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absorbing) layers exhibits symmetric 
behavior between its front and rear 
facet reflectivity (or transmissivity). 
To prove this statement, consider re
turning both the reflected beam and 
the transmitted beam back to the 
stack via two phase-conjugate mir
rors (see Fig. 12, page 57). Denoting 
the front facet reflection and trans
mission coefficients by r and t, and 
the corresponding rear facet coeffi
cients by r' and t' we must have, by 
reciprocity, the following identities: 

Eq. 1, in conjunction with the princi
ple of conservation of energy, yields 
t = t', proving that the complex trans
mission coefficient is the same from 
both sides of the stack. From Eq. 2, 
one obtains r' = - tr*/t*, which 
proves that the amplitude of the re
flection coefficient is the same from 
the two sides, that is, |r| = |r'|. As for 
the phase angles we have: 

These relations are readily verified 
for a specific quadrilayer stack with 
performance characteristics depict
ed in Figure 13.2 Needless to say, the 
symmetry of reflection and trans
mission from the two sides of a mul
tilayer stack applies quite generally 
unless one or more layers are ab
sorptive or magneto-optically active. 
In fact, the media of incidence and 
emergence on the two sides of the 
stack do not have to be identical ei
ther. Using the method of proof 
outlined above, one can readily 
show that the behavior of dielectric 
stacks remains symmetrical even 
when the media above and below 
the stack have arbitrary refractive 
indices n1 and n2, provided that the 
difference in beam cross section and 
the dependence of power on the re
fractive index are properly account
ed for. 

Another interesting property of 
multilayer stacks arises when one or 
more of the layers happen to be ab
sorptive. Since reciprocity no longer 
applies to this case, it should come 
as no surprise that the reflectivities 
of the two sides of the stack are, in 
general, different. What is surprising 
is that, even in the presence of ab
sorption, transmissivity continues 
to be the same from both sides. This 
property can be proven using stan
dard methods of thin film stack cal
culation,5 and has been verified nu
merically in several situations. (In a 
future column, we will give a simple 
proof for the symmetric behavior of 
transmissivity under quite general 
conditions.) 
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Patent Design 

Wide Angle Shift 
Lens for 35-mm 

Format 
BY J . B R I A N C A L D W E L L 

Patent: U.S. 5,742,439 
Issued: April 21, 1998 
Title: Apochromatic 

Wide-Angle Objective 
Example: #1 of 1 
Inventor Karl-Heinz Schuster 
Assignee: Carl Zeiss Stiftung 

If a tall building is photographed 
by pointing a camera upward, the 

vertical lines of the building con
verge. Large format photographers 
have long known that it is possible 
to avoid this problem by shifting the 
lens vertically upward while keeping 

Figure 13. Computed plots of reflection and transmission 
coefficients versus the angle of incidence for a quadrilayer 
dielectric stack surrounded by free-space. The layer thick
ness d and refractive index n for consecutive layers starting 
at the top of the stack are as follows: (140 nm, 2.2), 
(200 nm, 1.8), (80 nm, 2.0), (100 nm, 1.5). The magni
tudes of the various reflection and transmission coefficients 
shown in (a) are the same whether the beam is incident 
from the top or bottom-side of the stack. The phase angles 
of the transmission coefficients, φtp and φts, are also the 
same for top and bottom incidence. The phase angles of the 
reflection coefficients, however, depend on the side of the 
stack at which the beam is directed. In (b) and (c) φrp and 
φrs are the phase angles for p- and s-reflectivities when the 
beam is incident from the top of the stack. The primed 
quantities correspond to incidence from the bottom. 
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the image plane parallel to the 
building. To do this, the lens must 
have an image circle that is larger in 
diameter than the diagonal of the 
film format. While this is the norm 
for large format photography, in the 
realm of the 35-mm system a special 
lens called a shift lens is required. In 
addition to having a larger than nor
mal image circle, shift lenses have a 
special mechanical structure that 
enables the shifting motion. This 
mechanical structure requires that 
the back focal distance be even 
greater than that normally required 
for 35-mm SLR lenses. Needless to 
say, the combination of a larger than 
normal image circle and back focal 
distance places great demands on 
the optical design, and, as a result, 
shift lenses tend to be a little slower 
and a lot more expensive than non-
shift lenses with the same focal 
length. 

