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as a diagnostic tool. This work was described in a number of
publications and a bibliography and abstracts are attached.

A flat—-grating cylindrical mirror-based device (the relativistic
orotron) was also examined. Power levels comparable to or greater
than the best that can be obtained from mm-wavelength, coupled-
cavity, travelling-wave tubes were obtained., The voltage-tuning
range of these devices was also substantial. Single resonators
were tuned over a half octave range, about 30 Ghz, and at higher
frequencies (60-80 Ghz) 10 percent tuning was achieved. The

peak power at shorter wavelengths was 10 KW, and in the 1 cm
range, 30 KW levels were obtained. e o -
The development of the mm-wavelength Cerenkov source also led to
consideration of far- to near-infrared Cerenkov lasers. These
were compared to the undulator type of Free-Electron lasers, and
their relative advantages and disadvantages explored. A proof-
of-principle far-infrared experiment has been proposed.
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Cerenkov Maser and Cerenkov Laser Devices
k
?; The work supported by this contract spanned a
™ number of topics. The principal effort was directed
(- toward exploration of Cerenkov maser performance at
(- lower-mm wavelengths., However, this work also led to
tl the ccnsideration of tunable, high-power, submm and
e far-infrared Cerenkov lasers, and to the more general
: topic of compact free-electron lasers. In addition,
&2 structures other than Cerenkov resonators were examined.

Among these were cylindrical and flat-plate gratings

—--—
3

({the Relativistic Orotron). Detailed summaries of the

work are contained in the four six-month reports

m

(June and December cf 1983 and 1984), in doctoral theses,

T
ol
¥

abstracts, and journal publications. A bibliography is

attached to this report, and copies of the published

N

work have been forwarded earlier. Hence only a brief

review of the principal results will be given here.

Cerenkov masers were operated over the entire

E; mm-wavelength region. At longer wavelengths (5-10 mm), if
N octave tuning and multi-hundred kW output power levels ﬁi
;; were achieved fiom a single structure. In the 3-mm- ﬁi
b wavelength region, tuning between 90 and 130 GHz from t%
. single resonator structures was demonstrated, and power EG%
E; levels in the 100-kW range were obtained. ?%

o

Operation on higher-order modes and with two-

l.l

. LA
e e
‘e e
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PR S O Y

stage structures were also demonstrated. Substantial




‘ (rulti-kW) power levels at wavelengths slightly below 1 mm

were obtained by operating on the TM

) 02 mode of a cylindrical

.
’l‘r

- dielectric resonator. There is also some experimental

evidence that mode suppression and/or :selection technigues

o
2

can be used to selectively operate on higher-order modes.
The two-stage structures combined a disc-loaded

prebuncher and a dielectric resonator - output coupler.

——
B »

The peak output power levels achieved with this

configuration were comparable to the single-stage Cercnkov
device, but substantially longer output pulses {comparable
f? to the 2 usec beam pulse) were a characteristic feature of

the two-stage system. The possibility of tapering a

.I structure in order to enhance the total efficiency was also
n considered theoretically,

. At the upper end of the observed output power

! range, breakdown at atmospheric pressuré was observed. H‘
- A

This effect was used for diagnostic purposes and more %7

'; recently, controlled experiments on the effect of various f%

- contaminants con breakdown threshold have been initiated.

A theoretical program aimed initially at support

5

of the mm-wavelength experiments was also carried out.

PR
I.'. <.
W

This work in turn led to a more general consideration of

)

Lot s rilaar il

bcth Cerenkov and grating-based free-electron lasers

IR
st s

(C FEL/G FEL). Devices of this type were compared to the

.

b undulator FEL, and it was shown that in the far-infrared

4
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regime, the C or G FEL would be an attractive competitor

R
»

.
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in many applications. Preliminary designs for
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proof-of-principle experiments were completed, and further
experiments are planned.

The principle concern of the initial mm-wavelength
experiments was the Cerenkov maser, but early in the work,
periodic structures were also used to general radiation.
The original purpose of the latter was to develop a source
for calibration and comparison, but it has developed into
an independent assessment of a device now called the
Relativistic Orotron. This work is being carried out in
collaboration with a group at the U.S. Army Harry Diamond
Laboratories (K. Leavitt, D. Wortmann) and it is based in
part on the very successful, low-energy electron-beam-driven
orotron experiments performed earlier by that organization.
Relativistic orotron tuning curves and output power
capabilities were established for a number of resonator-
beam combinations. The performance was encouraging.
Tuning ranges in excess of that available from the mm-~
wavelength helix TWT's together with power levels
comparable, or well above, that of coupled-cavity TWT's
were obtained. A device of this kind could be the basis
of a mm-wavelength tube.

In conclusion, the high-power capability and
tunability of Cerenkov masers at mm-wavelengths has been
demonstrated. The theoretical basis for these devices
and for Cerenkov sources at much shorter wavelength has
been established, and cthex attractive tunable source

options have been explored,
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Cerenkov lasers in the Compton resime
John Walsh and Eernadette Johne¢on
Department of Physics and Astronomy, Dartrncuth College
Hanover, New Hampshire 037

Abstract

Exjressions for operating wavelength, gain, and schematic cesigis for Compieon revime
Cerenkov lasers are presented. Conditions required for operation at infrared and visible
wavelengths are established and proof of principle experiments are discussed.

Introduction

Cerenkov masers have been operated in the millimeter wavelength regionl’z. Mulci-
hundred kilowatt power levels have been obtained in the 7-8 mm range and approxirately
10U =Y have been achieved at about 3 mm. Less power has also been obtained at waveleng:hs
slightlv shorter than 1 mm. The requirements for a Cerenkov device at even shorter wave-
lengths, wgere operation in a Compton mode is anticipated, havzalso been considered
previously-.

The purpose of this work is to specifically address the possibility ¢l cperating a
e purpose of this P y P lity ol operating a
Cerentov laser in the infrared region of the spectrum. An expression fcr gain apriicatie
in this region is examined in section II and adapted to a thin film configuraticn in secti.
III. Bear parameters similar to those found in a microtron are then used to eveluate the
linear gain in section IV. Conclusions are discussed in section V.
II. Gain of a Cerenkov laser
. . c s : R . A
The gain, in the Compton limit, of a Cerenkov laser has been discussed elsewhcre™ ' .
Expressed in terms of an inverse quality factor, Qb'l, it has the form
| i
T 1 1 Ly 5 LEC (1—cos?> )
5 7,7~ T o A\
A Z(:‘;) ,ro- By € i &
where - and y are the relative beam velocity and energy, respectively. Other terms
appeering in equation (1) are
iy, - beam current
Io - mc3/e = 170C0 amp
n/n_ - beam density form factor
7
i - resonator length
E,;Z - square of the magnitude of the axial electric field strength at the
- resonator-vacuum boundary
€ - energy stored in the entire resonator vclume
’ - relative transit angle = (kv - .) L/v , where ., k are the angular
frequency and axial wavenumber of the resonator mode.
The magnitude, ,1/Qp , deterrines the threshold Q required for oscillation and | 1/Qy .
tizes .L/v is the relative gain per pass. The beam density form factor is defined br-
— !
It} 1 i . . .
= - 5 Coas E, (z)i? ‘2)
E_' Co -
© Ay, z s.rface | EZAM
. .".";\LA
where n is the peak density of the beam and A, is an effective area. when the beanm

distribution is approxirmately rectangular and a Moce geometry appropriate to a thin
dielectric film is assumed, ﬁ/nO has the form

376 N
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] 5 2 2 A - - .
Here, (=" kK“ - .%/c”) 1s the cvanescence rate of the field in the trarmsuver. ( Clrvec: -
9 ;

ie., Ev e 9.%2l, d is the gap between the beam and the dielgctric surizce, andéd b
the bear thickness. It is clc¢ar that both n/nO and L7 'E.:4 depend on team enerpy ol
the resonator geometrv. These will be evaluated for the specific case o & thin fiin
guide.

