinita set of
equatjons yiclds the wavedunctisg- und associated zrovth
rates of the 1on acous T11¢ type toues as functions of

v (Lv,u., (Tc/“,).. v Kn = kbr 4ne ©. As an
example, we find Ior R SR P 0% I Kp = i, and

e = 0.1, that the c.genfrequency is given by,

w= {071+ LU.-S,\R)-s], where ¢, = \To/mx)'

*Work supported by NSF and DOE.
1gull. APS 24, 1121 (1976,
5R1? Time Eve the Linear Orilc Wave Tngta-
bility Obtaince ! i04.% 7. Knorr',
ORNL — The Viisov ccuaz s are <titcen in a ceordinate
system tailored tu the .heared naznetic field, linearized
and integrated :siony tas % teri<z’=s5. The oowontiail
&nd o cistringtis iTe oud.0.cd L,to Brat.ai v L te
produce 1 set of coupield \olterr. intecral equations.

The off diagonal elemerts are due to ragnetic shear and

vgral Equd

“Pre~ent adiress:

inite Larmor ridins, which may be large. ihe influence
of iIncreasing shear on convective and absolute i-~stabil-
icios and the ei-errode structure :I the votcntial s
c¢igcussed for diizerant equilibrium densicy prof.ies.

*Research supporLed in part bv the Cepartment of krergy
under contract EY-76-5-02-2053.

*Pehanent address: Department of Physics, University of
Iowa, lowa Cicy, lowa 52242.

X113 Canparisor of L-:zal and MNon-lczal
Predictine Srebiilty ot Jollis_onal Or
B.Z e ar Wl
celicya e~Theor=tizal I:nsity profiles
:arison of the local slab model and
local cylindr:izal model for che
-nztacility. We_ represent the dansity profiles by

a -~ ‘xbf-(r/rO)J witis p2 2. This choic: allows not only
a fit t5 a Caussiin grofile Tt atcoants :r ani

N

ivr ste

rore localized gradients as well. We troat the 1les
exactly in the :or-local mouel and arproximate o )
Gaussians in the local model and demonstrate the 1l
of the Gaussiar asprovimation fir the stiefer prrofiles.

A discussion of bilicy, wiiien inc
z2roth crder rad:il and axial clectric rfie
given. The slak model is found tn differ
€rom both Lypwo ol cylindrical models 1o pr
rate as a functicn of azimutnal mode nunber
reascns for this :1l be greseznted.

*Wwork supported .o part
OSR Grant #77-341iC

by Feciarll CoUdoratl .,

**Dr..gent iaddrecr.: Y Division, Lawrence Liveremora
Laboratory, Livermore, CA 3455C

a4 ?hase 1 tfgral Calculation «
Ei_l_i_tiisi VILLLA'! M. SHARP ard i RetWT L. [Z#K, w e
Berkeley Labcratsry* <= Standard WKB nethods for -~ teat ing
e effect of magnctic shear onthedrift cyclotron luss
cone (DCLC) mode are limited to weaklw sheared jlusnmac,
We discuss a nore vaneral phase integral technigue for
finding 2igenfrequencies of o, integral dispers:

¢f_DCLC Mode

n equa-
tion and usa the rethod to amalyze DOLC mode 2tcbility
in a finire-8 ,lasma slab with strong ragnetic sheat.
* Research supported by the U. S. Departmernt of fnevgr .

5R135 Effect of Tower hybrid Waves to Drift ir<gi-
bilities. { SIU, V. 5. CHAN, and J.

5. ¢ NS
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into arcount the cfifect of [irite punp wavelengt . n
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Abstract Submitted
For the Twentieth Annual Meeting
Division of Plasma Physics
American Physical Society
October 30 to November 3, 1978

Subject Category Number 4.8

Backscattering from Electron Beam-Dielectric
Resonator Combinations. J.E. WALSH, G. CREW, Dartmouth
College.*--A hybrid combination of stimulated Cerenkov
and Raman Scattering processes can be used to produce
coherent radiation. The relation between the frequency
of an incident, wp, and a scattered, ws, photon is:

wg/w = |1+ Bn)/(1 - Bn) | (1)

where B = v/c and n is the index of refraction of a
dielectric resonator. Equation (1) is valid both above
and below the Cerenkov threshold. The apparent sing-
ularity at Bn = 1 will be controlled either by
electron recoil or dispersion of the medium. When an
electron beam is used four parametric processes are
possible. The gain for each is similar and is given
by:

F=202/) 8 R A+ . @)

where B, is the pump induced velocity modulation and
ﬂb is tge beam plasma frequency.

*Work supported in part by U.S. Army Grant #DAAG39-78-
C~0032 and in part by AFOSR Grant #77-3410

{ ) Prefer Poster Session

(x) Prefer Oral Session
ignature of APS member)
( ) No preference
John Walsh
( ) Special Requests for placement (same name typewritten)
of this abstract:

Dartmouth College
(address)

This ; .m. or a - onable facsimile, plus two Xerox copies must be received NOT LATER
THAN rr' JAY, AUGUST 4, 1978 at the following address.

Burton D. Fried

P.0.Box F
Sherman QOaks, California 91413
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Abstract submitted for the Please refer to ''Last Call

1979 IEEE INTERNATIONAL CONFERENCE ON PLASMA SCIENCE for Papers" announcement for
June 4-6, 1979 instructions in preparing

ycur abstract.

A Cerenkov-Raman Radiation Source. K. BUSBY,
K. FELCH, R.W. LAYMAN, J.E. WALSH, Dartmouth College.*
-—Stimulated Raman Scattering from an electron beam in
a dielectric medium shows a number of interesting and
potentially useful featuresl. In a dielectric the
particle velocity can exceed the speed of light and - Subject category number:
hence there are two possible dispersion curves along
which energy and momentum can be conserved. Further-
more, in the neighborhood of the Cerenkov velocity
threshold very large Doppler shifts can be obtained

and thus this interaction can be the basis of a short ( ) Prefer oral session
wavelength radiation source. *
In order to test the potential of such a « ( ) Prefer poster session

device an experiment which uses 2 mildly relativistic

X . .« ( x) No preference
electron beam, a dielectric resonator, and a rippled

magnetic field for a pump wave has been constructed. . () Special requests for
The transverse component cf the magnetic field is placement of this
approximately 300 G which implies an effective pump abstract

wave intensity of 20 MW/ cm?.

With beam voltages between 100 .nd 200 KV and
beam currents in the 10A range, operation in the
lower and middle part of the mm wave length region of
the spectrum is anticipated. The performance of the
device will be discussed.

*WYork supported in part by U.S. Army Grant #DAAG39-78-
-C0032 and in part by U.S.AFOSR Grant # 77-3410

1. J.E. Walsh, G. Crew, Bull. Am. Phys. Soc. 23, 748,
(1978)

(same name typewritten)

Department of Physics
(full address)

Wilder Hall

Dartmouth College
Hanover, N.H. 03755

« I am member of the Committee

Appendix III on Plasma Science and Appli-
cations:
( ) yes (x) no
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hysics and Astronomy Abstract Submitted Suggested title of

lassification Scheme for the Washington Meeting of the session -

Number American Physical Society Electron Bezms a4
. . Free Electron Lasers

April 23-26, 1979

Stimulated Raman Scatterineg from Electron Beams
in Dielectric Resonators. K. BUS3Y, K. FELCH, R.W.
LAYMAN, J.E. WAISH, Dartmouth College.*--The addition
of a dielectric resonator to an electron beam Raman
scattering experiment can dramatically shorten the wave-
‘length of the output radiation. Well above the guide
cutoff frequency the output wavelength A s is:

Ag =x (1-6n)/8

where A is the pump rlpple length and 8, is average
electron beam velocity. A combination Cerenkov-Raman
scattering experiment has been designed to test this
reduction. We use a tubular dielectric resonator and a
rippled magnetic field as a pump field. The effective
intensity of the pump field is approximately 20 Mi/cm2.
This together with electron beam voltages and currents
of 100-200 KV and 10 A respectively will lead to_stimu-
lated Cerenkov-Raman growth lengths of .2-.5 cm-l. The
device performance will be discussed.

*ork supported in part by U.S. Army Grant 7DAAG39-78-
C-0032 and in part by U.S.AFOSR Grant # 77-3410

Submitted by:

? Prefer Oral Session C:E?;:
42442//

! ' John E. Waésq]
. Dartmouth College
Appendix II Hanover, N.H. 03755
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ADSIIact dutmitiea
For the Twenty-first Annual Meeting
Division of Plasma Physics
November 12 to 16, 1979

Subject Category Number 4.8

Raman Backscatterina From Electron Beam-
Dielectric Resonators. J.E. WALSH, D. ARION, K.
BUSBY, and K. FELCH, Dartmouth Colleage.*--It
has been demonstrated experimentally and shown
theoretically that the addition of a tubular
dielectric resonator to a conventional electron
beam-Raman backscattering experiment, results
in a reduction of the -energy recuired to
produce radiation of a given wavelength. The
magnitude of the reduction will depend upon the
filling factor and the relative dielectric
constant of the 1loading material. It is
therefore possible to use modest (100-200 KV)
electron beams, a dielectric resonator, and a
static magnetic field pump to achieve the
kinematic conditions required for operation in
the submillimeter region of the electromagnetic
spectrum. Several problems associated with the
goal of producing a relatively compact,
coherent, tunable submillimeter source will be
discussed, including beam quality requirements,

eam to resonator coupling, and gain. ’
Supported in part by US AFOSR Grant #77-3410.
K. Busby, K. Felch, R.W. Layman, and J.E.
Walsh, 1979 IEEE COPS--Conf. Record, pg. 107.

( ) Prefer Poster Session Submitted by:

(3 Prefer Oral Session M £‘U\, ’J‘Q/Qk‘(’g

(signature of APS member)

( ) No Preference
Kevin Tee Felch

() Special Réqﬁests for placement (same name typewritten)
of this abstract:

& m ege,

( ) Special Facilities Requested (address) Hanover, N.H. 03735

(e.g., movie projector)

This form, or a reasonable facsimile, plus Two Xerox Copies must be received NOT LATER
THAN FRIDAY, AUGUST 17, 1979 at the following address:

Division of Plasma Physics Annual Mesting
Mrs. Marianne Weissenburger

Plasma Physics Laberatory

P.O. Box 451

Princeton, N.J. 08540

V2




v

Abstract Submitted
- For the Twenty-first Annual Meeting
, ' Division of Plasma Physics
November 12 to 16, 1979

Subject Category Number 4.8

Generation ‘of Millimeter Microwaves
Using the Cerenkov Interactlon. K. Felcnh, K.
Busby, J,E. Wwalsh, ana R.W. Layman, Dartmouth
College. --Earlier experiments involving the
Cerenkov interaction between a relativistic
electron beam and a dieleitric loaded waveguide
yielded 6 mm microwaves. These experiments
indicated that microwaves of significantly
shorter wavelengths might be possible using the
same procedures. The present experiments
extend the previous attempts into the 3 mm
range. Methcds by which shorter wavelengths
are achieved using the Cerenkov interaction and
the short wavelength 1limit of such techniques
will be discussed. Results of the 1latest
experimental investigations will be presented.

*work supported in part by U.S. Army Grant
#DAAG39-78~C-~0032 and in part by U0.S. AFOSR
Grant $77-3410.

1K. Felch, K. Busby, J.E. Walsh, and R.W.
Layman, Bull. Am. Phys. Soc. 23, 749 (1978).

{ ) Prefer Poster Session Submitted by:
(X) Prefer Oral Session %uow é.(, w
(signature of APS member)

( ) No Preference .
Kevin Lee Felch

( ) Special Requests for placement (same name typewritten)
of this abstract:

H. B 6127 Daztmauth College,
( ) Special Facilities Requested (address) Hanover, N.H. 03755
(e.g., movie projector)

This form, or a reasonable facsimile, plus Two Xerox Copies must be received NOT LATER
THAN FRIDAY, AUGUST 17, 1979 at the following address:

; Division of Plasma Physics Annual Meeting
‘ Mrs. Marianne Weissenburger

Plasma Physics Laboratory

P.O. Box 451

Princeton, N.J. 08540
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Abstract Submitted
For the Twenty-first Annual Meeting
Division of Plasma Physics
November 12 to 16, 1979

Subject Category Number _1.3 Waves in Nonuniform Plasmas

Growth of a Coherent Drift Instability in a

Weakly Ionized Argon Plasma.* B.E. MARDEN-MARSHALL,
R.F. ELLIS*® and J.E. WALSH, Dartmouth College.-- A
nonlocal cylindrical model, using arbitrary density pro-
files, is used to predict frequency, growth rate and
radial shape of the collisional drift instability. The
effects of an arbitrary radial electric field are inclu-
ded in both the electron and ion fluid equations and are
found to be destabilizing. Comparison is made with a
weakly ionized argon plasma for which
n~ 1010 co=3 B~1 - 2KG T~ 2eV py~ ImT
Experimentally, wave onset occurs when a positive DC
bias is placed on a grid which separates the source re-
gion from the strong magnetic field rezion of the linear
plasma device®. This bias is believed to sever the
stable source region from the inherently unstable strong
field region, thereby allowing the waves to grow. By
pulsing the grid we can trace the evolution of the wave
shape, radial profiles, and system parameters as the
nstability grows.

. Gekelman and R. Stenzel, R.S.I, 46, 1386 (1975).
*Wwork supported in part by Research Corporation and
USAF/OSR Grant #77-3410.
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integrated to study the iiomaleis travspert, The rero-
nant particle uiffusion ;s investigated and is also
compared with the results frem the stochastic theorv.
*Work supported by the U.Z=.
Contract UiL-ACui-TokT 330,

Department of Enercy

IH. Horton, Nucl. Fusion 20, 321(1980).
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Triplet Irtcractions for the Torzigai fon I'ressure ora-
dient Drift Made* hendell Horton .nxverﬂnt\ of Texas 1t
dient Urirt Jode o1ty of ¥
Interaction triplets ¢
vzed for tiae tallooning ion pre
model with growth rate vy= k--gn(A»'.u and phase veloc:i-
ty Ug= 1-\1"~‘k in wrich L‘B convection produces a2 con-
servative nnde coupling proport~hna. te Ashhy~.r-2.Each
triplet is equivalent to a 5D esciliator system “with
constant energy and a volume perserving fiow. Lcherent
and stochastic solutions are found. !Motivated bv the

small amplitude expansion scluticn, a syTmetric triplet
is found for which tre svstem re:lures to . The maxi-
mur amplitudes are given bv 'gyl=ysde {14n) 'ky and

s

voiume con<erving system
tions 1n analo-

|6p§|~12 (1+n;)/X,. The 4D,
analy:zed for rogu]ar and stochastic sol:
gy with the Henon-Heiies problen.

"Toroidal Drift Modes
to Phvsics

Iw. Horton, D.1. Choi, W.M. Tang,
Driven by Ion Pressure Gradients" suhmitte
of Fluids.

*This work.is supported by the U.S. Department of Ener-
gy Contract DE-ACOS-T6ET 53036.

283 Growth cf a Drift Wave Due to an RF-Field in 3
agnet[gfd P12 AWASTASSTADES and C. L.
XAPLANOERIS, ucle-r esearch Center

Demokritos, At"an, cre gcn--ue nive studied a crift wave
instabiiity in a ragnetized argon slaswa due to an ex-
ternally 2pplied 2F-field. The plasma is produced in a
coaxial wave guide by RF-power. The ~aanetic field is
applied in tre direction of the ccaxi2i woveguide axis,
The radial gradient of tne RF-field causes an azimuthal
electron drift depending on the radial distance, the RF
power and the electrop neutral co]1isions Our plasma
parameters are n vlL‘ em” w27 x 2.7 GHz, P varies
from 10-3to 165 torr, Te /ar ‘as from 30,000 K to
90,000 Ok, and RF-power varies from 20 to 120 watts.

The drxftlng metion of electrons §s coupied with the

fon motion resilting to 2 Arift wave instabiiity. Our
theoretical mo-e} predicts frezuencies near the angular
frequency 2 of the azimuthal drift nation of electrons
and its harmomics, i.e., w >, 171,2,0,... A phase
reversal of tne wh/a is pradicicd tao as tre Lone-
hybric frecuency warivs from valies fower than the
RF-frequenc, to nizher ones. 3otn 4isaersion relation
and phase reversa  for vericus eiectron orift velocities

have been verified experimentally.

ALLEY and ™
The Impurity driven drifs
now been {cent:ted and m- d
in both the -~oil.sicnl aad oo
iinear charac- s 1 othe
gines are descrihed cv 1 'ocai includicg
collisfons. In tre celilsionless case where several
azimuthal mclev are rresent, faster zrowlnr high-m
modes are nks.-rvad to low-n
modes, transferricg eneryy terence
frequencv. The ecllisioral 18 nhservid o
drive strone, radiall~ s ditfusion rs
it saturates at an amplic
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2§ % Tha Drdfe Instatiiity in a Neomemiforl -
Plasma Cvlinder.* L. MARDEN- VAR‘HAH"*
and J.E. WaALS!, Deremeuth T31l
drift Znzzablilles h {s :vse*vej 4
ionized areor plasz: with
B~ l0%en™d  I,~ 2eV P~ InTorr
{8 corrared to 1 cvlirldrical tv~-fluld model
allows for arbitrary Jensitv profiles and a sheared +3
rotation of the plasma. Tne crift waves are pulsed on
and off, and the evoiution of the radial wave arc den-
airy profiles decusented, The eariv st ies o7 sre o th
represent a linear regime; nere experizental meas:re-
xzents ci real frequencv, grewth rate and radial wave
shape are nada for cYparison with the linear theor .
Results tadicate that “cth ripid belv and shearec
rotatioa Deppler stift zhe real frequencv,
destabilizing, >ut t-at n2icher has a roticeable elrfect
on the shape or loca ization of the radial e:.ezenrode.
*'Jork suppertes in part by Research Corperatisa and
USAF/OSR CRANY#77-2.
**DPrasent address: [ =oartment of "hysics, Weileslev
College, weilesley, ‘A 72181,
***dregent address: .apartient of Phveles, Universit-
of Maryland, College Parkx, MD 23752,
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Cerenkov Amplifiers*. D. WISE, J. WALSH,
Dartmouth College~-A Cerenkov amplifier comnsists of
a tubular dielectric waveguide, a mildly relativistic
electron beam, and input/output coupling structures.
When the system is operated in the collective regine,
(wPL/ch 3/2) >> 1, a criterion which is relatively
easy to satisfy in the mm and near mm region of the
spectrum, both wide band moderate gain, .5 - 1,
db/cm at about twenty~five percent band widths, and
much higher gain operation over narrower percentage
band-widths are possible. The beam parameters which
give the above performance are 200 KV and 1-20 A.

An analysis of the projected performance of this
system in operation as a rerlection amplifier will
be presented.
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Abstract Submitted for the IEEE INTERNATIONAL CONFERENCE ON PLASMA SCIENCE:
17-19 May, 1982

A High Power Cerenkov Microwave Source.* S. Von C
Laven, J. Branscum, J. Golub, R. Layman and J. Walsh,
Dartmouth College. An electron beam-driven dielectric-
lined waveguide has produced 30-100 kilowatts of
coherent radiation over an octave band on the TMO1
mode of the waveguide. Operation on the TM0O2 mode has
been realized as well. Impedance mistmatches at the
ends of the liner section provide a reflected signal,
which undergoes amplification during successive passes.

This work employes a pulsed, 1-40 ampere beam
of 100-250 keV electrons directed along the axis of
a dielectric-lined circular waveguidel.

The pulse duration is about four microseconds.
Quartz (eps=3.78), stycast (eps=5), and boron nitride
(e0s=4.2) liners of several thicknesses have been
employed.

For most dielectric liners used, the fundamental
output frequency is near the frequency at which the
phase velocity of the TMOl mode is synchronous with the
beam. Data will be presented for several liners in 12.5
mm diameter waveguide. A large systematic error is noted
for the case of the 3 mm quartz liner. A surface charge
build-up on the quartz is suspected of decelerating the
beam to velocities synchronous with the observed output.
The problem nearly disappears for 2 mm quartz. The
longitudinal electric field associated with the 1 mm
liner geometry is too weak to give good coupling for
moderate beams.

The output power is found to increase as the square
of the beam current in the 1-10 ampere range for the 2mm
quartz liner, again in 12.5 mm diameter waveguide. 1In a
separate, absolute measurement with the same liner
geometry, a l2-ampere, 115 kilovolt beam generated 30
kilowatts of radiation at 50 Ghz. Powers up to 100
kilowatts were obtained at lower frequencies for 3 mm
thick boron nitride in the 12.5 mm diameter waveguide.
Power is often sufficient to cause atmospheric
breakdown in X-band waveguide.

The range of frequencies obtainable on a single
mode has reached nearly an octave. In some of the 12.5
mm diameter waveguide experiments and in a 9.5 mm wave-
guide experiment, it has been possible to suppress the
TMO1l mode and observe coupling to the TMO2 mode.
Frequencies between 100 and 120 Ghz have been attained.
The power is probably less than that obtainable on the
TMO1 mode, but still significant. Lower levels of
output have been observed through a 200-CGhz filter with
the 2 mm quartz liner, 12.5 mm waveguide.

Discrete cavitv modes are observed rather than a
continuous waveguide snectrum. The Q ot the liner
section itsell is an . »portant parawmeter. Reducud
reflectivity act either end raises the voltage threshold
for output.

*Work supported by AFOSR Contract # 77-3410D.

1K.L. Felch, K.O. Busby, R.W. Layman, D. Kapilow and
J.E. Walsh, Appl. Phve., Tetr, 38, 601 (198]), /.Sf’
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CERENKOV AND CERENKOV-RAMAN RADIATION SOURCES
JOHN E. WALSH

INTRODUCTION

1 takes its name from P.A.

Cerenkov radiation
Cerenkov whose pioneering experimental research clearly
established the nature of the electromagnetic radiation
produced by a charged particle when it nmoves with
superluminal velocity in a dielectric medium. The electron
sources used by Cerenkov were weak and thus he studied the
radiation produced by single particles (spontaneous
emission). The analysis of Frank and Tamm? also applied to
the single electron case. We will be concerned in this
paper with a tutorial discussion of practical radiation
sources which make use of the Cerenkov process and hence we
will be interested in stimulated as well as spontaneous
Cerenkov emission. The former one of these is like the
latter a potential source of short wavelength radiation.

Cerenkov's original experiments were in the visible range of

)7
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the spectrum and more recently it has been demonstrated that
a highly relativistic electron beam-noble gas combination is
a bright incoherent source of radiation in the vacuum
ultraviolet regionB. In other experiments mm wavelength
Cerenkov radiation has been obtained?:7:9. It is of
interest therefore, to consider the possibility of
constructing Cerenkov lasers over the entire range of the
electromagnetic spectrum for which suitable dispersive
materials can be found.

Cerenkov radiation can be thought of as a decay
process in which an electron moving through a dielectric
emits a photon and drops to a lower energy state. We will
also be interested in a related process where an electron
either scatters an incoming photon or emits two photons.
Unlike Cerenkov radiation which has no vacuum counterpart
the first of these is analogous to Compton scattering. The
dynamics of the scattering are, however, both complicated
and enriched by the presence of the dielectric. In a
Cerenkov oscillator or amplifier the single electron is
replaced by a beam whose intensity is sufficient to cause
stimulated emission. A related device in which an electron
beam in a dielectric interacts with an incident photon beam,
can be imagined. If the electron beam is intense enough to
support collective plasma oscillations the incident photons
scatter off of these and the device would be called a
Cerenkov-Raman laser or maser. As the wavelength of the
scattered photon is decreased the electron beam loses its
collective nature and the scattering becomes a single
particle process. Stimulated scattering still occurs in
this limit, however, and devices operating in this range are

designated Cerenkov-Compton radiation sources. The

19




.8 H S o = e e

—-— e e oEp e W AR v w~ew e EE BB

definition of the division between Cerenkov-Raman and
Cerenkov~Compton devices adopted here is consistent with
that used for devices’ operated without a dielectric.

As is the case with straight Cerenkov sources,
Cerenkov-Raman or Compton devices are in principle capable
of working at wavelengths as short as the visible or vuv
regions of the spectrum . At the present time, however,
practical devices have been operated in the mm ranges. A
primary purpose of these tutorial notes is to explore in
some detail the criteria which must be met if short
wavelength operation is to be achieved.

