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Section 1 

INTRODUCTION 

1.1   OBJECTIVES 

The general objective of this research and development program is to conduct investiga- 

tions that will contribute to the development of an ultrawide-bandwidth laser communica- 
tion system.   The specific objectives are: 

(1) A study of laser communication system configurations, particularly modula- 

tion formats, that are most suitable for very high data rates up to ? Gbit/sec 

(2) Research on high-efficiency, single-frequency NdrYAG lasers as the trans- 

mitter source for such a communication system 

(3) Research on an optical modulator with 2 GHz of rf bandwidth and good 
modulation efficiency, 

The primary emphasis of the program is on objectives (2) and (3).   However, a con- 

sideichle amount of work on the first objective, the study of optical communication 

modulation formats, has also been done.   The results, together with our recommenda- 

tions on the choice of modulation format, were presented in depth in the Second Semi- 

annual Technical Report and this part of the task is essentially completed.   During the 

present reporting period, work has continued on improving the efficiency and tise of 

single-frequency operation of Nd:YAG lasers, together with work on the extension of 
the bandwidth of the optical modulator. 

ft 
A 

1. 2   EFFICIENT SINGLE-FREQUENCY Nd:YAG LASERS 

The main effort in this development since the last technical report has been directed 

towards the elimination of the critical behavior encountered with the tilted Fabry-Perot 

etalon and metallic mode filter, particularly in highly efficient laser cavities with tight 

focusing designed to produce adequate TEM     mode volumes in the laser rod. 
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A substantial improvement in the overall stability and ease of adjustment of the single- 

frequency laser has been accomplished by the replacement of the metallic film by a 

second thin intracavity dielectric etalon of low reflectivity.   This performs the same 

function as the metallic film; i.e., it eliminates oscillations at other free spectral 

ranges of the other main selective Fabry-Perot etalon, but is more easily adjusted 

to give stable single-frequency operation in these more efficient and tightly focused 

Nd:YAG laser cavity configurations. 

1.3   WIDE-BANDWIDiH ELECTROOPTICAL MODULATOR 

During this reporting period, additional theoretical work on the sideband-power mea- 

surement techniques was done to relate modulation index to sideband powo^.   Such an 

analysis is necessary beeause there is currently no photodetector that has a flat 

response to 4 GHz. 

Modulation tests using 8-mm LiNbO» crystals were also conducted at 0. 6328 and 

0.5145 ßva.   Results obtained so far indicate that the crystal may be too long for the 

modulator.   Nevertheless, tests made at 5-W rf drive level at the output of the TWT 

(corresponding to a drive of about 4 W at the input to the modulator) gave approximaiely 

30-percent modulation depth across the 2- to 4-GHz band.   These results correlated 

well with the earlier measurements at 0.6328 fj.m and gave confidence in scaling the 

performance for 1.06-^m operation. 
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Section 2 

EFFICIENT SINGLE-FREQUENCY Nd:YAG LASER STUDIES 

2. i   BASIC LMSC LASER CAVITY DESIGN STUDIES 

The laser cavity developed for the efficient use of the ijopulation inversion in the 

pumped NdrYAG rod is shown in Fig. 2-1.   Here the rod is radiused as shown to act 

as in intracavity focusing lens which, together with a short-radius concave mirror  R 

allows the attainment of optimum TEMoo mode volumes within the pumped rod.   Some 

computed values of the spot radius WR at the rod and the beam waist radius between 

mirror R   and the rod are shown in Figs. 2-2 and 2-3.   A value of d    -20 cm was 

used in these computations, but the results are relatively independent of this distance 

which is determined by the dimensions of the efficient spherical pumping cavity used 

in practice.   Table 2-1 gives some values of these parameters at the center of the 

stability range of  d. . 