ITI. The thin film guide

for the moment, any variation across the guide in the direction perpendicular to
propagation, the dispersion relarion for a TM mode is given by

The wave guiding properties of a thin dielectric layer are well known> Disrega

pa tan (pa) = «¢qa (&)

where p = :Tf - k2 , q 1is as defined earlier, and a 1is the guide thickness.
c

In the wavelength region of interest here, the relation between .a/c and ka (deterrir.d
via Eq. (4)) is roughly linear with a slcpe approaching that of the dielectric light line.
i.e., ¢/v€ . The lowest order mcde has no cutoff wavelengths, while Yep » o> 2 has
a cutoff on the vacuum light line (q = 0). As the phase velocity varies from ¢ dcwr wo
c¢/»¢, a decreasing fraction of the energy is stored abcve the surface. This feature will

be important when we discuss the energy dependence of ﬁ/no.

The thin film guide has been used in_a number of recent nonlinear opticzl experirer:s
where power density levels in the MW/cm? range have been generated. We will ccnsider
guides designed for this spectral range in our Cerenkov resona:ors.

As an electron beam propagates near the surface of a dielectric guide, it couples best

to TM modes with a phase velocity infinitessimally less than the beam veiocity. Hence, it
is the region of the dispersion curve around phase velocity synchronism,

I~

v o= & (5)

that is of most interest.

The wavelength at velocity synchronism, plotted as a function of reciprocal beam energy,
is displayed for two different guide thicknesses in figures la and b:

PR = E »
el 3 g ]
»(microns) : ] > (microns) : ]
s 3 a -]
[ ] s ]
: o f
- ] s
L} S U I - ol o -1
42 .83 .es .45 .96 v 1 N
Fig. la: Wavelength vs. inverse Fig. 1b: Wavelength vs. inverse
gamma for 1 micron polystyrene film. gamma for 10 micron polystyrene film.

It is clear that coupling in the infrared is possible, in principle.

As the reciprocal of the relative beam energy, v, varies from 0 (on the light line to
1/vyr yp 1is the threshold energy for Cerenkov radiation), the driven mode moves algng the

dispersion curve. The coupling factor ﬁ/no and the resonator form factor L3 E;ic also

vary along this curve. These factors are shown in figures 2a and b and 3a and b for the

same two guide thicknesses plotted previously. We have assumed, in the n/ng plots, bear
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Fig. 3a: Log (resonator form factor) Fig. 3b: Log (resonator form factcr)
vs. inverse gamma for 1 micron film. vs. inverse garma for 10 micron filrm.

guiding parameters and beam focussing which are favorable but well within the state of the
art.

It is clear_that the net gain will be determined by design tradeoffs between the rayid
decrecase of n/n and the increase of the resonator form factor as the beam energy
traverses the dispersion curve from higher toward lower energy.

IV. Cerenkov gain in the infrared.

The complete expression for the gain can now be evaluated. In doing so, we choose beam
paratcters which apply to two different microtron generators that have been adapted for
wWiggler-coupled free electron laser experiments”?., The relevant parameters are:

Ib = 1 amp

L = 10 em
o = 8
“max
b z beam width = 100 microns
d z beam-£film gap = 500 microns
a H film thickness = 1 and 10 microns
€ = dielectric constant of film = 1.6 (polystyrene).
Plots of Q L oys. y-l are shown in figures 4a and b for film thicknesses of 1 and 10

microns. We see that, for the 1 micron film, the gain peaks at about 16 MeV, which
corresponds to the 60 to 80 micron wavelength region (see figure la). The 10 micron film

has & gain peak at about 5 MeV and a corresponding wavelength emission range of 100-200
microns,
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V. Conclusions

It seems readily apparent from the foregeing examination that thin film waveguide
structures can be used to provide radiation in the infrared region of the spectrum. The
thickness of the film and its dielectric constant are the factors which determine the
wavelength of the emitted radiation. Beam and resonator parameters determine the net gain
of the device. Our analysis, which uses a realistic beam geometry, energy, and film tvpe,
yields Qp~ values well within the range required for oscillation of such a device.
Future work in this area will introduce a double-slab gecmetry as well as an examination
of the effect of beam energy spread on net gain.
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CERENFOV

LASLEZS

John E. Walsh and Eernadette Johnson
Departrent of Physics »néd Astronomy
Dartmouth College
Hanover, New Hampshire 03755

Abstract

Cerenkov lasers, which are driven by
a relativistic electron beam, may be based
either upon dielectric waveguide
resonators or gas-filled Fabry-Perot
resonators. When the beam energy exceeds
the Cerenkov threshold, stimulated
Cerenkov radiation causes bg2am bunching,
and energy can be extracted at a wave-
length determined by the beam and the
resonatcr characteristics. Devices have
already been operated successfully in the
lower- and submillimeter regime. The
possibility of far-infrared operation will
be discussed in this paper.

I. Introduction and Background

An electron beam of sufficient energy,
a dielectric resonator or waveguide, and
suitable output coupling components can
be used to form a Cerenkov laser. When the
beam velocity is greater than the speed of
light in the dielectric medium, spontas
neous Cer¥enkov radiation is emitted.
This, when fed back _onto the beam, causes
further stimulated Cerenkov radiation
and, if the feedback is sufficient, the
wave energy grows in time.

The dielectric resonator may be a
homogeneous medium or some type of
dielectric waveguide. 1In the former case,
the only practical material is a gas.
This requires a rather large beam energy,
i.e. tens of MeV's., Thesc systems have
been investigated 2,4 theoretically and
some preliminary experimental work has
been done. In particular, it has been
demonstrated that when a laser is phase-
matched to the velocity of an electron
beam in a gas, the beam momentum can be
modulated.

A dielectric surface quide can alsoc be
used to produce the necessary phase
velocity decrease and syster.s based on
this approach will be the concern of this
Dielectric resonators in tubular
form hav2been used in the mm range to
produce a high-power tunable source.
Power levels in the 100 KW range at about
3 mm wavelengths have been rroduced and
operation down to wavelengths just below
1 mm has been achieved. 1In the present
paper we will investicate the possibility
of achieving a far-infrared scurce with
a slab waveguide resorator.