This month's design (see Fig. 1) 
is a very high performance 25-mm 
reversed telephoto lens with an im
age diameter of 61 mm. An image 
circle this size allows an unusually 
large vertical shift of more than 
12.6 mm in the direction of the 
short side of the format, which 
would place the optical axis 0.6 mm 
above the top of the image area! To 
achieve this image circle, the lens is 
well corrected out to a full-field an
gle of more than 102° rather than 
the much smaller 81.7° required for 
a non-shift 25-mm lens. 

A key feature of the design is its 
excellent correction of lateral color, 
achieved by the careful selection of 
glass types. According to the inven
tors, the use of Hoya ADC-1 in the 
front positive element is a key fac

tor in elimi
nating lateral 
color to a re
markable ex-
tent, along 
with a simul
taneous correction of oblique spher
ical aberration. In a wide-angle 
short focal length lens with a mod
erate aperture, it is advantageous to 
be able to correct secondary lateral 
color and chromatic variation of 
field aberrations because these tend 
to be the limiting aberrations. 

This month's design is called 
apochromatic by its inventors, not 
because it is corrected for secondary 
axial color, which it is not, but be
cause it is corrected for lateral color 
at three widely spaced wavelengths. 
Analysis of the design reveals that 
there is negligible lateral color be
tween violet (435.84 nm), yellow 
(587.56 nm), and red (656.27 nm) 
at a field height of 28.2 mm. More
over, the lateral color between violet 
and red vanished at a field height of 
20.9 mm, and that between green 
and red vanished at a field height of 
26.0 mm. 

The excellent correction of the 
design is demonstrated in Figures 
2-4, which show, respectively, trans
verse ray aberrations, distortion, 
and modulation transfer function 
(MTF) as a function of field height. 
The transverse ray aberration curves 
reveal that there is some extremely 
high-order oblique spherical aberra
tion that will quickly vanish when 
stopping down. The distortion is the 
typical compensated barrel type 
common to most wide-angle re
versed telephoto designs. The MTF 
curves indicate that the optical per

formance greatly exceeds the normal 
35-mm standard of 30% contrast at 
50 cycles on-axis. As can be seen in 
Figure 4, the design achieves excel
lent contrast to at least 100 
cycles/mm over the entire over-sized 
image circle! 

The optical prescription, given 

Figure 1. 25-mm EFL shift lens for 35-mm format. 

Figure 2. Transverse ray aberrations in millimeters for image heights of 0.0, 21.35, 
and 30.5. 

Figure 3. Distortion in percent
ages as a function of field height. 

Figure 4. Polychromatic MTF at 25. 50, and 100 
cycles/mm as a function of field height. The calculation 
was done for wavelengths of 435.8, 587.6. and 
656.3 nm with weights of 0.5, 1.0, and 0.5. 
respectively. 
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in Table 1, is unusual in that it 
specifies the thickness of the 
cement in cemented doublets. The 
index (nd) of the cement is given in 
the patent as 1.57. The dispersion 
of the cement was not specified, 
but values ranging from 20-60 
were tried and it was found that the 
effect on optical performance was 
negligible. It should be noted that 
Ohara NSL51, which is used in the 
design for a filter element, is no 
longer manufactured. In the analy
sis, an NSL5 was used instead; this 
required only a small amount of re-
focusing from the original design. 

OPN Contributing Editor J. Brian Caldwell is president 
of Optical Data Solutions Inc., which produces 
LensVIEW™, a database of optical designs found in 
the patent literature. Comments and suggestions are 
welcome at caldwell@ods-inc.com. 

Recent R e s e a r c h 

SUMMARIZED BY GEORGE LEOPOLD 

This postdeadline paper was presented at the 

Optical Fiber Communications (OFC®) 

Conference, February 23—26, 1998, 

San Jose, Calif. 

