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wher. the pump polarization is modulated (within certain 
limits of modulation angle and modulation frequency), one 
expects that the FIR polarization will simply follow the 
modulation cf the pump (without distortion) in a 
syr.chro.-.ous fashion. See Fig. ". This last point has 
beer, demonstrated experimentally 
discussed below. 

this wor>: and will be 

The motivation for this work comes from plasma 
physics considerations. Recent successful measurements 
of the poloidal magnetic field in TokamaJc devices have 
enoloved FI?. laser radiation ("'. > 300 ua) which was 
DOiarUit modulated Y passing the beam throuc 
raraaav rotation de vice. 3' 4 

an AC 
The active materials i; 

these Faraday devices were feirites. However, there 
presently exists a need to extend polarization modulation 
f?M) techniques to shorter wavelengths that have so far 
been used. For example, because of plasma birefringence 
and refraction effects, a poloidal field 3easurement on 
the TFT? tokamak tresentlv under construction at 

r m c e t o n can on. be c a r r i e d out a t wave lenc ths s h o r t e r 
t.-.a- .im. however the index of refraction an A .. t h e 
a b s o r p t i o n c o e f f i c i e n t of f e r r : 
p r o h i b i t i v e l y l a r g e fo r "•. < 150 an. 
m a t e r i a l s cannot be used i n the 

m a t e r i a l a r e both 
3 Hence, L-erri te 
s h o r t e r wavelenath 
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u re because 
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In this regard, ICPM appears to ^e a promising 
technique and, as is described below, an effort was made 
to develop a high power optically-pii-nped CH,OK laser 
i" - 118.9 urn) which employed this modulation technique 
ar.d which could be shown to be a practical alternative to 
tiv± ferrite-based technique used at longer wavelengths. 
Tc this er.d, the nair. thrust of this work is to (D 
establish that ICPM can take place without distortion 
under conditions oi tnodest modulation amplitude (~ 1") 
and at modest modulation frequencies (~ 10 kHz), (2) to 
develop a CK^OH laser system which could deliver as much 
power with as large a PK amplitude ar.d as high a 
frequency as is practical without causing distortion 
between the pur.p polarization and the TIP. ooiarizatior. 
and, (3: to find the best room temperature modulator 
material available at \ ~ 1C.6 -ja and to measure its 
Verdet constant. The first two points will be discussed 
in the main text while the third pcir.t will be treated in 
an appendix. 

Theory 

To determine under what conditions of amplitude and 
frequency ICPM can take place without distortion, we 
consider a standing electromagnetic wave which is 
undergoing PH at a frequency t^ with an amplitude 2,_. 
This wave, of course, represents the TIE standing wave i.n 
the PIS resonator and is assumed, for simplicity, tc be 
immersed in an isotropic gam medium. See ?ic. 2. 

Figure 2. The nodulated standing 
wave in the PIE cavitv. 
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;.'e car. write for the ir.stantar.eous e-ectric rie.c ct tms 
wave : 

I = •^s:^t.c3S :it!v - sir.-'t)x •'1) 

where _• is the electronic emetic frec'jer-.cy. 

Letting ? U > = '^sin^.t where ;
a and >-m are c.id 

modulation amplitude and modulation freque-.cy, 
respectively, we have: 

sir.-r cos: sin.. t)y * sin'- sin. tlx 

:e>;t as substitute the appropriate Sessei function 
axsar.jion: 

losi. t +• 2 J, i- 'COSH n 4 m 

. ! x 

Tati: 
exhi: 

r.= or._y ;ne y components ar.c rearran' 
"sideband'" behavior we have: 

- I..--'-_l Isir.f- - =-„'t - sir. ;. - . 