The notion that superluminal wvelocity charged
particles could be used as a radiation source is quite old.
Heaviside? in 1889 and Sommertield10 again in 1904 solved
for the electromagnetic fields produced by a charged
particle moving with greater than light velocity. Both of
these analyses preceded special relativity and assumed that
it was possible for a particle to have a velocity greater
than that of light in a vacuum. If, however, the velocity
of light ¢ is replaced by c over the index of refraction n,
their solutions are consistent with the work of Frank and

2

Tamm® . There are also some scattered observations of

11 in 1911 deduced that one

Cerenkov radiation. M. Curie
component of radiation produced in the walls of a glass
container containing radiocactive materical was due to the
presence of high gpeed electrons, and Mallettl? in 1926
performed several related experiments. Taken as a whole,
however, none of the early work was sufficiently complete or
correct to jeopordize the position of Cerenkov and of Frank
and Tamm as the founders of the subject of Cerenkov

radiation.
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Following this originall’2 work a very large number
of papers devoted to the subject have been written. A
review article by Bolotovskii13 contains over four hundred
references. Much of the emphasis in this work was on the
application of Cerenkov radiation to the gvoduction of
useful radiation sources in the millimeter, the
submillimeter and the far infrared regions of the
electromagnetic spectrum. Almost every concievable electron
beam dielectric structure combination has been analyzed.

It is, of course, not practical to propagate an
electron beam through a solid dielectric and hence
particular importance is attached to the radiation produced
by electrons moving along the axis of a channel in a

dielectric. Ginzburg14

, analyzed a number of these problems
in detail. He found that in addition to the fact that
spontaneous Cerenkov emission 1is relatively weak in all
regions of the spectrum below the visiblels, there is not
surprisingly also a relation between the size of the channel
and the wavelength of the radiation produced. One method of
circumventing the relative weakness of the process at longer
wavelengths 1is to bunch the electrons. If the scale16
length of the bunch is small compared to the wavelength the
radiation intensity is increased by the square of the numb-r
of electrons in the bunch. A number of experiments using
this technique were performed. Notable amoung these were
the experiments of Coleman® and of Lashinksys. In all of
the analyses and experiments mentioned the electron beam
intensity and dielectric resonator designs were such that
stimulated emission was not a tactor.

Most, although not all of the early work was devoted

to straight Cerenkov radiation. The problem of the

20
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radiation produced by an oscillator moving through a

"y

dielectric was, however, analyzed by Fran and a later

analysis of this and similar problems with emphasis on its
use as a radiation source was performed by Ginzburgls. In
the latter work expressions for the power radiated by both
sub and superluminal oscillators were given. More recently
in a series of publications Schneider and Spitzer19 have
analyzed the problem of photon-electron scattering in a
dielectric medium. All of these analyses were devoted to
single particle spontaneous emission processes.

The efficient production of stimulated Cerenkov or
stimulated Cerenkov-Raman radiation requires electron beam
densities and velocities which are in excess of those
required by conventional microwave tubes. This 1is the
primary reason why these mechanisms have not yet been used
in practical radiation sources. However, the need for high
power coherent sources in the shorter part of the millimeter
range and for high or moderate power tuneable coherent
sources in the submillimeter and far infrared regions of the
spectrum has led to some acceptance of electron beams with
parameters which are more than adequate for the production
of stimulated Cerenkov radiation. An intense electron beam

20

has been used to produce megawatt levels of radiation“” and

an electron beam generator similar to that used in high

power klystrons has been used to produce both stimulated

6 8 radiation. The

details of these experiments will be discussed elsevhere??,

Cerenkov and stimulated Cerenkov-Raman

The remaining sections of these notes will be aevoted to

exploring the fundamental principles of device operation.
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KINEMATIC CONSTRAINTS ON CERENKOV AND
CERENKOV-COMPTON SCATTERING

A number of useful conclusons can be drawn from an

analysis of the constraints which energy and momentum

mm submm fir

A lem 3mm Imm o7} Ip

.l +A——t—

y v — y Stanford Free

Conventional Raman
j Wave Tubes Sources Electron Laser

L————\,—-_)

Gyrotrons

-

Carcinotrons

Fig. 1. Free electron radiation sources.

conservation impose on Cerenkov and Cerenkov-Compton

scattering. In order to see why this is so we consider the

diagramatic representation of a section of the
electromagnetic spectrum shown in Fig. 1. On the left we
have conventional microwave tubes. These were developed

during an earlier etfort to overcome the difficulties
encountered when attempts were made to develop radiation
sources in the cm wavelength range. They are all
characterized by the fact that at least one critical
dimension, £, is of the order of the operating wavelength

A

o
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If an attempt is made to simply extend the
successful microwave devices down in wavelength a number of
fundamental difficultie823’24 become apparent. The quality
factor, Q, of any (closed) resonator drops as A 1/2 and
furthermore as the resonator volume decreases power density
increases and heat dissipation becomes a severe practical
problem. Furthermore, if we choose g >> A, the resonator Q
must rise at least as fast as (P./Ao)3 if the modes are to
be resolved. In two and one dimensional resonators this
restriction becomes (2/X°)2 and (2/A,) respectively. Thus
open resonators will be an advantage if we require Ao << £,
Clearly however, something other than resonator geometry
alone must determine the operating wavelength Ao for an
electron beam device if it 1is to operate at Ao much less
than say one mm.

In a conventional laser Ao is, of course, set by
atomic or molecular structure. For the short wavelength
free electron sources mentioned on Fig. 1 several different
techniques are used to fix the wavelength. The Stanford?
free electron laser and the stimulated Raman scattering
experiments performed at the Naval Research Laboratory26 and

at Columbia University27

use the relativistic doppler shift.
Hence A , in those experiments is set by the wavelength of an
incoming (pump) source (a static rippled or helical magnetic
field with wavelength kp) and the beam energy. This is a
good technique since it does not rely on resonator geometry
but suffers from the disadvantage that Ao goes down
approximately as the inverse of the electron beam energy
squared and short A operation requires large beam energies.
In the gyrotron, wavelength is determined by the cyclotron

resonance. These are prime candidates for mm wavelength
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tubes but operation at wavelengths below one mm requires
very large magnetic fields. The carcinotron is essentially
a backward wave oscillator. The wavelength in these is set
by geometry and because of this carcinotrons are probably

the ultimate straightforward28 extension of microwave tubes.

ENERGY-MOMENTUM CONSERVATION FOR CERENKOV SCATTERING. By
considering the kinematics of Cerenkov radiation we will be
able to determine the extent to which this mechanism can
determine a value for A, which is much less than L., A
quantum view of the radiation process is shown schemutically
in Fig. 2a. Applying the laws of conservation ¢! energy and
momentum and subsequently eliminating the momentum we

obtain:

ﬁtn[hw(nz-l) + Eo(Boncos ec-l)] =0 (1)

where,

is the initial electron velocity measured in units of the
light velocity and E, the electron energy is in the

conventional notation:

2
Eg= v me (2a)

& (2b)

2

Y, = 1/(1-8,7)

The index of refraction, n(w), may depend upon frequency.
If gn < 1 the only solution of Eq. (1) is w = 0. When the
beam velocity exceeds the Cerenkov threshold, B8n = 1,

however, the Cerenkov decay process is allowed and we find:

2.4




2
cos § = 1/Bon + fiw(n"-1) /Eo (3)

The second term on the right hand side of Eq. 3 is very
small at any possible w and hence in regions where n is
frequency independent the emission threshold is also

frequency independent. 1In the absence of dispersion we will

(a) /9

e
Po

|x
¢§b

AN
Wo w

Fig. 2. a). Cerenkov scattering. b). Emission for Bnp>1.

also find that the emission spectrum varies slowly with
frequency. One method whereby the emission spectrum can be
narrowed depends upon the rise in index of refraction near
an absorption line. This is illustrated in Fig. 2b. The

fact that the emission is near an absorption line means of

25"




course that a good deal of the emitted radiation can be

reabsorbed. It is a technique which has been used in
particle counting application529 and in producing bright
incoherent vuv radiation3. Furthermore, elementary

calculations indicate that strong stimulated emission can be
obtained in the vuv from an electron beam noble gas
combination3?. There is as yet no experimental verification
of this latter prediction, a fact which is due in part to

the great practical difficulties,

CERENKOV SCATTERING 1IN BOUNDED MEDIA. There are highly
transparent solid materials available over much of the
spectrum shown in Fig. 1. These can be configured in a wide
variety of electron beam dielectric resonator combinatioms.

20,21 and found

Some of these have been tested experimentally
to work. Since they also show promise of working 1in the
middle of the spectral range shown in Fig. 1 where moderate
and high power sources are not now available, we will
concentrate much of our discussion on this approach. Shown
in Fig. 3 is a sketch of a dielectric tube waveguide and the
dispersion curve for a TM guide mode. This mode is chosen
in order to conform to the symmetry of the classical picture
of Cerenkov radiation in an infinite dielectric which is
that of a wake of radiation propagating at cone angle 8.-

A detailed analysis of this problem is
straightforward but quite complicated in detail.
Fortunately, however, it is possible to deduce the most
important conclusions with the aid of simple qualitative
arguments. First we see that if Bn > 1 there will be a
coupling between an electron moving along the axis of the

tube and the guide mode. Furthermore, due to the fact that

24
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there is a unique relation between w and k the Cerenkov

emission will occur at a discrete frequency given by:

w=ckB8B (4)

Slope |

2b

Coupling

2a

Ck||

Fig. 3. Dispersion and coupling in a dielectric resonator.

Provided the guide modes are resolved with respect to
transverse wave number, a series of 1lines, one for each
mode, will be produced. As the emission occurs one can
idagine the electron moving along the dispersion curve
toward higher w and k until the coupling is so0 reduced that

emission no longer occurs. Treatment of the coupling is not

27




a purely kinematic process and hence it will be deferred
until a later section.

Another important conclusion can be reached with the
aid of Fig. 3. The cutoff frequency (wco) will depend
inversely upon the wall thickness d and the square of the

index of refraction of the material (n2 = €), Hence:

Wy = l/d(e-l)% (5)

and in general,

2
w o 1/d(B e—l);5 (6)

The frequency at which the interaction occurs can be
controlled both by d and by B2e. Thus insofar as kinematic
constraints are concerned we have achieved conditions such
that A, the wavelength of the frequency produced can be much
less than the characteristic dimension 2a. Furthermore, by
judiciously combining the use of d and 82¢ some control
over the separation of different transverse modes can be
obtained. Before the choice of all parameters is made,

however, the coupling must be investigated.

CERENKOV-COMPTON SCATTERING. Shown in Fig. & are sketches
of two possible Cerenkov-Compton (electron photon scattering
in a dielectric) scattering processes. In the first of
these, Fig. 4a, Bo < 1/n and the event 1is analogous to
ordinary Compton scattering in that an incident photon kp
(for pump) scatters off an electron which drops to a lower
energy as it emits a photon k,. There is, however, a very

important difference. Application of the laws of energy

>
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Fig. 4. Cerenkov-Compton scattering, fn z1.
and momentum conservation lead to the conclusion that:
w 148 n(w )cosB
o (;P) P

S
—_— =
w

P

7

l-B0 n(ws)coses

Hence w , becomes arbitrarily large as Bon( (us)+1. When
electron recoil and or dispersion are included the frequency
shift becomes finite but still very large in this same
limit. Thus wunlike similar stimulated scattering

deviceslo’26’27

which operate without a dielectric,
extremely high energies are not a prerequisite for large w,
and hence this 1is a conclusion of some practical
significance.

The presence of the medium makes possible 8fn > 1
and thus there are scattering processes which have no vacuum

analog. These are shown in Fig. 4b. Application of the
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conservation laws in this case leads to the relation:

fi Bo n(wp)cogﬁp+l
w
P

(8)

Bo n(ws)coses—l

for which comments similar to those made for Fig. &4a may be
made in the limit Bon( ws) +1. There is, however, one
difference, as Bon( ws) +1 from above unity the solution to
the conservation equation moves into the complex plane and
the process as expected, becomes forbidden.

If the effects of dispersion are included, multiple
roots of Eqs. 7 and 8 can be obtained}7:18,19 These will
be of some importance both in gasses when w s is near an
absorption line and in the case where a dielectric waveguide
is used to support the wave. Before analyzing the waveguide
case, however, a very important practical modification to

the scattering processes should be considered.

THE ZERO FREQUENCY PUMP. It might be auticipated that an
intense source of incident, '"pump", photons would be

required if a useful level of stimulated radiation at w, is

to be produced. This would be an important practical
limitation if it were not for the fact that a rippled or

helical static magnetic field with wavelength A will

P
31 as well. This so called zero frequency pump ((np =

0, kp = 2 n/Ap), which is also used in the vacuum version of

serve

stimulated scattering sources, 1is capable of providing
enorous equivalent pump power in the rest frame of the
electron.

Analysis of the kinematic relations which lead to

Eqs. 7 and 8 with the assumption that wp is now zero leads
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immediately to:

cf k cos8
o, = 7 op P (9a)
8 'Bon(”s)c°8°s
and,
cB k_cos®
W op P (9b)

s Bon(ms)cosﬁs-l

for the subluminal and superluminal cases respectively. The
advantages of a zero frequency pump thus apply to the
Cerenkov-Compton processes. A further advantage not
available in a vacuum is that now kp can be chosen in order
to get good depth of modulation. The frequency shift is

controlled independently by B n(w,).

CERENKOV-COMPTON SCATTERING IN A WAVE GUIDE. The motion
imparted to an electron by the pump is primarily transverse
and hence this motion can couple to the TE modes of a guide.
Shown in Fig. 5 is a sketch of the dispersion relation for a
partially filled guide32 which is bounded by metal walls.
Also shown are the beam line ckg for the case fn < 1 and the
zero frequency pump vhich is designated as a horizontal line
segment of length kp. It is clear from the disgram how the
pump makes up the momentum difference between a beam mode
and the scattered mode. Furthermore, it is also clear that
there will in general be two solutions to the kinematic
relations and a beam energy threshold below which the
scattering process is forbidden. A sketch of the beam

energy versus frequency curve is also shown on Fig. 5.
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Comments made in a ﬁrevious section regarding the
role of d and € 'in controlling the frequency of the

fundamental mode generally apply to the Cerenkov mode as

Siope | I/n

|kp

Q\/h

ck,,

Fig. 5. Cerenkov-Compton scattering in a dielectric
resonator.

well. There is one further significant difference. When
w/ck < 1 the fields in the vacuum region must evanesce away
from the dielectric (Fig. 6) and although some control over
the decay length can be maintained by using large energy
electron beams it will ultimately lead to weak coupling at
large w. When Cerenkov-Compton scattering is used, however,
we can also couple to waves with w/ck > 1 and hence to

fields which peak rather than evanesce in the region of the
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ck

Fig. 6. Axial field strength w/ck % 1

electron. The advantage of the dielectric is not lost in
this operating regime because the point where w/ck = 1 will

-1/2 and the point near gn = 1

still depend upon (d2(e - 1))
will still produce large frequency shifts at beam energies
which are comparatively modest. The preceding discussion is
primarily aimed at the regime B,n < 1 since there are
practical advantages to operating with lower beam energies.

Devices need not be restricted to this region, however,

33
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since the cross section for the process becomes large for
both B8.n $ 1. Analysis of the related dynamical processes

will show that gain can be achieved in both regimes.

CONCLUSIONS. We can conclude from the kinematic arguments
presented in the preceding sections that one requirement for
producing a high frequency free electron device, £ >> Aos
can be met by Cerenkov and Cerenkov-Compton devices.

Whether those possibilities are realized will depend also on
the electron dynamics and the parameters of the electron
beam used to drive the device. This will be taken up in the

next sections.

CERENKOV EMISSION RATES

The spontaneous and stimulated emission rates for
Cerenkov radiation can be computed either classically or
quantum mechanically. In the quantum calculation one would
begin with the kinematic constraints discussed previously
and use perturbation theory in the standard way to arrive at
experssions for the emission rates. When the recoil terms
(h w/E;) are small however, the resulting expressions are
independent of fi. This is true in both the nonrelativistic
and the extreme relativistic limit. It is a result of the
fact that the electron is making transitions between
continuum states and does not depend upon an assumption that
there are a large number of photons present. Cerenkov
radiation is thus an essentially classical process, and we
will use classical formalism, Maxwell's equations and the

relativistic Vlasov equation, in order to arrive at
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expressions for the emission rates.

SPONTANEOUS CERENKOV EMISSION. The classical picture of
Cerenkov emission is that of a wake produced when the
particle velocity exceeds the speed of light in the medium.

A sketch is shown in Fig. 7. The symmetry of the problem

Fig. 7. Cerenkov wake and field components.

immediately dictates which electromagnetic field components,
also stated on Fig. 7, are nonvanishing. Derivations of
explicit expressions for these are readily available and
need not be repeated. we will sia, , summarize the main
conclusions.

If recoil and dispersion are neglected, closed form
expressions for the fields as functions of r and 2z can be
obtained. These diverge on the shock front defined by the
Cerenkov cone however, and hence they are not the most

useful form for further work. It is better to Fourier
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transform the charge,

p = -e ihﬁ? §(z-vt) (10a)
and current,
d = v (10b)
which results in
- o 8(D) -
L e = 8 (w-kv) (1la)
and
- 11b
e T 2Pk (11b)

and use these as source terms in equations for thée scalar
and vector potentials. The equations governing the radial
dependence are then Bessel equations. This in turn suggests
that a Fourier-Bessel expansion is the best way to decompose
the fields. In an infinite medium the Hankel transform is
used, and an expression for the work done by the particle on
each component of its own polarization field can be readily
computed. The resulting expression is the well known
formula for the intensity of radiation produced per unit

path length per unit frequency interval:

@ |

iz ezw(l-llﬁze(w))/c2 (12)

3¢




Integration of Eq. 12 over all w would result in the total
power lost per unit path length. If dispersion is neglected
however, this expression again diverges. This 1is a purely
formal difficulty however, since e€(w) +1 as w »> = for any
material and it is obvious that the integral is to be done
only for regions where 82e > 1. As a measure of intensity
per unit w Eq. 12 is accurate even in regions when e€(w) is
sensibly constant.

Evaluation of Eq. 12 also readily shows that very
little radiation is produced until w reaches the uv region
of the spectrum. This conclusion is true even if a
substantial beam of electrons is used in place of a single
electron. If a beam of finite cross section is propagated
in a dielectric the power produced per unit length of beam

becomes

dP(w) _ el w _1/82 (13)
I =~ = (1-1/8%e(w))

where 1 is the beam current. If the current is expressed in

amperes and the power density in watts we obtain:

4P (w)
dz

1078 1(a) £ (1-1/8%) (14)
watts/cm for the power. Pure spontaneous Cerenkov radiation
is therefore, a weak process throughout the wavelength range
longer than a few tenths of a micron. We will find,
however, that both radiation in a superadiant configuration
and stimulated radiation are potentially strong processes.

Before leaving the topic of spontaneous Cerenkov

37




radiation it is wuseful to point out the differences which
occur in the radiation formulas when a bounded medium is
introduced. In the discussion of Fig. 3 we concluded that
the emission in a dielectric tube was confined to a series
of discrete frequencies, one for each mode. The
discreteness would remain so long as the overall Q was such
that the modes could be resolved. Straightforward extension
of the techniques used in the infinite medium can be used to

obtain

ar _ 2¢? 1 (15)

dz a2 2
Jl (xol)

for the power emited into a mode whose field dependence is
Jo(xozt/‘) where x_, 18 a root of the Bessel function J,
and a 1is the guide radius. When a beam of current 1 is

used, the expression analogous to Eq. 5 becomes:

¢ _ 2e __ I (16a)
dz ~ a2 2
J1 (xol)
- 2.88 x 10712 1) /a%3 % (x_)) (16b)

watts/ampere/cm. Again this is a very small amount of power
but the comments pertaining to changes in the system which
lead to either superadient or stimulated emission lead to

predictions of high available power output.

STIMULATED CERENKOV EMISSION RATES. The early theoretical
and experimental attempts to turn Cerenkov radiation into a

useful source made use of what could be termed pre-bunching.
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Clearly if a short (compared to the desired wavelength)
bunch of electrons were used the intensity of the radiation
would increase by the square of the number of electrons in
the bunch. 1In principle the enhancement could be very large
but in practice it is difficult to produce dense bunches
with a scale length which is short enough to be interesting.
It is better tc use the process of stimulated emission. The
scale length in this case is that of the stimulating
radiation.

There are two basic regimes in which the stimulated
process is important. In the first, which pertains to weak
beams, spontaneocusly emitted photons are trapped in a
resonator and these stimulate further emission. The energy
build-up in this regime will be sensitive to resonator
length and other cavity details and for this reason it will

34 In order

be defined as the interferential gain regime.
for subsequent electrons to add energy to the spontaneously
emitted field left by earlier electrons, control of the
overall phasing of beam and radiation must be maintained.
The growth of radiation within the beam is not exponential
and the reaction of the radiation back on the beam in this
regime need not be treated self-consistently.

In the second regime the beam is strong enough to
cause exponential amplification of the spontaneously created
field within the beam itself, and the role of the cavity, if
one is wused, is somewhat different. Discussion of the
details of the role played by resonators will be deferred
until a later section. The gain in the exponential regime
is subdivided according to whether the beam can be regarded
as cold (negligible thermal spread) or warm (the thermal

spread affects the gain). We can easily show that the
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decision about whether the beam can be regarded as warm or
cold depends upon the beam density and the wavelength as
well as the velocity spread. ‘“onsider a monoenergetic
electron beam which 1is supporting a slow space charge wave
propagating in the same direction as the beam. Assuming the
fields are weak enough to allow the neglect of nonlinear
effects, the dispersion relation of such a mode is easily

derived with the aid of the equations of motion,

dyvz) . e ¢ (17)
dt m z

of continuity,

%lt- + V- (n!) = 0 (18)

and Poisaon'sequation,

VeE = -4re (n-no) (19)

Fourier transforming we obtain for the slow space charge

mode

3/2
w = kvo - Qb/yo (20a)

vhere

2 2
ﬂb = 4nn°e /m (20b)
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is the beam plasma frequency and Yo = (1 - 802)'1/2 is
related to the zero order energy of a beam electron.

The relation between the phase velocity of this mode
and the beam velocity 1is shown in Fig. 8. Also shown in
Fig. 8 are two typical velocity distributions. In one the
beam and the modes are resolved in velocity and the beam is

approximately “cold". 1In the other it is not and the beam

—|&2 =
| |
dNo I "Cold"
4B
Warm
w Vo B
ck" -é-

Fig. 8. Beam-space charge waves.

is "warm". Measured in the laboratory frame the velocity

difference between the mode and the beam is

sv = oy, '2 (21)

1f we now consider a beam whose velocity spread is equal to
Av we have a criterion for determining the wave length at
which a beam can no longer be regarded as cold. It is

convenient to express this in terms of energy spread:

)
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Avb - cAy/Boyo (22)

Equating (21) and (22) and using k = 2%/A we find a
wavelength,

A, = 2ncAy/QbY°3/2 (23a)

which for2 z_Ac defines a cold (warm) beam. If we rewrite
the plasma frequency in terms of beam current we have an
alternative expression

A Io %

Y
A = 2ra — e (23b)
c Y BOYOI

where a is the beam radius, I is the beam current, and

Io = ec/ro

is the "current" carried by an electron crossing a classical
electron radius at velocity c¢ and is equal to 17.5 KA.

Discussion of the role of Ac will be continued below.

Emission in the c¢old limit. The stimulated Cerenkov

emission rate has been derived elsewhere. We will simply
summarize the results of this calculation. The symmetry of
the beam and the fields are the same as that of the
spontaneous case and thus we will have for the equations of

motion:

2
2 w e 2 - —br
[v‘; + ( cz -k )) _A_ ¢ i (248)
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and

2
2 .
v+ 25 - KPe = L2 (24b)
(o4

In writing these we have already Fourier transformed in time
and in z (the beam axis coordinate). We have aiso assumed
that the beam 1is passing directly through the medium. This
is not realistic for any case except perhaps a gas in the
limit of extreme relativistic beam energy. In a practical
configuration there will be one (or more) beam channels in a
dielectric resonator. The boundary value problem is greatly
complicated by this state of affairs and thus it 1is
difficult to gain a grasp of the physical situation if all
possible complications are put in at the beginning. We will
assume, therefore, that the beam passes axially through a
cylindrical resonator. The form factors which result when
practical cases are considered will be discussed further in
the concluding sections.

