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Abstract

A acuasiontical cavity consisting of a cvlindrical, metallic, overmoded, TPy waveaquide
between two spherical end mirrors will be used to contain long-wavelength (~ 1 mm) pumeo
radiation in a two-stage FFL. The major loss mechanism is found to be mode conversion. ™wo
Aifferent modified cavities are shown to suffer nealigible mode conversion, and two more

vossible avproaches, with low mode conversion and additional advantages, are discussed.

I. Introduction

Tn a two-stage FFL, intense first-stage radiation acts as a short spatial
period (~ 1 mm) pump field to produce shorter wavelenath second-stade outvut with relatively
modest electron heam eneray.! Sianificant gain can be achieved in the second stage only if
the first stage radiation can build up to intensities of 107-10a N/cmz. in order to
accommodate these intensities and provide a reaion of uniform interaction hetween the l-mm
radiation and the electron beam, we propose a waveguide laser configuration Figure 1l).

tt

Apump® 1mm MR =83y

Piocure 1. ™ cavitv., The electron heam travels alona the aquide axis from right to
left. T™he pumd and infrared waves sevarate due to differential Aiffraction in the free-
space reaions.

We Aiscuss aeneral features of this configquration in Section II. In Section III the loss
Adue to mode conversion is described and weiched against other loss mechanisms. Minimizing
the losses helns achieve hich intensity and increases the overall efficiency of the two-
stade laser. Mode conversion, which is the most significant loss, mavy be reduced by certain
cavity modifications, which are described in Section IV. oOther aspects of two-s
desion are Aiscussed in an accompanying article.? (=)
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TI. General features of the TF,,_cavity

A swo-stadge FFL, cavitv must provide interaction reaions for both stages, suffer low oump
losses, and transmit a fraction of the second-stage radiation. Roth the first-stase and
second-staae interactions take nlace ir the wavequide where acod overlap hetween the fields
and the electron heam can he achieved., The electron beam passes throuagh the second-staqge
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interaction reaion with the low enerav snread necessarv for the interaction. Then it passes

rthrouah the first-stage magnetostatic wigaler, acouirine a relativelv large beam enerav

g

snread as descrihed elsewhere in this volume.?

.,.g'...'
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The cvlindrical waveauide shown in Figqure 1 supports the T!nl circular mode. The most

important field comoonent of this mode is the azimuthal electric field, F , which has an
annular nrofile as shown in Figure ?. Revond the quide this annular mode diveraes with a

-
{'.r'
“%

Aiffraction angle provortional to A/a , where A\ is the pump wavelenath and a is the guide

radius. ™he radial profile of ¥ remains annular, and the maagnitude of ¥ near the cavity

axis arows smaller. The infrared mode is also annular, but its diffraction angle,

},3 provortional to krw/a , is much smaller than that of the pump field. Thus annular mirrors
- oermit oassace of the infrared mode on axis with low transmission of the l-mm pump field.

As \/a increases, this mirror-hole loss decreases, but waveguide attenuation increases.
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r/a \/2a
Piqure 2. Mirror-hole diffraction losses Fiqure 3., TRy, resistive losses are the
are low due to annular field distribution. lowest of any guided mode.

As Figure 3 shows, the Ty, mode is the lowest loss mode in an overmoded (A << 2a)
circular waveauide. Conventional rectangular gquide has no mode with comparable short-
wavelenath hehavior. Thus the TR, circular mode offers the best combination of guided
provagation and low loss. The ™02 mode has a factor of four higher attenuation in the
wavequide and higher transmission throuah the mirror holes. Wwigher-order m‘on modes and all
other modes suffer even hicher losses.

The wall currents in ™M wavequide are purely agimuthal. Thus, the auide may be
seamented axiallv with little increase in wavequide attenuation. This permits the

introduction of an axial electric field for gain optimization. It will also areatlv
increase the losses for non-""'°n modes.
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TIT. Mode conversion

Mode conversion, also kxnown as cournlina loss, results from the failure of the reflected

radiation to duplicate nreciselv the oriainal TFhy mode at the waveauide end. In our

analysis, as in previous wavequide laser work,“ the radiation propacatina between the quide
and the mirror is represented as a set of free-space modes, each with a spherical wave
front, and the curvature of the spherical mirror is chosen to match these wave fronts. The
appropriate modes are the Gauss-LaGuerre TFM, s Mmodes, for which the azimuthal electric
field at the beam waist is given as

2u (1) 1 -u/2
n"n(u)- /-——-‘w > Lp (u)m e R (1)
o

where u-2r2/w62. For convenience, we choose to locate the beam waist at the wavequide
end. "™is condition, together with the matching of wave-front curvature to mirror
curvature, determines the beam waist radius Yo for the complete set of free-space modes.
nifferent values of w, are associated with different mirror curvatures.

