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Atruly monochromatic beam of 
light, if it ever existed, would be 

perfectly coherent. Such a beam 
could be split into two parts and 
each part propagated over an arbi
trary distance. When the parts were 
finally brought together and mixed, 
no matter how different the two 
path lengths may have been, the re
sulting waveform would exhibit 
constructive and destructive inter
ference in the form of bright and 
dark fringes. The coherence length 
of a monochromatic beam is there
fore infinite, in the sense that the 
path length difference can be as 
large as desired, without hampering 
one's ability to create interference 
patterns. 

Real sources of light, of course, 

are never monochromatic. White 
light, restricted to the visible range 
of wavelengths from 400-700 nm, 
for example, has a coherence length 
of only a couple of micrometers. A 
green filter passing sunlight at 
λ 0 = 550 nm with a 10-nm band
width produces a beam with a co
herence length of about 50 μm. The 
red line of cadmium (λ 0 = 643.8 nm) 
has a nearly Gaussian spectrum with 
a 0.0013 nm width at half peak in
tensity, leading to a coherence 
length of nearly 30 cm.1 This is sim
ilar to the coherence length of a 
short, inexpensive HeNe laser (λ 0 = 
632.8 nm) with a few longitudinal 
modes and a typical bandwidth of 
Δf = 1 GHz. A stabilized HeNe laser 
operating in a single longitudinal 
mode (Δf = 100 kHz) has a coher
ence length of several kilometers. It 
is important therefore to under
stand the role of spectral bandwidth 
in enhancing or diminishing the 
performance of an optical system 
that, by design or coincidence, in
volves interference. 

The subject of temporal coher
ence has been covered extensively in 
modern and classical textbooks;1-5 it 
is not our intent here to repeat what 
is already well-known. Instead, we 
present an alternative viewpoint that 
draws on the similarities between a 
waveform extended over a long span 
of time, and a compact wave packet, 
which exists for a relatively short pe
riod. We will show that, as far as 
first-order temporal coherence is 
concerned, the wave packet can be 
substituted for the extended wave
form in analyzing the results of in
terference experiments. While de
scribing the properties of wave 
packets, we also mention some in
teresting observations concerning 
their reflection from and transmis
sion through multilayer stacks. 

Time dependence, frequency 
spectrum, and phase 
Consider a superposition of plane 
waves propagating in free space 
along the Z-axis, and covering a 
range of (temporal) frequencies at 
and around f = f0. The discrete fre

quencies fn comprising the spectrum 
of this waveform are assumed to 
have a fixed spacing Δf, that is 

where A n and Φn are the amplitude 
and phase of the spectral component 
whose frequency is fn, and c is the 
speed of light in vacuum. The con
stant multiplier (Δf) 1 / 2 is for normal
ization purposes only, its significance 
becoming clear as the discussion pro
ceeds. We set the central frequency 
f0 = 4.74 X 1014 Hz (corresponding 
to λ 0 = 632.8 nm) and Δf = 4.74 X 
1012 Hz, which leads to N0 = 100. We 
adopt a Gaussian shape for the distri
bution of the amplitudes A n (see Fig. 
la), and let the values of n in Eq. 2 
range from -15 to +14, for a total of 
30 discrete wavelengths in the spec
trum. To a large extent these choices 
are arbitrary, but the points that we 
seek to clarify by way of examples 
based on these choices are quite gen
eral in nature. 

Throughout this article the same 
amplitude coefficients {An} are as
sumed for all realizations of the 
waveform a(z, t), but the phase an
gles {Φn}, although fixed for any par
ticular waveform, differ for different 
realizations. The statistical proper
ties of a(z, t) are thus uniquely deter
mined by the joint probability distri
bution over {Φn}. Furthermore, we 
consider stationary processes for 
which the ensemble average over dif
ferent phase angle realizations coin
cides with the time average derived 
from a single realization. This re
striction of randomness to spectral 
phase simplifies the discussion with
out affecting the validity of the final 
results. 