Table 2-1 

BEAM SPOT RADIUS WR AT THE YAG ROD AND BEAM WAIST Wß 
FOR MIRROR RADIUS Rj OF 5 AND 10 CM 

(All dimensions in cm; curved rod radius R - 25 em) 

^       ^       ^2 ^R ^D 

5       32.6      20       0.111      0.0092 

10       35.0      20       0.079      0.0130 

WR and WD are relatively independent of the distance d», and the stable region of 

dj extends from dj = f to dj = f + Rj, where f = R/(n - 1) is the focal length of 

the curved rod, and n is the refractive index of YAG. 
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Such cavity designs thus allow an adequate filling of the YACi r<xi with the desired 

TEM     mode and thus facilitate the efficient attaii.ment of the required 1 W of siimle- OO -it, 

frequency output at 1.06 ^m.    This applies particularly to the design incorporating a 

5-cm radius mirror which gives a beam spot radius at the rod on the order of 1.1 rnm, 

thus giving adequate TEM     mode volumes within YAG rods with nominal diameters of 

3 to 5 mm.   It is clear, however, that Ho use of such short-radius mirrors leads to 

tightly focused cavity geometries in the region between the radiused end of the rod and 

mirror IL, the beam-waist rarlius for IL  = 5 cm, being about 90 ^im.   Such a tight 

locusing of the TEM     move has led to some difficulties in obtaining stable, efficient, 

single-frequency operation of our NdrYAG laser with our metallic film-tilted Fabry- 

Perot etalon mode filter previously used effectively in less lightly focused cavity 

geometries.   To alleviate this problem, work during the last quarter was directed 

toward overcoming these difficulties encountered with the more efficient cavity designs. 

This effort has resulted in a major advance in the stable single-frequency techniques 

with the introduction of a double intracavity Fabry-Perot etalon mode filter which is 

less critical in adjustment and which overcomes most of the difficulties experienced 

with the m^tallrc film etalon in the more sensitive, tightly focused cavities that are 

essentipj for the efficient operation of the Nd:YAG ! isers.   We first review the two 

types of two-component mode filters, together with the modifications to the cavity 

geometry which alleviate the stability problem in such cavities.   Finally, we provide 

some prelinonary results on the double-etalon mode filter for the stable single- 

frequency operation of efficient NdrYAG lasers. 

2.2   TILTED FABRY-PEROT ETALON AND METALLIC FILM MODE SELECTOR 

2.2.1   Mode Filter Design and Frequency Response 

The original LMSC two-component Fabry-Perot etalon and metallic film mode filter 

for the single-frequency operation of ND:YAG lasers is shown in Fig. 2-4.   The tilted 

Fabry-Perot intracavity transmission etalon is tuned to the required frequency, and 

its selectivity is made adequate to provide the required suppression of adjacent axial 

modes of the particular laser cavity, the separation of which is given by o/2 L, where 

L is the distance between the cavity mirrors.   For Nd:YAG lasers using an efficient 

spherical pumping cavity (~ 8-in. diameter), the axial mode spacing is around 300 MHz. 
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The function of the metallic film-mirror etalon is to suppress any oscillations at other 

resonances at free spectral ranges of the Fabry-Perot etalon, which are usually on the 
order of 10 to 20 GHz apart depending on its thickness. 

Figure 2-5 shows Ihe reflectivity versus frequency of one design of tilted Fabry-Perot 

etalon-metallic film mode filter which has been used to produce single-frequency 

Nd:YAG laser oscillations, particularly in the less highly focused cavily mode con- 

figurations.   Here laser oscillation occurs at the single frequency corresponding to 

the main Fabry-Perot etalon response at zero on the frequency scale in the figure. 

The selectivity of this is made sufficient to suppress adjacent axial modes, taking into 

account the insertion loss and the transmission of the output mirror.   The metallic 

film-mirror etalon is then sufficiently selective to reduce the reflectivity at other 

free spectral ranges of the Fabry-Perot etalon as shown and thus to allow only a single 

frequency of oscillatior within the linewidth (-150 GHz) of the Nd:YAG laser transition. 

Figure 2-6 shows curves of the selectivity versus frequency for an 11-mm fused quartz 
etalon with various reflective coatings as used in practice. 

2.2.2  Discussion of Mode Filter Performance 

Single-frequency power outputs of 1 W from a NdrYAG laser when pumped at the 1-kW 

level by a tungsten-iodine lamp appear quite feasible using the tightly focused cavity 

geometries discuss d earlier.   Using the above Fabry-Perot etalon-metallic film 

mode filter with a i adius R of 25 cm on one end of a 30- by 5-mm NdrYAG rod and a 

10-cm radius reflector, we have obtained 1. l-W TEMoo output power with a 1-kW 

tungsten lamp.   The calculated TEMoo mode radius aUhe rod for this configuration 

is 0.79 mm, and hence the mode still uses only a small portion of the pumped rod. 