The charge and current in the cold beam limit may be
computed either with fluid equations or the Vlasov equation.
These depend upon ﬁ_ and ¢ . Expanding the entire set of
equations in a Fourier-Bessel expansion then yields a

dispersion relation:

) ab2 m2_c2k /e)

cy3(w—ck8)2

2

w W (25a)

vhere
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wkz - c2(p2+k2)/e (25b)

is the dispersion of the undriven guide, and p is the radial
wavenumber. In deriving (25) we are also assuming that a
strongly magnetized beam is used. The other quantities have
been defined previously. The dispersion curves in the limit

of zero coupling and finite coupling are shown in Figs. 9a

w B
Coupled |
I/n
I/n Uncoupled
w ck
Synchronism
Wy (k)

ck

Fig. 9. Dispersion curves in the cold beam limit.

and 9b. There are four roots, two associated with the beam
space charge modes and two with the unperturbed guide modes.
When B < 1/mn all four roots are real while for 8 > 1/n we

have a complex conjugate pair of roots. The imaginary part

¢y
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of the frequency (the gain curve) for this limit is also
shown in Fig. 9b. The gain not unexpectedly peaks near the

region of strongest coupling:

w =
K ck B (26)
Near this point the dispersion relation reduces

approximately to a cubic and we have

(w- ck80)3 -Q 2 ckB (l-llﬁzt»:)/ZY3 - O (27)

b

Since we are on a root of the unperturbed guide mode we also

have:

k = p/(Bze—l);’ (28)

Rewriting sz in terms of the current and p in terms of the
radius a, (p = xolla), Eq. 27 can be expressed in terms of

physically more intuitive variables:

2 % 3

3 2I (1-1/87¢) c -

(w-ckB) ™ - (-—-—, =0 (29)
BI, (e)li ay

Thus the gain and the frequency shift on resonance become

I 2Ix 1/3

(1-1/g%¢)!/® £ Gow)




and

wy.
A = e ———
we (30b)

3)

respectively. The gain and the trequency shift in spatial
units are obtained by dividing Eqs. 30a and 30b by ¢
Relatively modest electron beam parameters result in

substantial gains. A typical example is given in Table 1.

Table 1

Example of gains calculated for typical beam parameters.

€ 2.5 4
vy, (kv) 250 120
Ib(A) 17.5 17.5
aa .138 .232

Cerenkov emission rate in the warm beam limit. A discussion

of the growth, or stimulated emission rate in the limit
where the beam can no longer be regarded as monenergetic may
also be found in the references. > Hence the discussion

here will be brief. Assuming that a strong guide magnetic
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field coaxial with the beam direction renders the small
signal motion one dimensional, the equations for the =z
components of the vector potential and the gradient of the
scalar potential may with the aid of the equation of
continuity be combined to give one equation for the axial

component of the electric field:

2 2 2.2
2 W € - 2 = -411'1 (iu -c k /E) p 31
[V.L + ( c—z k) ] EZ c2 m (31)

In the preceding section the charge density p was computed
using the fluid equations, now to account for thermal spread

we will use the Vlasov equation:

of of s of  _ (32)
at + vz 2z + vz avz 0

where in writing Eq. 32 we have used a velocity distribution
and incorporated the assumption that the motion of the
particles takes place primarily along the z direction.
Linearizing the Vlasov equation and Fourier
transforming in t and z we obtain in the wusual way an

expression for p:

v 3f /3Vv)
p = ine |-2—2 -2 dv (33)
o m-kvz z

1f we substitute for 62 from the equation of motion:
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d(ywz) _ -e
3t o E, (34)

and substitute the resulting expression for p in the

equation for E, we then have

2
2 W €E 2 = _ﬂb _S_ulz—czkzle_l (35)
2 k
[

kv
wmkv,

1f a delta function distribution in velocity is assumed the
dispersion relation for the cold beam limit obtained in the
preceding section is recovered. Restricting ourselves to

the opposite limit we may use

1 . op .l (36)
w—kv P w—kv 18 (w-kv)

to obtain for the imaginary part of the frequency:

_o™2 g2ao/8%)  af(w/k)

w
1 ka Y3 3(w/k)

37)

In obtaining Eq. 37 we have also made use of the condition

for phase synchronism

w = ckB (38)
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and we have ignored the small real part of the beam demsity
dependent frequency shift.

The exact value of Wy will depend to some extent on
the detailed shape of f(vz). However if we assume that its
width in velocity is Av and that it varies smoothly around
its peak the derivative may be replaced with Avfz .  Making
use of the relation between Av and energy spread Ay, the
previous definition of wp2 and dividing by ¢ to obtain a

spatial growth rate a we then have:

= Ll (I} 2 (1-1/8"¢) 9 (1) (39)
a 2 Io a a Ay

This result can be further reduced by evaluating it
at the wavelength ) which represents the crossover between a
warm and a cold beam and by making use of the relation
between w, the transverse wavenumber xol/a and the square of
the sine of the Cerenkov angle (1—1/325). The spatial

growth measured in units of beam radius a then becomes:

x \2 2 4
e = 2 (57 (2) (2)(22)

Examination of Eqs. 39 and 40 shows that operation
of a collective mode device in the submm~fir region of the
spectrum is a realistic possibility. This point will be
addressed further after the emission rate of the Cerenkov-

Raman mode is computed.




CERENKOV-RAMAN EMISSION RATE

The procedure for calculation of the emission rate
for the Cerenkov-Raman configuration is similar to that used
in the preceding section. It 1is however slightly more
involved since in addition to the beam oscillations, and
radiation field we now also have a pump field. The
discussion will be broken iato two parts. In the first the
interaction mechanism will be examined qualitatively and in
the second the equations of motion will be developed in more

detail.

CERENKOV-RAMAN COUPLING. The kinematics of Cerenkov-Compton
scattering were explored in the second section. If the
single electron is replaced by a beam and the photons by
waves the Cerenkov-Raman instability can occur. This comes
about in the following way. The electron beam supports
space charge oscillations. If an electromagnetic wave
propagates either along or counter to the electron beam the
Lorentz force associated with the product of the transverse
velocity imparted to the electrons by the electric field
associated with the wave and the magnetic field of the wave
wily act along the direction of the beam propagation.

A synchronous or resonant coupling between three
waves is possible. Imagine a beam on which there is a space
charge oscillation with axial wave number k. 1f a wave
with axis® wave number k is propagating in the direction

P
counter to the beam there ir a beat force with wavenumber

k8 = kb - kp (41)
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This implies that the interaction between a space
charge oscillation and a counterstreaming "pump" wave
generates a scattered wave. We will see that a large
amplitude pump wave can induce growth of both the space
charge and the scattered waves. Because the pump wave is
scattered from a collective beam oscillation the designation
of the process as Raman scattering 1is appropriate. The
prefix Cerenkov 1is used because in the present case we are
also examining the process when a dielectric resonator is
used to support the scattered wave. It is meaningful to
consider the scattering in regimes where the beam speed is
either above or below the usual Cerenkov velocity and
perhaps it would be proper to restrict the usage of the
designation Cerenkov-Raman bprocess to the former limit.
However this would unduly clutter the notation. We will use
the same designation for both limits and differentiate
between subluminal, Bn<1l, and superluminal fn > 1 where
appropriate.

In order to extract a useful amount of gain from
this interaction the pump field intensity must be very
large. Hence in practice it is best to use a static rippled
or helical magnetic field for the pump. In the rest frame
of the electron this will result in a large transverse
electric field while in the lab frame the pump will have
zero frequency but non zero wavelength Ap = 2ﬂ/kp. Temporal

synchronism will require:
wg =Wy (42)

The approximate dispersion relations for the space charge

—
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v
and scattered modes are
w, = cka (43a)
and
w = ck /n (43b)
s s

These together with the equation for spatial synchronism

result in
cBk
w = —PB (44)
s l—Bon

the relation obtained from kinematic considerations in the
second section. Reversal of the pump direction k§+-kp and

the assumption fn >1 immediately results in:

cBk
wg - Bn-1 (45)

The kinematic arguments are thus equivalent to  phase

matching.

THE DISPERSION RELATION FOR CERENKOV RAMAN SCATTERING. Im
order to calculate the gain the dynamics of the interaction
must be considered in more detail. There is now a
transverse as well as a longitudinal current and hence the

appropriate field equations are

S 2z
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2 w2€ 2 Ay
(v +— -k ) (46)
c - Ez
_ —hm .
c

1(w2-c2k2/e)p/ck
Again we combine the z component of the vector and scalar
potentials since this will simplify computation of p and J.
In order to exhibit the basic phenomena with a minimum of
complication we will also assume that there are no
transverse spatial variations.

Computation of the current is begun with the

introduction of a Lagrangian:
L = —mcz(l—BZ)Li -eB + A+ ed (47)
The transverse canonical momentum

Ps = ymef - o A (48)

is a conserved quantity. If as is usually the case the beam
enters the interaction region with no initial angular

momentum P, = 0 and we have immediately:

Cﬁ; = e— AA (49)

(50)




in the z direction and the equation of motion for this

becomes
p, = =eE, - 5t (—e—) 2 A (51)

where in obtaining this result we have used the fact that Pa
is conserved and the assumption that there is no spatial
variation in the transverse direction.

1f the transverse vector potential contains both
pump and scattered components the second term on the right
hand side of the equation of motion results in a force with
wave number k, and frequency W, = w.. This will drive the
space charge oscillation.

Computation of ¢ and J requires the introduction of
the Vlasov equation. It is best in this equation to use the

mixed set of coordinates Pss vy 2, and t. Linearizing we

then have:
v, (3€o/0v,)dv d p,
p = iuoe w-kvz (52a)
and -
y_,‘}z(afo/avz) dv,d p,
o= 1 n_ e (o = ) (52b)

]

The expression 1;2 equals 1/(1-8‘2) and as we will see, the
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wave number k is actually ky .

The expression for p contains a term linear in E,
obtained earlier for the Cerenkov mode and a nonlinear drive
term which depends upon the ponderomotive potential AL2
The expression for J, contains only nonlinear terms, the
most important one of which is the one resulting from the
product of E, and v, . This term drives the equation for A.
at the frequency wg.

Further progress requires evaluation of the
integrals in Eqs. 52. In the wavelength limit where the

beam may be regarded as cold we can assume:

fo(Vz’ Pas 2, t) = 6(_23) G(VZ-VO) (53)

and the integrals can be done immediately, yielding for the

nonlinear contributions:

2
NL inoe 2 k.b e 5 A‘2
e = m 3 2  vyme 3z (542)
Y (w-kbvo)
and
in e2 2 k.b
s e A E, (54b)

Y3 (w‘kbvo)z Ymc

The linear terms in p and J simply are absorbed into the
dispersion relation for the uncoupled waves.

The pump field is actually a spatial standing wave

v3




and hence it has components which vary as exp(iikpz) . The
component with the positive sign will combine with a term in
.ue vector potential of the scattered wave with a similar
sign to provide a resonant drive for the space charge mode.
In the nonlinear current the pump term with the negative
sign combines with a forward propagating component of the
space charge wave to provide a resonant drive for the
scattered wave.

Defining the magnitude of the relative velocity

modulation provided by the pump as:

B = 7 A (55)

we arrive finally at a pair of coupled equations for the

scattered and space charge waves:

2 2
T -1 8
p'a, = 1% %Y ok (56a)

gy )

2 2
Ly 1% %Y A (56b)
VE, = 3 e
Y (w-lgv )

The symbols p¥ and DL

stand for the linear parts of the
dispersion relations of the scattered (transverse) and space
charge (longitudinal) waves respectively. The former one of

these is:




2
2
T..u_Z-“L (57)
D 7 "k 2
c Yc

and the latter is:

2
L % (58)

D = ] -
Y3(a'kV°)2

A determinantal equation for the coupled modes could now be
computed and its roots evaluated. However, in spite of the
many simplifying assumptions made so far this remains a
formidable task. The following procedure will be adopted.

Optimum coupling will occur near the region where
the uncoupled waves are resonant modes, i.e. near where each
satisfies its own linear dispersion relation. Near this
frequency the coupled equations can be rewritten in the

form:

3A
=2 - 1<+-> E, (59a)
9D fow/w
-]
9E
==z - i<+> A, (59b)
3 D”'/3w wg

where T denotes the factors which appear as coefficients on
the right hand side of Eqs. (56). We are also now assuming
the mode amplitudes A, and E, vary slovly as a result of the

coupling although this is not the same as the original
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definition which included the exponential factors and
tacitly assumed that the amplitudes were constant.

A determinantal equation for Egqs. (59) can now be
formed easily. We find for the imaginary part of the

frequency
- v 2 Y 3/
Wy Y, (Qbms) BP/ZY (60)

It is also useful to state this in spatial units of the beam

radius

,
aa =128 (0 (Tgi ) (61)
[}

The growth rate increases as the square root of the
scattered frequency and hence this is an intrinsically short
wave length process provided the beam may be regarded as
cold. As was the case with the pure Cerenkov mode the
growth in the warm limit will decrease with decreasing wave
length and hence the warm-cold transition wavelength
discussed in the earlier sections although not an absolute
limit for device operation is a useful figure of merit for

estimating the high-low gain transition.

CONCLUSIONS

We have derived expressions for the frequency and

the stimulated emission rate for Cerenkov and Cerenkov-Raman

[\




emission processes. In the limit where the driving electron
beam can be regarded as monoenergetic the growth rate rises

1/3 and mllz

with frequency (as w respectively) for both
processes and hence they are both intrinsically short
wavelength interactions. Furthermore, by controlling the
filling factor and the relative dielectric constant of the
dielectric waveguide resonators, practical operation in a
regime where the operating wavelength is much less than the
characteristic transverse dimension of the resonator, has
been achieved. The fundamental limitation to operation of
these devices in the collective regime at short wavelengths
would thus appear to be the electron beam quality. The
dielectric resonator makes use of beams which although
substantial, are nevertheless modest when compared to those
used in other short wavelength free electron radiation
sources. Operation in the lower part of the mm region of
the spectrum has already been attained and operation in the
submm regime appears very likely. The basic dielectric
resonator-electron beam technique can most probably be made
to work into the far infrared portion of the electromagnetic
spectrum. The basic physical principles governing free
electron radiation sources operation is very much the same
for all devices. Hence we would expect that in general,
devices such as we have discussed, would work at as short a

wavelength as any other free electron laser.
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CERENKOV AND CERENKOV-RAMAN MASERS: EXPERIMENTS
Kevin L. Felch, Kenneth 0. Busby,
Robert W. Layman, and John E. Walsh

INTRODUCTION

A recent series of experiments has shown the
feasibility of producing mm microwaves by two different
methods iavolving the interaction of a relativistic electron
beam and a dielectrically lined waveguide. The Cerenkov
maser produces coherent radiation by propagating a
relativistic electron beam down a cylindrical waveguide,
with an annular dielectric liner, at a velocity greater than
the speed of 1light in the dielectric. The use of the
Cerenkov interaction as a source of microwaves was first

1

introduced by Ginzburg" in 1947, and since then several

2-4  The first

other authors have dealt with the problem.
Cerenkov maser experiments to produce coherent microwaves
were performed at Columbia University by Walsh, Marshall,

and Schlesinger in 1975.°
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The Cerenkov-Raman maser involves the interaction of
a relativistic electron beam with a magnetic wiggler or
"undulator,” as it passes through a dielectrically lined

6,7 involved the wuse of

waveguide. The earliest work
nonrelativistic electron beams for the amplication of
microwaves. As relativistic field emission, high current
sources became available, the use of undulators for the
production of high frequency coherent microwaves became

8-11 In addition, a series of tenuous electron

possible.
beam experiments have been performed on the Stanford
University superconducting linear accelerator.l? All of such
magnetic wiggler experiments fall into the broad category of
free electron lasers. These initial mwmagnetic wiggler
experiments used cylindrical waveguides without dielectric
liners as resonant structures.

Following the suggestions of Ginzburg13

and of Walsh
and Crewla, we inserted a dielectric 1liner into the
resonator structure to lower the beam energy required to
obtain a given output microwave frequency. In the following
we describe the Cerenkov radiation and Cerenkov-Raman
scattering experiments as performed at Dartmouth College.
Theoretical treatments of this specific work may be found in

the references.}>17

THE CERENKOV EXPERIMENTS

The preliminary experiments performed at Columbia
using the Cerenkcv interaction to produce mm microwaves
yielded microwave powers of 1 Mw at frequencies between 30
and 60 GHz. These experiments employed a 1-10 KA, .5 MeV

electron beam, produced by a field emission diode source.
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The beam was directed down a cylirdrical waveguide with an
annular dielectric filler. For these experiments the beam
pulse width was in the 50 nanosecond range and the
repetition rate was on the order of minutes. 18

The conversion efficiency of these experiments was
around .1%Z. With this figure in mind it was felt that a
cold, lower current beam, similar to those used in present
day klystron technology, might give higher conversion
efficiencies and become more of an actual mm microwave tube.

Using these ideas as a guideline, a relativistic
electron beam acceierator was constructed at Dartmouth
College, providing an electron beam capable of multi-
microsecond pulses and high repetition rates, A schematic
of the accelerator is shown 1in Figure 1. The cathode is
either a dispenser or a barium oxide-coated cathode, which
provides a solid, cylindrical electron beam of up to 30 A.
Such thermionic cathodes produce electron beams with
significantly less thermal spread than do those produced by
field emission diodes. A pulse from a pulse-forming network
is passed through a bifilar pulse transformer to the cathode
and its heater transformer, lowering the potential from 0 to
-200 kilovolts for 4 to 6 microseconds. The machine now
runs at a repetition rate of 1 to 7 pps. , but has the
ability to operate at 200 pps. The electron beam is
accelerated through a hole in a molybdenum anode which is
held at ground potential. The beam then enters the
partially filled cylindrical wavepuide and continues down
the tube until it is collected by a faraday cup.

The faraday cup is connected to ground through a1l
ohm resistor, enabling curent measurements to be made.

There is an axial magnetic guide field of 2 KG which

s
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confines the electron beam to the axis of the cylindrical
waveguide.

The relative proximity of the cathode and anode with
respect to the dielectrically filled waveguide is depicted
in Figure 2. The actual magnetic field lines of the guiding

field are mapped onto the resonator structure. The

microwave diagnostics are coupled to the circular waveguide

by means of a stub antenna which protrudes out of the
rectangular waveguide and butts wup against the quartz
dielectric 1in the <cylindrical guide. The antenna 1is
constructed so as to couple to the radial electric fields of
the TMj, circular waveguide mode, the mode which will be
excited by the passage of an axial, relativistic electron
beam in close proximity to the dielectric filler. The
rectangular guide directs the microwaves out of the vacuum
system to where measurements of power and frequency may be
made .

To detect the microwaves, ordinary crystal detectors
of the IN23 and IN26 variety are situated in standard X band
and K band mounts. Power measurements are then made using
the power response of the detector crystals and measuring
the coupling loss out of the c¢ylindrical resonator. Both
the crystal response and the cylindrical to rectangular
guide coupling loss were tested and calibrated using known
sources in the X, K, and Ka frequency bands.

Frequency measurements are made using a series of
high pass microwave filters. Microwaves passing through a
high pass filter have a frequency 1in excess of the cutoff
frequency for that filter. A range of such filters will
serve to pinpoint the operating frequency, and yield

some information about the spectral distribution,

> ¢
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Thus far, most experimental runs have employed
quartz as a dielectric liner. For quartz, the dielectric
constant at microwave frequencies is 3.78, so that the
Cerenkov condition, B2 >), is satisfied for 8 =.514,

Y =1.17, giving an accelerating voltage of 87 KV as the
Cerenkov ''turn-on" voltage for the electron beam. The
quartz filler shown in Figure 2 has an inner diameter of .95
cm and an outer diameter of 1.91 cm. The quartz tube is
suspended in a concentric cylindrical copper tube of 2.54 cm

in diameter.

RESULTS OF THE CERENKOV EXPERIMENTS

Data for a typical shot are shown in Figure 3,
including simultaneous traces of the microwave output and
beam voltage and current. Microwave pulses of between 5mV
and 2V in amplitude and 100 nanoseconds to 1.5 microseconds
in width have been detected. The pulses occur on or near
the peak of the voltage pulse in time. Pulses begin
occurring at voltages between 90 and 110 KV as required by
the Cerenkov condition and continue at volteges of up to 200
KV. Beam currents of between 100 and 500 mA are sufficient
to initiate strong microwave production and higher currents
of between 2 and 10 A result in an increase in microwave
pulse height, up to the limits of the detector diodes. In
addition, higher currents tend to broaden the pulse as well
as render the microwave output more consistent and uniform.

It should be noted here that the detection system
used in the above measurements was initially tested using an
iris~loaded waveguide structure driven by the electron beam.

Also, many null runs were carried out using no dielectric
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Microwave Pulse

} V/Div
Beam Current
0.5 A/ Div
High Voltage

A 50 KV/Div

/
\
N

! Microsec/Div

Figure 3. Typical Cerenkov microwave pulse with simultaneous
beam voltage and current traces.

High Voltage
N y 100 KV/Div

Beam Current

h \f 0.5 A/ Div

X Band on

o Dir. Coupler

‘NI 50mV/ Div
i

27 GHZ Filter
Hy 50mV/ Div

X Band on
y Dir. Coupler
0.5 V/Div

No Filter
i1 V/Div

{ Microsec/Div

Figure 4. Cerenkov microwave pulses with and without filters
and associated beam voltage and current traces.
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filler in the waveguide, with the expected results that no
microwave radiation was dethted, whatsoever. Finally,
recent runs using only the quartz filler and no outer
metallic circular waveguide have yielded similar results to
those observed with the waveguide in place. There s&re
indications that this type of structure might be more
efficient in converting electron beam energy into microwave
power over a narrow bandwidth.

Frequency measurements on the microwave pulses
indicate that the nominal operating frequency, using the
present quartz filler and waveguide stricture, is between 40
and 45 GHz.

There is also evidence that more than one frequency
is obtained in a given microwave burst. Simultaneous
observations of a single microwave pulse through a filter
and an unfiltered parallel coupler is shown in the third and
fourth oscilloscope traces of Figure 4. Note the way that
peaks from the filtered pulse differ from those of the
unfiltered pulée. Using the same set-up, except without &
filter, the fifth and sixth pulses in Figure 4 were taken
simultaneously a few shots later. Since the last two traces
are quite similar, the differences in the third and fourth
traces appear to be due to the presence of multiple
frequencies.

Since the coupling out of the cavity is of a
resonant nature the cavity tuning becomes important. For
the present experiment this means that resonator tuning may
be limiting the actual range of frequencies produced by the
interaction of the beam and the 1loaded waveguide and that
power detected ovutside may be significantly less cue to the

lack of optimal resonator tuning.
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Using the set of high pass filters mentioned
previously, the spectral distribution of the microwaves
seems quite sharply peaked around 40-45 GHz with perhaps
several smaller peaks of lower frequency and virtually
nothing at frequencies above 45 GHz.

With the power measuring considerations previously
.mentioned, microwave pulses of between 500 W and 1 KW in
peak power have been detected, with 100 W sectving as a very
conservative lower peak power limit. These numbers include
a 10-15 db coupling loss and a 10-15 db drop due to the
detection system as shown by calibration with known sources
near our operating frequencies. This 20-30 db figure when
added to the 1 W signals detected outside gives the 100 W to
1 KW power measurements. Conversion efficiencies are from
1% to 10X. The higher value 1is due to the strong output
that occurs with electron beam currents as low as 100 mA.
Table 1 summarizes these results and the electron beam

parameters.

Table 1

Summary of Results for Cerenkov Experiments

MICROWAVES:
Frequency ~ 40 to 45 GHz
Power - 500 W to 1 KW Peak
Pulse Width ~ 100 nS to 1.5 microseconds
ELECTRON BEAM:
Voltage - 100 to 200 KV
Current - .] to 10 A

Repetition Rate - up to 7 Hz

10 9 >




By changing the diameter of the cylindrical
waveguide and by experimenting with liners of different wall
thicknesses and dielectric constant the frequency of the
device may be readily tuned to higher or lower operating
frequencies. Optimization of resonator tuning and microwave
output coupling will serve to enhance the conversion
efficiencies already detected. Experiments with these ideas

in mind are now being performed at Dartmouth College.

THE CERENKOV-RAMAN SCATTERING EXPERIMENTS

A single particle picture for Cerenkov-Raman
scattering is shown in the inset in Figure 5. A magnetic
undulator serves as the pump photon in the scattering
process and is represented by an excitation with wave number
kp-2 n/ A P (A P is the undulator period), and pump
frequeacy zero. An electron moving along the axis of the

undulator is scattered and emits photons. If the process

takes place in a dielectric then we call the interaction
Cerenkov-Raman scattering where the frequency, w g» of the

emitted photon is:

ck B
w, = T—fLEE (1)

The velocity of the electron is v = £c and n = (¢)1/2 jq
the index of refraction of the surrounding medium. As Bn
approaches 1, the the upscattering becomes infinite in the
approximation where dispersion and recoil are nesplected.

In the experiment, the magnetostatic pump wave
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WAVEGUIDE

Figure 5. Dispersion relations for waveguide, electron
beam, and undulator.

100~
€=22.25
2.6
8o}
60 f =28.8 GHz -
GHz cutoff
40
20}~
1 A1 1 1 1 J
(0] 50 100 150
KV

Figure 6. Plot of scattered frequency vs. electron beam
voltage for empty and partially filled waveguides.
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couples the electron beam to a waveguide uode. The
dispersion for the waveguide, the electron beam, and the
undulator are shown in Figure 5. The electron beam, which
can support either a plasma or a cyclotron mode, is assumed
to be cold. The dispersion of the zero-frequencv pump is a
P- ZW/AP.