Since the spectrum in Figure 1a is 
a discrete function of frequency, the 
corresponding amplitude a(z, t) con
sidered either as a function of time 
at a fixed point z, or as a function of 
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z at a given instant of time t, will be 
periodic. With z fixed, for example, 
the period of the function in the time 
domain will be T = 1/Δf = 211 fs. A 
plot of a(z = 0, t) over a full period T 
is shown in Figure lb, and a close-up 
of the wave packet appears in Figure 
1c. (This is reminiscent of the pulse 
train emerging from a mode-locked 
laser.) The width of the packet in 
Figure lb is about 20 fs, which is of 
the same order of magnitude as the 
inverse of the spectral width (29 Δf = 
1.37 X 1014 Hz). To increase the peri
od T without changing the overall 
shape of the wave packet one must in
crease the rate of sampling of the 
spectrum of Figure 1a by selecting ad
ditional frequencies in between those 
that are already chosen. In this way, 
both the spectrum and the wave pack
et retain their shapes, but Δf becomes 
smaller while T becomes larger. In the 
limit of Δf 0 the separation T be
tween adjacent wave packets ap
proaches infinity. 

Where first-order coherence of a 
given waveform is concerned, the 
phase distribution over its spectral 
range is irrelevant, even though the 
shape of the waveform as a function 
of time is significantly affected by 
this phase distribution. For example, 
in Figure lb the phase Φn is assumed 
to be a linear function of frequency, 

whereas if Φn is picked randomly for each fn, an extended function such as 
that in Figure 2 is obtained. (The latter could, for example, be the output of a 
multi-longitudinal-mode laser.) There are many possible choices for {Φn}, 
and each choice yields a more or less extended function of time. Only in rare 
occasions do we find a compact wave packet similar to that in Figure lb. 
However, all functions obtained by different choices of {φn} are identical in 
their first-order coherence attributes. In other words, the compact packet of 
Figure lb has the same degree of first-order coherence as the extended wave
form of Figure 2. 

The time-averaged intensity of the waveform at an arbitrary point z = z0 

is readily computed from Eq. 2 as 

Figure 1. (a) Truncated Gaussian function sampled 
regular intervals represents the frequency spec

um of a waveform. (b) The waveform as a function 
time obtained by Fourier transforming the spec-

um in (a) assuming the phase is a linear function of 
quency. Since the spectrum is sampled at 
= 4.74 x 1 0 1 2 Hz, the waveform is repeated with 

period of 211 fs. Only one period of the wave 
acket is shown. (c) Close-up of the wave packet. 

Note that the right hand side of Eq. 3, being the area under the square of the 
spectral distribution of Figure la, remains constant as the sampling rate in
creases. Thus, reducing Δf in order to increase the period T does not affect 
the average intensity of the waveform. 

The Mach-Zehnder interferometer 
Temporal coherence is usually measured with a Michelson interferometer. For 
purposes of this paper, however, we use a slightly modified version of the 

Mach-Zehnder interferometer, 
shown in Figure 3. The collimated 
beam of light entering the device is 
split equally between its two arms at 
the first beam splitter (BS). The two 
beams are reflected by the mirrors at 
the end of each arm, then recom
bined at the second BS. If the two 
beams happen to be perfectly in 
phase when they arrive at the second 
BS, they interfere constructively in 
channel 1 and deliver their combined 
total optical energy to detector 1; 
detector 2 in this case receives no 
light at all. If, on the other hand, the 
two beams are relatively phase shifted 

Figure 2. Waveform obtained by Fourier transforming the 
frequency spectrum of Figure l a after assigning it a randomly 
selected phase at each frequency. 

Figure 3. The Mach-Zehnder interferometer is used in analyz
ing the temporal coherence of a collimated beam of light. 
The incoming beam is split equally between the two arms of 
the device at the first beamsplitter (BS). The two arms are 
identical except for the end-reflector being fixed in one arm 
and movable in the other. After traveling along these sepa
rate arms the beams are recombined at the second BS. 
When the optical path lengths of the two arms are identical, 
the beams interfere constructively in channel 1 and deliver 
their entire energy to detector 1. Deviations from path-length 
equality can send to channel 2 either the entire beam or a 
fraction of it. The movable reflector is used to adjust the 
optical path length difference between the arms. 
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by Δφ = 180°, they appear collectively at detector 2, leaving detector 1 in the 
dark. For intermediate values of Δφ the energy of the beams is split between 
the two detectors, with the splitting ratio being 50/50 when Δφ = ± 90°. 