If the v‘Ol mode at the end of the wavequide is expressed as
-

pzo o0 (2)

’
r =
¢

then, after the trip to the mirror and back, we have

v =37 crw exp{(2i¢ ) ’ 3)
¢ p=o P &P P’

where ¢ =2p tan-I{Lh/:woz]. L is the quide-mirror separation, and A is the pump
wavelenath. Throughout this paper the mirror diameter is assumed to be large enough to
allow us to ianore the radiation lost around the edge. The reconstructed field e win not,
in qeneral, be equal to ¥ ., This is because the free-space modes suffer a relative phase
shift, 24, proportional to their mode number. (See, for example, Kogelnik and Li.S5) The

vhase shifts are important because the amplitudes of high-order free-space modes are
sionificant, as seen in mable 1.

When *; is expanded in terms of ™on circular-wavequide modes, the fraction of power
converted into non=Tr,, modes is found. This will be small if 4y is close to px or 0. We
will be concerned with the former condition, which can also be expressed as

Lk/1w°2 >> 1. (4)
Laraer cuide-mirror separations lead to lower mode conversion. Smaller beam waists
(maintaining a fixed ratio of beam waist radius to waveguide radius) also lead to lower mode

conversion. Pigure 4, which shows the power not in the TRy, mode after a single reflection
for the case v°/l-0.3, illustrates this behavior clearly. The value wo/a=0.3 is chosen

bhecause it minimizes the mode conversion.

These mode conversion values match with results from a Fresnel-Huygens propagation
code. The propadation code avoids a free-space mode field representation by calculating the
far-field radiation pattern at the mirror directly from the TE,, aperture distribution,
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Tahle 1. Free-Space Mode Coefficients.

g wo/a = 0,300 wo/a = 0.564 wo/a = 0.675
'}n Minimum mode conversion Maximum *?Mnl.amnlitude. Peak of TFM,, . mode
. loss. located at same radius
Sl as peak of "F, mode.

1] CD -] Cp ) €

n 0.61537+00 0 0.98347+00 o 0.94477+00

1 ~.5828%+00 1 -,6319¥=-03 1 0.2947F7+00

2 0.44007+00 2 -.1583®+00 2 ~.3544¥%-01

3 -.26957+00 3 ~.,4704%-01 3 =.1052r+00

a 0.11397+00 4 0.3764%~01 4 -.6372F~01

5 ~-.4748¥-02 5 0.4585%-01 S -.6218F-02

6 -.37337-01 6 0.1572r-01 6 0.2846E-01

7 0.2040%-01 7 ~.1291%=~01 7 0.3545%-01

8 0.11257-01 8 ~.2311F-01 8 0.2427F=01

9 -.1388¥-01 9 ~-.1673R-01 .9 0.6822r-02

10 -.5760F=02 10 ~.3368F-~02 10 -.8117%-02

11 0.8875r-02 11 0.8081F-02 11 -.1630E-01

11 , 11 2 1 2

I ¢, ° =o0.9998 I ¢ = 0.9992 I ¢ = 0.9987
D=0 p=0 P p=0 °

where the averture is the open wavequide end. n: is then agiven by the far-field pattern in
the nlane of the amerture due to the distribution on the mirror.

Guide-mirror semarations larger than a few meters are inconvenient experimentally.
meducina the quide radius, a, reduces mode conversion but increases the resistive loss in
the wavequide. Tlectron heam optics also becomes more Aifficult with a smaller quide
diameter. Since we wish to hold the total cavity losses helow one percent and maintain a
relativelev large aquide diameter, we would like to reducs mode conversion substantially.

A= Imm
1.5
g ATTENUATION g
- THROUGH -
1
. ; T A METER 'i
g WAVEGUIDE 3
< ®
0, &
0 12 T4 L—'ﬁ 20, —=
GUIDE RADIUS (em) Vel
Piqure 4. nNvermodina trades wavedguide Figure 5. Mirror-hole diffraction is
artenuation for mode conversion. small for likelv dimensions.