The condition for interaction is that, at

horizontal line segment with length k

any given frequency, the difference in wavenumber between
the waveguide and beam modes must be equal to kp. As the
beam velocity is increased from zero, there exists a wminimum
velocity for interaction at a single frequency. As the beam
velocity is raised still further, the interaction splits
into two branches. One branch tends toward higher frequency
as the beam velocity increases, and the other branch tends
toward the waveguide cut-off. Two examples with unfilled
and partially filled waveguides are shown in Figure 6.

In comparison with the empty guide, the interaction
with 8 partially filled waveguide turns on at a lower beam
voltage and raises faster in frequency as a function of
voltage. For all cases considered in the present paper, Bn
< 1, such that we are below the Cerenkov threshold.

The experimental apparatus is again shown in Figure
1. Beam currents range from 1 to 30 A, and are measured by
a Pearson current transformer, since no faraday cup is used
in these experiments. The electron beam is guided through a
circular waveguide to the undulator by an external magnetic
field. The undulator consists of alternating aluminum and
iron washers of .5'cm in thickness, providing a 1 cm ripple
period. A schematic of the undulator and resonator
structure is shown 1in Figure 7. Inside the undulator, the

magnetic field is the guide field plus an 8% ripple in the

;13 7{
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z~component and a ripple in the radial direction determined

by ¥V - B =0. The interaction area is within the
undulator, and is lined with an annular dielectric
filler.

As the beam emerges from the undulator, it 1s guided
by diverging magnetic field lines and deposited onto the
inside surface of the waveguide instead of collected in a
faraday cup as done in the Cerenkov radiation experiments.
The microwaves travel from the interaction area down the
waveguide through a circular to rectangular waveguide
transition and into the diagnostics. Transitions are used
to reduce reflections to insure that the machine works in a
superradiant mode. A .030 inch thick teflon vacuum seal is

placed behind the transition.

RESULTS OF THE CERENKOV-RAMAN SCATTERING EXPERIMENTS

Simultaneous oscilloscope traces of beam voltage,
beam current, and the resulting radiation pulses are shown
in Figure 8. The top set of traces represents data for the
vacuum Raman scattering case with no dielectric liner. The
bottom set shows the results of inserting a polypropylene
liner. As the beam voltage is increased from zero, a "turn-
on"” voltage is observed, corresponding to the lowest voltage
at which radiation is detected. As the voltage is increased
past this threshold voltage, the radiation pulse broadens
out symmetrically about the high voltage pulse. As shown in
Figure 8, and listed in Table 2, the threshold voltage for

Cerenkov-Raman scattering is considerably 1less than the
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o. EMPTY WAVEGUIDE

Microwave Pulse
) Ka Band Detector
500 mV/ Div

Beam Current
5 A/ Div

High Voitage
50 KV/Div

Nt
| Microsecond/Div

b. DIELECTRIC~-LINED WAVEGUIDE

{ Microwave Pulse
Ka Band Detector
10 mV/Div

™ Beam Current
10 A/Div

High Voltaga
50 KV/Div

| Microsecond/ Div

Figure 8. a). Microwave pulse and simultaneous beam voltage
and current traces for Raman scattering in an
empty wavegulde.

b). Microwave pulse and simultaneous beam voltage
and current traces for Cerenkov-Raman scattering
in a dielectric~lined waveguide.

threshold voltage for vacuum Raman scattering. Using high
pass frequency filters, initial characteristics of the
frequency content of the wmicrowave pulses wmay be
investigated. As expected, the results of such frequency
measurements show that higher frequency microwaves are
associated with higher voltages and that for microwave

pulses within a given frequency window of 60-70 GHz, the
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corresponding high voltage is much lower for the
polypropylene-lined waveguide than for the empty waveguide.
These two points reveal the nature of the frequency upshift
in going from vacuum Raman scattering to Cerenkov-Raman
scattering.

In addition to the voltape-dependent high frequency
radiation, we have also detected the 1lower frequency
radiation at about the cutoff frequency of the TEq,y
circular waveguide mode in the vacuum Raman scattering
regime. This lower frequency branch also begins appearing
at the threshold voltage, but the frequency remains nearly
constant as the voltage is increased. Measurements of this
lower frequency branch are made using interferometric
techniques. The low frequency branch for the Cerenkov-Raman
scattering case has yet to be observed. Power measurements
indicate that the low frequency branch contains considerably
more microwave power than the high frequency branch. For a
typical 80 KV, 10 A electron beam, vacuum Raman scattering
power conversion efficiencies of 0.1% to 1% and 0.012 to
0.12Z are estimated for the lower and upper frequency
branches, respec;ively. For the upper branch of the
Cerenkov-Raman microwaves, power efficiencies of 0.001% to‘
0.01% are obtained.

It is found that by decreasing the strength of the
magnetic field, a magnetic field threshold may be observed,
Also, preliminary results indicate that the frequency of the
upper branch may be raised by increasing the magnetic field
strength, and hence the strength of the pump field, while
the lower frequency branch is relatively unaffected by
magnetic field strength in excess of the threshold magnetic
field.

17
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The results of  using circular waveguides of
different diameters, with and without dielectric liners, are
summarized in Table 2. The same basic tendencies concerning
the existence of the two frequency branches and the
frequency upshift in going from vacuum to Cerenkov-Raman
scattering have been cbserved.

Numerous experimental runs have also been performed
with a 3 cm period undulator and an empty waveguide. Using
beam voltages of up to 200 KV, no microwaves at all were
detected with this wundulator spacing. Using the same
techniques employed in producing Figure 6, we find that the
threshold voltage for @ 3 ecm spacing is 290 KV, explaining
why no radiation was detected using 1lower voltages. No
Cerenkov-Raman scattering runs using the 3 cm undulator have
been performed.

If we use the experimental parameters used to obtain
the above results and employ our simple model to predict the
dependencies of frequency on beam voltage and magnetic
field, we obtain the results listed in the second portion of
Table 2. The cyclotron beam mode is used since the
radiation does exhibit stronz dependence on the magnetic
field and better agreement 1is obtained using the cyclotron
mode rather than the space charge mode. The theoretical
magnetic field thresholds shown in Table 2 were calculated
by finding the minimum ma;netic field (and thus the minimum
cyclotron frequency) required for interaction at an electron
kinetic energy of 60 KeV. In comparing theoretical and
experimental results, we note that the agreement 1is
generally good. The only discrepancies crop up in comparing
theoretical and experimental threshold voltages, but these

values do show the currect tendencies for empty and

g0
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dielectrically
thresholds

lined

waveguides.
L]

of the upper branch varies

lower branch is in excellent agreement.

The

agree reasonably well and the frequency of the

magnetic

field

Since the frequency

greatly with magnetic field and

Table 2

Summary of vacuum Raman and Cerenkov-Raman Results

Experimentally Vacuum Cerenkov-Raman
Observed € =2.25
Results ' (Polypropylene)
|
.5" .375" .5" .375"
Empty Empty Liner: | Liner:
Guide Guide b/a=1.6 [b/a=2.0
Voltage Threshold 60.0 KV | 80.0 KV 30.0 KV | 40.0 KV
Freq. of Low Branch [[29.0 GHz | 38.0 GHz -—- -
Freq. of High Branch|{60.0 GHz| 70.0 GHz|[ 60.0 GH -—
B Field Threshold 5.5 KG -— 3.0 KG| 3.0 KG
at Voltage of 60 KV
From Theory
Waveguide: TE;; Mode
Beam: Cyclotron Mode
Voltage Threshold 40.0 KV [115.0 KV || 10.0 KV ] 30.0 KV
Freq. of Low Branch (j29.0 GHz| 38.0 GHz|| 23.0 GHZ 28.0 GHz
Freq. of High Branch{j60.0 GHz| 70.0 GHz{| 60.0 GH% -
B Field Threshold 5.0 KG 8.4 KG 2.4 RKG| 3.6 KG
at Voltage of 60 KV
» <!




beam voltage, exact comparisons between theory and
experiment are difficult. But wusing the voltage and
magnetic field values from the experimental observations of
the high frequency branch, we do see that the simple theory
does predict the frequency of the upper branch quite well.
Measurement of the frequency of the lower branch for the
dielectrically lined waveguide runs has not been completed
as there are coupling problems caused by the lower cutoff
frequency of the partially filled waveguide compared to the

empty waveguide.

CONCLUSIONS

In summary, we emphasize the fact that the ability
to produce high power mm microwaves using relativistic
electron beams of modest voltages has been demonstrated
using both the Cerenkov and Cerenkov-Raman scattering
mechanisms. The Cerenkov microwave generator seems to have
the advantage in terms of conversion efficiency, while the
Cerenkov-Raman scattering scheme can operate at much lower
beam voltages. Both mechanisms do appear to have the
requisite capabilities to become viable high power mm
microwave sources with correct optimization of the various

experimental parameters.
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ABSTRACT

The Cerenkov Free Electron LASER is proposed as the active
medium for a Maser amplifier. The amplifier will function

in the role of a reflection amplifier.

A geometry is proposed aﬁd the dispersion relation derived.
A gain 1lineshape for the LASER is calculated and
parametrically analyzed. The reflection amplifier is
concurrently analyzed to coapare amplifier éetformance to
the active medium performance. Several methods for

increasing gain are discussed.

An expression for power in tne superradiant mode for the
atomic LASEK 1s compared with an analagous expression for

the Free Electron LASER.,
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CHAPTER 1

INTRODUCTION

3ince the early aays of KADAR in World War II considerable
research effort has been expended in the development of
short wavelength technology. The evolution of high power
millimeter wave sources has been limited by the fact that
conventional sources and amplifiers require resonant
cavities of the same scale as that of the emitted radiation.
Examples of these types of devices are the klystron and the
Traveling Wave Tube. The main drawbacks of cavity devices
lie in the high frequency regime in the areas of component
manufacturing, energy loss, and heat dissipation. This
"restriction® was soon to be abated when in 1953 Weber (WB)
published an article which stated that amplification should
be possible using a "population inversion"™ phenomena. The
concept of inversion, defined mathematically as negative
resistance, was used in the years immnediately following
Weber's article as the basis of a 1icrowave amolifier called

the MASER.

The need for an amplifier that produces short wavelength
tunable, high power, coherent radiation has been well

publicized by the defense and communications industries, To

6
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the communications engineer the short wavelength
gources/amplifiers provide a means to take advantage of an
operational bandwidth behavior that narrows in response to
increasingy frequency. In addition higher frequency systems
have less beam divergence for more efficient 1long distance
communications 1links, For defense inie:ests the shorter
wavelengths vprovide a greater target acquisition capability

and a reduction in the probablility of intercept or jamming.

The MASER and a concurrently developed device, the
varanetric amplifier have been <categorized as reflection
type amplifiers. In its simplest form the reflection
amplifier 1is a ‘ device which amplifies by reflecting
radiation possessing a greater amplitude than that of the
input signal. These two types of reflection amplifiers, the
MASER and the parametric amplifier have assisted 1in this

quest for higher frequency, tunable devices.

Recent advances in the development of the Free Electron
LASER have permitted, with licensa, the suggestion of the
possible existence of a Free Electron MASER. The Free
‘Electron MASER would function in a manner similar in nature
to the microwave MASER, with the primary difference being
that the active MASER medium(ruby) would be supplanted by by

the opeam driven resonant structure of the Free Electron

9/




-~

LASER. One of the disadvantajes of the MASER is that its
operating range is governed and restricted by the transverse
dimensions of the cavity and nore importantly by the energy
ievel transitions of the enclosed medium,. With the Ffree
Electron LASER, on the other hand, we will have independence
from the cavity dimensions and population inversion

limitations.

The design of the Free Electron HASER is relatively

straightforward. By using an appropriate coupling network,
a low dielectric constant medium, and a mildly relativistic
electron beam, an apparatus could be built, Subseguent
analysis in this paper predicts such a device will operate

well into the millimeter and submillimeter ranges.

Chapter 2 undertakes a brief description of the geometry of
the beam driven dielectriec Free Electron LASER. Through the
use of classical fluid equations and Maxwell's equations we
derive a dispersion relation which relates w to k for the
beam waveguide system. This equation shows how the space
charge waves of the beam couple to the electromajgnetic wave
in the presence of the dielectric. from this dispersion
relation we' can solve for the spatial gain and
parametrically analyze for variations in beam current, beam

energy, and resonator radius. Chapter 3 describes




gualitatively ©ASER operation and snows how the Free
Electron LASER can be used as the active medium in the
reflectior amplifier. The reflection process is modeled by
deriving the reflection coefficient of a TM wave incident on
an active dielectric cylinder; and shows that the reflection
coefficient assunes a value greater .than unity. The
spectral distribution of the reflection coefficient is
discussed alony with the response of the peak% gain resonant
mode and its relation to the gain-bandwidth product for the

Free Electron MASER amplifier.

The final chapter discusses the Free Electron LASER analog
of'the optical LASER superradiance. In the optical(atomic)
LASER, the powef output in the superradiant mode |is
proportional to the sguare of the population inversion, The
proportionality in the Free Electron LASER is shown to be

the square of the beam current.
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CHAPTER 2

FREE ELECTRON LASER GAIN ANALYSIS

Ae shall be treating the Free Elect;on LASER only through
its behavior as a sepataie element in a lumped circuit and
as such need not attempt a microscopic description of the
gain producing pnenomenon. However, we need to analyze the
system in close enough detail so as to adequaiely describe
the system gain and to determine the effects on the gain
linesﬁape resulting from modification of the system

variables.

The Free Electron LA§ER under consideration is a Cerenkov
microwave generator(l,2) and may be represented as an
infinite 1length of a cylindrical isotropic dielectric( of
radius a) contained in a circular metallic wavegquide. The
walls of the waveguide are considered to have infinité
conductivity. A relativistic electron beam is vropagated
axially through the dielectric with an electron velocity
superluminal for the dielectric medium. N#e neglect the
microscopic environment of each electron and confine our
interest to.the collective phenomena. We can thus use
macroscopic plasma equations to describe the behavior. The

electron motion is considered to be & cuwld plasma with no
' 10
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thermal velocity dispersion. Thne electron motion is
rendered unidirectional by the application of an external
magnetic field, BO which maintains field lines parallel to
the axis of the «cylinder. A sketch of the geometry as

described above is given in Fig.II-1l.

We tacitly assumed, for convenience, that the beam
propagates through the dielectric; but the problenms
»associated with the beam propagation through the dielectric
deserve some comment. By using a solid dielectric the beam
~would have difficulty propajating through the resonator.
The electron beam would obviously lose much of its energy in
collisional ionization of the dielectric. Two solutions to
this problem are to provide for a channel for beam
propagation or to use a less dense gaseous dielectric. The
beam-channel concept is the most feasible and has been
previously studied for ;se in the Free Electron LASER(3,
4,5). For cohcéptual purposes, however, our analytical
assumption of the solid jeometry is convenient, This
geometry greatly simplifies the boundary conditions and the
results from the solid dielectric geometry do not depart

kadically from the more difficult beam channel analysis.

-,
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Fig. II-1, Free Electron Laser Geometry
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It is instructive to discuss qualitatively the process that
occurs in the amplifier. The pump radiation source produces
an input wave which establishes normal mwmodes of vibration
appropriate for the geometry of the rgsonator. The
electromagnetic fields of the incoming wave will interact
with the electron beam to cause a redistribution or
modulation of the electron velocities- thus causing bunching
in the beam. 1If a greater numoer of electrons are caused to
give up energy to the wave than absorb energy from the wave,
a gqin condition exists and the wave will grow until the
gain saturates. The amplified radiation can then be coupled

from the resonator through an appropriate network.
The cold beam dispersion relation

Our first step in a more rigorous analysis is to determiﬂe
the modulated current density. With that in hand we can use
the perturbed current density as the source term in
Maxwell's equations in order to couple the beam to the wave
in the dielectric and then write the wave equation. From
the wave eqégtion, the dispersion relation for the wave in
the dielectric resonator may be determined. Once we have an

appropriate analytical exoression for the dispersion

77
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relation we can solve for the spatial gain of the Ffree

Electron LASER.

If the TM mode is assumed to be the mode in the gquide, then
the field components may be written:
E= (Er; +Ee i)
-
3= (GQ)

Ae can couple the axial electric field the electron beam
through Maxwell's Equatiéns. As a starting point we to
assumé a macroscovic MHD description and use the equations
of plasma physics. Thus we begin by applying small

amplitude oscillations to Newton's second law:

TR S e(geyne)

V= V°+V3
Eer E,

and after Fourier transforming the perturbed velocity may be

expressed:

Ys=_-teEs
m¥?(w-kVs) t43.

The linearized -equation of continuity and Fourier
transformation allows us to write the modulated particle

number in terms of the unperturbed numoer and Vl:
Ny = -ikn.ey 237
mY¥* (W-kve)*

7Y
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Using equation 1, equation 2 may be rewritten:
n|t ‘Lkn.eE|
T TR 2]
Mm% (w-kv,)

1f we linearize the Fourier transformed current density and
use egquations 1 and 3, J1 can be expressed:
J = Lﬁf'GJE
) b ~ .
AW BP (kva)*

wp= amne®  [4]
m

"We now need to couple the perturbed current density to the

waveguide modes through Maxwell's Equations. Writing the
wave equation in cylindrical components and, recalling the

field components of E, Er becomes:

Ert “Lk éEl

= £ 5]

ki~ whefcr

77
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Usin3 the axial oart of {J , the wave equation can be jiven

te o [\ 4- Wy )s

as:

If we now impose the boundary condition that Et must vanish
on the walls of the guide and expand the radial component

of E1 in a Bessel series: :

€= (3 A(wk) T P,_r))

We can then substitute the series definition into equation §

and from that we may write:
14 1 1 2 U A
D(w,. k) s~ Woy - wb ((.O C’_EL‘ ) =0 [;]

€ 33 ((4)‘ k\/oyl

WHERE! Wor® L& (P..' +k‘)

€

This expression is defined to be the cold beam dispersion

relation for any mode of the Free Electron LASER system(6).

/P
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To make this dispersion relation more responsive to real
physical parameters, such as beam current, beam energy, and
resonator geometry, it 1is only necessary to transforam to
an analytical expression containing these variables, From
plasma physics we know thatﬂ:is defined to be:

_ﬂ‘bs w‘b= qTTﬂoe}
mwm

Assuming that the propagating beam 1is of a cylindrical

geometry the current can be written:

I= -enAv

'where: A= 1ra"

and: a=radius of the beam cylinder

This implies that particle density can be expressed:

N= lIl
CAv

Now Io is defined to be:

Io't cC
(o

) of
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2 . .
where: ro=e/mc’ which 1is the classical electron radius.
Thus the original equation for the beam plasma frequency can

be rewritten:

w"be 4IQC2
To®a?

Equation 7, in a simple way relates k to w by way of the
coefficients of an equation quartic in k and w. If the beanm
plasma ffequency is initially set equal to zero, Fig. II-2,
the resulting plot of the dispersion relation would describe
the behavior of an electromagnetic wave propagating in a
dielectric waveguide. The phase velocity of this wave at
any point on the curve is the slope of the line connecting
that poiﬂt to the origin of the axes. The asymptote plotted
is w=ck/fg and the slope is defined a2s light speed in the
diesectric medium. As we can see, the entire dispersion
relation remains above the asymototic limit, thus, each
waveguide mode has a phase velocity greater than the light
velocity in the medium. As a result, the coupling of an
electkon beam to any one of the cavity modes will permit a
Cerenkov interaction to occur. The w versus k plot in Fig.
I1-3 contains the beam velocity line w=ck® and assumes a
small but finite value for the beam plasma fregquency . As

can be seen the bean velocity line will intersect the

/02
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rig.II-é. The no-beam dispersion relation. Since the
hyperbola is above its asymptote of slope e/fF
coupling modes fulfill the Cerenkov condition,

entire
, all Dbeam
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'Fig.II-i The beam is introduced into the systen. Wop {s the

point of synchronism,
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dispersion relation wnenever the beam itself has a Jreater

than light velocity.

The point of intersection of the two lines is where the
greatest interaction of the electron beam and the gquide
should occur. This intercept, known as synchronism, shows
the conditions where the phase velocity of the
electromagnetic waves propagatinjg in the dielectric is equal
to the electron velocity. This coupling of the waves and
beam pefmits an enerjy exchanje to occur between the
electrons and the modes of the axisymmnetric resonator. we
can thus infer from the strength of thé interaction that the
synchronous freguency is the_frequency where maximum gain

will be observed for our reflection amplifier.
Gain Calculations

Rnowing equation 7, we can solve for the spatial gain of the
Free Electron LASER by finding the imaginary roots of k in

terms of w and other physical variables,

Equation 7 may be expanded and written in descending powers
of k. The coefficients of each power of k clearly are =&
function of w, radius, beam velocity , and other variables.

The solution for an analytical expression for the imaginary
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root of k is a time consuming task but is easily
accomélished numerically. A computer program was
»written(Appendix 1) which solved for the imajinary roots of
the dispersion relation, For a given beam velocity,
resonator length, and radius a spectral line profile for the
gain can be computed and plotted. An example of such a gain
envelope is provided in Fig. II-4. In Fig. II-4 we have a
plot of Im k(gain) versus w/c. Tnis plot was done for a
beam current of 10 Amps, beam velocity of .6l4c, and a
resonator radius of 4mm. The important factor to observe is
~ that there exists finite gain for the system up to the
synchronous frequency; after which, the gain quickly drops to
zero. Since we .are interested in a device whose operating
regime(synchronism) is in the millimeter wavelengths we will
want the synchronous frequency to be as high as rossible.
In analyzing how the synchronous frequency and gain behaves,
we shall find the wavelength of the output to depend on two
areas of influence: electron beam characteristics, and the
geometric parameters of the resonator. We shall
investigate, in detail, the effects on the gain due to
.chanjes in the peanm velocity, beam current, and the radial

dimension of the resonator.

parametric Analysis

/06
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One of the key variables in the dispersion relation is the
electron beam current. Figures II-5S and II-6 are
representative of plots of gain, as a function of frequency,
for two geometrically identical systems except for differing
beam currents. They show how the lineshape responds when
tne beam current is 2 amperes and 11 amperes., With the
lower beam current (Fig. II-5) th2 peak gain is less than
that ooserved for the higher beam current. At the same time
the monochromaticity of the lineshape also changes. A quick
look at the two plots show the opvious lineshape broadening
of the gain curve in the high gain regime as compared to
the lower peak gain. Thus the higher peak gain is
associated with a broader spvectral gain. The change of the
beam current does not effect the location of the gain peak,
which is the point of the synchronous frequency. This is
due to the fact that the synchronous point(intersection of
the D(w,k) curve and the beam energy 1line) remains stable

during the beam current variations,

If beam current and resonator radius are maintained,
variations in line shape from changes in beam velocity may
be analyzed. In PFigures 1II-7 and 1I-3, we can see the
behavior as@ is varied from .615 to .90. The shape of the
curve(to include the half-width) remains invariant during

the velocity shift with the only difference beinj a

/0%
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slightly higher peak jain exhibited at the uoper end of the
beam velocity svectrun{the peak jain actually increases by
the one-third power of w, sce Appendix 2). The important
point to note is the significant change in the interaction
freguency. Fig. II-3 shows the rapid increase in
interaction frequency as the beams velocity is reduced from

«90 to .60. Tne lower the value of Q the higher we observe
the frequency of the synchronous point; This is not
unexpected. Referring back to Fig. 1II-3 we see that as we
decrease the beam energy(decrease slope) the synchronous
point shifts farther up the dispersion relation curve and
has a higher interaction frequency. This shift of
interéction frequency is noteworthy and the importance of
this behavior should not be forgotten during our search for
devices that function at the higher end of the microwave

frequency spectrun.

We can show the effect on tne yain and the synchronous
frequency due to the introduction of changes in the
longitudinal and radial dimensions of the resonator. If the
length 1is changed, as in any resonant structure, only the
longitudinali modes will be effected, and this is of little
interest. Variations of the radial parameter does produce a

relevant response. Figs. II1-10 and II-11l give the gain

]2
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lineshape response for two identical systems with differing
radii. In a comparison between the two curves we See no
chanje in veak gain or spectral distribution. But for the
smaller radius, however, the interaction frequency occurs at
a'hiqhet frequency than that of the larger radius. This
variation in coupling freguency in terms of radius may be
seen more clearly in Fig. II-12 where interaction frequency,
w, o is plotted as a function of the radial dimension. 1In
the range of small radii tne operatin3y frequency shows a
dramatic exponential "growth". e can see, therefore, that
in the same manner as discussed previously this "tuning"
effect could pe used to design output pecformance at a

speéific frequency by the proper scaling of the resonator.