" t ~ 4 T. ' •' P1." ~ - — • 

Sirr.iliarly we have for the x ciT.por.ent: 

r x = - ' J ; "si • - ~ = s ' " ~ "rv - ' c ' ~ ' * 'n • 

c£ :r. bar.:: 

? th jr shara-icrizec t 
-erT^ cf : t s s:iehands •-
~.Z?'< tc taVe rlace •••it-: 
of both ~.. and t„ nuft f 
•: -th of the '.£?::.= necv 

e car. no-- see t-a 
•-t 5i»torticr., all 
it .-ell vithir. bct-
;.- ani the cold 7̂  

re?o~.at-r s'jpportinc t.-ie = ta - a - . ^ -
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- t t s ass-ir'&i - h a t the c a v i t y i s tune3 t o the l i n e 
c e n t e r of the Lasir.g medium so that : f r e c u e n c y - p u l l i r . g 
e f f e c t s need net be c o n s i d e r e d . I t i s a l s o assumed t h a t 
cr.ly a s i r . g l s l i n e a r l y p c l a r i z e d ; s ay -K, ,> c a v i t y mode 
i s en "sopa'sino t e r m s " with t he cair . curve and t h a t no 
t r a n s v e r s e modes a re p r e s e n t - This c o n d i t i o n i s r a t h e r 
e a s i l y rea l - l t ec . ir. rost " I S l a s e r s . T h i s s i t u a t i o n , i s 
summarized in P i c . 3 . 
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S idebands Of 
S t a n d i n g Wove 
Undergo ing PoMr i za t ron 
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"iqnjre 3 . The c a t -
siriehand s t r u c t u r e 
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i a t e d FI? . a s e r svsterr.. 

For a t y p i c a x 
? •*•--•' r?-h nr both r 

l o n g i t u d i n a l = - - ? « • - ^ ' • Z ifl = e r , tr.e 
.ne : c a v i t v a-c t he ~I? lasi.-.= 

c 
".c-iiuT. a r e an t h e order of 1 -T MHr." T h i s , t h e n , 
r e c r " e v e r t s t he l a r g e s t p a s s i b l e - t t u l a t i o r . f r e t ' j e n t y . 
h'cw%ver, becaose the " e r i e t cons t an t of a v a i i s h l ^ "aracav 

_ i 
-Y-.~.-.T,atior: n a t e r i a l s i s ^-nall {< 2.1 x IP i e i "-'.G c-T 
cr.e I F l i - i t e d by p r a c t i c a l c o n s i d e r a t i o n s t o r a t h e r 
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modest modulation angles I- << 1 rad, say 1-5 degrees) 
and rather modes- modulation frequencies '.< 10fl kHz). 
Under these circumstances we can neglect several terms in 
Ecs. k) and (?,'• Soecificaliv we can write: 

„ >> j >> J >> . . J 2 " 4 

a n d for 6

m << 1 (6) 
m 

J 1 >> J- >> 

(7) 

Therefore w« re-vrite Zcs. \4- and (5)as: 

-y = = o J o ' ^ ) s i n ^ t 

and 

Hence, it car. be seen that under conditions of small 
modulation amplitude, only the x component of the FIR 
resonator electric field contains any significant 
sideband components =inc in fact contains only the first 
sideband. Therefore, tor - << 1 and ̂  << 1-10 MHz, one 
can expect that ICPM will take place without 
distortion. These are the conditions under which the 
measurements described below were performed. 

Experiment 

If ?M of an electromagnetic wave takes place at a 
frequency '__ with an amplitude z , then that PM can be 
characterized by allowing the beam in question to pass 
through a polarizer oriented at 45" to the pl^ne cf 
polarization of the incoming wave. The signal that 
results from aliowinc the transmitted bean; to fall on a 
detector is then given by 

• : - • ? - sir. _• t <'?' 
on m 

«r.er» .„ << .. (the electrorr.acmetic freauer.cv) and 7 is 
m c 

the sower transmitted throuch the polarizer. 
With this fact in rind the experimental anparatus 

shown in Fig. i was established to demonstrate that Py cf 
the "I? output of a CH,0H laser ('• = 116.5 ,:n! can ta<e 
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place without distortion (i.e., that the modulation 
amplitudes and frequencies of the pump ana FIR are 
equal) . 

The Faraday rotation device consisted of a 25 mm 
diameter x "75mm sclenoid on which were wound 600 turns of 
-22 copper wire and at tank resonance drew as much as 6 
amperes (peak) from a 75 watt power amplifier. Under 
these conditions the coil delivered a 0.4 kG central 
field at a frequency as high as 8."? kHz. The active 
material consisted of a 12.5 x 12.5 x 50.8 mm ingot of 
polycrystallir.e CdTe which was polished and antire-
flectior. coated for maximum transmission at S.6-10.6^ni. 
The choice of CdTe as a modulator material will be 
discussed in a later section. The C0 2 laser and FIR 
resonator were of standard design and are described 
elsewner*. 