Now suppose the relative phase between the two beams can be varied 
continuously by adjusting the length of one of the interferometer's arms. 
Then S1, the output of detector 1, reaches its maximum when the two arms 
become identical. As the length of the adjustable arm increases by a quarter 
of a wavelength, Δφ becomes 180° and S1 reaches a minimum. As long as the 
two beams remain coherent (or partially coherent) this behavior is periodi
cally repeated, with the output of each detector oscillating between a maxi
mum and minimum. Once the arm lengths differ by more than the coher
ence length of the beam, the oscillations die down and both channels 
receive equal amounts of light, irrespective of the path length difference be
tween the arms. For the wave packet of Figure 1, we show in Figure 4 the 
computed output of detector 1 as a function of Δz = 1/2 cτ, where τ is the 
time delay between the two arms of the interferometer. 

The time-averaged detector outputs may be written 

The first term on the right hand side of this equation is a constant, indepen
dent of τ, while the second term is the autocorrelation function of the wave
form a(t) and coincides with the first-order field coherence function in the 
case of a stationary process. The Fourier series coefficients of this autocorrela
tion function are {A2

n}, independent of {Φn}. It is thus clear that the signals 
S 1(τ) and S 2(τ), and hence the first-order temporal coherence of the wave
form, depend only on the magnitude—and not the phase—of the spectral 
distribution, as was asserted earlier. 

Coherence length 
Figure 5 shows the waveforms arriving in channels 1 and 2 when the wave 
packet of Figure lb is sent through the interferometer, with its movable arm 
extended by Δz = cT/8 = 7.91 μm. The time delay between the packets trav
eling in the two arms is therefore τ = 1/4T. Since this delay is longer than the 
duration of each packet, the two packets upon arriving at the second BS do 
not overlap and, therefore, appear separately in both channels. Obviously 
no interference takes place in this case and each channel receives an equal 
share from each packet, each with one half of the original amplitude. 

In the above example, where the delay τ between the two arms of the in
terferometer is 1/4T, one can divide the frequency content of the wave packet 
into four categories. The first category consists of the frequencies f = 85 Δf, 
89Δf, 93Δf, . . . 113Δf. All these terms are phase-shifted by 90° and, when 
combined at the second BS, are equally split between channels 1 and 2. The 
output of channel 1 for these frequency components is shown in Figure 6a. 
The second category consists of frequencies f= 86 Δf, 90Δf, 94 Δf , . . . 114Δf, 
which are phase shifted by 180° and, therefore, appear exclusively in channel 2. 
The third category consisting of frequencies f = 87 Δf, 91 Δf, 95 Δf, 
. . . 111 Δf is phase-shifted by -90° and is, once again, equally split between 
the two channels; the output of channel 1 for these components is shown in 
Figure 6b. The fourth and last category consists of frequencies f = 88Δf, 
92Δf, 96Δf , . . . 112Δf, which are not phase-shifted at all and appear in their 
entirety in channel 1, as shown in Figure 6c. Now if the three sets of signals 
in Figure 6 are added together the twin packet of Figure 5a will be obtained. 

It is clear that the behavior of individual frequency components (or groups 
of such components that acquire the same phase-shift) is independent of all 

Figure 4. Signal S1 of detector 1 as a function of the exten
sion Δz of the movable end-reflector of the interferometer. The 
assumed incoming beam is the packet of Figure 1. 

Figure 5. Waveforms arriving at (a) channel 1 and (b) 
channel 2 of the Mach-Z ehnder interferometer. The 
assumed incoming beam is the packet of Figure 1, and 
the movable arm of the interferometer has been extend
ed by Δ z = cT /8 = 7.91 μm. Because the delay is 
longer than the width of the packet, no interference 
takes place. The two packets act independently and 
appear in both channels, albeit at half the original 
magnitude of the incoming wave. Note that the first 
packet in channel 2, having been transmitted through 
both beam-splitters, is flipped relative to the second 
packet, which has been reflected at both beam-split
ters. In contrast, each packet arriving in channel 1 has 
been reflected at one and transmitted at the other 
beam-splitter. As a result, there is no relative phase 
shift between the two packets in channel 1. 
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the other components. Furthermore, 
the fraction of each component ap
pearing in a given channel is only a 
function of the phase delay acquired 
by that component between arms 1 
and 2, independent of the original 
phase of that component. Consider
ing that the various frequency terms 
are orthogonal to each other, the be
havior of the overall waveform within 
the interferometer is independent of 
the initial phase of its individual com
ponents. We thus see that the analysis 
of the packet of Figure lb applies 
equally to the extended waveform of 
Figure 2. These different-looking 
functions share the same spectrum 
but have differing phase distributions 

