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when <the pump polarization is modulated (within certain
m

expeczs that the FIFR pec.arization will simply follow the
mocdulatica c¢f <cthe pump (without Aistoreion) in a
synchreoneca faghion, See Fig. 1. T .5 last point hnas

his work and will be

TVee de

s
beer. Jdemgnstrated experimentallv in
ssed below.

The nmotivation for this work comes from plasma
physics considerations. Recent successful measurements
of +he poloidal magnetic field in Tokamak devices have
enploved FIR leser radiation (% » 300 unm) which was
polarization modulated by passing the Dbeam through an AC
Taradav rota<ion device.>' The active mnaterials in
=hese Faraday devices were Cferrites. However, <there
presenzlv exists a needé %o extend polarization modulation
{PM} cechnigues <=c shorter wavelengths +than have so far
beern used. Ter example, because of plasma bLirefringence
and refraction effects, a poloidal £ield neasurement on
ne TFTR  +tokamak presently under construction  at

Princezon can onlyv be carried out at wavelencths shorter

“han 15¢ Lm. However, +the index of refraccion and the
abseorpticen  coelficient of ferrite material are bozh
crohibitively large for * < 150 o Hence, cerrice
materials czannot be used in th shorter wavelength

regicn. This will be true of most dielectrics at room
temperature because T lattice absor.tion effects prer.ent
z M 1 to ~ 200 um. Therefere, some ot.er PV
mist be emplcved for wavel_ngths shorter chan
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~n =his regardi, 1ICPM appears <o he a promising
nigue and, as is described below, an effort was made
develop a nigh power optically-pumped CH,08 laser
{* = 118.9 .m} which emoloyed this modulation <=echnicue
and which could de ghown =c be a practical alternative tc
The fervite-based zechnique usged at longer wavelengtns.
To this end, the main thrust of this work is to (1)
establish that ICPM can take place without distortion
under ccnditions ol modest modulation amplitude (~ 1°)
and at modest modulation frequencies (~ 10 kHz), (2) to
develop a CHy0H laser system which could deliver as much
power ith as large a PM amplirude and as nigh &
frequency as 1§ practical without causing distortion
between the osump polarization ard the FIFR oolarization

and, (3! =to find the best rocm temderature modulator
material availakl at Y~ 10.6 um and Lo measure its
Verdez cons=tant. e firsgt two polints will be Ziscussed
in the main =ext while the third pcint will be treated in

Theory
=l

o determine under wnat condicions of ampli:z
frecuency ICPM ~xan take place withour digtor t on. we
onsider a standing eleciromacnetic wave which is
undergoing PM at a {reguenéy w, with an amplitude
™is wave, of course, represents the FIK standing wave
the FIR resgonator anc Is assumed, for simplicit
mmersed in an ilsotropic ca.n medium, See Fig. 2.
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Tigure 2. The nodulated standing

wave In the PIF cawvitv.




e car wriwe for =he iretantanecus electvric field ¢? this
wave:

ERRS Eqsin‘t:cosil:]; - sinﬂlt);_ R
where . lg the electromazmetic freguency.

Letting ©(T) = Tpzime,t  where fn and ., are ‘ne

and modulation fregue-.cy,

~ 2Z,7F 0 osim._T - 2D 50 - X 13
1 m e
Takinz the + compcnente and to
exhiZit "sideband:" benavior we have:
E, = £ 0, S sinat
~ T T _Yisini. o+ 2. "t - sin . - X
T o=t :
“ L. F v TsIinu. o= - gin L o= & i3
e -
Similrarly we =ave for =he x component:
T, = T I.°° Teogt L - - - c= + =
T £, 3. . o8t = cos . -
- £ - - 3.t -cos . - H z




az the cavity is tuned %o tne iine
nedium se that frecguency=-nulling
considered. Iz is alsc assumed that
ingle lizearlv pelarized {say EH,,! cavity mode
¥ terms" witk the gain curve andé That no
are rprasent. i : rather
iz wost TIR lasers. ituazion if
3.
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Ticure 3. The gain rmorve, cald cavity rasonante and
sisekand structure cf & magneto-nnmically
~o4uiated FIP Laser sys=em.
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modest modulazion angles (. << 1 rad, say 1-3 degraes)
and? rather modes~ modulation freguencies (< 100 kHz}
Under these circumstances we can neglect several terms in
Egs. 4)and 8,. spscifically we can write:

<]

J b
u>>:2>>.,,4>>...

and for ~_ << 1 (6}

J1>>J3>>...