The remainder of the manuscript is
divided into three parts. Section two
contains discussions of the guide

Capreight -7 Amenican Instituie f Nirunanin s sad
Astronauties, bac, 198, AN nghie resersed

resonator, the stimulated emission ro<.,
and an estimation of the power cut: ut.
Exarples are presented in scction threc
and some conclusions are discussed :in
section four.

2. Wavelength Determination and Gairn

2.1. The film waveguide

The simplest dielectric wavego:ide, the
slab, is the one chosen for the prescnt
application. Discussion cf the censral
behavior of a slab vuide is ava.ilablc
elsewhere and hence only thoce f.ato -
pertinent tc the present device need b.
summarized. A sketch of the cross-sco::.con
of cthe guide is shown in Fic. 1 as is i
profile cf the electric fields of & Tx
mode. The fields evanesce in the acuum
region with an inverse scale length:

i

2
2 ; .
a = [x°-% (1)
c
where k 1is the axial wave nurber and

is the angular freguency of the bound
mode.

Also shown on Fig. 1 is a sketch of
the dispersion relation. The latter :s
determined by the roots of

pa 23235 = g (2)

where

is the transverse wave number in the
dielectric medium and € is *he relative
Gilelectric constant. When the wavclrncoth
is icng compared to the thickness of the
guide, the phase velocity cf the node
approaches the speed of licht., As the
wavelength decreases, the wive peccmes rore
tightly bound and the phase veclccizy
asyrmptotically approaches that c¢f lisht :n
the dielectric medium.

A line with slope : is indicatec cn

the dispersion curve. When : > 1,.. a

synchroncus phase condition can ke man-
tained between a beam with rslative ~aln-
city : and a guided mode. I : > . JCK

by a small amount, net enc¢rcy con be
added to the field.
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Figure 1: rCispersion relation, ¢t ovs.

vy~+, guide cross-section, and electric
field profile.

Phase velocity synchronism thus deter-
mines the operating wavelength and since the
dispersion curve is a universal function
of the guide thickness a , a suitably
small value will lead to operation at
the desired wavelength.

The condition of synchronism can also
be invoked to better understand the
coupling strength, Near synchronism

(4)

and the vacuum region transverse wave-

number q becomes
27
9 = By (5)
whfre » is the free space wavelength and
v~+ = yl-g<. Thus a high energy beam is

needed to achieve reasonable transverse
extent of the fields at short wavelengths.
This is necessary for good coupling.

These features will determine the net gain
of the system.

155

it NN A" L £7 A st e SARP oAt B ang st Sid an e geg g

2.2, €ftinulated emiscsion and acazi:.
The stimulited erassicn rate for a
Cercennoy lasey follows frcem the consider-

aticn ¢f the work cone
unrogulated elcotrun beom aés it traverscs
the lencth cf the reccnator., I a2 zoneral
analysis of this wreblenm the dispercsicn cf
the beam modes would be ccnsidercd.
liowever, in the operating region which 1s
anticipated, the plasra frequency of the
beam 1s relatively low andé the space charge
modes are not resolved from the spectral
width associated with the finite lencth.
This so-called Ccmpton regime is familiar
in other free electron laser gain
calculations.

by an initially

The rate of work done by the beam is
given by:

c%{-=——~2la,_fi~§*dv (6)

beam

The details of the calculation which relate
J. the current density mcdulation produced
by the field E, and the electric field have
been presented elsewhere / and hence will
not be repeated. A gain is conveniently
defined in_terms of an inverse gquality
factor Qp™*:

(7)

~ME
mrm
o+ o

1
%

where g is the energy stored in the
resonator. When Qp is negative and
|0p! < 01, the Q0 of the loaded cavity,
the threshold for oscillation is reached.

When placed in a form applicable to
the slab guide resonator, Qp~+ may be
expressed as:

3 2
- L°)E_|
61‘ - L ILnL——g—z——c'(e) (8a)
b (Bv) oo

where

G*(8) = 'a_ae' (l-cgse) {8b)

[*]

and

g = (cks° - w) L/cBo (8c)

The angle 6 , the transit angle, is related
to the relative phase change "seen" by an
electron as it traverses the wave in tle
resonator. Other factors not yet
identified which appear in Eq. (Ba) are:
I, the beam current, a collection of
fundamental constants I, = mc3/e (17 KA),
and an effective beam density n/n_ . The
latter factor takes into account €he
evanescence of the fields in the direction
normal to the resonator surface. It is a
sensitive function of both the beam and
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the resonator parameters. lso apo aring
in Eq. (8a) is the term L3, 2/8 .

Here, L 1is the resonatcr length in the
beam directicn and E, is the strenath of
the axial component of the electric field
at the surface of the resonator. This
factor, together with n/n,, determines
completely the wavelength dependence of
the coupling.

The factor G'(6) is the derivative of
the familiar square aperture diffraction
line shape. 1Its presence may be under-
stood in the following way: Electrons
which enter the resonatcr in an accele-
rating phase of the electromagnetic field
spend less time in the resonator and hence
exchange less energy. It is in this way
that an initially unmodulated beam can,
if its initial velocity has the proper
relation to the phase velocity of the
mode, do a net positive amount of work on
the fields stored in the resonator. Such
a factor is familiar in other free
electron laser gain expressions and
certain microwave tube gain functions.

A qualitative sketch of Qb"l is
included on Fig. 1. When the beam energy
is very high (£ -~ 1) the gain drops
rapidly due to the factor {zy)~- and the
phase velocity dependence of L31Ez 2/E .
The curve rises to a maximum determined
by the dispersion relation and then
rapidly drops to zero as the beam energy
approaches the threshold for Cerenkov
emission. 1f one assumes that the beam is
perfectly monoenergetic, the gain peaks
guite close to threshold. A finite
emittance and/or energy spread will shift
the peak toward longer wavelengths and
higher beam energies. This effect is
illustrated by the jagged line on the
Qp~1 diagram in Fig. 1. The gain
expressed in terms of a threshcld or
starting current will be evaluated
numerically in section 2.3.

2.3. Gain saturation and output power.

One further aspect of Cerenkov laser
operation will be considered before we
proceed to some examples. A detailed
nonlinear theory of Cerenkov lasers has
not yet been completed. However, a
reasonable estimate of available power
output is possible with the aid of the
following rather simple arcument.