With this arrangement, a stable, single-frequency TEM^ output of 0.5 W has been 
obtained at the \ -kW pump level. 

The use of a 5-cm radius reflector increases the mode radius at the rod to about 

1.1 mm, which should increase the TEMoo output to 2 W which would then give 1 W of 

single-frequency output at 1.06 Mm.   Substantial progress has been achieved in this 

. direction, and TEMoo power ou^uts of 2 to 2.8 W have been observed in agreement 

with these predictions.   Some problems due to increased cavity losses and cavity 
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instability have been encountered when the selective intracavity Fabry-Perot etaloa is 

tilted to achieve single-frequency operation in such tightly focused cavity geometries. 

A more critical dependence on the position and insertion of the metallic film is also 

apparent in these more efficient, highly focused cavity designs. 

These deleterious effects are due to the asymmetry introduced into the TEM     mode 

distribution as the selective intracavity etalon is tilted, becoming more detrimental in 

highly focused cpvlty geometries.   For example, in the two-dimensional case, the 

electric field of the TEMoo mode and its associated angular spectrum of plane waves 
at a waist position are given by 

Ex(x)  = exp(-x2/a2) (2.1) 

and 

B(kx)   =  (27r)-1 a exp (-kV/4) (2.2) 

respectively, where  a  is the beam jvaist radius, and  k.    is the  x  component of the 

wave vector k .   The selective intracavity etalon then acts as a plane-wave filter 

passing waves with propagation constants appropriate to the resonance condition and 

the selectivity of the etalon.   As the etalon is tilted, some asymmetry is introduced 

in the angular spectrum transmitted by the etalon which, for the more selective 

etalons and tightly focused cavities, leads to a mismatch of the cavity modal con- 

figuration to the fundamental TEMoo mode and hence to losses into higher-order 

transverse modes of the cavity.   Such considerations were also applied in the First 

Semiannual Report to deduo« the tilt losses of the intracavity etalon as a function of 

tilt angle, reflectivity, and etalon thickness, etc.   It follows from such considerations 

that both the tilt loss and the losses due to mode mismatch will be reduced by reducing 

the required etalon selectivity.   The reflectivity of the etalon coatings should also 

be reduced as far as possible consistent with obtaining the required selectivity for a 

given cavity length.   It follows that these problems of mode selection and asyr .metry 

will be alleviated by any modification in the cavity configuration of Fig. 2-1, which 

allows a reduction in the cavity length and which modifies the effect of the tilted etalon 
on the TEMoo mode distribution. 
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2. 2.3   Use of a Convex Mirror R 

The cavity length may be shortened by using a short radius convex mirror R , which 

will then produce a virtual waist outside the cavity and thus allow its length to be 

shortened by the radius R1 of the mirror, which maintains the same beam spot radius 

at the rod as obtained with the similar concave mirror R1.   Such a modification merely 

changes the sign Of the radius R1 in the equations given in the First Annual Report for 

the deduction of the cavity TEMoo mode characteristics and stability criteria.   Thus 
the range of stability for dj in Fig. 2-1 is now given by 

dl  =f- Rjjtod  = f (2#8) 

and the use of a convex mirror thus shortens the required cavity configuration for a 

given beam spot radius at the laser rod.   A further reduction in the cavity length may 

also be obtained with some slight reduction in the TEMoo mode volume by reversing the 

Nd:YAG rod shown in Fig. 2-1. thus placing the rod with its curved end adjacent to 

the Hat mirrcr.   The combination of these two changes leads to the computed values 

of the spot radius WR at the rod shown in Table 2-2 for the two-mirror radii R   of 

-10 cm and -5 cm and a flat mirror  R2 = „o.   These results should be compart with 
those shown in Table 2-1 for a concave mirror R . 