9 I} - {
Therefore we re-write Igs. id!and(S)as:

€ = n T (2 i e -
=, ZaTs " p)sinee (7)
and
= E & M Wom oL e~ o w oW H =M
E. E J4( m cFos(w g os ( um)t, e
dance, it can bYe seen that under condizions of small
modulation amplitude, only the x component of <=he FIR

L3

'
resonator electric field  contains any sienificant
sideband compeonents 3né in fact contains only the first
sideband., Therefore, tor =m <¢ 1 and n, << T1-10
can expect that ICPM will take place
distortion. T™ese are the conditions under whi
measurements described below were performed.

ot

Experimen

IZf PM of an electromacnetic wave takes place at a
freguency e with an amplitude :m' then that PM can be
charzcterized by allowing the beam in guestien %o pass
hrough & polarizer oriented at 45° to the plane of

larization of the incoming wave. The sicnmal <hat
ults from allowing <he transmitted beam +to fall on a
ector is then given by
VTP S osin oo % ran

where ‘m ¢ - fche elestromacnetic £reguency) and F_ is
the osower transmitted through the polarizer.

Wie= this fact in miné the experimental annaratus
showr in Fig. 4§ was escablished to Jdemonstrate thaz BM of
the TIP outprt of a CH40H lager (* = 118.8 .m) can take
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place without distor
amplitudes a
ecuall.

ion (i.e., <that the modulation
ncies of the pump and FIR are

er x '.’Sm-sclencie on which were wound 6500 turns of
copper wire and at tank resonance drew as much as 6
mperes (peak) Zfrom a 75 watt power amplifler. Under
these c¢onditions the coil delivered a 0.4 kG central
field at a freguency as high as B.7 kHz. The active
material consisted of a 12.5 x 12.5 x 50.8 mm ingot of
polycrystallin ¢aTe which was polished anéd antire-
flectior coated Sfor maximem transmission &t S.6-13.€5m.
™e cshoice of (028Te as a modulator material will be
discussed in a later section. The CO, laser and FIR
resonator were of s:tandard design and are described
elsewnere. 1

The Faraday rotation device consisted of a 22 mm
v

W

The appzaratus shown in Fig. 4$a was established in
or@er to calibrate the detector response. The discussion
tha~ follows apglies to the measurement of hoth the pump
ané the TFIR modulation amplitude since <he procedure
emcloyed to measure these quantities was identical lonly
the detectors and beamgplitters were different). To
czlibrate =he detector in suesticn, a detector simial was
generated with a chopoer overating at a frequency L
(with the Faraday modulator turned off}, A relative
measurement of <he power in the beam was provideé by
splitting nff a porcion of the beam on to a Scientech 381
calorireter. The detectcr response was then calibrated
a 3inst the calcrimeter reading. Wext, <the chopper was
removed and a polarizer criented at 45° <o the plane of
the Deam polarization was inserteéd in the beam (see Fig,
4%). The modulator was next ac=ivated at a tank current
of £.0 amperes. The detector signal which developed due
o zhe polarization modulation of the beam
(v = P Bpsinc 2! was next compared acgainst the power
reading of the calorimeter. By using the data generazed
it cenfiguration b and correeting +this &ata for the
detector response as measured in configquratisn a, a value
or *_ could ther De deteramined. (Care was *+.ken to
corract for the square wave nature of the data generated
using the chopper as acainst the sine wave nature of the
chserved PM). ’

Alsc, by measuring S in this way for =ne pump bearm
ann by measuring the  current-to-field conversion
coefficient of the Faraday coll emploved, the bulk Verde:

th

"
A
3
1
i
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Figr-e 4, T™e experimentzl configuratiorn used to

sheracterize both <«he pump and the FIR pclarizaticn
modulaziorn. The same corfiguration was used to measure
che buik Verdet consvant of the CaATe modulator emploved.
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congcant of the CdTe Faraday specimen was determined,
mwe vestlts of this measurement will bR dlscussed in the
acoendix.

Results

A5 described abowve, the modulation armplitude of both
<he oumyp and the FIR polarizations were measurad
independently in the ~ (.3-0.4 desree range at several
frequencies between BS Hz and 10 kHz. In all cases these
measurements indicated that in this amplitude range the
FIR modulation amplitude was equel to that of the pump
{within experimental errors of £ 10%). This result was
anticisared in the theory section of this work.

Having established that ICPM can take place wiznout
distorzion an effort was nex:t made to develop a prntotype
laser svsiem which ucule be used to make a maltichannel
measurement of :araday zotation on a tokamak device.
Emphaslis was, of course, claced om delivering as much FIR
power with as large a modulation angle ané as nigh a
aodulation frequency as possible. The vesults of cthatc
wory are susmarized in Table 1.

