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P I  ABSTRACT 
A birefringent filter is provided for tuning the wave- 
length of a broad band emission laser. The filter com- 
prises thin plates of a birefringent material having thick- 
nesses which are non-unity, integral multiples of the 
difference between the thicknesses of the two thinnest 
plates. The resulting wavelength selectivity is substan- 
tially equivalent to the wavelength selectivity of a con- 
ventional filter which has a thinnest plate having a 
thickness equal to this thickness difference. The present 
invention obtains an acceptable tuning of the wave- 
length while avoiding a decrease in optical quality asso- 
ciated with conventional filters wherein the respective 
plate thicknesses are integral multiples of the thinnest 
plate. 

4 Claims, 4 Drawing Sheets 
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is to fabricate thinner plates, which leads to a degrada- 
tion in optical quality as discussed above. BIREFRINGENT FILTER DESIGN 

OBJECTS OF THE INVENTION 
It is accordingly an object of the present invention to 

increase the wavelength selectivity in broad band emis- 
sion lasers. 

It is another object of the present invention to in- 
crease the wavelength separation between highly trans- 

10 mitted peaks in a birefringent filter comprising several 

ORIGIN O F  THE INVENTION 

The invention described herein was made by an em- 
ployee of the United States Government and may be 
manufactured and used by or for the G~vernment for 
governmental purposes without the payment Of any 
royalties thereon or therefor. 

5 

BACKGROUND OF THE INVENTION plates. 
It is a further object of the present invention to 

achieve the foregoing objects without a decrease in the 
optical quality of the thinnest plate in the filter. 

It is yet another object of the present invention to 
increase the thickness of the thinnest plate in a particu- 
lar birefringent filter to increase optical quality while 
maintaining the particular wavelength separation and 
tunability of the filter. 

Additional objects and advantages of the present 
invention are apparent from the specification and draw- 
ings which follow. 

SUMMARY OF THE INVENTION 

1. Technical Field of the Invention 
The present invention relates generally to wave- 

length selectivity in broad band emission lasers and 15 
more particularly to an improved multiple Plate stack 
for a birefringent filter to achieve such wavelength 
selectivity. 

2. Discussion of the Related Art 
Some lasers, notably dye lasers and some solid-state 20 

lasers, offer wide frequency tunability. For many appli- 
cations such as atmospheric remote sensing, a single 
well defined wavelength within the continuous spectral 
outmt range must be selected. Unless some tYDe of 
waGelength selective element is provided with -wide 
band lasers, the laser will operate across a wide wave- 
length interval. Wavelength selective elements cur- 
rently in use include birefringent filters, prisms, etalons, 
and gratings. Techniques involving the use of these 
conventional elements are well developed and many 
commercially available lasers are supplied with one or 
more line narrowing/wavelength selective compo- 
nents. 

The tuning range of current birefringent filter designs 
is limited by the thickness of the thinnest plate, which 
must exceed a few hundred micrometers to maintain 
good optical quality. Conventional birefringent filters 
capable of spanning the entire tuning range of emerging 
wide band vibronic solid-state lasers require fabrication 
of extremely thin plates which could result in question- 
able optical quality. 

The typical birefringent filter consists of several 
plates fabricated from an optical material that exhibits 
double refraction or birefringence. Polarized light inci- 
dent on one surface of a single plate is split into ordinary 
and extraordinary components which travel through 
the material at different velocities. When these compo- 
nents recombine on the opposite surface of the plate, the 
net difference between the phases of the ordinary and 
extraordinary rays causes the resultant beam to have a 
different polarization from the incoming beam. Because 
losses depend on angles and polarizations, the emerging 
beam also has a different amplitude from the incoming 
beam. 