Table 2-2 

BEAM SPOT RADIUS WR AT THE YAG FOR 
CONVEX MIRROR RADIUS Ri OF 5 AND 10 CM 

(All dimensions in cm; curved rod radius R = 25 cm) 

Ü1 i d2 wa W 
o 

-5 25.9 20 0.105 virtue 
-10 23.3 20 0.075 virtua 

2.2.4  Use of a Curved Mirror 1^ 

A reduction of the required cavity length, and hence of the ctalon soIcctivJty. may 

also be made by usin« a curved mirror U., instoad of the Hal mirror in the b.-.sic 

cavity design shown in Kig. 2-1.   This has the Hi^i 0| .-.ssisling the- locusing offool 
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of the YA(i rod and thus of reducing the distance c^.   As stated already, all parameters 

are essentially independent of the distance d2 which is fixed at present by the dimensions 

of the efficient spherical pumping cavity used in our present laser designs.   The use 

of a curbed mirror instead of the flat one also makes the laser adjustment and align- 

ment less critical.   This \vill produce concave TEMoo wave fronts at the intracavity 

Fabry-Perot etalon, which will increase its insertion loss slightly, depending on the 

mirror curvature.   We may deduce the effect of the incidence of a spherical wave 

front on the etalon as follows.   For the two-dimensional case, the curvature of the 

wave form changes the electric field distribution of the TEM     mode to the form 

Ex(x)   =   3xp (-x2/a2) exp (jk x2/2f) (2.4) 

where   R - 2f , and   11 is the radius of the gaussian mode at the specific position of 

the etalon.   The new angular spectrum of plane waves is now given by the integral 

•'^ = ^/'-x2/aV^x-^2/2V (2.5) 

which may be evaluated to give 

b'(k ) v x' 

-i-l 

a exp 

2    2 
k   a x 

[•m 
exp jll^tan"1-^- 

n2   4 
k k  a x 

8f    1 + 
l,2   4 k a 

(2.6) 

where k   = k sin 6 . 
x 
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Comparing Eq. (2.6) with Eq. (2.2), we see that the effective beam waist in the curved 
wave front may be written as 

a'   - a/A+kV^f2) (2.7) 

The effective beam waist corresponding to a curved wave front is thus smaller and a 

wider angular spectrum of plane waves is now involved, thus leading to increased in- 

sertion losses for etalons of a given selectivity.   Also, because of this wider angular 

spectrum, the effects of asymmetry as the etalon is tilted will be different from those 

pertaining to the plane mirror R2 and possibly not as severe as in the plane mirror 

geometry.   Such a modification to the basic cavity design was investigated during the 
present reporting period. 

Some results on the TEMoo mode parameters for various radii R9 of the curved mir- 

ror are given in Table 2-3.   These should be compared with those given in Table 2-1 
for the flat mirror R . 

SS 

Table 2-3 

BEAM SPOT RADIUS AT THE YAG ROD AND BEAM WAIST 
FOR VARIOUS CURVED LASER MIRROR RADII R   AND R 

(Curved rod radius R = 25 cm; all dimensions in cm) 

Rl R2 ^i d2 WR 
W 

o 

5 400 30.3 20 0.1029 0.0092 
5 200 28.3 20 0.0951 0.0092 
5 100 26.1 20 0.0837 0.0092 
5 60 19.3 20 0. )625 0.0092 

10 400 32.7 20 0.0731 0.0130 
10 200 30.5 20 0.0677 0.0130 
10 100 26.5 2C 0.0576 0.01.30 
10 60 21.7 2ii 0.0451 0.0130 
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The cavity lentfth may thus be reduced with such a curved mirror R2 without seriously 

affecting the TFM^ mode volume in the rod for mirror radii equal or greater than 

200 cm.    Furthermore, the use of such a curved mirror helps to decouple the intra- 

cavity etalon from the laser mirror, thus reducing the tilt angle required for adequate 

decoupling.   The effect of such converging wave fronts on the tilt loss of the etalon 

have also been computed, and values for the mirror radius R2 for use in experimenta- 
tion have been established. 

2.2. 5    Etalon Loss in Highly Focused Laser Cavities 

Some experimental results on the observed increase in the threshold pump power as a 

function of etalon tilt angle for ehe cavity configuration shown in Fig. 2-4 are given in 

Fig. 2-7.   These curves were obtained with only the selective etalon in the laser cavity, 

i. e., no metallic film, and a 2-percent transmission output mirror.   The insertion 

loss of the tilted etalon may be deduced from these curves; we can clearly see the 

increase in the insertion loss as the cavity-mode focusing is made tighter; e.g., when 

going from a 10- to a 5-cm radius mirror Rj.   Thus, for a tilt angle of 1 ffi, we 

calculate an etalon insertion loss of 0.2 percent and 0.6 percent for cavity configura- 

tions that use a 10- and a 5-cm radius mirror .  respectively.   Also, it is possible to 

obtain single-frequency operation with tilt angles of less than 1 ffi.   However, the 

etalon is then not sufficiently decoupled from the flat end mirror of the cavity, and the 

laser at that time is very sensitive to mechanical perturbations. 