over their common range 
of frequencies. In particu
lar, the coherence length is 
equal to the width of the 
wave packet obtained by 
setting all φn equal to 0. 
The width of the packet, 
of course, is roughly equal 
to the inverse of its spec
tral bandwidth. 

In addition to the 
phase angles φn initially 
present and those ac
quired during propagation 
of a given wave packet, the 
field may accumulate fur
ther phase shifts due to 
dispersive elements (such 
as mirrors and prisms) in 
its path. These phase shifts 
manifest themselves as de
lays or distortions of the 
packet. It is of some inter
est, therefore, to study re
flection and transmission 
delays caused by dispersive 
elements in order to eval
uate their impact on inter
ferometric measurements. 

Delay UPON reflection 
As an example, consider 
the 12-layer dielectric stack 
of Figure 7 consisting of al
ternating layers of quartz 
and strontium titanate. At 
the central wavelength of 
λ 0 = 632.8 nm the refrac
tive indices of these mate

rials are 1.46 and 2.39, respectively.6 

(The indices vary somewhat within 
the wavelength range of interest, and 
the corresponding dispersion is taken 
into account in the following calcula
tions.) The thickness of the quartz 
layer is 108 nm and that of SrTiO3 is 
66 nm, each being a quarter-wave 
thick at λ 0. The stack is grown on a 
substrate whose central region has 
been subsequently removed. The hole 
thus created in the substrate is of no 
consequence for our analysis of re
flection, but it simplifies the discus
sion in the following section concern
ing transmission through the stack. 

Figure 8 shows computed plots 
of amplitude and phase for the re

flection and transmission coeffi
cients of the stack in the frequency 
range covered by the wave packet of 
Figure 1.7 Note that, within the 
bandwidth of interest, the phase φr 

of the reflection coefficient is essen
tially a linear function of frequency 
with a slope of 1.5°/THz. This slope 
represents a 4.2 fs delay for the 
packet upon reflection from the 

Figure 6. The s p e c t r u m of the wave p a c k e t in Figure l a c a n 
be c o n s i d e r e d a s the superposi t ion of four g r o u p s of f requen
c i e s . One of t h e s e g r o u p s appears exc lus ive ly in c h a n n e l 2 . 
The other three groups appear in c h a n n e l 1 either fully or 
partially. The waveforms s h o w n here are t h o s e that would 
have appeared in channe l 1 had the other g r o u p s been a b s e n t . 
W h e n t h e s e three waveforms are a d d e d toge ther they recon
struct the pair of wave p a c k e t s s h o w n in Figure 5 a . 

Figure 7. Schematic of a quarter-wave stack consisting of six 
pairs of SiO2/SrTiO3 layers; the entire stack is 1044-nm-thick. 
To simplify the analysis of the transmitted beam, the central 
region of the substrate is assumed to have been etched away. 
In calculating the reflection and transmission coefficients of 
the stack the wavelength dependence of the refractive indices 
of both layers has been taken into consideration. 

Figure 8. C o m p u t e d ampl i tude and p h a s e of the ref lect ion and 
t r a n s m i s s i o n coe f f i c ien ts of the mult i layer s t a c k of F igure 7. 
The d e p i c t e d range of f r e q u e n c i e s c o v e r s the entire bandwidth 
of the wave p a c k e t s h o w n in Figure 1. 
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stack. It might therefore be argued 
that, upon arrival at the surface, the 
packet spends 4.2 fs to explore the 
stack before bouncing back. Rough
ly speaking, this delay may be asso
ciated with a penetration depth of 
625 nm for this 1044-nm-thick 
stack. (For an aluminum mirror the 
corresponding slope is found to be 
0.037°/THz, leading to a reflection 
delay of 0.083 fs, and an estimated 
penetration depth of only 12.5 nm.) 