If Qb < 0 and Qi (the loaded Q of

the cavity) are such that [Qp, < Qr then
the field energy stored in the cavity will
rise exponentially with time at a rate
proportional to (1/]Q, ! - 1/0 This
process will continue until tﬁe axial
component of the electric field is large
enough to cause a non-neglible change of
the electron velocity. At this point, E,
becomes large enough to shift the electron
velocity and hence the relative phase
change 6 from the position of maximum
small-signal gain (ermission) to a region

R S -

e

where it abscrbs and the cain w:l
The gereral behavior of all tra i
systems is similar und a rcre 1
theory could Le adagted {rom sore ¢
systems. The above arcurent will be
sufficient for the present estlirate,

wWhen the nonlinear phase chanae
becormes of order = the cpon crbits wind o
and the gain saturates. Using the inmizi-
ally linear thecry as a starting point, w-
then have

5% V= ¢ {3)
v
where
E
~ 2 2 o
|6V = =3 kv-o) ° (10)

It is assumed in this estimate that thc net

beam energy change is relatively small.
Using Egs. (9) and (10), plus the Zac: that
65 is of order 7m/2, the estimated axicl
field strength takes the focrm:

(1

The output power, given a value for ¢r, ccn

rnow almost be estimated. There remairs,
however, the problem cof suitably averczing
over entrance phase. &An acceptakle arzro-
ximation for this can be adapted from the
expression for Qb'l. The Vlasov aprriach
used in deriving Qp~! contains an

implicit phase average. Hence an erpr
imate expression for power output nay
displayed:

1 -~
Pout = ‘“(61; - 6;)5 (1<
where ??

(lops™

IY‘f)

1s an assumed threshcld cazin

Substituting from the preceding
equations and collecting terms, we then
have

P = mc2(By)3

om T . PR
out r (NpNpg) 617D e

where N, 1is the current divided Ly charze
and averaged over the transvcrse nogde
Cistribution. Numerical values arprenr:ate

to a far-infrared device will be cons:dercd
in the next section.
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3. An Example

"rhe followinc example is chosen to
1llustrate the frasibility of developing
far-infrared Cercnkov devices,

1t i1s assumed that a thin film diclec~
tric such as that used in a nunber of
recent experiments is uvsed to support the
wave. 8 The dispersicn curve for the TN
modee of the thin film is a universal
function of the film thickness a .
Shown in Fig. 2 the dependence of }/a at
velocity synchronism vs. y~

1900
—f]lll‘]T'ﬁ!“'Yll]"l‘T“
-3 -
gl 3
™ h
s 3
C ]
»/a or J
b -
NE 4
(] SN S PO DTS FUN I
.85 W .15 . .
F] 2 -1
) - Y
Figure 2: A/a vs. Yy

As the energy approaches the Cfrenkov
threshold energy the )/a vs curve
becomes very flat since in thls region
the wave is moving with a velocity very
near to that of light in the dielectric.
The curve shown is the TMy; mode which
has no cutcff and hence supports waves
with relatively large »/a. However, when
a is in the 1l -micron range, » will be
conveniently in the far infrared.

The gain expressions developed in
section 2, point two, cculd now be
evaluated for a specific resonator. It
is more intuitive, however, tc consider
the current required to start an oscil-
lation growing. Assuming about ten
percent of the wave energy is lost in the
guide to various abrorbing processes, a
threshold Qr can be established. Setting
1/1Qp! = 1/Qr and solving for 1p/lg then
determines the starting current Ips.
These are plotted in Fig, 3 for three
different guide thicknesses, and the
following set of beam and resonator
parameters:

a) L I resonator length = 10 cm
b) beam width = 100 microns

¢) beam-film separation = 100 microns

d) film dielectric constant = 1.6
(polystyrene).

We see that, as the film thickness
decreases, the current reguired to
achieve oscillation increases. For
example, the minimum start-up current for
a 10 micron film is 14 mamp. while that
for a .5 micron film is 3.8 amp.

Jiu i b b bemedmbncbradbrabhemiady

N N N R

Figure 3: Start-up current/Io Vvs.
inverse gamma.

Finally, we choose a beam current
such that oscillaticn is readily achieved
for all three film thickress, e.c.,

I = 106 amp. Figure 4 shcws the power
output Vvs. inverse camma as derived in
Eg. (13) for the three thicknesses.
2@
PTY'1I‘V'TT_'T|EV|'_\'.VT'T.‘~
; b
-
el B
- ~
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In(P) o k
L J
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5r
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- -4
! ]
.2
w-l
Figure 4: Power (in Watts) vs. y-1

Substantial power cutput is possible
as evident in the range of peak powers
displayed in the above graph, i.e., .15
Miatts for a .5 micron film to 15 Mwatts
for a 10 micron film.

4. Conclusions

A preliminary investigation into the
feasibility of using a slab (film) wave-
guide resonator and a relativistic
electron bear to generate far-infrareg
radiation yields promising results.

The use of the slab cuide dispersion
relation enables us to determine the
operatinag wavelencth as a function of bear
eneragy. The choice of slab thickness, in
turn, identifies the wavelencth region cf
operation, e.g., thicknesses on the crder
of 1 micron yield radiation in the fer
infrared.

The linearized Vlasov equation is
applied to a cold beam to derive an
expression for the stimulated emission
rate and, hence, a beam gquality factor Qb'
The assumption of a realistic loaded
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cavity Q. value is then used with Qp to
determing the start-up currents necessary
to achieve oscillation. The beam energies
and currents indicated are not unccmmon

R at existing facilities.

Finally, an expression for power out-
put has been derived which indicates that
. this is a potentially high power device
(MWatts).

- Further theoretical work on this
il- subject will involve: 1) a more realistic
beam model, i.e., one whic¢h includes a
finite beam emittance, 2) beam mode
. dispersion, 3) other resonator geometries,
= such as a double slab, and 4) the develop-
- ment of a complete nonlinear theory.

In addition, the authors are optimis-
tic that experiments will be performed in
the near future to demonstrate the
operation of a far-infrared Cerenkov laser.
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Recent Cerenkov Maser Experiments

J. Walsh, E. Garate, T. Buller and R. Cook

Department of Physics and Astronomy
Dartmouth College
Hanover, N.H. 03755

Abstract

Fundamental (TMg)) mode operation at
3 mm, and higher order mode operation at
wavelengths below 1 mm, have been obtained
in a recent series of Cerenkov maser
experiments. Device performance will be
compared with theoretical expectations.

A mildly relativistic (100-200 KeV),
moderate current (10-20 A) electron beam
and a cylindrical waveguide lined with
dielectric have been used to produce 50 kW
power levels in the 100 GHz region of the
spectrum. The device, A Cerenkov Maser,
courles the slow space-charge wave on the
beam to the TM modes of the guide. The
operating wavelength is determined by
phase velocity synchronism between the
guide mode and the beam velocity. The
wavelength at which this occurs is in turn
controlled by the guide dimensions, the
relative dielectric constant of the
filling material, and the fraction of the
guide volume that is filled with
dielectric.

The beam-to-wave coupling strength
is determined by the strength of the
axial component of the field in the beam
region. When the system is cylindrically
symmetric the field is proportional to a
modified zero order Bessel function. Good
coupling is thus insured if the approx-
imate relation

na = )ABy (1)

is maintained. This last relation follows
if it is assumed that the evanescence of
the wave in the beam channel causes the
field on axis to be equal to one half its
value at the channel radius (a). 1n
Equation (1), }» is the free space wave-
length, 8 is the relative beam velocity,
end v the relative beam energy. The
relations between the beam, the guide, and
the axial field dependence is illustrated
in Figure 1. Also shown on this figure

is a schematic representation of the
dispersion relation for the TM mode of a
partially-filled guide and the beam
velocity line B . Synchronism of the beam
and mode velocities occurs at the inter-
cept of these two curves.