The replacement of the flat mirror with a long-radius curved mirror R2 as discussed 

in the previous section greatly reduces the sensitivity to alignment and also effects 

further decoupling of the etalon from the end mirror.   We have operated our Nd:YAG 

lasers with mirrors of radii R2 = 4, 2, and 1.2 m and have essentially verified the 
calculated results summarized in Table 2-3. 

The insertion loss of the etalon was observed to increase more slowly with increasing 

tilt angle in cavity configurations using u curved mirror Rg than in those using a flat 

mirror, although a small loss is now observed even for no tilt.   Figure 2-8 shows the 

threshold pump power as a function of tilt angle for mirror radii R2 of 4 m and 1.2 m 

and a mirror R1 of radius 5 cm.   These curves cannot be directly compared with those 
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in Fig. 2-7 because a more selective etalon with 45-percent reflective coatings was 

used in the data given in Fig. 2-8.   However, the deci<jased sensitivity of the variation 

of the threshold with tilt angle is very evident in the results obtained with the curved 

mirrors Rg.   We are presently evaluating such cavity designs using a long-radiused 

mirror R2 instead of the flat mirror for the final design of a stable, single-frequency 
Nd:YAG laser. 

2. 2. (i    Conclusions 

It thus appears that the use of a curved mirror H   would alleviate the increase in 

insertion loss as the main selective Fabry-Perot intracavity etalon is tilted in highly 

focused cavity geometries.   This would then require the use of a curved mirror- 

metallic film etalon to suppress laser oscillations at other free spectral ranges of 

selective Fabry-Perot etalon.   This is quite possible to accomplish, and our tilted 

Fabry-Perot etalon-metallic film mode film could be made to operate quite 

satisfactorily in such highly focused laser cavity designs.   Such a procedure is not 

too satisfactory, however, and, in addition, the metallic film seems to make the 

laser more sensitive to alignment and less stable than is desirable for systems 

applications.   Such matters are still under consideration, but it would appear that i 

very advantageous change resulting from work done during this reporting period is 

to substitute a thin, low-reflectivity second dielectric intracavity etalon for the 

metallic film to perform the same filtering function. 

2.3    DOUBLE-INTRACAVITY ETALON MODE FILTER 

One arrangement of the double Fabry-Perot etalon mode filter for the single-frequency 

operation of Nd:YAG lasers is shown in Fig. 2-9.   During this quarter, analysis on this 

arrangment has been initiated.   Preliminary results indicate that substantial improve- 

ment in the overall stability arid ease of adjustment for the operation of the single- 

frequency laser is obtainable.   However, a comprehensive presentation of the theory 

is deferred to the next quarter since there etiU are some fine details to be completed. 
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2.4     PLANS Füll NKXT QUARTER 

During the next quarter, efforts will be   . -ected toward a detailed investigation of the 

performance of the new double-intracavity Fabry- Perot etalon mode filter. 

Particular attention will be given to questions such as the case of attaining single- 

frequency oscillations in efficient Nd:YAG läse. 3, the single-frequency power output 

attainable with tungsten-iodine and potassium-rubidium lamps, and the efficiency. 

To alleviate the etalon selectivity requirements, short radius convex mirrors will be 

used to obtain the necessary TEMoo mode volume in the las^r rod for efficient 

operation, and the cavity length will thus be reduced.   Somewhat longer radius mirrors 

(~2 m) will also be used instead of the normally flat mirror at the other end of the 

laser.   This will assist the focusing as performed by the laser rod and lead to less 

Ciitical effects when the tilted etalon is inserted. 