It should be noted@ that +the pump~-to-FIF power

-

gvUsTen

conversion efficliency of <chi modulated  lase
compares rery well o _the most efficient CH30H laser
svstem reported to date.

Table I
ICPY RESULTE TCZ DATE

TIR
WAVELENGTE 118.8ux
PUMP
POWER ~ oW
PUMP

Y 2.5 deg
TIR
POWER 125mW
FIR

“u 0.3 deg
MCIOULATCR

FREQUENCY 8.7 &Hz

o
2
=
4
E
5
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Conclusion

The modulation paramsters as well as FIR power
generated by this prototype sSystem COmpare reasonasly
well +«o <+hose discusse¢ in the Faradsy rotation
feasibilicy study of :-Cunz.4 Hence, on that basis 1t can
be said ¢hat with the proper choice of detectors (say a
Ge:Ge photoconductor, NEP = 107 —10-1‘ w/Hz1’2: a

multichannel Faraday rotation measurement could be
pertormed using the svstem described above. Therefore,
ICPM can be & practical alternative =to ferrite-based

modulation technigues.

éditicon, several improvements to the prctotype
scribed above are possitle. ror example, bv
e pump beam througn the modulator several timnes
imes) an n-folé enhancement of the modulat:ion
angle 5. is possikle, Dbecause *the sense oI Faraday
rotation does not reverse with a change in the directicn
oT propagation_;? the beam in guest:ion. The absorction
coefficient of CdTe is so smail [ ¢ 0.001 e= ') that
several passes throuch the crvstal willi not decrease the
pumy mpower significantly.

Appendix: Modulator Materials
A lizerature search was made in an effor: find
“he best material available which had & resenab larce
Verdet constant, nad low enough absorption to be artie to
nandle high CW pump power densities {~ 1J0 W/cm®}, and

coulld be used at room temperature.

Shown in Takle 2 are the results of that litera
search as well as the results of our measurement on
ZdTe. 75 can be seen, the mest promising modilats
materials are the cubic semiconductcrs.

£s can alsc be cseen In Table I, Int
wery large figure of meri= (V/z} and was therefore zhosen
as the modulator mater:al employed in this study.
However, it should be noted that =he bulk Verdet constant
2% the sample of nominally intrinsic &éTe emploved in
this study wes measured to DdDe rouchly one order of

rinsic ZdTe has a

macnicude larger +than was expested in n  intrinsic
material, whnile <the absorpticn of the samgle was
essentially ecgual teo that of an intrinsic sample. This
resulted in an extr.meély large Ficure cf merit for the
tample emploveZ.

A OIS A g bt i
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TP
=

r:ges “rom both the
watrabend (free electron

=
and can ir general be written as:
2 2
Vi{i} = a3 - N b 110}
e
z.:zerband zntraband
tarm term
where a and T ars material constants, N, is the free

rrier cencentrazion and & is  the electromagnetis

est.on. Marple has shown that a very
t of =he Verdet constant inn CdTe can be
réiuam doping {or n drping in general) when
W, is made =¢C f{ge that the Latriband terh dominates the
zerband terw. The sample of CdTe used :irn this study
was grown .commercially) with an excess_’cf fndium but the

achreved with

resuizineg dopinc  levil is  unknowm. © Clearly, tne
poss.bility € chet with a -udicious chcice of doping
che ficure c¢f mer.r of C3Te could be optimizegd. A

further adventage ¢f using a cubic semiconductor as a
modulator material is that the use of polycrvstalline
samples 15 permitted Ltecause the Verdet constant in cubic
mater:als 1s Isotrop:c. The use 0f polycrystalll
matertal great.y reduces the cost i7volveéd and greatly
increases =ne a.a.lakb:l:ty of large modulator samplas.

Shown n G- S LS wh clserved wavelength
depencence ©I the Verdet constant of the CadTe sample
emzloved

chie work.
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Fig. 1 Tl basic intra-cavity polarization modulation schera.
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Fig. 2 T.e modulated standing wave in the FIR cavity.
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Fig. 3 The gain curve, cold cavity resonance and sideband structure of a
typical magneto-optically modulated FIR laser system,
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(a) DETECTOR CALIBRATION PROCEDURE # 81X01I5
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el FIR Beam Frequency wy,  Detector
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Fig. 4 The oxperimental configuration used to characterize both the pump
and the FIR polarization modulation. The same cenfiguration was
used to measure the bulk Verdet constant of the CdTe modulator

employed.
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Verdet Constant vs Wavelength
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Fig, 5 The wavelength dependence of the Verdet. constant for the CdTe sample
employed in this work, .
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