Wavelength selectivity is possible with the typical 
birefringent filter because the outgoing beam of light is 
identical to the incoming beam at some values of the net 
phase difference. See, e.g., U.S. Pat. No. 4,569,053 to 
Roullard, 111, et a]. A series of plates having different 
thicknesses give the necessary flexibility to achieve high 
losses at all but a few wavelengths. These highly trans- 
mitted wavelengths are tunable by varying the angle of 
the incoming beam with respect to the optical axis of 
the material. The thicknesses of the thicker plates are 
normally integral multiples of the thickness of the thin- 
nest plate. The usual method of increasing the wave- 
length separation between the highly transmitted waves 

25 The foregoing and additional objects are obtained by 
the birefringent filter design according to the present 
invention. Each of the plates is fabricated with a thick- 
ness which is an non-unity, integral multiple of the 
difference between the thicknesses of the two thinnest 

30 plates. The resulting wavelength selectivity of such a 
filter is substantially equal to the wavelength selectivity 
of a filter which has a thinnest plate with a thickness 
equal to this thickness difference. Accordingly, the 
present invention obtains acceptable tuning of the 

35 wavelength while avoiding the decrease in optical qual- 
ity associated with very thin plates. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a schematic of a multi-element birefringent 

FIG. 2 is a graph of the calculated p-polarized com- 
ponent of a transmission through a three plate birefrin- 
gent filter, assuming p-polarized input; 

FIG. 3 is a graph of the calculated p-polarized com- 
45 ponent of a transmission through a four plate birefrin- 

gent filter, assuming p-polarized input; and 
FIG. 4 is a graph of the calculated p-polarized com- 

ponent of a transmission through a four plate birefrin- 
gent filter having different plate thicknesses from the 

DETAILED DESCRIPTION O F  THE 
PREFERRED EMBODIMENT 

40 filter; 

50 embodiment of FIG. 3, assuming p-polarized input. 

Referring now to FIG. 1, a conventional birefringent 
55 filter is schematically shown consisting of several 

plates, P1, P2, and PN fabricated from an optical mate- 
rial which exhibits double refraction or birefringence, 
e.g., a uniaxial crystal. A polarized light ray incident 
onto the surface of a single plate will be split into ordi- 

60 nary and extraordinary components which travel at 
different velocities in the material resulting in a net 
phase difference between the waves. When these waves 
recombine at the exit face of the plate, the resulting 
beam, in general, has a different amplitude and polariza- 

65 tion from the incoming beam. The amount of phase 
delay accumulated while traversing the plate, and 
hence the tuning characteristics of the plate, depends on 
the type of material, wavelength of the incident light, 
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and the geometric parameters indicated in FIG. 1. The 
angle of incidence, p, is usually chosen to be Brewster's 
angle so that incident ppolarized radiation will enter 
the filter without loss. The rotation angle, p, is the angle 
between the projection of the crystal c-axis onto the 5 
plate surface and the plane of incidence and is defined 
such that when p=O the c-axis is in the incident plane. 
The angle between the c-axis and the plate surface nor- 
mal is m. 

given by 
The phase delay for a single plate Pi of thickness dl is 10 

2udl 
A+ =- A [ni C O S ~ ~  - no ~ M o l  

(1) 

15 

where A is the wavelength of the incident radiation, no 
and nl are the indices of refraction of the ordinary and 
extraordinary components respectively, and Po and pi 
are the internal angles of refraction, measured with 
respect to the plate surface normal, of the ordinary and 
extraordinary components respectively. The determina- 
tion of the index of refraction of the extraordinary ray, 
nl, is achieved by simultaneously satisfying the follow- 
ing equations 

Sins1= nl 

where ne is the primary extraordinary index of refrac- 
tion. The angle y is the angle between the direction of 
propagation of the extraordinary ray in the material and 
the optic axis. Since the analytical solution for nl to the 
system of equations (2-4) is cumbersome, an iterative 
approach, in which nl is replaced by n,in equation (2) as 
the initial approximation, can be used. This iterative 
solution converges very rapidly to the desired solution. 