Work will continue on the efficient use of the potassium-rubidium lamp with improve- 

ments in the lamp design for longer lifetimes and also in the operation of the single- 

frequency NdrVAG laser with such lamps in dielectric-coated pump cavities. 
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Section 3 

WIDE BANDWIDTH ELECTROOPTICAL MODULATOR 

3. 1   MEASUREMENT TECHNIQUES FOR 2- to 4-OH/, MODULATION 

In the Fifth Quarterly Report, various techniques that are applicable to the m jasuremenl 

of modulation index in the 2- to 4-GH/, band were indicated.   In the Second Semiannual 

Report, calibration of a TIXL Avalanche photodiode for use in this frequency range was 

reported.   During the past quarter, additional work on the theory of sideband power 

measurements was done.   A comprehensive presentation of the analysis of the sideband- 

power measurement techiiques and their limitations is given in this section. 

Analysis of Sideband-Power Measurements.   In a birefringent modulator, the input 

light beam is polarized at 45 deg to the two birofringent axes (the e- and the o-axes) 

of the electrooptic crystal.   The beam propagates down the other o-axis of the crystal 

and interacts with an applied rf E-field through its action on the crystal refractive 

indexes.   Thus, the situation is as depicted in Fig. 3-1, in which the coordinate system, 

crystal axes, and refractive indexes used in the analysis are shown.   The input light 

beam is designated by the optical E-fleld, Eo , having components  E   - E    along the 

birefringent axes. 
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(c. n )z (e-AXIS) 

x (o-AXIS) 

Fig. 3-1.   Coordinate-System. Crystal Axes and Input Light Polarization 
Used for the Sideband Power Analysis 

At the output ol the modulating crystal of length It, then. 

E     = 
x J~ exp [-  ^ V  (no - Ano Sin V)] exP 0 "oO (3.1) 

E     = 
z =Vf ^^  j *<>*    (^   "   An« 8in ''M^P OV) (3.2) 

where 

^o 

n ,n 
o    e 

An ,An 
o      e 

^o 
-g- ,    wo   =  optical frequency 

ordinary and extraordinary indexes, respectively 

change of refractive indexes due to the modulation field of peak 
value E .. zM 

Cü       = 
M modulation frequency 
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For LiNbO 
3 -< 

o 2      13    zM 

».,   where r13 and r33 are the appropriate EO coefficients. 

After passing through the compensator which imparts static phase retardations of 0 

and  0   to the o-and e-rays, respectively, the orthogonal components E    and E    are 

given by: 
y 

Ex  =-7= exp  [-j0o   (no - Ano  Sin  ^M*)]    eXp   ö^  eXp   (-j0* )        (3.3) 

E    =—2- exp [-Jeo K - )i Ane   Sin   ^M4)!    exp   ÖW«4)  exP   (-J0,)        (3.4) 

«vhere 

V 

Therefore, after the compensator, the optical E-field along the 45-deg line,   E   ,   is 

given by: 

£ £ 
Ef =-* +-J5. 

£ ( 
= -y exp   (jwot) < exp [" J   (0x + noeo - Anoeo  Sin   ^M*)] 

-f exp(jwot)|exp   (-j0o) exp (jXo sin wMt) +  exp(-j0e)  exp (jXe  sin  aJMt)| 

■+ exp 

(3.5) 
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c 

where 

vo x       o o       ^e z        e o 

X    =   An   6 ,   X    -   An   0 
o oo e e o 

In other words, if an analyzer is aligned at the output to this 45-deg line, the optical 

K-lield alter passing through the analy/er will be given by Eq.  (3. .'3). 

Et 

Let      ^    = v,   yg     normalized fi Id after passing through the analyzer. Eq. (3.5) 
o 

then may be rewritten as: 

j (« t - # )     j Xo sin a;Mt j (u^t - # )     j Xe sin a;Mt 
f».  ■ 6 e +e e (3.6) 

In general, 

jXsina;Mt ^ jna^t 

Sj
n 

(X) e 

=  Jo(X)  +  JjPC)  e    M    +  JjPC)  e 

j2co   t -j2u)   t 
+  J2 (X)  e      ra   + J_2 (X) e M 

+  J3 (X)  e      M   + J_3 (X) e M 

and 
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(3.7) 

J.n(X)  =   (-1)"   Jn(X) (3.8) 



( 

K 
J<wot- 0O)   I JWMt -jw 

+  J2 (Xo) e      M    +  J2 (Xo)  e 

J3"Mt -J3w   t 

+ e 
H%t - 0e) 

J   (X )  +  J, p( ) e o ^ e' 1    e 
M    -  ^(X^  e       M 

+ Ja^)e    M  -J^.)«      M 

(3.9) 