Typical Cerenkcv source data is
shown 1n Figure 2. in the first part of
the figure, output power at 4 mm vs. beam
current and a typical output pulse are
displayed. Wavelength has been determined
with cutoff filters, a grating

"Coupling"

ABy~ma

Wovelength | v B
!
wa VQ}
3
A=X(o,b,e,8)
ko
Figure 1. Cerenkov source geometry.

Typical Cerenkov Source Data
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Typicol Interferogrom

Pout I1IS5mmcecrci2cm

” Vp - 100 - 200kV
I,-2-20A

n=1-10% {upper mm)

Mirror Seporotion

Figure 2b. Interferogram.

spectrometer, and Fabry-P&rot interfero-
meters. Shown on the Figure 2b is a
typical interferogram.

Theoretical expressions for the gain,
) the starting current, and estimated
¢ saturating out power of mm wavelength
Cerenkov Masers will be presented. 1In
addition, beam and resonator modifications
required for operation at submm wavelengths
- will be discussed.

. - Acknowledgment: This work was supported
. in part by U.S. Army Research Office
Contract DAAG29-83-K-0018.
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John walsh and Bernadette Johnson

SUBMILLIMETER-WAVELENGTL CERENKCV MASERS

Department of Physics and Astronomy
Dartmouth College
Hanover, N.H. 03755
U.S.A.

A gas-filled Fabry—Pérot cavity driven by a highly
relativistic electron beam could, in principle, act as a
Cerenkov laserl., However, the practical problems asso-
ciated with electron beam transport through the dielectric
medium would appear to limit this device to the visible -
UV region of the spectrum. In the far-infrared - submm
region of the spectrum, a source based upon a mildly
relativistic electron beam and a thin film dielectric
waveguide is an attractive alternative. The thin film
dielectric guide is by no means the only slow wave
structure that could be used in this spectral region but,
as the operating wavelength of a source is decreased, it
has some advantages over periodic structures. Two of these
advantages which should be noted here are the relative ease
of fabrication, and the fact that the device operates on a
single spatial mode. The latter feature means that the

beam-to-guide mode coupling strength for a dielectric guide-

based resonator can exceed that of a similar sized periodic
structure-based system.

The general features of stimulated Cerenkov radiation
have been discussed in a number of placeszr3. In this
summary we will concentrate on devices which are designed
to operate in the submm region of the spectrum. A dielec-
tric surface guide will support slow TM modes which can be
phase-velocity-matched to an electron beam propagating
parallel to the surface of the guide. When the beam velo-
city slightly exceeds the phase velocity of the mode,
electrons will bunch in the retarding phase of the axial
component of the field and beam energy will be given up to
the wave.

The wavelength at which this exchange occurs is
determined by the dispersion relation for the mode, and
this is in turn determined by the film thickness and its

relative dielectric constant. A suitable film thickness
(5-50 uv), which has a moderately low relative dielectric
constant (¢ ~ 2.2}, will support modes in the far-infrared

- submm region of the spectrum.
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A second important design consideration is the scale
length of the evanescence of the slow wave. This is
approximately exponential and has an inverse scale length
equal to the product 2° /7y where » 1is the wavelength, ?
is the relative beam velocity and Yy the relative beam
energy. Thus, if A is varied between 0.5 and 1 mm, beam
energies between one and five MeV imply a convenient
transverse dimension (several mm for a symmetrical structure).

The following guantitative expression4 for the gain
has been derived under the assumption that beam space charge
mcdes are unimportant. If this is not the case, the theory
can be modified2r3, but the so-called collective limit will
not apply to the devices considered herein. The energy
exchange occurs in the following way: An initially unmodu-
lated beam enters a thin film dielectric resonator cavity
and has modulation impressed upon it at the wavelength of
the electric fields in the resonator. This current in turn
either adds of subtracts energy from the resonator. The
net exchange rate is given by Poynting's theorem:

dt 2

dg:-l‘.Re{j'EdV (1)

where j is the modulated current on the beam. It is
convenient to express this gain as a reciprocal quality
factor Qb‘l :

1
— 1 d€
Qb - T O Gt (2)

where w is the angular frequency of the radiation and &
is the enerqgy stored in the cavity. A detailed solution of
the problem then yields for Qb‘l

2
1.1 1 Iy 13 JdAn[Ez|

= = T'(e) (3)
nOE

)y 2 (SY)3 I Ay,
Terms not yet identified are, I, the beam current,

I, = e/mc?2 (= 17KA), L , the cavity length, Ay, the beam
area, and n,, the peak beam density. The factors inside the
integral sign determine the beam-to-~resonator coupling
strength. It is in essence the overlap of the beam density
n and the axial component of the electric field. The final
term appearing in the gain expression:

9 1l - cosé§

r‘(s) = - _— (4a)
a8 2

6 = (kv - w) = (4b)
[®)

is the gain line shape expressed in terms of the unperturbed
transit angle 6 . The gain is positive when Qp~1 < 0 and
peaks in the vicinity of o = =7 . When the beam parameters
mentioned above are used to evaluate Eg. (3), start oscil-
lation currents in the 0.1 to 1 A range are a realistic
prospect.
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; Non-linear analysis5 of the saturation indicates that
H electronic efficiencies in the one to ten percent range are
possible, and hence the above devices should be capable of
producing high level. of pulsed power in the submm region of
t- the spectrum.

F References
1. A Cerenkov Gas Laser, J. Walsh and B. Johnson, paper

380-158 of the Proceedings of the SPIE/Los Alamos Conf-
erence on Optics, Los Alamos, New Mexico, April 1983,

2. Stimulated Cerenkov Radiation, J. Walsh, in the
Proceedings of the Summer School on the Physics of Quantum
Electronics, edited by S. Jacobs and M. Scully, Volume 5,
(Addison~Wesley, MA 1978).

3. Cerenkov and Cerenkov-Raman Radiation Sources, J.
Walsh, in the Proc. of the Summer School on the Physics
of Quantum Electronics, edited by S. Jacobs and M. Scully,
Volume 7, (Addison-Wesley, MA 1980).

4, Tunable Cerenkov Lasers, J. Walsh and J. Murphy,
Journ. Quant. Elec. QE-18, 8, 1259 (1982).

5. Cerenkov Lasers, J. Walsh and B. Johnson, AIAA 16th
Fluid and Plasmadynamics Conf. (special volume), paper
83-1730, Danvers, MA, July 1983.

Research Supported by U.S. Army Research Office Contract
DAAG29-83-K-0018.




o s et -

Far-Infrared Cerenkov Masers

John Walsh and Bernadette Johnson
Department of Physics and Astronony
Dartmouth College
Hanover, New Hampshire 03755
(603) 646~-3262

A relativistic electron-beam-driven, thin-
film, dielectric resonator can be used to produce
coherent radiation in the far-infrared region of
the spectrum. Design parameters for a device
which operates at a wavelenath of approximately

100 microns will be presented.
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The Cerenkov FEL Mechanism

John Walsh
Department of Physics and Astronomy
Dartmouth College
Hanover, NH

In a Cerenkov Free Electron Laser an electron beam
becomes bunched in the retarding phase of the axial

component of an electromagnetic wave and the bunching is

in turn made possible
with a velocity which

velocity of the wave.

by the fact that the beam is moving
is slightly greater than the phase

This situation can be obtained

when an electron beam moves with greater than light
velocity either in or near to a dielectric medium. The
latter case is more practical when operation with a
moderately relativistic beam is desired and the
discussion will be confined to this configuration.