Por example, with L=3m and a=1.2 cm, the total round-trip cavity losses are 1.A%. ONf this
total, 0.9% ig due to mode conversion and 0,.6% is due to resistive losses in the wavegquide
and at the end mirrors. Methods of reducina mode conversion to nealigible levels are

Adiscussed in the next section. ™o reduce losses further the mirrors and wavequide could be
cooled to reduce ahsorption.
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“hat remains is the diffraction loss through the infrared ocutmut coumlina hole. This
loss devends on the auide radius as well as the cuide~-mirror separation, L, because for low-
loss infr-red transmission the hole radius is of the order of the cquide radius. Fiaqure S
shows the denendence of this loss on cavitv parameters. 1In the above example we have
Lx/a?-7ﬁ.ﬁ, which for a svmmetric cavity with holes in hoth mirrors implies a little over
N.3% contribution to the total losses. This loss can be reduced by increasina L.

IV, Improved cavity desians

Four Aifferent amoroaches are described for reducina mode conversion, The first two,
involvina modified reflectors, have alreadv led to theoretically viable solutions, as will
he shown. Work in progress on the horn and closed-cavitvy approaches is discussed. A less
practical fifth aporoach, phase-conjugate reflection, is also mentioned.

Two-element reflectors
Mode matchina with a sinagle spherical reflector, as discussed in Section IYI, is
imperfect unless the gquide-mirror sevparation is e or 0. At intermediate values of the

sevaration, free-svace modes with different radial mode numbers arrive back at the wavequide

with relative phase shifts as discussed in the previous section, and imperfect
reconstruction of the waveauide mode results. A two-element reflector (see Figure 6)
provides an additional relative phase shift in the lens-mirror region which can be adjusted
to make all round-trip relative phase shifts an integral multiple of 2x. A derivation of
the condition which the reflector parameters must satisfy is ocutlined below.

\f1 y Ve, f Va,i - VW f

‘g Ly g L, !

: =2 ZZ ! )
]

[}

4
— i

[
|
)
[}

Lens
Focal Length = f Spherical Mirror

Focal Length = fmy,
Figure 6. Two-element reflector.

For convenience we define the Rayleigh range, zo'swozlx. where Y is again the beam
radius at the waist. Let 201 and zoz be the Rayleigh ranges associated with the beam
hetween the wavequide and the lens and the beam between the lens and the mirror,
resnectively. DNistances Ly, Ly focsl lengths of lens f and mirror £, and lens-beam waist
distance 22 are shown in Fiqure 6. The relative phase shifts between successive modes, and
associated with the two beams as indicated in Figure 6, are aiven as follows:
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P -1
! “'1,6 = 7tan l71‘/701) (5h)
T -1
Tt ‘b’ i = Jtan (—]7.7,/2(‘?-) (5¢)
- -1

by g = 2tan  (=0]7,] -L)/7 0. (5d)

The total relative phase shift hetween successive free-spvace modes nropacatina from the
waveaquide to the mirror is
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Yy = (“l,f - °1,i) + (°2,f - °2,i)' (6)
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Making use of relations between free-space beam parameters (see Reference 5) leads
eventually to
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Settinc either the numerator or denominator egqual to zero in the arqument appearing in
Pauation 7 gives the result that by is some multiple of x. Thus, the round trip relative
phase shift for all free-space modes is an integral multiple of 2x.

1

v, = 2ean”} (7)

1
[y
s

.

We examine the latter case, f-Lz. and make the further simplification Ll'Lz'f' In this
case we also find 201202-f2 and 7,%L,. The result for 7, implies that the mirror is located
at the second heam waist and, thus, will be flat (fmﬂo). with L egqual to L,, we can easilv
fold the optical svstem bv revlacing the lens with a reflector of focal length f and moving
the flat to the end of the wavequide. Figqure 7 indicates the ray paths in such a system and
lists parameters associated with a 3m sevaration. Radiation reenterina the waveguide
Airectlv from the curved mirror without reflecting off the plane mirror is not correctly
conditioned for mode matching. WRowever, the field is small near the axis for the TEMy, »
modes s0 that this mismatch is insignificant for a 3m separation.

A = 1 mm

plane spherical
mirror mirror a = 12em
i e L, = L=g=3m
wg = .68cm
/ ‘ 1Y
1 ' ZM = ”"012’)" 144 cm

wge * 14.1 cm

fmace b f \2g = Twp?/A=623m

Piaure 7. TFolded two-element reflector with 3m separation.