( 
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Regrouping terms, therefore. 

e carrier r                  "j0o "j0el IJ(X)e      0+J(X)e      e 

I     o \ o' ox e'             j 

r              -J0 -J0"1J(W+ üM) t 
H   J   pC)e      0 +  Jj^e      e      e               m       first-order    USB 

r            "J# "J# 1    J(w - wM)t 
-   J   (X.(i) c      0 +  J, (Xg)e      e      e      0                 first-order     LSB 

[J0 -J0   1       j (W    + 2 ^ivr)1 

^^o^ '   ',2*Ke*e      C      0                           second-order USB 

[-J0 - j0    T        j (CJ    - 2 WM)t 
J. (X ) e      0 +  J0 (X ) e      e I  e      0                  second-order LSB 

r            "j?o "jpe1    H^ + a««)* + ra^6 +  ^^e^              e                          third-order    USB 

r               "j0o 'j0el     Httj-S^t 
I -  J   (Xo)e +  JgP^g)©              e      0         M     third-order    LSB 

where 

USB and LSB indicate upper and lower sidebands, respectively, 

or 

o J 

V^ nf "j0o "j0el    j(a,o"nü,M)t +  L   Hf^^)« +  Jn(Xe)e      ^e      0 

=   E     ft     +   Z   H)B     ^ tn 

(3. 11) 

where 

L     = Optical E-field of the carrier, and 

g      =  Optical E-field of the n    order sideband. 
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Equation (3.11) gives the normalized total optical E-field, after leaving the modulator 

compensator and analyzer, in trrms of the carrier field and the sideband fields of 

various orders.   In an actual measurement,      f    is directed to a scanning Fabry- 

Perot interferometer.   The action of the scanning interferometer is to filter out power 

at one optical frequency (e,g., the carrier or any sideband frequency) at a time that the 

resonant frequency of the interferometer is swept through its tuning range.   That is, at 

the timü that the resonant frequency of the interferometer is coincident with a sideband 

frequency, the intensity of that sideband is transmitted and detected by the photodetector. 

Therefore, the normalized carrier power    P    is given by 1/2      C      £*  ,   where the 
B ' LO       to 

asterisk indicates the complex conjugate, or, 

P c 

i {[wY * [wf+ w w^-e' + .-'Wjj 

The first-order USB 

p
lt=i \ k\ (3. 13) 

or 

P 

Clearly, 

i+ "TJfw]' + [h^Y] + JiVo)JiVe) cos (#o 0e) (3. 14) 

Pn+ = i{[wY+[w]2] 
+  Jn ^ Jn (Xe)  c08 % ' ^ <3-15) 
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and 

Pni   =   Pn-   ^i"e" USB F^w61"  "   LSB power) (3.16) 

Thcrolorc, the ratio ol si(Jcf)and to carrier power is Riven by: 

J   (X ) 
n ^ o' 

12 

J   (X ) 
o ' o' 

J   (X ) 
n     e' 

J   (X ) 
o v e' 

1 2 «ww ^ % 
♦   2 Jü (Xo) Jo (Xe)   cos 

V 
(0-0) x o        e' 

(3. 17) 

where 

o      e 
0..   +n   ß S.    -(0   +n   Pit) x o  o x   y        e   o   ' 

-  static optical bias of the modulator, and can be adjusted by varying 

the static birefringence angle (thickness) of the compensator,  0 

and  0   . 

Equations (3.12), (3.15), and (3.17) give the carrier power, the sideband power, and 

their ratios as a function of optical bias   (0o -  0e) and electrooptic retardation angles 

Xe and Xo .   Since these are transcendental equations, the simplest solutions are 

obtained by moans of numerical analysis. The analysis can be made by assuming a 

particular crystal, e.g., UNbO,,   so that the relationship between X    and X    is 
« o e 

known through the published electrooptic coefficients r    and r   . viz 
o e '' 

Xe An 

n3 r   K M o    o     y.M 
3        Z 
e    e     /M 

constant  A (3. 18) 

where ro and re are the electrooptic coefficients along the o-and the e-axis, re- 

spectively.   Or, if the ratio A between 3t   and X    is desired for a particular crystal, 

a simple measurement can readily be made using the same setup for sideband power 

measurements.   Efforts along these directions will be continued next quarter. 
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3.2   MODULATION TESTS 

Test« on morJulation index continued during this quarter.   Unfortunately, because of a 

mechanical problem within the modulator, the 5-mm   LiNbO    crystal used in the last 

quarter was broken off early in the quarter.   An 8-mm LiNbO.j crystal was used instead. 