Using the Jones matrix formalism a matrix, M, is 
defined 

4 

and for a double pass as in a Fabry-Perot resonator or in 
an external feedback arm of a ring resonator, 

M= MI M2. . . MNMS . . M2M1. (7b) 

The emerging field, Eout, after traversing a multi-ele- 
ment birefringement filter, is given in terms of the input 
field, Ejn, by 

&ur=MEin (8) 

M =  
45 

(5) 

$(cos2a + exp(-iA+) sinh) pq sina c w  (1 - exp(-iA+)) 

pg sina COSQ (1 - exp(-iA+)) $(cos2a + exp(-iA+) sin2,) 

where p2 and q* are the transmittances of the p-pola- 
rized and s-polarized components of the incident flux 
through the plate. If p is equal to Brewster's angle, then 
p= l .  The angle, a, is the angle between the plane of 55 
incidence and the plane containing the optic axis and 
the extraordinary ray and is given by 

sinu sinp 
=Y 

ha=-. 

T o  obtain the Jones matrix for a set of N plates compris- 
ing the filter, it is necessary to multiply matrices repre- 
senting individual plates in the order in which they are 
traversed. For a single pass of the filter as in a ring 65 
resonator. 

20 

25 

30 

35 

40 
di mi = 5;- [nl  cospl - no cos&,] = djflA) 

where 

Eout = [ &,our Ep'0u1].4nd Ej,, = [ 
The components E,, and Es are the p- and s-polarized 
components of the electric field defined with respect to 
the plane of incidence. In laser applications it is fre- 
quently desirable to find that field which is replicated 
after traversing the birefringent filter with only a 
change in amplitude, that is, the eigenpolarizations of 
the resonator. In this case, the eigenvalue equation 

ME=fE (9) 

must be solved, in which the eigenvalues, t, are in gen- 
eral complex and I t 12 gives the energy transmitted in a 
single traversal of the filter represented by the matrix 
M. 

Maximum transmission through a single plate occurs 
at those wavelengths for which the phase delay given 
by equation (1) is an integral multiple of 2a. For some 
orientation of the plate there will be a transmission 
maximum at wavelength h identified by the integer 
order mi given by 

where diis the thickness of the ith plate. The function, 
f(h), includes the wavelength dependent qualities. As- 
suming that the plates in a multi-element birefringent 
filter are properly oriented and are identical with the 
exception of thickness only, there will be some wave- 
length for which equation (IO) is simultaneously satis- 
fied for all plates, provided that their thicknesses are 
integral multiples of some base thickness. That is, 

di=Id0 (11) 

where Ii is an integer and do is the base thickness (i.e., 
Io= 1). For convenience, label the plates such that 
do<di <d2. . . <dN. In general, the width of the peaks 
is governed by dN, while the separation between maxi- 
mally transmitted peaks is controlled by de 

The behavior of the transmission spectrum of the 
filter will be considered as if the plate with thickness do 
is excluded from the set of plates. Assume only that do 
and the corresponding d,s are chosen such that the 
integers I1 through IN have no common integer factors 
other than unity. From equations (10) and (1 l), the 
following is derived: 

ml=Iid&), . . . , mN=I&&) (12) 
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6 
sumed to be fabricated from quartz. In FIG. 2, the c-axis 
is inclined at 35" with respect to the surface normal, the 
tuning angle p is 120", and the base thickness is 0.50 mm. 
The plate thicknesses are in the ratio 11:12:13=1:3:9. 