Thus, without increasing the overall cavity lenath, mode conversion losses can be made
nealigible. In the 3m case this eliminates a 0.9% loss, while introducing a separation-
independent 0.6% absorption loss due to the four additional reflections. Coolina would now

be even more desirable. Total round-trip losses could be reduced from 1.5% tc about 0.9%
with liquid nitrogen or to ahout 0.3% with ligquid helium.
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wave-front raflector
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Another approach to the regduction of mode conversion requires figquring of the mirror
gsurface to match the incident wave front of the total field, given hy the sum of the free-
space modes. Such a mirror simultaneously raverses the propagation direction of the entire
wave front, which then follows exactly in reverse the evolution undergone during nropagation
3 from the wavequide to the mirror. No phase conjugation occurs; only carefully controlled
.. conventional reflection is required. 1In terms of free-space modes, one can say that the
ol mirror reduces the ontical path lenath for each higher-order mode by the amount required to

O LR
AL AN

compensate for the relative phase shifts hy makina use of each mode s unique transverse
profile. Thus, the phase shifts vanish, and the returning radiation precisely duplicates
i the oriainal ”!01 mode.

The total electric field along a surface of uniform phase can be written

- W ifwt
» ool [ =21t (Mo} o2 expl-i(xz-0)) - r2(1pwlein/am)]]® (8)
[} p=0 D w o4 P
where
T (1)
m [ ] c L. .""(u) exp{ig )]= O (9)
pen P P P

with b= 2p tan‘l(z/zo) and u-2r2/w2. The coefficients cp include the normalization
constants. WHere, R is the radius of curvature of the wave fronts of the individual modes,
and w is the beam radius at arbitrary 7. R and w are given as

ren(1472 /22) ' (10a)

22 2 1p2
wiew (147 /Zo ). (10b)

T™he condition imposed by Fquation 9 determines %(r) for an ardbitrarily selected value of the
overall phase at a fixed time. ¥o generality is lost in making this selection. Ffquation 9
can he solved numerically for 2.

In order to be sure of achieving low mode conversion, we will need to evaluate the errors
introduced by the paraxial approximation in each of the prospective cavity designs. For
example, spherical mirrors might be replaced by parabolic mirrors. If non-paraxial
corrections to the mirror figure are required, they could most easily be implemented as a
modification to the wave-front reflector, since aspherizing is already necessary. No
additional absorption losses would be incurred as with the two-element reflector.

Rorns

An appealing solution to the mode conversion problem would he to convert the TFqg,
waveaguide mode to the lowest order free-space mode with very little power in higher-order
free-spece modes. WRelative phase shifts between modes would then have no significance.
This spproach would require sveciallv desianed horns on the ends of the wavequide. 1In
addition to reducing mode conversion, such horns would radiate a cleaner far-field pattern
than the open pine, permitting a larger mirror-hole diameter and a smaller overall mirror
4iameter. Worns may also be the least expensive solution to implement.
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Horns are commonlv desioned with the acal of reducina the side lobes present in the
radiation natterns of oven-ended, sinale-mode waveauides, Side lobes imonlv the oresence of
hicheorder free-gsvace modes. Thus our desian criteria will he similar to those commonlv

used, but thev will he more stringent.

The closest apnroach to the recuired horn desian seems to be the arerture-matched horn
renorted hv Rurnside and Chuanag.$® Flared surfaces attached to the end of a conventional
horn have heen found thecoreticallv and exvperimentallv to reduce side lobe power levels bv
rouaghlv a factor of three helow the alreadv low levels present in the pattern produced by
the unmodified horn (see Fiqure R). T™he unmodified horn is similar to our open-ended
wavequide in that a single mode is incident upon an aperture which has dimensions large
compared to a wavelenath., Thus, a flared surface may be able to reduce mode conversion.

0
ATTACHED CURVED
SURFACE ~a. —. aAE".csu, ,';,‘;{f"
10 ) = « == MEASURED
.

w - (UNMODIFIED HORN)

]
P -3oL-
ATTACHED CURVED £
SURFACE §
w
2
-
<
-l
a
NOTE: CURVED SURFACE IS
MOUNTED FLUSH
WITH HORN WALLS
o~
ATTACHED CURVED L
SURFACE -70 | 1 1 ) I N |
] 30 80 920 120 150 180
8 (DEGREES)
Fiaure 8. (a) Aperture-matched horn (b) F-plane pattern of aperture-
(after Ref. 6, copyriaht 1982 IFFFR). matched rectanqular horn (after Ref. 6,

copvright 1982 IRPRW),

The contours discussed in Reference 6 are probably not adequate for the performance we
require. Tdeally, a desian procedure should be created in which an optimum or near-optimum
contour is found as a function of the coupling hetween the TFny wavequide mode and the
MG, free-space mode. Such a desian procedure exists for the simpler problem of a
nonlinear taver, which counles the TWOI mode in circular waveguide to the same mode in a
wavequide of different diameter hv carefullv controlling the ™., DOwer in the
taper.’ Adaptation of this procedure to our problem must account for many unwanted modes
rather than onlv one.