A thin dielectric film on a metal substrate will
support (TM) modes with the required axial field
component. The wavelength at which these modes have a
given phase velocity is controlled by the thickness of
the film and the index of refraction of the film material,
and hence there is a relation between electron beam
energy and the wavelength near velocity svnchronism.
This result may be expressed quantitatively by the

approximate scaling relation

1
c.

where d is the filn thicknese, . is the relative heam




energy, and o is the beam cneryy at Cerenkov threshold
(vp© = €/e - 1).

The field strength (inthe vacuum region) of a wave
slowed by a thin film will evanesce with distance away
from the film. Assuming that the wavelength near
velocity synchronism is the one of interest, the scale
length for the evanescence is conveniently expressed in
the units X8y , or since § ~ 1 in the anticipated
operating regime, by the product Ay,

The relative small signal gain of a Cerenkov laser
is obtained by computing the work done by the current
induced on the beam by fields in the resonator. This
quantity will generally increase with decreasing wave-
length until a number of the order of 4v times the gap
between a beam and a dielectric film becomes approximatelv
equal to Ay. When the wavelength is further decreased,
the gain drops exponentially,

A Cerenkov laser proof of principle experiment
designed for operation in the 100 ;. m wavelength range
and driven by a 5 MeV microtron accelerator is planned.
The resonator will consist of two opposing plates
terminated with cylindrical mirrors. Within the beam
interaction region the plates will be loaded with thin
dielectric films. The overall structure supports
cylindrical Hermite-Gaussian modes which, within the =
interaction region, have an axial field component. The

details, the gain calculation, the beam homogeneity
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l requirements, and the anticipated characteristics c¢f
the Cerenkov laser will be discussed. It will be shown
I that the projected operating characteristics of the
ENEA-Frascati 5 MeV microtron are well matched to the
m
o Cerenkov Laser.
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% Cerenkov infrered Laser

B. Johnson, J. Walsh

Successful prcducticn of microwave radiation by Czrenvcoy

masers hzs prompted &n investigation into their fezsibility Tcr
submillimeter end far infrered wavelencth ceneration, b

theoretical examination of output perzmeters such e&s freguenc

and small signal gain hes been corducted fcr an ezcily fzbricetesd

f

resonator gecmetry. The regconator consiets of two rzrell

plates, each with a thin (.5 to 2 nicron) dielectric coa+tin
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seperated by 2 mm. This waveguide will support
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coupled to a reletivistic elesctrcn bezm prooagating between
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plates. While <the interaction of the electrons with

electric cezuses <cspcntaneous Cerenkov emission, the differen
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between the beam velocity =znd the phese velocity o¢f the m¢
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causes a bunching of the electrons which 1is resconsible
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further stimulated emission. The freguency of the nere

2
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v

radiation 1is determined by the dispersion relation of ths

waveguide mode. Gain is calculated assuming the effects cf srac

)

charge modes are negligible, i.e., operation in is in the Corrtcn
regime. Our results indicate that such a 'double-slab' resonator
will provide detectzble 1levels of infrared radietion fro= =

mildly relativistic (3-10 MeV) electron beem.
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The theoreticzl enzlysis is underteahen in preparst:

series of experimegnts to be ceonducted &t th ENEZ

NG H

n

Frazscati, Italy, whore a 5 MeV microtron cccelcrotor i1l te us 4
to produce rediation in the 10 to 100 micron rangce., A cuit:z

\ choice for the dielcctric meaterial would be polyethylene, ool

hecause of its low dielectric constant (2.2) and its relcuively
K low loss in the infirered. A deteiled discussion of the dleci -

choices will be presented.
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Undulator and Cerenkov Free-Electron Lasers: A Preliminary Comparison
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Dipartimento Technologie Intersettoriali di Base, Divisione Fisica Applicata, I1-00044 Frascati, ltaly
(Received 14 May 1984)

A preliminary comparison of the fundamental characteristics of undulator and Cerenkov
(ree-electron lasers is presented. It is assumed that both devices are operating in the Comp-

20 AUGUST o g

ton regime and that they are driven by a short-puise relativistic electron beam.

PACS numbers: 42.55 —f

The purpose of this work is to compare general
characteristics of undulator' and Cerenkov? free-
eleciron lasers (FEL). The former class of device
has been operated over a wavelength span which
covers the millimeter through visible regions,
while, to date, the latter has been primarily used as
a near-millimeter-wavelength source.” Further-
more, there exists a very detailed*’ body of theory
covering many aspects of undulator FEL's. Howev-
er, operation of Cerenkov devices at far-infrared
wavelengths has been discussed only briefly. The
purpose of this note is thus to compare the gain, the
beam energy, and the beam quality requirements of
a Cerenkov FEL to those of an undulator-based
source.

Highly simplified versions of the two devices are
shown in Fig. 1. In Fig. 1(a), a relativistic electron
beam moves along the axis of the magnetic undula-
tor and produces radiation at the characteristic
wavelength

A=, (1+x2)/2y? (1)

E;

M M

FIG. 1. Schematic form of two free electron lasers.
(a) undulator form; (b) Cerenkov form.

where A, is the wavelength of the undulator, k= ¢
X \,B,/mc? is the undulator parameter, B{ is the
pump magneltic field strength, and ymc‘ is the
beam energy. Stimulated emission causes bunching
and the addition of mirrors forms an oscillator.

In Fig. 1(b), an electron beam moves near and
parallel to the surface of a thin-film dielectric
waveguide. The beam couples to the axial com-
ponent of a transverse-magnetic mode of the guide
and thereby emits spontaneous Cerenkov radiation
in the bounded structure. Again, with the addition
of mirrors, it is possible to form an oscillator. The
characteristic wavelength of the emitted radiatior is
determined by a velocity synchronism of the beam
and the guided mode. This condition is illustrated
schematically in Fig. 2. The exact dispersion curve

!

FIG. 2. Typical dispersion curve (inverse wavelength
A vs inverse guide wavelength A,) and beam velocity line
for a thin-film guide (7 is index of refraction of the film
material, d is film thickness). The curve D represents the
solution to Eq. (2) and 8 is line with slope v/c.
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for a mode with a transverse extent which is consid-
erably larger than a wavelength is given by the well
known expression®

pdtanpd =qed, (2)

where p = (w'e/c?— k)Y g = (k= w¥c})V? kis
the guide wavelength, € is the relative dielectric
constant of the film material, and d is its thickness.

Discussion will be facilitated if we also introduce
an approximate solution of Eq. (2), which is

A=2ndy/y} 3)

where y2=¢/(e—1) is the relative energy at
Cerenkov threshold. Equation (3) yields wave-
lengths which are extremely close to the exact solu-
tion when y >> yr and 4 is small compared to the
beam thickness.