If thé beam velocity and resonator radius are varied

v concurrently, some extremely high operating frequencies may
- be predicted. A realistic 1lower 1limit on the resonator

radius can be established at 1.5mm. This 1.5mm limit is a

high voltaje engineering restriction derived primarily fron

the difficulty of focusing an electron beam any smaller than

lmm. With the radius established at 1.5nm, the beam

velocity is reduced to .55¢. Fig. II-13 shows that when the

2 system is configured with the radius and beam velocity

_‘ /! 7
e ——————————
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descrioed, an operatiny freguency of 11UGHz is predicted.

Cold Beam Limit

In the preceeding discussion of Free Electron LASER gJain we
have made the explicit assumption that the device will
- operate in the cold beam linmit, This means that the
electron beam is monoenergetic and is not affected by a
velocity'broadenin;. The cold beam criterion is oprimarily
determined by observing the velocity distribution from the
zero order beam velocity. If we look af the velicrity of the
slow and the fast space charge waves associated with the
beam as compared to the zero order beam velocity the a (w/k)
can be shown to be egual to:

AVb=V°-V5$cw = -&’_b__
Focw k¥,

Using this expression for QAVb we define "coldness®™ in the
beam to imply that the beam velocity spread be much less
than AVDb. Fron the same expression, we can define a warm
beam as havinjy a velocity spread, AVb:

AVp = %’b
°h.k
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From these relations, a transitional wavelength between the
warm beam and cold beam rejions may be derived. Writing Wo
in terms of beam current, as before, and taking k to be 2W/)
trans, we can substitute into the expression for AVb and

show that: . )

()

Consideriny our present Free Electron LASER qeometry,and a
1% energy spread from the thermionic electron gqun, and with:
¥ =1.2
a=4aun
Io=17000 Amps'

I=100 Amps

a transition wavelength is determined to be l.lmm, With the
desired operating regime of the amplifier to be in the 90~

100 GHz range,we are well above the cold beam limit.

In addition to being a convenient approximation; in order to
insure that the device will perform optimally in the role as
an amplifier, it will be necessary to operate in the cold
beam 1limit. If a gain analysis, similar to the preceeding

jain analysis, is performed in the limit of a warm electron

Ja
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vean, the following contrast to cold beam ocehavior may be
arawn., Tne peak 3jain at synchronisn for tche c¢old Dpeanm
approximation exnibits a Jrowth proportional to the one-
third power of tne frequency. wWhen the Wtrans is exceeded
the gain curve for the warm beanm device demonstrates a
behavior and shape complementary to the cold beam resoonse
and the Jain is proportional to the inverse power of Wint.
With the warm peam descriotion, the gain is relatively low,
and system losses equate to the gain from the wave-particle
interaction. As a result there 1is insufficient gain to
permit amplification and the device will function as an
oscillator. Therefore, for high gain operation we must

operate in the cold beam region.

Saturation

The gain of the resonator is not unbounded . Saturation
effects come into play to cap the maximum gain attainable
with the amplifier. In our case, the major saturation
mechanism is called electron trapping and occurs when the
perturbing potential of the growing wave serves to trap the
slower moving electrons, As a result the wave-particle
energy exchange ceases, and the gain reaches a maximum value.

The saturation calculations for the filled guide are quite

/ A~
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CHAPTER 3

REFLECTION AMPLIFIER

MASER Operation

The MASER microwave amplifier discussed in the introduction
is the. most recent of the reflection type microwave
amplifiers. The MASER is inherently a simple device and
consists Dbasically of three primary components: a
circulator, an active medium, and a microwave cavity(Fig.
111-1). The first component is the three port circulator.
Tne three port circulator is a non-reciprocal microwave
device conposed of the symmetrical conjunction of three
identicél wavequides with an axially magnetized ferrite rod
emplaced at the confluence of the guides, The major
function of the <circulator is to allow input signals and
output signals in the couplinjy network to be isolated from
perturbing reflections which might cause instability and
produce unwanted oscillations in the amplifier. The second
port of the circulator is‘matched to the second component
which is a simple microwave cavity tuned to a specific

operating frequency. The third component the active

40

/2




41

ALIAVD

YASVR £3TA®D jo yd393%§ ‘1-111 - 8B74

1NdN1

WA Id3W JoLVINJA1ID

AN

N\
L aatiaey 1ndino

dwWnd
M




42

medium, usually ruby, and a source of pump frequency, wp .
The active medium and the wp use Weber's principle of the
inverted population to produce a gain condition in the
system. The applied signal, entering through the entrance
pért of the <circulator and propagating into the resonant
chamber causes many atomic transitions to occur. As a
result, radiation of qreater amplitude than the input signal
is emitted from the MASER cavity at this applied frequency.
We thus see that the medium exhibits a gain at the Wue;tand
not a loss as would be expected if the medium was a normally

absorbing dielectric.

The MASER, in tne absence of the pump frequency, exhibits the
characteristics of a common- resonant cavity containing a
dielectric filler. As such it can be represented by an
equivalent circuit given by Fig. IIIl-2. The energy storage
capability of the <cavity can be represented in terms of a
characteristic inductance and capacitance, Lo and Co. The
gain of the inverted medium can be represented in terms of a
quantity described as a negative load resistance, =Ro, A Q
for the cavity can be calculated by the well known relation

relation:
CQM’i ANGLULAR £aSQ x STCRED SNERGBY

POWER OIBRIPATED

)

v

- ] b

R
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I11-2, Cavity MASER Equivalent Circuit

137




44

As a conseguence of the nejative resistance quantitx the Q
is obviously negative. This negative Q is defined to be a

measure of the strenjth of the MASER action.

This negative character of the load resistance 1is the prime

factor in the reflection amnlification process.

+ Taken in its simplest form, the nejative resistance amplifier
can be modelled as a transmission line of characteristic
impedancé Zo terminated in a load imoedance Z1 as given in
Fig., III-3. From simple transmission line theory a plane
wave propagating down the 1line to 'the right will be
reflected from tne load imvedance 1in proportion to the

voltaje reflection coefficient with a voltage gain of @ :

¢ ::;l':c ' D]

The power gain of the amplifier then 1is defined to be ‘9“.
If Q is less than unity, power is absorbed. If Q is

greater than one, then power is emitted.

A better understanding of the reflection type amplifier can
be gained by a detailed analysis of Equation 1. In our
circuit model, at the point of the midband freguency, the

impedances of the line and load assume purely resistive

et
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Pig.

III-3, Transmission Line with Z1

/37
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forms. Tne load resistance in this case(where we have the
availability of negative R) can range over all real positive

and negative values, Equation 1 thus becomes:

Q: R"/Rc.'___ [2.]

RL/RQ + 1

Fig 1II-4 1is a plot of equation 2 with the reflection
coefficient as a function of the resistance ratio., 1If Rl is
varied over increasinyly larger positive values, the
reflection coefficient also increases and approaches 1 as a
limit. This behavior is similar to that seen in the short
circuited line. When the load resistance exactly equals the
coupling resistance, the line is matched to the load, andg, as
expected, vanishes. If Rl assumes positive values smaller
than Re, but approaches zero, the reflection coefficient
again épproaches one. We can observe this in the R1=0 or
oven circuited line. This value of unity for the reflection
coefficient, unlike 1in the preceeding analysis, is not a

limiting value.

If we continue to vary Rl over small negative values(with
respect to Re), the reflection coefficient behaves by
assuming values greater than unity, and thus a gain
situation exists, The gain is poésible because we have

defined the negative resistance as giving power to the

) 2Q
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circuit insteaq of absorbing it, AS  Rle—p ~Re, the
reflection Cofficient tapidly approaches infinity. When we
reach the point where Ri= “Re we have an "anti-match*
condition; gapqg the value of the reflection coefficient
equals infinity. At this point the circyjt will jump into
instability. If Rl becomes larger(in a negative sense), the
reflection Coefficient decreasesg from infinity and again
approaches the finite valye of unity, although the approach

is from above } and not below, This condition defines a

In order to have a large and finite valye °f gain, the antj-
match condition'must be approachned Carefully to avoid the
Problem of instability. We can reach that point by
adjusting slightly the values of p) or Re, However, neither
of the values can fluctuate to any great extent from their
Tespective zero order valyes, If larger fluctuations are
tolerated, the Circuit can become Overcoupled or
undercoupl ed and the amolifier will oberate in the unstabie

region and oscillate,

adjustment of the external loading, we must éStabligh j¢ at

a Point where it barely €XCeeds the Regative 1oag

[ >
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resistance, It is in this situation where we intend the
circuit to remain under thresnold and on the verge of

oscillation.

Free Electron Laser Transmission Line Analysis

This latter transmission line analysis suggests a possible
approach to the use of the Free Electron LASER as the
circuit element which provides the .negative resistance
quantity present in our 1lumped circuit , Fig. 1I1-2. Aith
the Free Electron LASER the gain is a spatially distributed
quantity, thus a distributed «circuit analysis is needed.
Fig. I11-5 gives an equivalent circuit for such a device and
consists of the Free Electron LASER modeled as an aperture
coupled short <circuited transmission line of 1length l. 1In
this circuit the aperture coupling consists of a frequency
dependent reactance and can be represented in the no loss
condition by a reactance of jX. The short circuited line
is a "lossy" line where we have normal wave attenuation in
the forward propagation direction,bit gain in the backward
direction. This backward distributed gain is the spatial

gain from the wave particle interaction in the Free Electron

132
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iX

Q

Pig. 11I-5, Free Electron Laser Microwave
Amplifier Modeled as an Aperture Coupled
Short Circuited Transmission Line
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LASER discussed 1in Chapter 2. If the aperture couvled
cavity itself 1is considered an element, 2in, in another
circuit, Fig. 1III-o0; a reflection coefficient, Q , Aas a
function of freguency can be determined which relates gain
pér axial mode in the resonator structure. Zin for this
short circuit can bpe written from lossy line transmission
line theory keepinj the propajation constant in the forward
direction(attenuation) separate from the propagation

constant(gain) in the backward direction:

14 3(kp+kb)L |
i _ c ; Keps agp+i®rp
Zc 1- C:)(\Lf-‘i'\tb) (.

If the 'lossy line is considered in parallel with the
aperture impedance(reactance) the 2in for the entire cavity
element is:

- X TAN(=L) é(QNGb) -

%+ g Tan(a) @ (Grebo)L

ﬁE;N =

If the cavity is coupled to the external environment through

a line of characteristic impedance 2o then the reflection

138
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Fig. 111-3, FEL Lumped Circuit Analysis
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coefficient is a function of frequency and can be written:

= Z,n-1
Qi §é|hl*'1 [25]

The aperture impedance is determined by the geometry of the
coupling circuit but can be considered to consist of a no

loss series L-C circuit for simplicity.

The reflection coefficient in equation 3 is more easily

determined and evaluated using radiation field quantities
instead of transmission line analysis. Here, the reflection
process can be modelled Dby a TM, wave incident on a
cylindrical slab of dielectric of length L. Aoplying the
appropriate bound‘ary conditions Q for the cylinder can be

expressed:

3L kFekp) L
Qs M+ rzsek )

14 (iy (e es(kukb) L

(]

This cylindrical gJeometry for the reflection cavity was
selected as it very closely resembles the Free Electron
LASER jeometry discussed in Chapter 2, rl2 1is the

reflection coefficient from the first free space-dielectric

137
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interface, r23 1is the reflection coefficient from the

aielectric-free space interface. Note that forward k is

kept separate from backward k as 1n the transmission line

nodel, Eguation 4 can be simplified if 123 is set equal to

one implying that we have total reflection from the end of

the cylinder.

rl2, on the other hand, can be determined using the TM wave

components and the boundary

on a slightly conducting medium, In the same manner the

phase constants for both directions of Dtopaqation can be

determined:

: 'mc'e"‘l
(+1]+ Ll’. ]

e b= wr [11- phiiey l

“WE

conditions for a wave incident ‘

Since the wave attenuates in the forward direction,the

attenuation constant can be considered to be that due to a

wave propagjating in a normal dielectric medium:

) 3%
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The expression for the power reflectivity can now be written

in thé form:

[@|2= E'+F?

Gt Ht
WHERE: €= X+ é(e’“eb)"coe(zw.)
Fz

Y+ (®¢ +g't.»_)L SIN (2L )
©r 14+x¢” (%F‘&%b)Lm(qu)
- Yc‘(@ ¢+6b)L5|N(z“L)
H= xe_‘(e’p*eb)"sm(’).ql.)
+ Y (OF+Bo)L oo (29L)
Xe ABICY vz ca-AC
B*+c? RBirce
Ax VE-1 5 B= VE€+1 ; Cz wnOVE
ew
Since we intend to use the Free Electron LASER as the active
medium in the reflection.amplifier, the jain in the backward
direction is thé same gJain envelope derived for the Free
Electron LASER in Chapter 2. Recall from Chapter 2 that we
analyzed the spatial spectral resovonse of the Free Electron
LASER. That same gain profile may be used to describe the
'gain in our cylindrical dielectric system abcve. A computer
projram was written which numerically computed the spatial
gain, phase constants, and the attenuation constant; and

then evaluated the reflection coefficient expression we

)39
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derived in equation 5.

BY using the gain from the Free Electron LASER wave=-particle
interaction, we are able to overate the device in the reqion
of finite and stable gain discussed in reference to Fig III-
4. Because of the structure of the gain medium geometry as
it relates to the reflection coefficient, we should see the
reflection coefficient behave as a finite series of resonant
responses each corresponding to & particular axial mode of
the resonator. The amplitude of each resonance peak will be
determineu by the Free Electron LASER gain lineshape value
for the particular resonance frequency. Since the Free
Electron LASER gain bandwidth 1is finite and exhibits a
cutoff immediately bpeyond synchronism, we should also see
the amplifier, beyond synchronism, respond with a value for
the reflection coefficient of less than unity. This will be
manifested on the power gain curve by a zero value for the

gain.

Figures III-7 and I1II-3 are two power gain curves where

power gain is plotted as a function of w/c. An analysis of

‘poth figures show that the amplifier responds in the manner

we preaicted. The inset in eacn figure is tne corresponding
Free Electron TASER 3ain 1lineshape for the compatible

frequency region. The Free Electron LASER system

| O
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configuration for ooth »plots is identical, with the
exception of the beam current. «We are driving a cylindrical
quartz resonator of length/Ocn and radius .4cm with a 2 Amp
beam(Fig. 7) and a 10 Amo beam(Fig. 8) at a beam velocity of
.7c. This Free Electron LASER qeometfy is consistent with a
similar device which currently operates in the Dartmouth

College Plasma Physics Laboratory.

Recall from our discussion in Chapter 2 that an increase in
beam . current results 1in an increase in the peak gain alonj
the Free Electron LASEK gain lineshape. 1In Fig. III-7 where
we have tne lower value for Ib we see a péak power gain from
the amplitier of approximately 22dB. Comparing that to Fig
I11-8 where we have increased the value of Ib to 10 Amps, we
see the amplifier peak gain resoond with an increase of 11
db to 33ds. This response is what we predicted from the

increase in gain from the gain mediua.

The amplifier is also capable of responding, in kind, to
changes in synchronous frequency. A comparison of the Free
Electron LASER gain 1lineshape inset in Fig. iII—Q to the
similar inset in Fig. III-3 shows that synchronism occurs at
a higher frequency for the system in Ffig. III-9. This
frequency shift resulted from a decrease in resonator

radius, .4cm to .3cn., The power gain curve in Fig. II-§

)2
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shows that the amplifier peak 3jain also exhibits a
corresponding shift in peak jain frequency. We can thus see
that the amplifier geometry 1is completely comoatible with
the peak gain frequency flexibility exhibited by the gain
medium, The device is capable of high frequency

amplification.

Gain Bandwidth Product

Thnis cavity amplifier is a multi-aode device that is capable
of operatiny with an infinite number of axial modes. The
amplifier gain profile clearly illustrates this property of
the deviqe. Referring to Fig. III-7 we can see a separate
gain versus frequency curve for each axial mode of the
amplifier. The axial mode gain curve we are most interested
in is the peak gain response associated with the

synchronous frequency.

The fixed jain-bandwidth oroduct is characteristic of all
singly resonant negative resistance amplifiers(8). Since,
for the Free Electron MASER we are only interested in the
performance of the device at the interaction frequercies,
the peak gain axial mode 1lineshape we have isolated

correlates to the singly resonant criterion. This

/¥
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corresvondence is valid oroviding the fractional difference
between the interaction frequency and the operating

frequency is very small.

We can rewrite Equation 2 in terms of two dimensionless
guality factors: Qe, and Qm. Qe corresponds to the
external coupling network and J2m to the active gain medium.

0390 = ————%";tg: (6]

For our amplifier, Qm 1is fixed by the nature of the beam
driven system. Thus it becomes necessary only to vary Qe
in order to maintain control over the gain of the amplifier.

The total Q for the system, Qt, can be written as:

1 _ 4

.3
Q- Qe Qm [;]

-

Using equation 6 for the gain in terms of Qe -nd Qm; and

substituting in Equation 7 we can obtain:

Qr= %’ Qm (81

To relate Gt to the half-width, recall Qt can be defined as:

= fo
Qr= 2.

1 ¥
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Solving for and substituting our expression for Qt, we

ar:ivé at the following:
- ‘. F;
-3 (&) 0

The right hand side of Equation is fixed by the beam driven
medium and the operating frequency. This implies that as

gain increases the bandwidth should decrease as 1/go.

It is interesting to see that the Free Electron MASER
~ behaves in the manner predicted by the fixed qJain-bandwidth
product. Several gain versus frequency curves are
iilustrated in Fig. 1III-10 and III-11. Recall that these
lineshapes are ‘ the response curves for the isolated
synchronous axial mode, Clearly for an increase in midband
gain,thé bandwidth narrows; and as tne power decreases, the
bandwidtn widens. The computed jain-bandwidth product for a
family of cutvesAexhibits less tnan .5s varilation and thus
we see excellent ajreement with the predicted fixed jain-

bandwidth product response,

-The preceeding analysis indicates that high gain is possible
from the amplifier by operatirng near the point of
instability. The fixed product behavior shows that if we

adjust the device for the highest gain possible we must

J¥7
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suffer a tradeoff 1n the form of a reduced operational
vandwidth. This forces us to optimize the design in terms

of the wultimate use of tne amplifier.

Artificial J Variation

From Equation B8, we see that the gain is nroportional to the
total Q(recall that Qm is fixed)., If some' means were
available to increase Qt then we expect to see an increase
in the amplifier gain. A judicious management of Qe will
result in the desired increase of Qt(reférence Equation 7);
but Qe can not be increased without bound, for when Qe=Qm,
the device passes into the region of instability, and the
gain becomes infinite. For an excessive Qe, the gain will
assume a finite value, amplification will not occur, and
oscillation will begin, Since (e 1is a function of the
coupling network, variation of 1rl2 will effect its value.
In the foregoing analysis of the reflection amplifier, we
have relied upon the flat dielectric face alone to jive us
the value for the coefficient, rl2, in Equation 4. 1If rl2
is artificially varied(by changing the coupling
characteristics), Qt will vary in the same direction. These
variation; in the rl2 value could possibly result from the

partial silvering of the front dielectric wvlane, chanjing
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the coupling aperture geometry, or through the utilization
of a éabry-Perot etalon to act as a variable reflectivity

"mirror™.

Fig. 1III-12 gives the amplifier gain response for a 2 Amp
beam driven Free Electron LASER, where rl2 is unaltered. We
can make a comparison then with Fig. 1III-13, where rl2 has

been increased to a value 108 larjer than that for Fig. III-

12. The behavior of the altered rl2 device is as predicted.

We observe a peak jain increase of approximately SdB.
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CHAPTER 4

SUPEKRADIANCE

Superradiance, in essence, is a transitional mode between the
stimulated regime and the spontaneous regime. As such, it
will allow us to derive an expression for the power emitted
'by the Free Electron LASER. In the ootical MASER, the
spontaneous emission rate or radiated power 1is linearly
proportional to the population difference between the
excited states and the ground state. The suverradiant
emission, however, 1is characterized by a proportionality
where the power 1is a function of the sguare of the
population difference. gualitatively, the superradiant
power 1is the power wemitted from the LASER without the
penefit of the multiple passage of the gain medium. It is
observed in LA3ERS of high optical gain in the absence of a

resonant cavity.(9).

In the LASER,the superradiant environment is generated when
all the atoms in the medium contribute coherently to one
dipole moment(10). The polarization can be shown to be
proportional to the pcoulation inversion. If that
polarization field oscillates in timé, tﬁe power emitted is

related to the ovroduct of the time derivative of the

70

[ S




o~ r——

71

polarization and the electric field. This electric field is
not an applied field but the self field qgenerated by the
atoms themselves, I1f we relate the energy stored by the
resonant enclosure to the power dissipated by the structure,

the power radiated per unit volume can be expressed(Yariv):

P= ua(Q(Lth-rqA>1Lﬂ Vel
€ Ve

This expression for the power per unit volume in the
superradiant mode represents simple way for estimating power

output of the device.

In a similar process, we should be able to generate an
expression which provides a feliable estimate for the power
out of the Free Electron LASER. The Free Electron LASER
does not depend on the atomic process of population
inversion, thus we will have to determine an appropriate
analog. Recalling the geometry of Chapter 2, we can compute
the power delivered to the radiant self field by taking the
volume integral of beam current density dotted into the
Electric field vector. Equating that quantity to the Q of
the cylindrical cavity and the stored energy, we may solve
for the electric field. If we then look at the power
emitted by a resonant cavity, we can use the relation for

the electric field previously derived, and with little effort

)<
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arrive at an expression for the power emitted by the Free

Electron LASER in the superradiant mode,.

Iﬁitially we want to determine the power suovplied to the
radiant field oy the charged particles in the electron beam,
We are workinj in the limit of an infinite external magnetic
field so the motion of the electrons is restricted to the z-
direction, only, so that J=nev . We again consider that
only the TH .nodes in the waveguide satisff the symmetry of
the Cerenkov interaction in the axisymmetric resonator.
Thus the field quantities have the form:
E._'= E(“: + E;i

-

B= Do R

By eliminating the explicit time dependence from the TH
components usinjy V and z, and Keepinj the Z comoonent of E,

we can perforam the integral of JeE and obtain:

Pol'/a L
-3 (w-kv
S!'E-dw Jeiz.rr‘)w,(qn ve ( e (a1
‘n; ?o('/a
for simplicity we define the result to be: X . We can

equate this expression for power to the power dissipated in

a cavity of quality factor, Q.
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Now <consideriny on the left hand side all the field
components and expressiny B in terms of Er and Ez, the left
hand side becomes:

L Rfja

w(edv eg)l ol 2 2 , L
_% . (ch wgo_??n{tso(‘n)] E«%-m[w””z"‘"‘"“
(2]

For convenience we define the integral on the right as g and

equating to equation 1,we can solve for EZ:

—————

E: = JEQ :
t ox (3]

The power radiated from a resonant structure can also oe

defined in terms of the J and tne stored enerjy:

P= % C€dv

Performing the integral of the energy density with E2 and Er
as before, we obtain an exoression for power in terms of

(E2) :

Pt_%’_( E:yx (4]

4
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Using the result derived for E2 in Equation 3, and
substituting into Eguation 4, we see that for the power

emitted:

qQ(3SQ)

=[9_‘f_‘z} 3
w4

Re-expressing J in terms of beam current:

2 (QIS“ S &
wX R 2n

/5%
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As we can see, the power emitted is a function of the sguare

of the beam current. Recalling the exoression
from the atomic ULASER as proportional to the
population inversion, we can infer that the

analagous to the (Nb-Na)z.

1577

for the power
square of the

Ibz term is




CONCLUSION

we proposed in the introduction that the Free Electron LASER
be used as the gain medium in a reflection microwave
amplifier. The results obtained in this thesis supoort our

proposal.

The Cerenkov Free Electron LASER has been modéled usingy a
dielectric loaded waveguide with a relativistic electron
beam éropagatinq through the medium in the axial direction,
A detailed jain analysis conducted for this geometry showed
the Free Electron LASER gain to be capable of suoporting
amplification above oscillation., Parametric analysis of the
gain response showed the performance of the amplifier to be
teiated to beam aynamics and the resonator geometry. Our
results indicate that useful amplifier cnaracteristics

should be available at frequencies in excess of 1U0GHz.

An expression was derived which showed that the superradiant
power emitted for the Free Electron LASER is proportional to
the square of the beam current. This is compared to the
optical LASER superradiant outnut power which is

proportional to the square of the population difference.
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Continuation of research in this area is certainly possible.
The solution of the annular <c¢ylinder geometry will be
necessary for an accurate estimate of actual Free Electron

LASER reflection amplifier performance,

)6 !
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APPENDIX 2

FREQUENCY DEPENDENCE OF _£AK GAIN

In order to see how the peak gain behaves as a function of w
it is necessary to bejin with the dispersion relation,

equation 7, Chapter 2:
T 1 €,
((.OQ- wogz)- wb(w- c'?‘( )

Ehs (w- kVe) ¢

=0

The synchronous point becomes of interest because that is

where the strongest wave-particle interaction occurs:

QJ=:‘<VG

If we look near the point w =kv, then we can expand the w -w,"

term to be:

(w" ‘-’Jw) ( w- w“)

The dispersion relation can be rewritten using this

expansion as:
Wt Wen ) W- Wox) - 0} (W' c'k? )
( ) - b (g

G'B"(oo-kNQ)’

=0
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#orking near synchronismn we can use the anproximation:

W-Wer= b

which implies:

W+ Wou = 2= lV,

Tne substitution of tnese approximations for the expanded

product term results 1n an approximate cubic form of the
dispersion relation:

U 2112

(w-wu) 2wy - wb(m’- ctk

e /=0
€B% (W-kw)?