The apparatus shown in Fig. 4a was. established in 
order to calibrate the detector response. The discussion 
tha* follows applies to the measurement of both the pump 
and the FIR modulation amplitude since the procedure 
employed to measure these quantities was identical (only 
the detectors and beamsplitters were different'; - To 
calibrate the detector in question, a detector signal was 
generated with a chopper operating at a frequency ^ 
(with the Faraday modulator turned off). A relative 
measurement of the power in the beam was provided by 
splitting off a portion of the beam or. to a Scientech 361 
calorimeter. The detectcr response was then calibrated 
a ainst the calorimeter reading. Next, the chopper was 
removed and a polarizer oriented at 45° to the plane of 
the beam polarization was inserted in the beam (see Fig. 
4b) . The modulator was next activated at a tank current 
of 4.0 amperes- The detector signal which develooed due 
to the polarization modulation of the beam 
'v = P c

msin_ mti was next compared against the power 
reading of the calorimeter. By using the data aenerated 
in. configuration b and correcting this data for th« 
detector response as measured in configuration n, a value 
for * could then be determined. (Care was t. Hen to 
correct for the square wave nature of the data generated 
jsin^ the chopper as against the sine wave nature of the 
observed ?M). 

r.Lso, by measuring -_ in this way for the pump beam 
a.-d by measuring the Current-to-field conversion 
coefficient of the Faraday coil employed, the bulk Verdet 
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(c) DETECTOR CALIBRATION PROCEDURE 
Pun? 
Seem 

Pump or Chopper 
FIR Beam Frequency u m Detector 

tfe+r~—i'r . _ L 
ri 
\ T 
Levi 

Modulator 
" O f f " 

t X , ^ 

Color imeler 

[2! i j r-W 
i 

Lock In Ampli f ier 

(b) MODULATION ANGLE MEASUREMENT 

.- u m p 
5ea -TI 

Pump or 
FIR Beam 

Polar izer 

145* 

: _ i _ Current 
j | Fro be 

I n / ^ k 
Moduialor i 

"Or" j 
Frequency I 

Co lon meter 

!7>! 

] ^ | 
OsciI 'oscope 

Detector 

izj 
Lock In A m p l i f i e r 

r i c r - e 4. The experimental configuration used to 
ch&ractsnze both the pump and the FIR polar izat ion 
modulation. The same configuration was used to measure 
the buiV: Verdet constant of the C£Te modulator employed. 
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c o n s t a n t of the CdTe Faraday specimen was de t e rmined . 
The r e s u l t s of t h i s measurement w i l l be. d i s c u s s e d in t h e 
a p p e n d i x . 

R e s u l t s 
As described above, the modulation amplitude of both 

the cinr and the FIR polarisations were measured 
independently in the ~ C.3-0.4 degree range at several 
frequencies between BS Hz and 10 kHz. In all cases these 
measurements indicated that in this amplitude range the 
FIR modulatior. amplitude was equ£.l to that of the puzi? 
(within experimental errors of i 10%). This result was 
a.-iticisated in the theory section of this work. 

Having established that ZCPC ear. take place wit.notit 
distortion an effort was next aade to develop a prototype 
laser system which -:cule be used to make a multichannel 
measurement of laraday rotation or. a tokamak device. 
Ettphasis was, of course, nlaced on delivering as much "IS 
power with as large a modulation angle and as nigh a 
modulation frequency as possible. The results of that 
work are summarized in Table 1. 

It should be noted that the punp-to-FI?. power 
conversion efficiency of this .-nodulated laser system 
compares 'ery well to the most efficient CH,0K laser 
system reported to date. 

Table I 
i ; p K RESULTS TO DATE 

FIR 
WAVELENGTH 118 . 8iin 

- 20K 

3.5 dec 

125mW 

0 . 5 d e c 

V.CDULATCS 
FF-E2UENCY S." kHz 

MOD'JLATO? 
FIELD - 0 . 4 V.G 

PUMP 
POWEF 

P'JM? 