The comparative wavelength-energy curves for
the two devices are shown in Fig. 3. They are quite
distinct. The wavelength of the Cerenkov laser de-
creases with decreasing energy and depends linearly
on the film thickness which can be small. [t aiso
varies inversely with y2 and hence lower € implies
shorter wavelength. The wavelength produced by
the undulator decreases as y? increases and it
depends linearly on A,. Pump strength require-
ments (x = 1) generally fix X, in the 2-5 cm range.
When d=3 um, €e=2, k=1, and A,=2.5 cm,
the wavelength-energy curves cross in the vicinity
of A=140 um and y = 14. The crossover point can
be moved about by varying parameters, but these
results are typical. Thus, provided other conditions
tions can be met, a Cerenkov device has a potential
advantage if both short wavelength and lower rela-
tive operalting electron-beam energies are desired.

The small-signal gain per pass in the resonator of
a Cezrenkov device is given by the general expres-
sion

1 1 1 L?
&o 2 (y)} 10‘4,-"

where //1 is the beam current measured in units of
To=ec/ry (ro=e¥mc?), L is the length of the cou-
pling region, and A4, is the beam area. The integral
is done over the beam volume and the symbols £,
and & are, respectively, the axial component of the
electric field and the stored energy in the resonator.
The gain line shape is determined by

9 | 1~cosh
LT 6? '

dA |E,|?

_6’7L—_r(9)' (4)

reg)= (%)

where 6§ = (kvy—w)L /vy is the relative phase angle
change experienced by an electron moving with ini
tial velocity vy,
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FIG..3. Comparison of energy wavelength relations
for a Cerenkov and an undulator FEL. Three film
thicknesses— 1, 5, 10 um—are shown.

When evaluaizd at the phase-velocity—beam-
velocity synchronism and at the maximum of ['(#),
the general expression is accurately represented by

o 2T L) e ™

8o (6)

A TxU, IQ 'ys

where o, and o, are the beam dimensions in the x
and y directions, and
ag=478/A8y (7)

is determined by the gap & between the beam and
the dielectric (8 = the relative velocity v/c).
The gain of an undulator-based FEL is given by

3/2
(u) =2_1I’ LJ Kz l

AL (g
bo ’\p TxTy (1+K2)3/2 '

Ap

Iy

If it is also assumed for the purposes of compar-
ison that L, o, o,, and /[, are the same, and that
x =1, the comparative magnitude and the general
behavior of g{¢” and g{“’ can be displayed (Fig. 4).

Clearly, if X and y are also the same for the two
devices and ag is not large, the gains will be com-
parable. In general, the gain of a Cerenkov laser
wiil rise with decrcasing wavelength, reach a max-
imum near ag=1, and then rapidly decrease as A
becomes still smaller. The value of the wavelength,
A= Am, at 'O = muax, is determined by

Am=41d/y. 19)
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FIG. 4. Comparison of g¢d(A~") with gd“' (A~ "),
The common factors are suppressed.

Assuming, as is the case in microwave tubes, that 8
can be maintained in the 10 to 100 um range (over
a length of ten or twenty centimeters), and that y
ranges between 2 and 20, A, will occur in the far-
infrared region of the spectrum.

In obtaining the results displaved in Fig. 4, the
wavelength variation of the undulator FEL is ob-
tained by varying y and the curve shows the charac-
teristic A~¥? dependence. In the case of the
Cerenkov laser, the film and beam thickness are
chosen and the gap is fixed at 50 um. The device is
then tuned along the dispersion curve by again
varying y. The gain at the Cerenkov laser exceeds
the undulator laser in those regions where it
achieves a given A at a smaller y. Furthermore,
since the wavelength and the film thickness are pro-
portional, the energy dependence of the gain in-
sures that at Jonger wavelength the peak g‘'C’ can
always be made larger than g'¥'. Examination of

the approximate equatien. however. also shows that
gall—24, (10)

and hence also that there exists some wuvelength
for which g*' > ¢S}, With the parameter choices
in Fig. 4, this occurs ncar A=1 um. The envelcpe
of g&} is shown as a dashed line in Fig. 4.

It is also imporiant to consider the relative effi-
ciency of the two sources. The gain line shape is
the same for both and hence in either case, con-
sideration of the field strength needed 1o cause
electron trapping vields an expression for efficiency
which is proportional to y2A/L. The Cerenkov laser
will operate at a given A with a lower value of y and
thus would tend to have a lower efficiency. Howev-
er, g¢€) > g¢{” in this region, and therefore L can
be made smaller, and thus a part of the differcnce
of 7 can be recovered.

The gain expressions used assume that the beam
is perfectly collimated and hence another important
point of comparison is a consideration of the effect
of beam inhomogeneities on gain. The principal in-
homogeneities listed in Table 1 have been defined
previously.! The effects of angular spread and en-
ergy spread will have the same form for either laser.
The parameters u,, . are dimensionless measures
of relative dephasing due to angular divergence in
the transverse directions or energy spread. When
these parameters exceed unity, the beamwidth in
frequency space is larger than the gain linewidth
and the gain is reduced.

It is anticipated that a Cerenkov laser could be
operated with a short-pulse rf-accelerated electron
beam, and hence the relative slippage or “’lethargy™’
may also play a significant role. In an undulator
FEL the optical pulse slips forward,* while in the
Cerenkov laser, it slips back. The exact expression
for the lethargy of the Cerenkov laser depends on
the relative size of the group velocity and the phase
velocity. If, however, the operating wavelength is

TABLE 1. Beam homogeneity parameters. o is the relative energy spread. e, is the
relative emittance (mm - mrad), and o, is beam pulse length.

Inhomogeneity

parameter Cerenkov Undulator
He 2L ag/yA Same
Hyy ﬁLcZ,Mﬂ"Acr}., Same
s (L/o,)(1—B,/B0) ANN/2yla,

"
ISP SR EPL LGP T Tl T SR - ”

781

Vet ot . -
DN . " o
Pl ST U T WUV UL WY O XS )

1

N .o, 2
Al i

b

Y
Ay

]




VOLUME 53, NUMBER 8 PHYSICAL RLEVILEW LETTERS AL,

very much smaller than the length of the beam
pulse, the gain i1s relatively unaffected by this slip-
page. This is the anticipated operating range, and
thus a detailed examination of this effect can be de-
ferred.