Closed cavity

A different approach is to enclose completely ‘egi between the wavequide and the
spvherical mirror with a tapered wavequide as shown . Figure 9. If the maximum taper
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andle, eo, is no more than a few degqrees, then only the lowest two cone modes are reauired
to renresent the field in the tapered region adequately.

s
[ ]
-~

W\
- -

VT

N

Pigure 9. (a) Closed cavity with a linear (b) Closed cavity with a
taver, nonlinearly tapered section.

The "'!on cone modes are aiven by

z.'n(e,n) - /;’RsilI/Z(kR) gz[Pvn(COlO)]. (11}

wvhere n is the transverse mode number. Azimuthal symmetry is assumed. ¢ is a constant, R
is the Adistance from the cone's vertex, X is ths free-space wavenumber and 6 is the angle
with respect to the cone's axis. H(z) and P are, respectively, the Rankel function of the
second kind and the -~ssociated Legendre function. The order of each function is indicated
by a subscript, which is positive dbut not, in general, an integer. The vn (n»1,2,3 ...) are
a discrete set of numbers which are found numerically by satisfying the condition

!.,n(oo.l) = 0. (12)

The TF,, cone modes are very similar to the ™, circular-waveguide modes. Thus, the
hest cavity performance would be ohtained by arranging for onlv the T™,, mode to he incident
upon the mirror. As in the case of the lowest-order free—space mode, this permits a large
mirror-hole diameter and relatively smaller overall mirror diameter. Good conversion to the
T®o, cone mode could be achieved dy the nonlinear section of the compound taper shown in

"igqure 9. This could he designed according to the procedurs qiven in Reference 7 with
lictle modification.

"he -mior case of a linear taper (Pigure Sa) is examined bdriefly here. About one
percent of the power is allowed to provagate in the 1"202 cone mode and smaller fractions in
higher-order modes. These fractions are found by expanding the incident ™o circular-
waveguide mode in terms of the functions given in ®quation 11, sccounting for the phase
variation of the incident mode along a constant-phase spherical surface of the cone modes.
As in the free—-space case, B: is evaluated including the relative phase shifts accumulated
by the cone modes propadating to the mirror and back. The phase shifts are found by
evaluating the Rankel function in ®guation 11. Then B: , in turn, is expanded in terms of

™on circular-wvavequide modes in order to determine the mode conversion.
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Some resul+s are dismlaved in Figqure 10, The minima occur when *he lenath of the taner
is sufficient *o introduce apmroximatelyv lﬂﬁo of relative nhase shif: hetween the first ¢wo
cone modes. 1Arrivina hack at the waveauide, the 'FOI cone mode converts into a “Fnl circu=-

"."’:‘VA“. ‘L’ "‘ e e ‘j

lar mode and a smaller amnlitude ”’n? mode. The TF02 cone mode converts mostlv to the *foz

circular mode. When the phase shift is 180°, these two TRy, WaVes aporoximatelv cancel,

.
.

&
P A
o

nearlv eliminatina the major contribution to mode conversion in the closed cavity. The
relative phase shifts are smaller as the diameter increases. Thus, a greater length is

reaquired to accumulate the necessarv 180° as Figqure 10 shows.
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Figure 10. (a) Closed-cavity.mode conversion vs. (b) eo = 3°,

linear tarer lenath with 90-2 .

The choice of taver angle involves a tradeoff between mode conversion and a reasonable
taper lenath to reach the diameter required to couple out the infrared radiation. The power
in hicher-order cone modés increases quickly above e-3°. The waveguide diameter can then be

chosen to minimize the loss through the mirror hole (which again has roughly the same

diameter as the waveguide) and the loss due to wavequide attenuation. Figure 1l shows the
tradeoff associated with this choice.
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Figqure 11. 7Tn the closed cavity a tradeoff exists between mirror-hole loss and wavequide

attenuation.
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Phase~-conjugate reflectors
Phase-coniucate reflectors have been considered for use as end mirrors.? There would be

no mode conversion with such reflectors. WHowever, the efficiencv of present phase
conjuaators is low bv our standards, either throuah low reflectivity or larage power
requirements. WRiagher efficiency may result as researchers continue their efforts.

V. (Conclusions

Mode conversion is identified as a major loss mechanism in a TRy, auasioptical cavitv.
™o possible cavity modifications are shown to eliminate mode conversion. These are the
two-element reflector and the wave-front reflector. Two other approaches, the horn and the
closed cavity mav be ahle to reduce both mode conversion and mirror hole losses. The use of

phase-conjuaate reflectors devends on future demonstration of efficient operation.
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