This was also planned lor this quarter since a crystal of this length should give a much 

higher modulation index lor a given drive newer if no other pre-Liems were encountered. 

Figure 3-2 shows the results of the first tests using the long crystal.   At an rf drive 

level of 10W, only an average of 25-percent modulation index was obtained after the 

modulator had been "properly" tuned for the crystal,   in addition, beam distortion due 

to rf heating effects was observed, especially at the high-frequency end (3.6 to 4.0 GHz), 

When the drive power was dropped down to 4W, heating effect was nonobservable, but 
the modulation index was only 15 percent. 

Separate runs were made at an rf drive level of 5W, and over a large portion of the 

2- to 4-GH/ band, a modulation index of 25 percent was obtained. A typical curve is 

shown in Fig.   ;{-:i.     Unfortunately, the index drops off at both high- and low-frequency 

ends so that the 3-dB bandwidth is somewhat less than 2 GHz.    Although the result for 

5-W drive level using this 8-mm crystal were comparable to those obtained last quarter 

for a 5-mm cryst;.!, the modulator performance is still worse because:   (1) it should 

give an increase in modulation index of approximately l.G (the ratio of 8 to 5); and 

(2) its bandwidth is reduced from the original 2 GHz. 

A further check is made with the drive power flow in the reverse direction.   Two tests 

were run:  one with the output terminated in a 50-n  load; the other, with output shorted. 
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The one with the- output terminated .showed less modulation index ;.nd ;{-dl5 bandwidth 

than the run made last quarter under similar eonditions but with H r,-m.n ^ysUd    The 

one having a shortedoutput showed a highly nonunilorm rl field; the modulation index 

versus frequency curve was essentially in two lobes -there was no response higher 
than 3.5 GHz.   These curves are shown in Fig. 3-4. 

The results of these tests were rather discouraging because they appeared to show that 

longer crystals were not suitable.   However, they could also indicate that the problems 

were associated with the particular crysfc*' itself.   Thus, another crystal was sub- 

stituted.   It was then found that there fni rather poor contact between the crystal and 
the electrodes.   This could at least account lor |Kirt ol ihc problems. 

A new crystal was substituted, and care was exercised to clean off the electrodes to 

ensure best contact. Test runs were made at 0.5145 pm. The results were consider.My 
more encouraging, as shown in Figs. 3-8 and 3-6. 

- 

Figure 3-5 gives the results of modulation index measurements for both 10-W and 5-W 

drive levels.   No rf heating problem was observed - this was most encouraging - 

although the modulation index obtained was still much less than what it should be. 

Figure 3-6 shows the modulation index obtained for the same arrangement but using 

the usual birefringence sideband measurement method.   The modulation index so 

calculated for 5-W drive is much higher than that shown in Fig. 3-6, although the 

shape is still the same. The reason for this discrepancy is not yet clear and will be 
investigated further next quarter. 

It should be noted that the rf drive levels indicated in the above tests were those meas- 

ured at a power meter which is separated from the modulator by a directional coupler 

a cable, and adapters.   Therefore, the actual power at the modulator is somewhat less 

than the indicated power. Figure 3-7   shows the actual power measured at the input to 

the modulator for an indicated power level of 5 W.    It is seen that only approximately 

4W was delivered to the modulator.   Scaling, these results correspond to about 15 V of 
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Fig. 3-7    Actual rf Drive Power Into the Modulator as a Function of Frequency 
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( 

rl drive fjowor to obtain 'Mi-perceni modulation index at 1.06 urn. Clearly, these results 

are « orse that those obtained last quarter.   Part ol this degradation in performance is 

due to the fact the crystal was too long ior the modulator circuit. 

3.3   FUTURE PLANS 

During the next quarter, additional analysis will be performed.   Further tests on this 

modulator in its present form will be made.   Specifically, the discrepancy between the 

measurements will be resolved.   The contact and subsequent heating problems will 

be investigated.   If the 8-mm crystal proves to be too long for this modulator, shorter 

crystals will be used.   Finally, tests at 1.06 /itm will be made. 

( 
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