The roots may be solved for with the spatial gain=:

2 s qg
B, = {3 Wp Wk - 4
2ck 23 ®%e

This expression for the geak gain as a function of W, shows

a one third power dependence on the frequency.
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AZRSTRACT

Ae consider the excitation of an
electromajnetic wave by a relativistic
electr~a ceam in the infinite medium. In the
collective regime, instability can occur oy
coupling to either of the beam negative
energy modes. The slow stace charge
interaction has been <called the Cerenkov
instability and detailed elsewhere. An
investigation of the slow cyclotron
interaction is presented here. The effect has
been called the Cerenkov=-cyclotron
instability. It is a high frequency, high
jJain effect which has pronise as a source of

submillimeter radiation.
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Chapter One

I.1 Introduction

rhe advent of relativistic electron beam technology has
renewed hopes for a powerful radiation source in the Qquasi-
optical region of the electromagnetic spectrum., A numoer of
devices currently employ such beams in an effort to reach high
frequency, high power operation. Relativistic magnetrons and

jyrotrons are examples,

Another such device is the free electron laser. Broadly, a
free electron laser extracts kinetic energy from an electron beam
and uses it to amplify a radiation field. In one version of this
device, superluminal electrons stimulate Cerenkov radiation in a
resonant cavity. Successive electrons do work on the laser field
and give uD energy to it. At only moderate beam energies, such
radiation can fall into the millimeter and submillimeter regime.
This device has been called the Cerenkov-type free electron

laser.

Recall that Cerenkov radiation 1is produced when a charged

particle moves through or near a dielectric medium with velocity

177




jreater than the speed of 1light in the medium. The particle
creates a "snock front"™ of electromagnetic waves. The angle at
wnich the radiation propagates relative to the particle motion
depends on tne speed of the particle as well as the dielectric

constant of the medium according to
!
-—’—_-

The phenomenon is illustrated scnematically in figure I-1.

Cerenkov type free electron lasers have several attractive
features. First, they require only modest beam energies. Beams of
five hundred KeV or less provide power levels and frequencies of
interest. A Cerenkov type free electron laser can, therefore, be

a relatively compact device.

Another nice feature of the concept relates directly to the
wavelength of operation. In conventional travelling wave tubes,
tne interaction wavelength is related to some characteristic

lenjtn of the systeml

. High frequency operation of these devices
is limited by the machinist's ability to accurately produce
components whose dimensions may be less than one millimeter. This
is not true of the free electron laser. The latter has already
produced wavelengths smaller than the transverse dimension of the

systemz.

Applications of a high power, high frequency radiation source
are manifold. FPusion physics, spectroscopy, and communications

vrovide examples of fields which would benefit,

7%
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The need for submillimeter waves in the fusion effort 1is
particularly worthy of attention. A sketch of the crimary fusion
applications will also jive information about the properties a

useful source would have3.

Electron cyclotron resonance heating (ECRH) is the best known
example, As a plasma 1is heated, resistivity falls and, so,
limits joule neating. Attaining fusion parameters will require a
heating scheme which is not self-limiting. 4While ECRH at the
fundemental can be shielded 1in dense plasmas, heating at the
second harmonic improves with increased temperature and density.
In typical fusion devices where toroidal fields are in the range
of tens of kilogauss, this implies the need for a source of high
frequency waves., Frequencies in the tens of gigahertz will be
necessary. In addition, power levels in excess of a megawatt may

be required.

ECRH can be used to preferentially hnheat portions of the
plasma, This 1is accomplished by tuning the rf to coincide with
the local cyclotron frequency (or its harmonic). This peramits
preferential heating of the dense center of the plasma.
Alternatively, it enables the experimenter to shape the current
profile for improved stability. A radiation source for ECRH must

be easily tunable.

19




1.2 Posing tne Probdlem

A relativistic electron beam, propagated along a constant
magnetic field, has four normal modes, Two Of these are
longitudinal oscillations and do not depend on the presence of an
external field. These are the negative energy (or slow) and

vositive energy (or fast) space charge waves.

The terms "fast"” and "slow"” are easily understood. The phase
velocity of the positive energy wave is jreater than the electron

oeam velocity.

(e =%

Ne call this wave fast.

The phase velocity of the negative energy wave is less than

the electron beam velocity.

(6]
K /8)ow < \é

We call this wave slow,

The two remaining normal modes are transverse in character
and do depend on the applied magnetic field. These are the
negative energy (or slow) and positive energy (or fast) cyclotron
waves., A plot of the dispersion relations 1is shown in figure

I-2,

11
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Figure I-2

Electron Beam Normal Modes
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As 1n the case of the oeam space charje waves, we understand
tne terms "fast" and "slow" in terms of the phase velocities:
w \/
- 2 W

K et
Slocs

For propagation in the vacuum, all four waves are stable. 1If
the magnetized electron beam is propagated through a dielectric
medium, however, a negative energy wave can become unstable.
Extensive theory has been developed to describe the exvonential
growth of the slow space charge wave?., such growth occurs only
for beam velocities greater than the speed of 1light in the

dielectric medium and has therefore been called the Cerenkov

instability.

Until now, the theory of the Cerenkov intaraction has been
limited. Only strongly magnetized beams and unmagnetized beams
have been considered. In these limits, the electromagnetic wave

couples to the slow cyclotron wave on the electron beam.

In the present work, we treat the general problem of finite
magnetization. In this regime, the wave can couple to the slow
cyclotron mode. Growth depends closely on the gyromotion of the
electrons and has therefore been called the Cerenkov-cyclotron

instability?.

In chapter two of this thesis, we will review the theory of
the Cerenkov instability. This discussion serves three purposes.

Pirst, it broadly demonstrates the general method. Second, it

13

o tra e 0.

e




introduces the important concept of "synchronism." Finally, it

provides a background against which new results may be viewed.

In chapter three, we model the general oroblem. We use a
linearized, cold fluid analysis to treat an electromagnetic wave
propagatingy at an arbitrary angle through a magnetized electron
beam in the infinite medium. The dispersion relation is derived.
This, in turn, is manipulated to give 3 fairly compact algerbraic

relation. No approximation is made during this manipulation.

We Jo on to show that the Cerenkov dispersion relations for
stronj and wWeak magnetization are recoverable in the appropriate
iimits. This, together with a gqualitative examination of the
dispersion relation, supports the claim that we have correctly

treated the general problem.

In chapter four, we consider the case of a forward

propagating electromagnetic wave. The dispersion relation is

v easily obtained as a 1limit of the qgeneral expression. The
technique of root 1locus plotting is introduced an: wused to

analyze the stability of the system, The Jispersion relation is

then solved in the neighborhood of the slow cyclotron solution to

give expressions for the growth rate of the wave and the

threshold of instability,. These are, in turn, analyzed

3raphically.

In chapter five, we solve the 4Jeneral dispersion relation

near the slow cyclotron root with the aid of a "weak bean"

14
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approximation. This approximation is evaluated and seen to be
excellent, Expressions for the 3ain and threshold of the system
are derived and discussed. The 3ain is found to Dbe much greater
than the chapter four results and comparable to the gain for the

Cerenkov interaction on a strongly magnetized beanm.

In thapter six, we give a brief discussion of the feasibility
of a Cerenkov-cyclotron free electron laser. The c¢ouvling
problem is discussed and the reciprocal quality of the system is
introduced to account for frequency dependent losses in the laser

cavity. This Q is compared to the fiqure dictated by theory.

Finally, we conclude in chapter seven. A summary of the work
1s presented and its most important approximation, beam coldness,

evaluated,

15
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Chapter Two

I1.1 Cerenkov Theory

Let us review tne tneory of tne Cerenkov instaoilityé. We
will consider an electron beam propagating through a circular
waveguide. The waveguide is filled with a homogeneous, isotropic
dielectric of dielectric constant epsilon. The applied magnetic
field is along the axis of the waveguide and is strong enough to
confine the electrons to motion along this axis. This "infinite
Bo" assumption is necessary in order to restrict ourselves to the
study of longitudinal beam oscillations-- the space charge wave.
Instability in the finite Bo regime 1is the main focus of this
thesis and will be discussed in detail in a later chapter. The

Jeometry Is shown In fIgure II-1i.

Electric and magnetic fields 1in the dielectric satisfy

Maxwell's eguations in theB absence of sources,
=t 3L
v«E T 5%
. 1 9P
vxB= ¢ T
An electromagnetic wave is introduced as a perturbation to the

system. The resulting perturbed current density is used as a
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source term in Maxwell's equations to 3ive

- 7 D3 ) D
Vx9xE = CLz 37 T 2T S

Next, we can split the ¥x¥x operator into transverse and
parallel components. In tne limit of infinite magnetic field, J

nas no transverse component and tne resulting (transverse) wave

eguation is homogeneous.

<
(77 -v2 - & |

iy
1
o

-
Assuming plane wave solutions of the form

E o~ fl'(fl'f° wt)

we can rewrite the perpendicular wave equaticn
2 wie _ 2y o
[V¢. "‘(Cl'k)]éx.
Next, we assume that the electric field vector 1is an

eigenfunction of the <21? operator. Then
2 - 2
V_Lz_:.g - -P =
where p, the transverse wave numocer, 1is dictated by the

transverse boundary value problem. In our cylindrical geometry,

the eigenfunction expansion 1is in terms of Bessel functions and
S0
P xu

where "xo0l" is the l=th root of the zero-th order Bessel function

and "a” is the waveguide radius.

18
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Suonstituting into our transverse wave eguation, we optain
g
2, W¥ _ 42
[-pte - 49 g, - o
Choosing the non trivial solution (E#0), we arrive at the free

wave dispersion relation,

This is a relation between (o and k Joverning the oropagation of
an electromagnetic wave through a dielectric-loaded waveguide. A

olot is shown in figure II~-2.

At this point it 1is instructive to plot the free wave
disversion relation and the slow space charge dispersion relation
on the same axes. For beam velocities exceeding the speed of
light in the dielectric, these curves will cross. At the point
of intersection, the electron beam is moving with velocity equal
to the phase velocity of the free wave, We call this
intersection "synchronism.” The electron beam 1is said to be

synchronous with the electromagnetic wave.

The coupling between the electron beam and the
electromagnetic wave is strongest at synchronism, We can use
this fact to determine the direction of propagation for strongest

coupling, We invoke the two synchronism conditions:

EN.AA
wmck_z:_Pl ’

- €
Solving simultaneously, we find
T
g‘e,—_ IJ—Ei I-a
19
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v

wnere ‘3=Ef is the peam velocity in units of the vacuum speed of
light., Resolving tne effective propagation vector into parallel

and perpendicular components k and p,
K TOTAL

P
.,

— Kk

we can define the angle theta by

7>
tan 6= %

Theta is, then, the angle formed by the propagation vector of the

electromagnetic wave and the z-axis.

Substituting this expression into 1-a we find,

g’é = 1+%an'0

or

(050 = -Ff';v“'

But this is just the Cerenkov angle, We see then, that the
stronjest coupling between an electromagnetic wave and the slow
space charge wave occurs when the radiation propagates at an

angle equal to the Cerenkov angle to the electron beam.,

We will extract one final piece of information from figqure
I1-2 Dbefore aoving on. It is clear that the two dispersion

curves can only intersect if the slope of the slow space charge

21
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line exceeds the slope of the free wave asymptote. Sympolicallv,

v >

This relation defines a threshold condition for the onset of
instability and 1is <called the Cerenkov threshold. Below the
Cerenkov threshold, the electron beam 1is stable. Only when the

veam exceeds the Cerenkov tnreshold does the system destabilize.

To gain information about the coupled system we must return

to the inhomogeneous wave equation and consider now 1its axial

—4mr 23
[Yv.—vz.‘,.ﬁ'.if{l_: —c-* —52')
i

Again, we assume plane wave solutions and so Pourier transform to

[V:Lz +(‘%‘% _k‘&)] £ = _k-;(‘{u )E;'

W3
HYere €'-=/'- -;——JL;:; is the z-z element of the veam dielectric
n r(w-kve)

component,

give

tensor. While the dielectric tensor has not been derived, it is

€, -1

sufficient to realize that the gquantity __E?—- relates the

perturbed current density to the electric field.

2
%
Jnce ajain assumning E to de an eigenfunction of the*operator,

€r’(w-kw)® | =n
The non trivial solution brings us to the dispersion relation
T_ A2hT
wpi (W Ck/)

eri(w-kK%)®
22

we anfe%__/{‘-}:‘— w;(%;-k‘) ] .o

w‘-w; =0

ﬂ)

I




. cXk+pY)
where (U = c is the solution of the uncouoled equation,
We seek a solution of this coupled dispersion relation. 1If
the perturbation term is small, we find the solution by
evaluating tne coupled part of the equation directly at

synchronism. That is, where

Ky = Wk

Ne rewrite the dispersion relation

s (wi- S5

€

€57 (w+ )

<CU‘(AJK) w'z

Noting that factors on the left hand side are approximately equal
at synchronism, and substituting the "synchronous" frequency into
the right hand side, we find that the dispersion relation is

cubic in LJ—LU‘:

(W'WK)3= ey [/— /‘)Ckﬁ

The roots are then jiven by

~—=5 (- )

26 r’

Iw-w"l:(,zer ) (/- pe -/_::_/_3_'

And so we find that near synchronism, the root is shifted away
from the unperturbed value by a term which may be complex. We

conclude that a normal mode of the beam-rf system is a growing

23
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wave of the form

wrt (R —wE — Al
5”~€’ C( ceal )

wnere tne jrowth rate is
2
wp Wi

l/ ]
Wr = J;?( 2¢ev? 3(” ’/F’é—)/s

and the real frequency shift is

]
AWeeat = T3 U2
This wave is Cerenkov unstable,

The factor /- ,;?;é in the right hand side of our gain
expression is of interest. We see that positive gain will occur
only for pté>1  that 1is, for superluminal beam velocities,
This 1is the Cerenkov tnreshold once ajain., It was obtained
earlier 1in a qualitative fashion in connection with our
discussion of figure II-2. We now see that the threshold apvears

directly in the gain expression and is therefore quite rigorous.

To conclude this section, let us consider the case of forward
propagating radiation, In this 1limit, the transverse wave
number, p, vanishes., The dispersion relation reduces to

|- 72— =0
r3(Ww-k%)°

which we recognize as a purely longitudinal mode. In fact, the

equation describes the fast and slow space charge waves,

24
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These waves are clearly stable and we conclude that there is

no Cerenkov instability for a forward propagating wave.
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Chapter Three

Ne have seen that in the 1limit of stron3 magnetization, the
slow space charge wave can be unstabple, Growth occurs only for
peam velocities exceeding tne Cerenkov threshold. The 3Jain is
maximized for propagation at the Cerenkov angle and vanishes

entirely in the forward direction.

Let us 3o on to study the second of the negative energy beam
modes: the slow cyclotron mode. As a model, we consider an
infinite, isotropic medium characterized by a dielectric constant
epsilon. The dielectric 1is immersed in a constant magnetic
field, Bo, which we take to be along the z-axis. Yext, we let an
electron beam pass through the medium. The unperturbed beam
velocity is Vo and also lies in the z-direction. 4We treat the
beam as an infinite, cold plasma of electrons and so ignore the
effects of boundaries to the system and of thermal spread in the
peam. Finally, we introduce an electromagnetic wave propagating
through the beam-dielectric medium at some angle theta to the z-
axis, The electric and magnetic fields associated with the wave
will be treated as perturbations to the beam-dielectric system.

We use a linearized, cold fluid theory and so work in the small

26
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signal limit., The system is shown in figure III-1.

I1I.1 The Dispersion Function

As above, we treat the perturbed current density as a source

term in Maxwell's equations. The self-consistent fields are
then governed by
-t 28
YxE= T 3%
W D

wherev/L4 has been set equal to unity. Combining the curl

equations in the usual way,

-4 37 4 P
Vx9x€E="cv % ~ x3g

|

Using the vector identity
VxTx = Qe --y"z
as well as the constitutive relation

D-¢&

we see that

-4T 9
(YY--V*+{;,?§L)£= o ;

Finally, we introduce the conductivity tensor gr’ which
relates perturbations in the current density to the electric

field. Substituting g =qQ=E Ve find

lrpe -vr e B ER()E -0
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Figure III-1 The model




Next we consider a single Fourier component of the wave oy

assuminjy a plane wave dependence of the form

f’d’ C('(!'_‘_‘ -w%)

Qur wave equation now takes the form
2 (4 4ﬂ'l‘w _
[kl (k7 %) - Ze gle -0
Defining the diséersion function

D,y = Dut|(WF4-1* | Y +4BE + bt
where ‘4L_ is the unit tensor, we require that 0( ,k) vanish for
a non trivial solution, Thus we arrive at a Jeterminantal
dispersion relation governing small amplitude waves in the
system. The physics is still hidden, however, in the

conductivity tensor J . Our next task, then, is to calculate

2

the response of the electron fluid to the electromagnetic wave.

IIT1.2 Derivation of the Conductivity Tensor

We begin by calculating the force on a fluid element due to
the perturbation. We will solve the resulting equation of motion

to compute the perturbed beam velocity.

- Yl
E;’a EQ? = “C’//‘ + J;T;;z

dt
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de linearize the force law Dy assumning small perturbations around

an equilibrium solution. Explicitly,

_L/=_Vo'f%=%é-2*_%.+\/p.l
B:B°+B!:Eot;+

= £, = EX‘C:+B>/ e/*k;é?

nere, Bo and Vo are zero-th order quantities, All other terms are

3!
%Y

first order.

Also, we are free to choose our axes such that the

propajation vector lies entirely in tne x-z plane. Then

}3: (Péxfé'é%

To start, let us rewrite the left hand side of the force law.
We linearize wusing the assumptions listed above and resolve the

left hand side into pa:allel and verpendicular components.

yar
%_% (a/ym/) >'Y)[rdt+ gt

\o_
x
\
ala
—
{
s,
N— '
N
ou\l
=
(
5
\“'l
N
~
r
N
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W/

av
A i —
For V verpendicular to ar
F:' )er,cybf
ot

Ffor V in the direction of

ot -’

F = Wb/dy"[),r CLJ )4/)(3"/’/”

-1

where we nave used @LQ’ +1:= f

Returning to tne full force law, we nave

_d__-‘_/i—:.__i(k’.’,\./xz?)
.

dar wmy - d
Qﬂﬁi = -< (-’ E{iVZSJ
ar m(3 E + C I

Here.‘7YfV315 an effective longitudinal mass. The fluid element
seems heavier in the direction of motion than it does in the
transverse sense. As the beam energy is increased, then, the

electron beam becomes "stiffer," a relativistic effect.

Next, let us linearize the Vx3 term.

VxBz % xB. + UxBa + BLrB + /x5

-/
The first term of the right hand side vanishes identically. The

last term is ignored to first order giving,

(o

V - - \/o' VJ:
= = ‘y%/(“:’.:.""é"xB' +':E.—"Bo)

A

Q.
=~

|

Q.

= =

Rewriting the transverse part,

(‘f" )mcr: :s;(,::,,w.x&)
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ar {1

l/ < :g— (EJ' + _1{0. X }_J..)
°or ! -4 »y \ - c
—SZQ d‘t"
P o
where Slc - e 1s the relativistic cyclotron freguency.
Next, we consider the \/, g B, term. from  Maxwell's
equations, , 35

VxE = T ot

3iving for a single Fourier component,

RxE = %’"B

-

or

then

Ariting out the cross products explicitly we have

‘é; éiy Ci, . _ . _ )
Rig =[P o k| = S("Eyk)-¢ (PE: - kiy)+ifpe)
£ & E

‘ €. ¢ és
Ve x(Rxg) = [ © oV -
! -Evk (Exk-TE) PEy

6. K (DE. - KEL) + f3y3(2V° Egk) = €(Xx8)
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daviny specialized the rignt nand side of our eguation of

aotion to a sinjle Fourier component, we must do the same to the

left hand side. -E%é- is the convective derivitive and so we
have

g —s - /Cu—ié-‘./o)

Jdt

Definingy the guantity
)
W' = wW- ke
we have for the transverse vart of the force law,

w iR e 5= 2 L E 6, + 8 £ -kE,
0 ’w')-vi= ﬁ[LXeY* By vt ex{é@w{ 5

o, (Ve Ey k)
w

+ =

or

w' ,'ch)- . e X(/_ ku‘f’)+ LAY

—,.jL w' Ll - )/ X w
+ € [Ey(/- %)}

Ariting the right hand side in matrix form,

@ o s

CO, My = -/e w' Q‘“
LT o owmy o w ©
. w'
/-QC O O O
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Ae c¢an solve this matrix equation for the transverse
component of the perturbed velocity. This is easily accomonlished

oy mnatrix inversion j3iving

1 2 '
w - w Py w
w

w w
-e | 0w W'’ Q. PV
U= ) | 55 o e E
0 o o

Now let us add information about the longitudinal

perturpbation. We have

w _ -¢ &

= 3 7
dt myT W

Fourier transforming the convective derivitive as above,
=<  Eu

Finally, we combine our two equations of motion to yvyield a
single matrix equation for the perturbed velocity as a function

of the perturbing electric field.

.‘&—‘f -'/'-ch' P W'
(FS]

e
W

-/ e / oW W' '0.P%
- / < W / (-]
Y= iy (wi 03) « « w
(- 0)
o © rew'

Examining this equation, we see that the zero-th order motion

gives rise to matrix elements which couple the axial and
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verpendicular fields., The beam mnixes the axial and oeroendicular

aotion.

}
. ) T . )
Also, we notice a factor of W' __flc . This term 1is

!
divergent for W <~ 2'I2c and 30 we anticipate a resonance near
. l_+n. . . .
this freguency. In fact, (W = = e 1s 3Just the dispersion
relation for cyclotron waves on the electron beam. We anticipate
tnen, that the response will ne jreatest near a normal mode of

the system.

Next, we solve the equation of continuity to g3Jive an

expression for the perturbed beam density.
an v) =
AL . =0
T+ 9 (ny)
Linearizing and Fourier transforming,

Y-(ﬂ[) — /'!'.V'

(M (kev)+in [hw) = wn

"
\)

And solving for the perturped density,

noé"/'.
n, =L ft

’

w

Now we are ready to construct the perturbed current density,

Q: ‘/)(’__V: "C (/)°+n,)(%+Z)
=-e(Mvs +Novi + N Ve + V).M)
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Defining tae perturded current density as
2= ce(nv+ Y 1)

and using tne result for [), derived above, we find

= —e[no}f-i- n°'v'w(:f‘\'/')]= %.g(w'ﬂ+£/ok')l_/,

where :ﬂ. is the unit tensor.

'
Computing [ ‘iL+—!§& and using the expression for V

k3 '
obtained above, we have w' 0w '
- SRe— P Ve W
wl o o w wo w
. (4
7 & Qw w2 9pk
- [y ! ! - / (4 ° E
I mrw (wels)| © @ o " o <L =
T A
(= 03)

Carrying out the matrix aultiplication, we can express the

perturbed current solely in terms of E

J=g-£

where Lo’ T "/'-Qc w' P Vo W'
/(*);’ I‘SlglAJ' LA.)‘z {FDVG'SLC
(r— = ' n*
= yrw x (w'*- :) P
o ¥ v,
‘P% w _I‘PVQQC (“_»:T.Qé-t)—g
rtw

is the tensor of conductivity describing the response of the beanm
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Det

(2
2 HITNe

to the <electromajnetic w~ave 3nd Ckﬁ, is the bhean

3

zlasma frequency.

I{I.5 Coastruction of tne Dispersion Relation

x¥e nave used tne lorentz force law togetner with the eguation
of continuity to derive a conductivity tensor for the electron
cseam-rf system. We are now ready to return to the dispersion
function and calculate a useful dispersion relation.

Substituting (g~ into the dispersion function D,
®

D= (g%;é ",Qz)aiL + ‘HTE:AJ Q + /(A?

we arrive at a determinantal dispersion relation:

p=o=

O A XY RN LU

o
S ret w ret W™ YRR et t

[} . T
(el g o aet el
a/cl wnz R 'Knr P, 5 I w"t Yczw"z
T2
IV EAY ;wp pY% Q. w’é . WhWw
kp- 22 = P’ W
arcl w" Ycz w
DJp E Vo
et 't
2 ¢ 2
wll = (W —ﬂ( 37
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This equation Jjefines the normal modes of the coupled system. It

is exact to within the limits of our cold fluid aoproach.