TI-R 
POWEK 

FIR 
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Conclusion 

The modulation parameters as well as FIR power 
generated by this prototype system compare reasonably 
well to those discussed in the Faraday rotation 
feasibility study of Kunz- Hence, on that basis it can 
be said that with the proper choice of detectors (.say a 
Ge:Ga photoconductor, NEP = 10~ -10 ' v/Hz ' J a 
multichannel Faraday rotation measurement could be 
performed using the system described above- Therefore, 
ICPM can be a practical alternative to ferrite-based 
modulation techniques. 

In addition, several improvements to the prototype 
systerr. described above are possible- For example, by 
passing the pump bear- through the modulator several times 
(say n times) an r.-fold enhancement of the modulation 
ancle H is possible, because the sense of Faradav m rotation does not reverse with a change ir. the direction 
of propagation cf the beam in question. The absorption 
coefficient of CdTe is so small ( < 0.001 czT ) that 
severe! passes through the crystal will not decrease the 
punt power significantly. 

Appendix; Modulator Materials 

A literature search was made ir. ar. effort to find 
the best material available which had a resenably large 
Verdet constant, had low enough absorption to be able to 
handle high CW pump power densities (- IdO W/cs"1), and 
could be used at room temperature. 

Shown in Table 2 £re the results of that literature 
search as well as the results of our measurements on 
CdTe. As can be seen, the most promising modulator 
materials are the cubic semiconductors. 

?.s can alec be seen in Table 2, intrinsic CdTe has a 
very large figure of aerit (V/iS and was therefore chosen 
as the modulator material employed in this study. 
However, it should be noted that the bulk Verdet constant 
of the sample of nominally intrinsic CdTe employed in 
this study was measured to be roughly one order of 
magnitude larger than was expected m an intrinsic 
material, whiie the absorption of the sample was 
essentially equal to that of an intrinsic sample. This 
resulted in an extr'.-iely large figure cf merit for the 
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.-. p-£sib' .r -j-rla.-.aticr. for t.-e enhanced Verdet 
crr.stant of ch* sa.-ir'.e era.:! c-yec ceroid be an excess of 
i r . d i " doping. The Verdet constant of cubic 
se:r.; co.-dectors a r i s e s from bcth the ir.terband ! ?r bou.-d 
f-lectrjn, and the mtrabar.d ' f r ee e lectron! cont r ibut ions 
and can ir general be wri t ten as : 

V< •• > - a'-. 2 X b; 2 M O ) 
e 

i . : rarband m t r a b a n d 
t s r a term 

where a and b are material constants, K is the free 
carrier concentration and \ is the electromagnetic 
wavelength in qv.est_or.. Marple has shown that a very 
large enhancement of the Verdet constant ir. CdTe can be 
achieved with ir.ci'xn coping (or n dnping ir. general) when 
:; is made *c larse that the intr ̂ and ter.a dominates the 
e 11" 

ir.terband terr.. The sample of CdTe used in this study 
was aro-.x. : commercially) with an excess of indium but the 
resulting doping levL 1 is ur.jcnowr.. "" Clearly r t.ne 
possibility exists that with a -ucicious choice of doping 
the figure of r.erir of CdTe could be optimized. A 
further adventage of using a cubic seniconductor as a 
modulator material is that the use of polycrystalline 
samples is permitted because the Verdet constant in cubic 
materials is isotropic. The use of polycrystaliine 
xaterial greatly reduces the cost involved and greatly 
increases tne a.a.lability of large modulator samples. 

Sh.owr. m — g - 5 is the observed wavelength 
dependence of tne Verdet constant of the CdTe sample 
ertcloved m this work. 

oi< Canfidni n *a»«i<ngiii 
CaTt 

. «.iCa;«> 

i^ure 5 
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(o) DETECTOR CALIBRATION PROCEDURE #81X0115 
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(b) MODULATION ANGLE MEASUREMENT 
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Fig. 4 The experimental configuration used to characterize both the pump 
and the FIR polarization modulation. The same configuration was 
used to measure the bulk Verdet constant of the CdTe modulator 
employed. 
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Fig, 5 The wavelength dependence of the Verdet. constant for the CdTe sample 
employed in this work. 