5 These plate ratios are thus determined by the standard 

integral multiples of the thickness of the thickness of the 
thinnest plate. This filter, which is nomi- 
nally designed to be used with Tisapphire laser, has 

(14) 10 three transmission maxima, e.g., approximately 630 nm, 
760 nm, 940 nm, within the gain bandwidth of Tisap- 

where pois not a priori integral since a of thickness phire. Since the wavelength at which the laser will 
do is not included in the multi-element filter. However, oscillate is established by the net resonator gain, the 
since po=mk/Ik (1 S k s N ) ,  it is rational and, in fact, Output Coupler reflectivity and emission spectra play 
can be shown to be integral under the condition stated l5 important roles h determining which of the three trans- 
above. From equations (12) and (14) mk=Ikp,, for all mission peaks would provide the tuned output. HOW- 
1 s k s  N. If po is expressed as a fraction, the denomina- ever, since the stimulated emission coefficient for Ti:- 
tor could exactly divide some, but not all, of the Ik since sapphire is much greater at 760 nm than at, say 940 nm, 
they were assumed to have no common integer factors. it could be difficult to entirely suppress emission at 760 
Therefore, the denominator of po must be unity and p o  2o nm with mirrors optimally coated for 940 nm operation. 
can be replaced in equation (14) by m, where m, is an To obtain the required suppression near the emission 
integer. maximum, it would be desirable to design a filter with a 

To investigate the separation between maximally transmission spectrum of the type shown in FIG. 3. In 
transmitted wavelengths, equations (12)-(14) can be 25 FIG. 3 the plate ratios are 1:2:6:18 with a base thickness 
solved for d,[f(h)-f(A')] and similar terms equated for of 0.25 mm with the remaining parameters the same as 
plates 1 and N to obtain in FIG. 2. As can be seen in FIG. 3, the peak at 760 nm 

has been removed by the inclusion of the 0.25 mm bire- 
fringent plate in the conventional manner. It is difficult, 

3o however, to fabricate such thin plates while maintaining 
the optical quality necessary for laser applications. 

FIG. 4 illustrates the teachings of the present inven- where m,'=dof(h'). This is just the condition that would tion by which the peak near 760 nm can be removed be obtained if the plate with thickness do were included without fabricating the o.25 mm plate and suffering a in the filter. The smallest separation occurs when mo-- decrease in optical quality. The parameters for FIG. 
m i =  1. That is, a filter having a separation between 35 are identical to those of FIGS. and with the excep- 

and 

rn1'=Zld&h'), . . . , md=Z&&') (I3)  

where the primes are to differentiate between the method wherein the thicknesses ofthe thicker plates are 
and corresponding Orders for differing 

maximum transmission peaks for a fixed orientation. 
The symbol po is defined such that 

po=d&N 

(15) rnN - rnd 
IN 

- -  = m, - m i  
m l  - ml' m2 - m2' - . . . -  - - 

11 12 

transmitted peaks corresponding t' a plate tion that the plate thicknesses are in the ratio 11:12:13- 
:14=2:3:6:18 with do=0.25 mm. In other words, each 
plate has a respective thickness which an integral multi- 

be the greatest common divisor Of dl through 'N' 4o ple of the difference in thickness between the two thin- 

with thickness docan be designed without 
ing to fabricate the thin plate: it is necessary Only that 

This can be an advantage when designing tuning ele- nest plates (0.75 mm-0.50 mm=0.25 mm in this exam- ments for broadly tunable lasers, in which very thin ple) and the plates are stacked such that light passes plates may be desired to achieve the required tuning through the thinnest to the thickest plate. The integral range. 
intensity of multiple is any positive integer not equal to one, i t . ,  a 

45 non-unity integer. The thinnest plate has thickness p-polarized light emerging from a filter, Ip where dl=0.50 mm which is much thicker, and therefore has 
(16) better optical qualities, than the 0.25 mm thickness of 

the thinnest plate in the FIG. 3 embodiment. The peak 
and incident normalized p-polarized radiation has been near 760 nm has again been removed without significant 
assumed. In these Figures, h e  respective parameters 50 degradation of the remainder of the transmission spec- 
are: trum. A filter of the type shown in FIG. 4 has been 