The dispersion relation 1looks gJuite formidable out is
actually tractable. <We expand in cofactors and then group terms

1
. —_ )
in powers of ™7~z . 2 2 :js in some sensa a measure
/_Sz ’ _SZ(

W
of the strength of the interaction. Ne will call terms
i .
proportional to -—T;_?i?' resonant since they become large when
W “ade

the electromagnetic wave resonates with a cyclotron wave,

Grouping the resonant terms together, we can express the

dispersion function as . % ‘!wl
d 1 A W€ 2 [ WWE gt
I) . Qg% (Cﬁf%" E;q) - ( Cl."k;, ct ‘k ertz W
W c‘)é OJG - ) _ cC -gt J
2 S (E e [Rwe S ) + 55 G
te w’é
+ ﬁéz -'k )

LI (2 1 ¥
+( P) _J"—za:'—‘[ tC—P(/—P‘g} er3]=o

ret w

This 1is a complicated function of (J, k, and all the five
parameters. It describes the general case of propagation at an

unspecified angle through arbitrary magnetic field strength.

Before attempting a solution of the jeneral problem, let us
consider two further limiting conditions to the dispersion
relation. First, we will let the cyclotron frequency become very

large. We will show that the Cerenkov results for a strongly
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lajnetized electron peam are then recovered. +~e will define the
infinite 30 1limit precisely during that discussion. Next, we
will let the cyclotron frequency approach zero and show that thne
resultiny dispersion relation describes the Cerenkov interaction

on an unmnagnetized beam.

III.4 Limit of Strong Magnetization

Ne let the applied magnetic field increase without bound. In
|
the infinite 30 1limit, the gquantity a}‘~ﬂ3 becomes very small

and the resonant terms vanish., The disversion relation reduces to
kA 2 kt
2 [
T_ _C_:_C_K_’!'_i_ wp(w"c(— )
€ ey w'’®

We recognize this as the relation derived in chapter two in

o

=0

connection with our discussion of the Cerenkov instability. The
"Cerenkov" dispersion relation appears easily as a limit of the

present, more general D,

Let us next determine precisely how large the applied field
nust be to be properly regarded as infinite. Our procedure will
be as follows, We will first assume the cyclotron frequency to
be large, but finite. We will then compute the shift in the

Cerenkov roots owing to the B-field dependent terms. Requiring
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that this shift oe small, we will define the sense in which a

field is infinite.

As a first approximation we assume
2z 2
> !
_Q_c o)

Recognizing that LLfis oroportional to the Cerenkov Jrowth rate,
we can restate this inequality as follows. We assume that the
frequency of gyromotion of the electrons is much greater than the
gqrowth rate of the Cerenkov interaction. Physically, the
electrons perform many orbits in one e-folding time. Using this
assunption in eguation III-a, we have for our larje 30 dispersion

relation,

W¥ - &* o) k p

2 2
kJ) -‘fﬂJéézbé 4%%5-—Fﬂ'—-.étﬁg_gé?

Expandingy the determinant,

1 € _ W3 Lt ws P’
(W€ KNG -k (P - B - 2ESE)

k (wlé /?z) Co:wlé_k:c(t wp e PY°
—Pgi-wr“‘lg—c': )?Z,,—:r{:i“o




The last term in this expression is much smaller than tne others

and we may ignore it. WNe rewrite the remainder to 3Jive

T T 1€ 2
wt _pt - ___P _ wp (&5 - kY) .
T (1222 (] 2t
er ¢ € € 5'32:
This is just the Cerenkov relation for a strongly magnetized beam
We

modified by the factor / -+ in the 1last two terms,

er ¢

The precise result derived 1in chapter one is recovered if we

require z
)

P
y LU

Let us express this last 1in terms of more fundemental

£ ]

quantities. We have, then,

.47rf74?//;77
‘eBe [4
Y(rncr)

mynetm
= 3 2 < 1
° ITI-b

< 1

BB, > [4gmrecinm

This relation defines the Bo equal to infinity condition. To
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a first degree of approximation, a field 1is infinite if it
satisfies equation III-b. Only the space charge wave is unstable

in tnis limit; the cyclotron wave is disregarded.

III.5 Limit of Weak Magnetization

As the applied magnetic field falls to zero, the dispersion

relation reduces to

54 T 74
T
wh _ - LF o pp - LLP%.
N rT retw
(3 Wy
‘&z—g - T™r —_L O
O ce tt =0
]
z w
wp Py WE _proap W
p- @) c* rictw
T
l ¥ R Pyt
2 a,ctwnl
. 2 /%)
Je note immediately that %;_6 - oy — FC_'{’ is a factor
of D. Expanding the determinant and 3rouping terms in powers of
-Zi;- » W& can write the dispersion relation as follows.
L 2 ZCZ
ST AT S (- 15 o Pt — (WP T) S
w € - t [ 2 2 3
€r wleryr -
L3
This result reproduces previous calculations7. r
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IIX.5 Discussion

As 1in our Jdiscussion of the Cerenkov instability, it is
useful to plot the dispersion relations for the free wave and
slow cyclotron wave on the same axes. See figure III-2. 1In
contrast to the Cerenkov case, the coastraint kVo >$.—‘..- does

not insure an intersection. Requiring that ky‘ —Q< > % we find

Q-——-‘—-+_£_1.<_

> le” Tk
That is, the beam velocity must exceed the speed of light in the
nedium by an amount equal to the »nhase velocity of the cyclotron
wave in the beam frame. This relation constitutes the Cerenkov=-

cyclotron thresnold.

Let us next use figureIII-2 to determine a relationship
oetween k and p. That is, to specify the angle of propagation at

synchronisim, Setting ToT

K
(l{wcosg)%-ﬂc." Jc_f_'

and solving,

Cos &

W
w
3

+

X
o~
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SYNCHRONISM

-
9
Y

3
-~

Figure III-2 Synchronism with the slow
cylotron
Synchronism with the slow cvclo<ron wave

gure III-2
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Inis, taen, 1s tne anjle at whicn tne ceak Jrowtn OCcurs.
gyalvalently, 1t 1s tne anjie at wnich synchronous radiation of

wave nuaanser k oropajates.

Tnis 1s understood as follows. we consider radiation of a
particular frequency. Fixing tne applied field (f}() and the
acceleratiny wvoltaje ( x° ), we can look out througa theta and
ask about the 3jrowth of the wave. For small anjles, some 3Jjrowth
will occur. The excnange of enerav is 1inefficient, however.
Electrons sovend almost as much time having work done on them by
the wave as they do doinj work on the wave. As we increase theta
from =zero, the gain increases and 1is maximized at an anjle
jictated oy syncnronism. Effectively, we have varied the detuning
of tne electromnagnetic wave from the beam. 3est coupling is

achieved for minimum detuning; that is , at synchronisma.

Let us now exanine the form of the dispersion function., we
can write D as tne sum of an uncoupled vart and two coupled

parts.

D: UO) ~ DC‘"'”/(” Dcpanbov—cyc/oﬁon
+

the uncoupled vart, g3given by

(o K4 2
D): w = W
K
is obviously the free wa'e solution. It devnends neither on
©)
resonant terms nor on the beam plasma frequency. 1) is the

unperturped solutipn of the problemn of an electromajnetic wave

aoving through a dielectric medium,

&
Ut




Tne first of tne couglingy teras 1s jiven oy
ALY

T 2
cerenkov - wP(w - )

——
——

exr? W’

This term is independent of the cyclotron freauencyv an3d Jjescrites
a lonjitudinal mode, the space charge mnode,. Ne have seen that
when the aoolied nagnetic field is increased without bound,

. . fo) .
is the dominant perturbation to I>° . That 1is
cerenéo\/ cerealov- Cyc/o Aon

D >> D

as 830 oecomnes finite, poth terms operturb tha free wave. There
are two separate synchronisms nere and two resonant fregquencies.
How distant tne two effects are and wnich one dominates must be
determined from a careful solution of tne dispersion relation. As
30 3joes to zero, botnh coupling terms become resonant with the
space charge wave. This suggests the Cerenkov 1interaction on an

unnajgnetized bean.

ie conclude from tnis qualitative insoection of the dispersion
function «tnat, as tne parameter 30 1is varied from zero throujh
tne infinite rejime, the roots of the dispersion function are

smoothly varyini. This, togetner witn tne fact of recoverinj tne




30=zero, Bo=infinity limits, 2rovides evidence that we have

correctlv Jderived ths jeneral disversion relation.

~e next sketch the roots of the unnerturned Jdisoersion
relation in the & -k ©plane, These include ¢two zZean <cvyclotron
waves, twd Deam space charje waves, and tne free electronajnatic
vave, +€ nejlect tne plasma frequency wita reszect to tae

¢yclotron i1ntercept and snow t° :se curves in figure III-3.

fnere are two points of particular 1nterest. Tne first is the
intersection of the space «cnarge line and tne free wave curve;
tne second is the intersection of the slow cyclotron line with
the free wave, The former defines a synchronisa of the space
charje wave with an electromagneti~ wave. The latter defines

synchronism with the slow cyclotron wave.

Ve have seen that the slow space charje wave is unstable- near
synchronism. For frequencies A1reater than the synchronous
frequency, tnere are two real roots., Below a critical value, th2

roots are comnplex,

Ssimilarly, we exvect the slow cyclotron wave to Jdestasilize
near synchronism, In tnis case, however, the instaoility is
ooundea ocoth apove and oelow in freguency. Beyoad these cutoffs,
tne solutions are both real; within, a conplex conjujate vair. A
sketch of the pertubed dispersion relation is shown in figure

I11-4.
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Figure III-3

The =znperturbed roots
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In tne next two <chaoters we will investigate <tne tne
Cerenkov=-cyclotron instapility in detail by solving tne
dispersion relation near synchronism with the slow cvclotron
wave, For now, however, let us nake a few observations relatinz

to the jeneral ohenomenology oredicted by fijure III1-4.

To be3jin, we note that for a jiven oeam enerav tn2 cyclotron
interaction occurs at a higher frequency than <Zoes the lerenkov
interaction., For realistic field strengths, this opoints to an

intrinsically nijher frequency device,

Also, tne resonant frequency tunes to the majnstic field
strenjtn as well as the pean enerjy. Ae have seen that tunaoility
1s an lmportant feature of a useful radiation source ani so this

is an attractive feature.

The question of which instability dominates is certainly of
interest. In the limit of weak magnetization, the slow cyclotron
line coalesces with the spvace charge 1line. The roots vary

smoothly into the previously obtained solutions of that »roblenm,

In tne linit of large 30, as defined orecisely above, the
cyclotron roots are snifted to infinite frequency. e will see in
a later «cnaoter that tnis 1mplies the dominance of the s:cace

charje roots.

59




for finite wnajnetic field, tne two <=ffects co2xist, T= 2
lonjyitudinal and transverse instadilities bhoth occur, their
proportions ©Jeing dictated Dy the Jrowth rates, shile counling
tO the scace charge wave has oeen verified esxcverimentally, tnere
nas oeen no report of couvling to tne cyclotron mode in a f{ree
2lectron laser system. It is of extreme lnterest to daemnonstrate

tnis effect. ve will see that 1t 1s a very promisinj source of

aign freguency waves.
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Cnacter Four

IV.l Forward Propagation

The expressions we have derived thus far are still gquite
jeneral 1in the sense that they describe radiation oropagating at
an arbitrary anjle to the zero-th order beam motion. The maqnetic
field strength is also unspoecified. Before solving the qJeneral
oroblen, however, let us consider the case of a forward
cropajating electromagnetic wave, That is ?D = 6= C). In this
linit, tne radiation covoropajates with the electron beam, both in
tne z-direction, Recall also that we are no longer workin3j in
tne 3o0=1nfinity limit and so anticipate solutions which depend on

tne jyromotion of the electrons. For TD =0 we have,

/'UJ; aié; ,S>
t e

2 T oyrv w'’t

O O (7- w'J

Recall now the dispersion function

Dewn) = (55 - 694 + T2 @ + k|
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CcAasStructing J ~e 3see

TE5
o 6} ct
a2 211lajonal wmatrix. The conductivity tensor is only block

Jiajonal but is easily diajonalizeda.we define @ by

’ !
S w Qe
/ LUP /(*)

+ HTo w' | Qe w’

3olving tnhe cnaracteristic eguation, we nave for the eigenvalues

|

of g:
A = w' th
¥4
$0 that
* ‘L ' O

o r We W w'= S

2L —_— [

- ymry W o

CL)'*'-Rc

Next, we can ask about the eigenvectors of tne systen,
EJquivalently, what is the change of basis waich decoupnles tne

3ysten? 35o0lving the eigenvector problem we find
1) ._}_ [ . A

€° = F (€ +éy)

(XA _'_ A -

¢ - f;(,'ex+e,)
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and so» the normal modes of the systen are circularlv nolarized
Javes. Performing the <cnande of basis, we bhave for the

disnersion function

Wy )
W _ R¥- L O o
ct ~ R vt (w'-1e)

1

Kd ]
(*.3_1_6 - kl— _Lﬁw w =0
© cr b’cz(w'*-ﬂ< o

o we ___Wp
CZ C’c_d,s wtl

N,

O

The geterwminant 1s, of course, trivially evaluated 3jivin3 four

solutions. Defining the guantity

The four solutions are

2 -
wi-wx - O w-a

. U); w' IV=-b

er(w'+ )

¥
O

IV=C
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o ““%/z
w = Jd V-3¢

xelations Iv-c ana IV-4 Jdescribe fast and slow space charjse
~waves, TInese .noaes are decoupled from th2 transverse mnation and

snow no dependence on tne cyclotron freguency.

Relations IV-a and IV-b describe tne coupling of the fast and
3los cyclotron waves to the rf. Dependence of the apolied
najnetic field as well as on the dielectric constant of the

nedium is seen.
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Lved Analysls 0L ths Ulszerslon welations

v

%2 nave derivel expressions relatiny (o and ¥ for tne

[ig

1jennodes of our coudled oeam-rf-dielectric system, we can next
asXx if any of tnese normnal nodes are Jrowing waves. The svoace
charje waves are 2asily seen to he stable DYV insrcection of
equation 1v-c,qd . Tha cyclotron modes raquire nore detailed

attention.

e will enoloy a technigue known as root locus olotting. A
rcot locus plot shows rejions in the comolex rlane which are
roots of tne dispersion function for some combination of problem
Paraneters., QJnly certain W -vectors satisfy the phase relations
Jictated oy tne dispersion relation; those that 35 not can never
ve roots of tne dispersion function. A real root indicates a
stadle .noue, A non zero imaginary component, however, describes
an expbonentially 3Jrowiny wave, Ae rewrite the cyclotron

Jisversion function as follows:

—_— ID(“ﬁk) / Ck)ﬁ w'

- () = = -

’ ’ wi- Wi €¥ (W - W) '+ N
w#here the n»lus/minus sign indicates the slow/fast wave,

resvectively, Roots of the function F(w),k) are also roots of D,
excect 2033ibly alon3 the line CU=3(Lk- Ae require then that the
3dantity
!
60»,‘!) = (w,,wk)(w-w‘)(w'tﬂg)

o0




ce real ana positive 1if L0 is to satisfy tnz Ziscersion relation,
£gquivalently, a numper W=Wgu+ /Wy nust introduce a »nase 3nift

of 2n7 (n an intejer) if W 1is a root.

2

3lso, we can vary the counling varamneter: =P . As we do

so, the juantity wh 6 (s, k) aust remain egual to
Er

unity if F{w ,k) 1s to vanish. “or weak cousling, a root must

approach a pole of S(w,k):

o —> Fwe; RVe r Q.

As the coupling strengtn increases, the roots leave tne 2oles and

.aove toward tne zeros of G:

o — K

In so doin3y, the roots describe trajectories alonj waich the beam

wi .
strength fy;. is a parameter.

Let us now draw root locus vlots of the fast cyclotron wave,
. . c .
Plots are shown for botn subluminal (V< ﬁ? ) and suvderluminal

(v >_F;<"_ ) oropagation in figures IV-1] and IvV=-2,

The fast cyclotron roots lie entirely along the real axis.
Only real freguencies satisfy tne dispersion relation and we
concluue tnat tne fast cyclotron wave is staole, This could have

oeen anticipated since we expect only slow waves tuv o unstabdle,

Ne 3now root locus plots for tne slow cyclotron wave in

tigures Iv=3 and IvV-4, For oeam velocitlies less tnan tne soceed
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cf light in the idielecrtric,

staole. Above Zerenkov

leaves tne real axis ana takes on 3 non zero

This wave 3jrows exponentially in time ani is

cyclotron unstable.

thresahold,
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the roots are

nowever,

rezl; the svstem is
the root trajectorv
imajinary comzonent,

said to oe lerenkov-
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Figure IV-1 Root locus plot of the fast cyclotron mode
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Figure IV-2 Root locus plot of the fast cyclotron mode
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Figure IV-3 Root locus plot
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Figure IV-4 Root locus plot of the slow cyclotron mode

Case 2: KV, > 5_&
€




{v.s 3olutlon o2r tne Cisgzersion xelation

~e can find an analytic exoression for tne oeak jain of the
system 5y solviny the dispersion relation near svncaronism.,

Recall
T |
W wr - W W
€ U/(UJu'Slc)

If the counling terms are small comwared to the unperturbed root,
W€ expect solutions which are shifted slightly from that root,
Of interest 1is tne imaginary part of the saift, .e estinate the
Aagnitude of tanat guantity by evaluatinj the nerturbation term

alrectly at synchronism.

Uperationally, we rewrite egquation IV-a to 3jive

Wp &'
LW-We ' + ) =
( Xw'+ v ( W+ wWk)

jetting LLY equal to '129 in the rijht hand side, and reco3nizing
that (,UK?}'V‘-"'D'C at synchronism, we find,
4
— w[: QC
€ (A wk)

Solving, we obtain the following siunle exvression for the Jrowth

2
(Lo-wk) =

rate:

Wp L
*E X C&)K Iv=e

W =
03

o i




ite jaln 1S 3s2en £y we 4 ftunctlun oL [ne ~ave  numZ23A,
cyclotron iregJency, L2an 2nerjy, dielectric constant, as w~ell as
oeail atrenjtn. At syncnronism, aowever, only four of tnhese
Darauaters vary independently. If any three of tne first fouar
caraneters just mentioned are fixed, the fourth 1s uniguely

specified according to

Iv-f

wnere Vo is a2xoressatle in terms of .

+3in3 eguation Iv-2, we can nake explicit the dependence Of
tn2 jain function on a particular parameter. Plottin3y the
resuitingy relations, we can investigate the gain characteristics

cf thne systea.

Dependence of the 3ain o0n 3ean Ener3yy

e treat the dielectric constant of the mediumn, ©lasnmz
freguencv (beam current), and cyclotron frequency (apolien
nagnetic field) as constants, and eliminate the dependance 0f the

jain of wave number. The jrowth at synchronism is then

24
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CALCCSEaule A3 Taf luilowling TAnSTLLG L nio L=3L EAor
1 ]
2 V2 — L\ 4
UJP i /&1 —_— rzrv 4

RS
!
bY)
&
<

J31a4 tals telatlon, wWe Canh exsress tiae tar=s3n0ls cornsition in
tzr.as ot the electron ceaw =nerjy as
€

tne egneryv rises froun unitv, *ne T3ain  "turns 22" 2t t1is

r >

-
an

! ’ )
tnresnodld, reaches 2 raximun, ani tran falls of°%f a3 a’/f in

a2 limic o9f nijh 2nerav. 1A zZlot is shown 1n fijure IV-3,

~zrn.ensence oL tne j&in 9n rreguency

sotlng that &t syncaronlsat, tie W~avenurier 1s axTressaiije 1n

teraus Oof tne raulation freguency (in Hz) according to
Kk 7T )
: ——t——
7or1 C

~e rew~rite the jrowtn rate as

i

L,
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o

Tixin3 tae c¢yclotron frezuency, w2 Can tune The r2ilatica td T2z
enerjv. A ~ave of frequency 1) is syncarsaous  wits 3 cear of
aneriv
-is
-
~ Z

7= ] | — ZL(/ + ?i;;l)

Uslnj tnhnls =expression 1n eguation Iv-=2, ~e =

f

A &xcr=ss  tne
jaln at constant cyciotron frecuencv ani ream curreat in tertns of

tne radlation freguency to jive

WEQ -2l

Hre VY

I/
%

“Wr

Ne see that for ))»-{—5 , the numerator ap»proaches a

m”m
constant. The 3ain in this high frequency limit falls off as the
frequency to the minus one half ocower. A olot is saown in fijqure

IV-6.

Finally, we note that ¢the 3jain i< 1indevendent of <tk

W

cyclotron frequency for fixei oeam enerav.

Jie sz2e, then, tnat a circularly polarize? electromnainetic
wave, couromajatinjy witn a sygerluminal electron bSean, 1s
Cerenkov=-cyclotron unstaole. Tals eftect nas no analojyy 1n tne
2ure Cerenkov case where the forward prooajatinj wave w~as seen to
Le stable. Pae study of propagjation tnroujn a finite najnetic

field is tnerefore well .notivated. T[he guestion 15 now raises,

07
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Kx=Q
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Figure IV-6 Gain vs. frequency for experimental parameters
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noWN2Ver, w~1=tn23r Jne <an 2xtract .ore enerjy Lrom tn2 electron
Sean oy oropajatinjy an electromajnetic wave taroulh it at  some
anjle not egual to zero. In analo3jy with the Cerenkov cases, we
expect tnat the gjenzral case will show a larjer jrowtn rate znd
that orooajation at a modified Zerenkov anale will maximize the

jain,

27

v uraas.




Znacter Sive

NEe  adve Jsed axwelil's egjaations tcjetner WJitn our
conductivity tensor td derive 3 dJdispersion relation. The
Jlsgers1on relation joverns small andslitude 2lectromajnetlc waves
2ropajating at an angle tnrouyn a .aajnetizeld =2lectron ceam. In
tne limits of stron3g and weak majnetization, tnis eguation
reproduces tne Cerenkov relations, In the limit of small
transverse wave nuaoer, it vyields the forward orovagating

cyclotron results,

V.l Solution of the JSeneral Disversion relation

It 15, 1n 32neral, aifficult to sctain  an analvtic solution
Lo th2 J1spersion relation. EZven near synchronisa tne egjguation is
314tn  Legree 1n tne freguency. A solution of tne most Jeneral
~roolen 1s only practical usiny nunerical technigjues in
conjunction w~ith a hijh speea computer. ~€ can, nowever,
solve the proolern analytically in the limit of low Ze2am Jdensity,

In tnis linit, the beamn olasma fregquency is small compared to tne

7v

2> ¥




Seratini freziuency, 2 retain tarms of =n2 orier

LAT  J1S23rd algnar oruer teras. «2 4111 s22 in oo

that tals 13 an excellent apsroxiaation.

weak veaa" ulsgersion reiatioa 1s jiven oy

wdr
¢ /ufe _ 12 ) g 3
QEL— 2 ) — p [ 2 LWe€ 270
D=z Tal{cd o) + — R YWt )-3%) W' =
w ot L’D /‘3 -2 J o

Ne CEewrlle Lnlis exoression to jive

-WE T2
(W@ M +ie (W' =2+ Q) = =5 {%P'(/—e‘ ¢) —;w'l}

30lviny near synchronis®t with the slow cvclotron w~ave we find

g T
(wowa’ =2 [ 2= snre (1) -202)

wiere we have mnade use of

Q.= -20
W —3ilc Kile v-a
rinally, we nave for our solution,

ks V 2L
o oo B 8 g
He ko L) EF € Pk

As in the case of the forward oropajatiny wave, it is
imoortant to note that not :11 the narameters which apoear in

e3uation V-b mav bte svecified indevendently at svnchronisnw,
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Sztting
u),(: }f‘{)"Qc

we Linu  tanat tne anjle of osropnajation nust satisfy taz followiny
relation:
! {2
shte = /- (A= e S
S Ble chs3
{
Sucstitutiny this expression into eguation V-5, we <can rewrite

the 1rowth rate to 7Jjive

Lok 41 WR(1-3%)
L. p ) ¢

- Her Wkl Bee

iere, ~e nave anade exolicit tne degendence on the D2eanm

K

v/
Fzé—(l-f—%)l “RQ‘Z Z

enerjy, r{ frequency, and cyclotron frequency. IO the extent
tnat tney 40 not violate equation V-a, these parameters may now

ce treateg as independent variables,

v.2 Tnreshold

3efore analyziny our Jain exoression, let us oabtain 3
tareshold condition for the instability. Requiringy that the riiht

nand side of eguation V=-b be imalinary, we find
1( e
oy (-3€)

e

e (1n )« 2

12

>t

it &

[ PR



it 13 <clear tazt tnhe twd 2rac<etel factars 3N naver n13ve Lne

Q)

0

. L . s 4

s3ane sijn. Tals would imply tne centradiction of 3% € 22107
W/t l ;
sotn jreater than and less than unity. 3ince K€ is a 7ositive

jefinite guantitv, we mnay rewrite the inegualitv as follows:

[1-ge][ge -0+ 2= 2]

jince — is 3also a aunoer 7Jrester tnan zera, we nave tnat

Wy
Q,
Wk

]BJ? >/ +

2u1s  1s  1aentical to tne thnresaold conditlon ootzinea in  our

Jlscussion of rigure III-2.