U L T R A - W I D E B A N D , L O N G D I S T A N C E 

W D M T R A N S M I S S I O N 

D E M O N S T R A T I O N : 1 TB/S 

(50 X 20 GB/S), 600 KM 

T R A N S M I S S I O N U S I N G 1 5 5 0 - A N D 

1580-NM W A V E L E N G T H B A N D S 

Chromatic dispersion compensa
tion is increasingly seen as the 

key to lengthening the transmission 
distance of terabit W D M systems 
that have so far been limited to 
150 km, an impractical length for 
emerging multimedia services. 

The N T T investigators report 
what they say is the first long
distance terabit W D M transmission, 
which optimizes dispersion com
pensation and the simultaneous use 
of two wavelength bands. Twenty 
channels in the 1,550-nm band and 
30 channels in the 1,580-nm band, 
all carrying 20 Gb/s, are transmitted 
over 600 km of a single-mode fiber, 
four times longer than previous 
terabit transmission experiments. 

Dual recirculating loops are used 
to carry the 1,550- and 1,580-nm 
band signals. Both are connected to 
one single-mode fiber. They achieved 
one Tbit/s (50 X 20 Gb/s) transmis
sion over the single-mode fiber using 
the two wavelength bands. 

The researchers find no signifi
cant degradation in transmission 
performance due to simultaneous 
use of the two wavelength bands. 
They conclude that this indicates the 
prospect of further increases in the 
number of W D M channels. 

S. Aisawa, T. Sakamoto, M. Fukui, J. Kani, M. Jinno, 
and K. Oguchi, NTT Optical Network Systems Labora
tories, Kanagawa, Japan. 

O m i s s i o n : The postdeadline papers that 
appeared in the M a y issue (pages 60—62) 
were presented at the Optical Fiber C o m 
munications ( O F C ® ) Conference, Febru
ary 23-26, 1998, San Jose, Calif. 

These postdeadline papers were presented 

at the Conference on Lasers and 

Electro-Optics/International Quantum 

Electronics ( C L E O ® / I Q E C ) Conference, 

M a y 3—8, 1998, San Francisco, Calif. 

C O H E R E N T C O N T R O L OF N O R M A L 

M O D E S IN A Q U A N T U M - W E L L 

S E M I C O N D U C T O R M I C R O C A V I T Y 

Coherent control of excitron popu
lations in quantum wells (QW) 

has been achieved. The university 
researchers take the technique a step 
further by demonstrating coherent 
control of the exciton-photon normal 
modes in a strongly coupled QW mi
crocavity using a two-color scheme. 
A normal mode carries an equal ad
mixture of excitons and cavity pho
tons. They used the fact that phase-
controlled pump pulses tuned to a 
normal mode excite and de-excite 
QW excitons. The results consequent
ly represent the coherent control, not 
only of a material dipolar response, 
but also of a coupled light-matter 
mode. Thus, a pump pulse at one 
wavelength can be used to control a 
signal pulse at another wavelength. 

The sample studied had two QWs 
embedded in a cavity with 99.5% mir
ror reflectivity (14/16.5 periods of a 
GaAs/AlAs on top/bottom mirrors). 
All measurements were performed at 
a temperature of 10 K. Commenting 
on the microcavity switch, the 
researchers noted that the field 
enhancement in cavities induces a 
substantially stronger nonlinearity 
with respect to the external field when 
compared with the cavity-free QW. 

Y.-S. Lee and T.B. Norris, Center for Ultrafast Optical 
Science, Univ. of Michigan, Ann Arbor, Mich.; A. 
Maslov and D.S. Citrln, Dept. of Physics, Washington 
State Univ., Pullman, Wash.; J . Prineas, G. Khitrova, 
and H.M. Gibbs, Optical Sciences Center, Univ. of Ari
zona, Tucson, Ariz. 

P H A S E - M A T C H I N G OF H IGH-ORDER 

H A R M O N I C G E N E R A T I O N IN 

C A P I L L A R Y W A V E G U I D E S 

The use of high-order harmonic 
generation of ultrashort pulses in 

experiments and applications has 
been limited by low conversion effi-

Table 1. Optical prescription where measurements are 
given in millimeters. Focal length is 25 mm; aperture is 
f/3.65; and film plane diagonal is 61 mm. 
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