FIG. 2: calculated p-polaked component of the fabricated and used to tune a titanium doped sapphire 
transmission through a three plate birefringent filter laser. The performance characteristics of the tuner were 
assuming p-polarized input. Orientation of the plate is as expected from the preceding analysis. For many 
given from ~=35O, p= 1 2 r ,  and p=57". Plate thick- 55 applications involving the use of wideband tunable vi- 
nesses are 0.50 mm, 1.5 mm, and 4.5 mm. bronic lasers, the elimination of the extremely thin plate 

FIG. 3: calculated p-polarized component of the could improve the optical reliability of the resonator. 
transmission through a four plate birefringent filter The foregoing specific values for the plate thickness, 
assuming p-polarized input. Orientation of the plate is number of plates, and integral multiples are of course by 
given from ~ = 3 5 ' ,  p= 1 2 r ,  and P=57". Plate thick- 60 way of example only. The skilled artisan can employ the 
nesses are 0.25 mm, 0.50 mm, 1.5 mm, and 4.5 mm. filter of the present invention to obtain the desired tun- 

FIG. 4: calculated p-polarized component of the ability without departing from the invention. 
transmission through a four plate birefringent filter The algorithm to model the performance of a bire- 
assuming p-polarized input. Orientation of the plate is fringent filter described in this application has been 
given from ~=35O, p=120', and p=57". Plate thick- 65 implemented on desk-top computer equipped with the 
nesses are 0.50 mm, 0.75 mm, 1.5 mm, and 4.5 mm. DOS operating system, am 8087 math co-processor 

The emerging field was calculated from (8) with M chip and a Fortran compiler. Special features of the 
given by (7a). The plates comprising the filter are as- model allow the user to investigate the effects of ther- 

FIGS. 24 show the calculated 

Ip=Ep,ourE*p,,our 



5,062,694 
7 8 

mal instabilities and mechanical misalignment for filters 
of up to twelve optical elements. The filter elements 
may be birefringent plates, waveplates or polarizers. 
The algorithm is publicly available through the NASA 
COSMIC software library by contacting COSMIC, 5 
University of Georgia, Athens, Ga., 30602 and request- 
ing LAR 13945, “Birefringent Filter Model.” 

Many improvements, modifications and substitutes 
will become apparent to one of in the art without 

tion as described in the specification and defined in the 
following claims. 

a second birefringent plate having a thickness d2; and 
a third birefringent plate having a thickness d3, 
wherein dl <d2<d3 and dl, d2, and d3 are non-unity, 

integral multiples of the difference in thickness 
between dl and d2, and the birefringent plates are 
stacked such that light to be filtered passes in order 
through the first, second and third birefringent 
plates. 

3. The birefringent filter according to claim 2, further 

ness & which is greater than d3, wherein d4 is an inte- 
gral multiple of the difference in thickness between d l  
and d2, and wherein the fourth birefringent plate is 
stacked such that light to be filtered passes in order 

4. A method of filtering light comprising the steps of: 

exhibiting birefringence, each of said plates having 
a respective thicknesses dl, d2. . . dN, wherein 
dl<d2. . . <dN, and the respective thicknesses dl, 
d2. . . dNare non-unity, integral multiples of the 
difference in thickness between dl and d2; and 

stacking said plurality of N plates such that the light 
to be filtered passes in order through the plates 
having respective thicknesses of di, d2, . . . dN. 

departing from the spirit and scope ofthe present inven- lo comprising a fourth birefringent plate having a thick- 

What is claimed is: 
1. A birefringent filter comprising: 
a plurality of N plates of an optical material exhibiting 

tive thickness dl, d2. . . dN, wherein dl<d2. . . 
<dN, the respective thicknesses dl. . . dNare non- 
unity, integral multiples of the difference in thick- 20 
ness between dl and d2, and the plates are stacked 
such that light to be filtered passes in order through 
the plates having respective thicknesses of dl, d2. . 
. dN. 

I5 through the first, second, third and fourth plates. 

birefringence, each of said plates having a providing a plurality o f N  plates of an optical material 

2. A birefringent filter comprising: 25 
a first birefringent plate having a thickness dl; * * * * *  

30 
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