In conclusion, although many practical details
must be examined, s Cerenkov laser is a promising,
moderately compact, far-infrared source. The beam
intensity and quality parameters (Table 1) required
for operation in the 50-500 um range are within
the capability* of a small (1-5 MeV) microtron ac-
celerator. Support of U.S. Army Research Office
through Grant No. DAAG29-83-K-0018 is ac-
knowledged. We would also like to acknowledge
the suggestions of U. Bizzarri, W. B. Colson, T. Le-
tardi, A. Marino, and A. Vignati.
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CW Cerenkov FEL, R.W. Layman, J.E. Walsh,
Dartmouth College*, J. Silverstein, Harry Diamond
Laboratories.~--Output power levels of tens of KW in
the middle part of the millimeter wavelength range can
be obtained from stimulated Cerenkov sourcesi. 1In
these experiments, electron beam pulses 1 psec long,
with 10-20 A of current, at voltages in the 100-200 KV
range were used to drive a dielectric resonator. Long
pulse and/or CW operation of such a source would be of
interest, and in order to examine the potential of
such a device a long-pulse, low-current beam cenerater
is under construction., It will operate at voltages
ranging up te 250 KV and will typically have a current
. capability of 100-500 mA. The thermionically-

[ produced beam will be guided and compressed by a

’ combination of electrostatic and magnetic focussing

elements, Details of the resonator design, and

. theoretical expressions for threshold current and
Cerenkov cain will be compared for a number of

- possible resonators. Results of resonator cold-
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Infrared Cerepkov _Lasers. Bernadette Johnson and John
Welsh Darimouth = College *~-Cerenkov  lesers, which are
successful producers of microwave radiation, have been examined
8s possible infrared sources. A theoretical analysis of outpul
parameters such 8s frequency, gein, and power has been conducted
for an easily febriceted ‘double <lab’ resonstor.

The resonator consists of two parallel plates, each with a thin -
(S - S0u) dielectric costing, approximately 2 to S mm apart. This -
waveguide will support TM modes which are coupled o &

reletivistic electron beam propagating between the plstes. Qur
results indicate that such & resonstor will provide essily detected :
levels of infrered redistion from s mildly relativistic (3 - 10 X
Mev) electron beam. "]

An experiment will be conducted at the ENEA fecility in

Frascali laly using 8 S MeV microtron to produce rsdistion st
about 100 p. .
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Metal-Grating Far-Infrared Free-Electron Lascrs

J. Walsh, T. Buller, & B. Johnson

Department of Physics & Astronomy
y Dartmouth College
Z Hanover, N.H. 03755

G. Dattoli & F, Ciocci
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Dipartimento TIB*x*
Divisione Fisica Applicata -
C.P. 65, Frascati 00044 (Roma) R
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Abstract

5

The general characteristics of grating-based {ree-
electron lasers are established and the beam and
resonator parameters needed for operation at far-infrared

wavelengths are discussed.

* Comitato Nazionale per la Ricerca e per lo Sviluppo
dell'Energia Nucleare e delle Energie Alternative.

** Tecnologie Intersettoriali di Base.
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erenkov Maser Operation at

Lower-MM Wavelengths
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MAbstract
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The basic operating principles of Cerenkov Maser

L

oscillators are briefly reviewed and the experimental
r performance of a 3-mm device is discussed. A power

level of approximately 100 KW was achieved at 88 GHz

vy

LA

and voltage-tuning from 84 GHz to 128 GHz on the
fundamental TMOl mode was observed. Operation on

higher-order modes at frequencies up to 300-320 GHz

was demonstrated, and a two-stage buncher-amplifier

configuration was investigated.




The Cerenkov Maser at Millimeter Wavelengths”

E.P. Garate and J.E. Walsh

Department of Physics and Astronomy
Dartmouth College

Hanover, N.H. 03755
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The dispersion relation for the transverse magnetic
modes (TMon) of a partially-filled, dielectric-lined,
cylindrical waveguide driven by a cold, relativistic
electron beam is derived. The effect of a gap between
the electron beam and the dielectric liner is
included. The dispersion relation is then used to
calculate the growth rate for the Cerenkov instability
in the collective, tenuous beam limit. Expressions are
developed for the minimum current necessary for
oscillation threshold and for the power output of the

Cerenkov maser in the collective regime.
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COMMENTS ON FEL OPERATION
WITH OPTICAL UNDULATORS

G. Dattoli and F. Ciocci
E.N.E.A.

Dipartimento TIB (Tecnologie Intersettoriali

di Base)
Divisione Fisica Applicata
C.P. 65, Frascati 00044 (Roma)
ITALY

J. Walsh

Department of Physics & Astronomy
Dartmouth College
Hanover, N.H. 03755

Abstract

The possibility of realizing free electron
lasers which operate with undulators provided by a
real electromagnetic wave are considered. The
requirements on the electron beam characteristics

needed for a successful operation are defined.
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. FURTHER COMPARISON BETWEEN CERENKOV 7D
UNDULATOR FEL DEVICES
-
[ o
*
G. Dattoli( ) and J.E. Walsh

Department of Physics and Astronomy
. Dartmouth College
Hanover, N.H. 03755

Abstract

In this note, we further analyze the performances

of a Cerenkov-based FEL device and show that, at
low energy, they may be better than a conven-

tional undulator FEL.
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Transition Between the Compton cnd the Collective

Limits in a Cerekov Free Llectron Lascr

John Walsh
Department of Physics and Astronomy
Dartmouth College
Hanover, NH
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The gain of a Cerenkov laser depends upon the coupling

Ty

between the axial component of an electromagnetic wave arnd
a co-directed electron beam. If the beam velocity is

near but slightly greater than the phase velocity of the
wave, the electron beam becomes bunched in the retarding

phase of the wave and a net energv exchange occurs. 1In

a Cerenkov laser, these conditions are obtained at short

(far-infrared or less) wavelengths through a slowing of
the wave by a thin dielectric film.

When viewed as a function of beam current density,
this interaction has two distinct regimes. In the first,
the reaction of beam on the energy stored in the Cerenkov
resonator may be ignored for time scales equal to or less
than the electron transit time through the resonator.
This is the Compton limit, As beam current density
increases, however, this approximation will no longer
apply and the wave frequency and/or axial wave number
must be determined self-consistently from a dispersion
relation, 1In this limit the interaction may be described

as collective, since the beam space charge modes may no

s e s o2 A m ALY CuBee M S °

longer be ignored. These operating regimes, although
quite different in some respects, are quite closely

related in others.
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The gain in the first limit ic linearly proportional
T to current density and in the seconc¢ to the cube root of
v this quantity. 1f, in the first limit, a temporal rate
of gain is defined as the gain per pass divided by the
transit time, it can be shown that this quantity is
proportional to the cube of the collective limit

temporal gain rate, times the square of the beam electren
transit time. This result, which follows from separate
calculations of the gain in the respective limits, is

implicitly self-consistent, Once established in this

way, however, the result gives a simple means of relating

gain in one limiting regime to the gain in the other. =
Furthermore, although established in detail for the

Cerenkov laser, the result is general. The cube root

dependence of the gain in the collective limit follows

. from the fact that three coupled waves (two space charge

todetd o L

7 e .

’

and one electromagnetic) take part in the interaction.

.
A

’

If the number of modes that are coupled in the collective

!
N W

limit of some device is known, the relation between the

’

.
PRI TRt

collective and Compton gain limits may be specified.

-

A detailed summary of this result as it applies to i

far-infrared Cerenkov lasers will be presented and a %

brief comparison with magnetic undulator free electron ﬂ

- lasers will be made. 4
| :
EZ Support of U.S. Army Contract # DAAG29-83-1-0018 is 3

i acknowledged. _
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