V.3 Validity of the JWeak 3ean Criterion

Let us next define the limitations imnosed ov the weak beam
acoroximnation. 4e have discarded second and third dejree terms in

tne juantity “)Pz . € rejuire then that
2 2
Wp << Wy

e rewrlte tne clasma frejuency as follows.

ol = y LI ¢
P Ib Fa-’l
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etz T o= — 15T Thzrastiriztic furrems =zl s
[] ec

sl (iloznmeres  anz (; 1s s Clagsiczl o oraoaius of o2

ClusTLOa. "a" 15 taz racius of thz ziocirun teazT. tnaliv, ~e

ddve
I ¢t 2
— 4
H z &1'3 & Lo

for ;\ of order one centimeter an+d 3 2ean radius of orier 1
centimneter, this relation 1s well satisfied for Ltean currents
acnroacainy one tenth Io. The weak beam reiime thus incluies

currents 2f one to two kiloanperes.

tor A of orier one aunired aicrons, tais donain 135 extended

h

jr=atly. ican currents of orisir /CDS- <:11ln Lo viclate tne

.. feainatlon. 13w JSJLCLEntas 40l 23VvelLi L2203 L 2:3:nltule
siwabel tasa T, p.lc2l wvaiues in & Lerenkuv  tyue Levice, )

SUnNCLdT: a4l thoe wWeaKk 02&n enPLOXliation 13 an extra2aely jJool

o€, lw.u31nj Oaly &Alla linitatlons 9a taz zrowulea.

0

/.4 Analysis

.

ve olot tae jrowth rate versus bear snerav in fijure V-1, \s
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dext we 310+ taz Jegenaence of tns  jain on  ooperatin:
freguency. <Curves are snown for two values of the acclied
majnetic field and <cean =2nerjy in figure V=-2. 3ain is an
increasinj function of frequancv. 3Sudbstantial growth i3, indeed,

possiole at high freguencies.

For ¢ =1.4 and nagnetic fields in the ranje fromn two to ten
kilojauss, Jains between 1J73 and 1¢"lu ner second are =reiicted.
These are gJuite large. At & =2(500 XeV), these rijure are
usouuled, acproximately. Ve see, then, tnat supstantial growtn 1is

Josslole usinj aodast peamn ener3dy and a plied field strenjtn.

Let us consider next how tne 3jain function responds to
cnanjes 1n tne arplied field. The behavoilr is saown in figure V-
3. Ine Jain is a slowly decreasing function of field strenjth.
sains at low fieid are very large; tnese exceed 10710 per sec.
For nigher fields, these figures drop by a factor of two.
Recalliny tnat the interaction freguency rises linearlv with the
nagnetic field, we are tempted to <c¢onclude that high freguency,
nigh oower ooeration 1is simply a matter of increasing the
najnetic field strength. This is not so. .Je will see in the next
section that problems associated with hijgh frequency operation of
a real device <complicate tne issue. These results do show,
now~ever, taat substantial gain of a subaillimeter wave can :ze

acnieved for reasonatle experimental parameters.
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VvI.1l A Cerenkov-Cyclotron Free =lectron Laser

intil tnis wooint, we have been concerned with understanding
the <cnaracter of the Cerenkov-cyclotron instaoility 1in the
infinite nedium. The focus has been on understandinjy the behavior
of tne jain function and on Jetermining the topolcyy of tne roots
1n the w-x 2lane. Let UJus now address tne 1issue of a real

Jerenkov-cyclotron aevice.

-ur tneory has considered an electron peam passinj directly
taroujn tne dielectric medium. Wwhile a system of this design may
~rove practical using gaseous dielectrics and extremely
relativistic beams ( &’*-30-?), it will not be jiven attention
aere. Rather, we will 1imagine the electron ©oeam ovassing close
to, but not through, a finite, dielectric structure, One oossible
confiquration is snown schematicallv in figure VI-1. It ennlovs
3 seni-infinite, dielectric slab. An electron bear of circular
cross section and Jdiameter "b" pvasses® throuqgh the vacuum channel
in tne 3Juide. Above threshold, Cerenkov radiation is excited in
tne -ilelectric lininjy. Consideration >f tne transverse osoundary

value orozlea 3nows tnat suca radiation 1s evanescent in
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Tne vacsdda rejlon, Jn2 esact dezendence 13 jiven Oy

_29d
E ~ e % VI-a

? 13
Jnere ? o r? - 'E?

and "d" is the distance to the dielectric wall.

[t is to this decayin3y electromnagnetic field that the slow waves

counle. Tne fields are s4etched in fijure 71-2,

Tnere 1is one further complication. A real -electron sean
cannot pass aroitrarlly close to tne vacuun-dielectric interface.
Svace cnarje effects are one reason for tnis. Early electrons
caugnt on tne 1insulating surface repel later electrons. ANe nust
tnerefore suppose a finite gap between the ©pean edje and the
dielectric wall. This 3ap 1is of dimension "d" and has been

included in figjure VI-l,.

We have said tnat the bean couoles to a degraded
electronagnetic field in the vacuum région. Qualitatively, this
system retains many of the features of the infinite mnediun. The
strength of the interaction 1is lessened, however. ™We can
incoronorate this effect into our theorv by Jdefining an 2ffective

K
counlingy parameter, CL)p ‘?%?.

Ne use eguation VI-a2 to averaje the fields in the vacuum

rejion over tne beam cross section. Tais qufs
2 ~agd 4

Wi o = wi e 87 ( |- e 8t}
agb
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VI-2 Field strength vs. distance (arbitrary units)
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ga2cfe, tae strenjtn Jf thne 1lnteraction dJevenas dn tne fields

~#01Ch tne oeaa actually "sees" 1n tne nole.

Qovinusly, bean optics <clays an  imoortant role in  this
ievice. Tight, well focused oeams ani narrow 3aos lead to better
coupling accordiny to equation VI-a. Wide oeans and large 17Jan»s

vield less 3ain,

The best electron bean generator and focusini available today
#+ould vermit us =50 microns and d=10 microns for tne beam
Jdianeter and jap size, respectively. These figures could be as
rarje as 1 centimeter and 1 wmillimeter, how2ver. ~e will use
tnese values to define a "best case®™ and a "w“orst case." 3oth

cases will oe examined.

Let u3 next use our effective coupling strength to determine
tne gJjain characteristics of tne system. Suostituting into

equation v-5 we find

— YT
B %) x W

Yﬂf=éaG/7) = ;2<8 5 z

At synchronism, g can be rewritten to jive

am—

r'/\{;r

g'___k_.?rr

Exanination of tnis expression reveals one of the most serious

linitations to snort wavelengtn operation. <Cou2lin3y strenjyth

o4




falls off at tnhe shorter wavelenaths until the instacility is
guenchei, Growtn at the very shortest waveleniths vanishes

3inclv Decause there is not enouah field in the zZean revion t>

Jdrive tne interaction,

Let us try ¢to uanaerstand tuwore oprecisely the limnitations
1azo3eu oy  tnis coupliny vroolem. ve define the reciorocal

juality of tne system Dby

| DO&)Q" /Ost r-’
Q-rneon/ {06"77/ 516”6/ w/(

It 15 this numbder which carries information apout the feasibility
of a real 1laser. Assigning a phenomenological J-laser to the

cavity shown in figure VI-1l, we require that

CZ?L&Ser > CZ}rheoﬁ/

for break-even 7ain or ©Dvetter. That 1is, we reguire that the
Jrowtn of the wave pe great enough %to offset frejuency-dependent

losses in a real, optical system.

For typical nicrowave cavities, a ) of 1k 1s coasidered
small. lud 135 reasonable and lm is guite larje. For submillimeter
and far infrared operation, the figures may be a factor of ten
jreater. we wi1ll take tne ranje 1lUk to luUx as cnaractaristic

of a realistic laser cavity.

Jur next step, then, 1is to examine the recivorocal Q3 of our

bounded system. We plot 1/2 versus l/jamma in figure VI-3 for two

35
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Jalu=s ol a.oilea fielu., Ine (freguency 1s jovernad oy

o
5
1]

regyJireqent of syncaronlsa and 50 varies alonj tne curve.

At tne extremnes, the reciprocal ) falls to zero, Jith it jo=2s
tne zo0s5sipility of extractiny energy from the bopeam in tnese
linmits. Ffor small l/gamma, tnis drop reflects the 1/(3amna) .5
dependesnce of the 3jain in the high =energy limit, As 1/3amma
aooroaches unity, the drop is more apbrunt., Tais is a threshold

2ffect.

The function reaches a broad .aaximua in the neighoorhood of
Y =5.7. Tais s3ujjests that pbeaas 1in tne ranage 3Uu=-3500 KeV
couple .nost effectively to tne radiation field. These are modest
pean energies, A device capable of producing such beams could be
Juite compact. and since synchronous frequency decreases wWwith
increasing oeam energy, tnere seems to be no compeilinj reason to
oursue very hign enerly operation9. Certainly this is ilmoortant

for fusion applications where space and device accessability are

at a premium. It is also a clear economic advantaje.

At the naximum, figure VI-3 predicts a QJ-theorv of about 500.
Ade have said that laser J's of many times this fiqure are quite
reasonable. Je see, then, that the Cerenkov-cyclotron instad.lity
is oowerful. The effect can drive even modest resonators to vield

suostantial growth,

Anotner confijuration of current interest is the idielectric-

lined circular waveguide . All tne argjuments of decaying field

o7
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and effective coucliny still nold asre., In zdiiicion, tnere igs tae

1]

oroblen that tne ©lane wave dercendence assumed tiarouinadut the
theory mav no lonjer oe valid. In 3Jeneral, tnis Adiscredancy
x4
introduces a factor é?/ﬁ{ into tne 3ain waere P i3 the Tower
and tne axial electric field is 7Joverned 2v the oocundarv value
crodlen. ~2 nention this 2roclem dut will not treat it in any wavy
aere, Tnz2 proolen of finiing forn f3ctors walca 2xtend
calculations in tne infinite meaiua to specific jeomnetries is
seing 1nvestijated. It nay be possible to develop a jeneral,
tnzoretical mnachinery based simply on tne dispersion relation or

its derivitives, Tnis would, of course, ce ©of 3jreat use in tne

study of different resonator structures.




Tnapter sSeven

vil.l Suniuary

Ne have defined and anderstood a funjdemental olasma
instaoility: the Cerenkov~cyclotron instability. The effect
arises when the negjative energy cyclotron wave on a suverluminal
electron bdeam resonates with an electromagnetic wave 1in the

nediun,

Qur amodel was a simole one. Ye considered Dplane
electronajnetic waves propajating through an infinite, cold sea
of electrons. A cold €luid theory Jdescribed the interaction and
tne dJdispersion relation Jerived in <chapter three 7joverns the

Dasnomenon.

Altnou3n forward propajating radiation cannot cousle to tne
3low sgace charge wave, we saw in chapter four that it does
couple to the slow cyclotron wave, The 3Jain of this systen is
aodest, nowever. Srowth rates of 10°8 to 10" 9 (1/sec) were
calculated. Je argued in analogy with the vure Cerenkov results
that propajation at an anjle other than zero might improve the

situation,
39

~
SRS




Ja1s 343p1civn was coaflrmeas 1n cnagter five, Taere we
calculateu péax salns ~1Cn 3re one to two oraers of najgnitude
4Ceater tnen tnose of tne forward gropajatingy case. Sain 1s 3n
Lacreasin; function of fre;Jency for g3jeneral crocajation. ’ne
j6in ri1ses awgroximatzsly as the fracusncy to thes one nzlf nowser,
Ta13 1s less restrictive than the soace charje results. There,
tne jain rose as the one third oower of the freguencv. It 1is
2lso an imnorovement over tne case of the forward orovalating

wave where the jain fell witn frequency.

e derived an explicit relation Adefining the infinite
nagnetic field limit, Ade found the simole result that the sqguare
of the cyclotron frequency nust be much greater than tha2 sgjuare
Oof tne pean plasawa frequency. In this limit Cerenkov-cyclotron
jrowtn Decomes nejligiole. The slow space cnarje 1interaction

aominates.

Finally, we considereu tne opossipility of a real Cerenkov-
cyclotron device. We saw tnat on2 oOf the major problems withn
tnese dJdevices 1s tne coupling problen. Electron bveam anodes nust
counle to radiation fields which evanesce in the beam region,
Definingy an effective couonling paraneter, we were adle to
incorporate this problem into the theory. The recicrocal 2 of
tne interaction was introduced. #We required that the 23 of our
laser cavity exceed the theoretical 7 associated with the
instapbility. Laser J's of about five hundred were indicated and

tnese are Juite reasonaole.
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2 Tr3nsitlon vavelenjetn

()
(G}

Dernacts thz 103t s2rious asoroximation naZe in tnis »azer -

1e nzjlect 5f thermal screa2d in tne electron sesn., Tae Js3

(8]
®
()]
s
(o
D

of a2 cold fluid description limits tne aoolicatilitv 92f tne

thz2ory. v2 715t now lefine that linitation osreciszlv,

Jur cold Jean jescriotion iazlies 2 3elta fuaction
.. . . . . W .
distrioution in velocity 3pace at 57: ‘?o- Cyclotron waves o2n tae
or

o€aw 3d4d tO tals gilcture vy olacing spikes at

3 - Ve _ ,'(“thQ‘
‘ﬁ_‘ C - C}(

Ter

inls is an 1dealization. A distrioucion function

cnaracterizinj aay real electron obeam has finite widtn., ~e denote
tnat spread in velocity space oy AF and saow cold and warm bean

distributions in fijure VII-1,

42 now have a criterion by which to evaluate tne coldness of
the bDeamn. Je require that tnhe svread in velocity owing to thermal
notion of the electrons e small comnared to the soread

associated with the normnal node of oscillation. Svadolicallvy,

Ay « —= JT1-
)3 Ckr" )II a
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3y Jdefinition w4e also have

il .o
A‘B: @r.?

fu
o]
Lh

(49

K

ADe's.'redf

3upstltuting these into eguation vII-a, we reguire

_?_‘_T_:ﬂz < C:B? )oe;."-u/

g7 et
2t pU 49 =
>"Des.keo’ > - Acyc/oyzron (?6’)2

e 13 @b"’

2
where /A - emm¢ is the Larmor radius.

(}/C/gfo n e Bo
Wavelengths far ir excess of the transition wavelenjth are
well described by the present theory. Wavelenjyths slightly
Jreater than ;}-transition are qualitatively well described by
our cold fluid theory althoujh the actual 3ain mnay be reduced.
Junerical analysis nas snown this reduction to be on the order of
fifey oercent. Wavelengths oelow tne transition are badly

uescribed 2y tne present theory.

Siace tne jain extracted from a cold oveam always e2xceed warnm
oeamn jrowth, it is of interest to specify the transition
wavelenjtn. This, in turn, will define the limit of applicability
of tne tneory presented in this paper. Reasonable experimental
caraneters jive a ;\-cyclotron of one centimeter. Jow pa’ is a

numoer of order unity and so our transition wavelenjth depends

93
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crucially o2a the enzr3y s;read——d&< o ocrads  2lectrosa 1un 11ves
an enerjy ssreaa of apout One vercent, Less tnan sne cercent
is certainly attainaocle. Ae use tnis "worst <case" wvalue 1in oJur

expression for ;A-transitlon to jive

/'\T = 100 _un 7

And so wavelenjtns far into the submillimeter are well
descrioed oy out cold sean analysis. This is extremely oromnising.
Ne have seen that suobstantial gJgains are predicted. The discovery
that tnese ©vredictions hold for waveleniths as short as one

nundred nicrons hodes verv wel: for tne device.

vII.3 Conclusions

Finally, we point out that a Cerenkov-cyclotron free electron
laser 1s an intrinsically nign freguency usevice, For a jiven dean
enerjy, the intersection Oof tne slow cyclotron line with the free
wave dispersion relation occurs at a Jreater freguency tnan tne

intersection w~ith the slow space charje line.

4l1so, an electron beam seems "colder"™ to <cyclotron wave tnan
it does to the space charje wave. Ade can see this by recallinjy
the derivation of the transition ~avelength oresented adove. Had

#e reguired that the distritution function lie between delta

Q w
functions oositioned not at [$_* o , but at . + d '
n o -

34




¥ WOULG TaVe [0J4nd 3 Lransltion «~avelenjtn Of adoat Suu uwilcrons.
s1nce jein froa 2 cola oe2am is always jreater taan jain fron a

~arn sean, tnis is a jreat advantaje,

Ne  Know that substantial zain 1is nossiole at n13In
freguencies. Ae also know that oroolens associated with 2 real
jevice <can limit that gjain. Havina brieflv exanined one such
aroblem, the counlini orobhlem ani fouand it to »e tolerasble, we
conclude tnat the <Cerenkov-cyclotron 1instaocilitv could be

exploited to jreat advantaje in a free electron laser system,
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A High Power Cerenkcv Maser Oscillator

S. Von Laven, J. Branscum, J. Golub, R.
Layman, J. Walsh, Dartmouth College, Hanover,

New Hampshire 03755

An electron beam driven,
dielectric-lined waveguide has produced
30-100 kW of coherent radiation over an
octave band on the TM01 mode of the
waveguide. Operation on the TM02 mode has
been realized as well. Impedance mismatches
at the ends of the liner section provide a
reflected signal, which undergoes

amplification during successive passes.

Recent expérimental work in the production of stimulated
Cerenkov radiation has upheld predictions with regard to output

frequency and determined rough threshold beam parameters.1 New

data demonstrate the high power and wide tunability obtairnable

through the Cerenkov interaction.

The Cerenkov radiation that is generated when a beam of

charged particles passes at superluminal velocity through or near

a dielectric can, in turn, modulate the beam. Some of the

radiation must be constrained to propagate in the volume occupied

>
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by the beam. The nature of the beam modulation is an axial
bunching, which enhances the intensity of subsequent radiaticn.
Beams of sufficient current density, which are strongly coupled
to the radiation field, will achieve a growth rate for this
Cerenkov instability sufficient to overcome the various loss
mechanisms. Discussion of the theoretical background pertaining
to this device has been presented earlier.2

The work described here employs a pulsed, 1-40 ampere beam
of 100-250 keV electrons directed along the avis of a dielectric
lined circular waveguide. The pulse duration is about four
microseconds. Design details of the electron beam generator are
described in an eailier article.1

The waveguide geometry is such that lowest order,
azimuthally symmetric, transverse magnetic modes will have a
large axial electric field amplitude in the beam volume, even
when the phase velocity of the mode is less than c¢. The strength
of the Cerenkov interaction is greatest for phase velocities
slightly less than the beam velocity. Since the phase velocity
of any of the waveguide modes decreases with increasing
frequency, a favorable scaling law is obtained for output
frequency with respect to beam energy for a given dielectric
liner.

Quartz (€=3.78), stycast (€=5), and boron nitride (€=4.2)
liners of several thicknesses have been employed. Frequency
measurements are made with a mechanically driven, free space,

Fabry-Perot interferometer.3 Power measurements are made with

215
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calibrated lengths of a lossy material and either square-law
detector diodes or z pyro-electric energy meter.

For almost every dielectric liner used, the fundamental
output frequency is near the frequency at which the TMG1 mode is
synchronous with the beam. Figures 1a,1b, and 1c show the
frequencies obtained in 12.5 mm diameter waveguide. A large
systematic offset is noted for the case of the 3 mm quartz liner.
A surface charge build-up on the quartz is suspected of
decelerating the beam to velocities synchronous with the observed
output. The problem nearly disappears for 2 mm quartz. The
longitudinal electric field associated with the 1 mm liner
geometry is too weak to give good coupling for the beam energy
employed. At the higher voltages and currents which are
necessary, the beam generator's performance is less consistent.
Thus the probability of recording a noise-free interferogram,
requiring approximately 1000 shots, is low.

The general behavior of the power as a function of beam
current for the 2 mm quartz liner is shown in Figure 2. In a
separate, absolute measurement with the same liner geometry, a 12
A, 115 keV beam generated 30 kW of radiation at 50 Ghz. The
power is consistent with the power which would be produced by a
strongly bunched beam (n:noexp{-i(wt-kz)}).u Powers up to 100 kW
were obtained at lower frequencies for 3 mm thick boron nitride
in the 12.5 mm diameter waveguide. Power is often sufficient to

cause atmospheric breakdown in X-band waveguide.

P e



The range of frequencies obtainable on a single mode has
reached nearly an octave. In some of the 12.5 mm diameter
waveguide experiments and in a 9.5 mm waveguide experiment, it
has been possible to suppress the TMO1 mode and observe coupling
to the TM02 mode. (Fig. 1c,d) Frequencies between 100 and 120 GHz
have been attained. The power appears to be less than that
obtainable on the TMO01 mode, but still significant. Output of
still lower apparent power has been observed through a 200 GHz
filter with the 2 mm quartz liner 12.5 mm waveocuide. All the
shorter wavelength power measurements are made with 1N53 diodes
in a Ka band mount. This system is difficult to calibrate when
it is far out of band. The voltage respornse generated at these
short wavelengths would have corresponded to one-tenth to one-
quarter of the power measured in the 8 mm region, if the
wavelengths had been in the design band of the mount. Hence, at
the shorter wavelengths the output power would, at a minimum, be
in the one kW range.

The Cerenkov interaction is not continuously tunable within
a given band in the present experiment. Signals which undergo
longitudinal reflections and make many passes through the liner
section of the waveguide without suffering destructive inter-
ference reach large amplitude, as in a conventional laser. Thus
discrete cavity modes are observed rather than a continuous
waveguide spectrum.

Assume that output is generated when the beam is at its peak

energy, as in Figure 3az. A small increase in the peak energy

Q}fT/z




which is insufficient to reach synchronism with the adjacent
longitudinal mode, often leads to output on the original mode.
However the output is now generated when the beam energy is at
its original peak value, earlier or later in the pulse than the
new peak, or both earlier and later. (Figures 3b,3c, and 3d)

If the effective reflectivity at either end of the liner
section is reduced, a higher beam voltage threshold is observed.
As shown in Fig. U4a a copper liner with transverse dimensions
identical to the dielectriz liner is positioned to act as an
upstream mirror. A lower reflectivity downstream is provided by
a normal dielectric-vacuum interface. The net reflectivity is
reduced by removing the copper liner or by tapering the
downstream inner diameter of the dielectric liner outward. The
data in Fig. 4b indicate the increased threshold due to tapering.
A very large current increase could probably substitute for the
voltage increase. However, such a current is not available from
our present device.

In summary,.Cerenkov devices are a potentially useful member
of the family of millimeter wave sources. Peak output power at
longer wavelengths is comparable to that of other sources, such

as gyrotrons,S'7

and the peak efficiency (1-10%) is what would be
expected for a non-optimized traveling wave device. It also
performs well in the regime where the wavelength is less than the
transverse dimension of the guide. Thus, it also shows promise

as a lower mm and sub-mm source.

Support by AFOSR contract 77-3410D is acknowledged.
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Figure Captions

Fig. 1. (a) The frequency of a coupling mode is plotted vs. the
synchronous beam voltage to give a "tuning curve". The frequency
measurements made with quartz liners of one, two, and three mm
thicknesses are displayed along with the TMO1 tuning curves for
those liners. The guide diameter, 2b, is 12.5 mm. (b) Data and
TMO1 tuning curves for two and three mm thick boron nitride
liners in 12.5 mm guide. (¢) TM01 and TMO2 tuning curves and
data for a three mm stycast liner in 12.5 mm guide. (d) ™g,
and TM02 tuning curves and data for a2 1.5 mm boron nitride liner

in 9.5 mm guide.

Fig. 2. Saturating power and measurements (+) for two mm boron
nitride with a 150 keV beam. The saturating power is evaluated

assuming a six mm beam diameter.

Fig. 3. The microwave output (bottom trace) ~ccurs when the beam
velocity (top trace indicates voltage) is synchronous with one of
the axial modes of the resonating cavity, not necessarily at the

peak beam voltage. (One microsecond per division.)

Fig. 4. (a) The cavity formed by the metal-dielectric and vacuum-

dielectric interfaces at the ends of the liner section has a

-7 -




sufficient Q for oscillation, given the high gain of the Cerenkov
maser. (b) The threshold for oscillation rises for a cavity with
lower Q. The lower Q is obtained with a short taper at the

downstream end of the liner to reduce the reflected signal.

.
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