Delay upon transmission 
For the wave packet transmitted 
through the stack of Figure 7 the 
slope of the phase Φ t ( f ) in Figure 8b 
is about 0.95°/THz, which amounts 
to a delay of t = 2.6 fs. Note, how
ever, that the total thickness of the 
stack is 1044 nm, requiring 3.5 fs for 
the light to cover this distance at its 
vacuum speed c. It appears, there
fore, that in passing through the 
stack, the packet has exceeded the 
speed of light. 8 - 1 1 Since the special 
theory of relativity appears to have 
been violated, we take a closer look 
at the transmitted beam. 

Note in Figure 8a that the trans
mitted amplitude |t| is not constant 
over the range of frequencies of the 
wave packet, but rises at both ends. 
This means that the actual transmit
ted spectrum is somewhat broad
ened (see Fig. 9a). Taking into ac
count the actual amplitude and 
phase of the transmission coeffi
cient, we find the transmitted packet 
to be that of Figure 9b. The peak of 
this packet is in fact delayed by 
about 2.6 fs, implying faster than 
light propagation of the peak, but 
the entire packet is also compressed, 
which means that its starting point 
is about 5 fs behind that of the in
coming packet (compare Fig. 9b 
with Fig. 1c). This delay of the start
ing point ensures that special rela
tivity is not violated. Had we ig
nored the broadening of the 
spectrum and only included the 
phase shift Φ t ( f ) in our transmission 
calculations, we would have ob
tained the packet of Figure 9c, 
which is only delayed relative to the 
incoming packet by 2.6 fs, in obvi

ous violation of special relativity. 
Spectral broadening caused by the 
transmission curve of the stack thus 
results in a compression that ulti
mately delays the emergence of the 
packet, and in so doing reaffirms the 
impossibility of communication be
yond the speed of light. 

It is interesting to note that a 
measurement of the transmission 
delay by the interferometer of Figure 
3 also leads to an apparent violation 
of special relativity. Such a measure
ment ostensibly determines the delay 
by measuring the peak of S1 (the 
output of detector 1) when the mul
tilayer stack is inserted in the fixed 
arm of the device and the movable 
arm is extended to maximize S1. The 
corresponding signal (see Fig. 10) is 
obtained by cross-correlating the 
wave packets of Figures 1c and 9b. 
The peak of this curve occurs at Δz = 
0.4 μm, which is in agreement with 
the 2.6 fs delay calculated earlier. 
One must bear in mind, of course, 
that the interferometer measures the 
average delay of the packet upon 
transmission through the stack, and 
not the delay of its starting point. 
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Inventor: Jun Hirakawa 
Assignee: Asahi Kogaku 

Kabushiki Kaisha 

When a lens designer sets out to 
design a photographic objec

tive the usual goal is to produce the 
sharpest possible lens by optimally 
minimizing all aberrations. Howev
er, this is not the case with lenses in
tended for portrait photography. A 
well-corrected lens will ruthlessly 
reveal all facial blemishes and wrin
kles, and many people find this dis
turbing. As Arthur Cox put it, "por
trait work, especially commercial or 
professional portrait work, is as 
much subtle flattery as photogra
phy."1 The best alternative is to use a 
special soft focus lens having a large 
amount of spherical aberration. A 
point image produced by such a lens 
will consist of a fairly small core sur

rounded by a large halo. And, since 
this effect is stable in the presence of 
moderate amounts of defocus, the 
depth-of-field is larger than that of a 
well-corrected lens. The small core 
ensures that high-contrast, fine de
tail remains visible, while the large 
halo tends to blend away blemishes 
and wrinkles. 

Soft focus lenses are usually 
available only in moderately long fo
cal lengths because they are intend
ed exclusively for portraiture. This 
month's design (see Fig. 1) is unusu
al—though not unprecedented—in 
that it is a wide-angle soft focus lens 
intended for landscape photogra
phy. Canon patented a wide-angle to 
short telephoto zoom lens having a 
variable soft focus function back in 
the 1980s,2 although this patent is 
not cited in the patent document for 
this month's design. 

The current design is a fairly 
conventional-looking reverse tele-
photo lens, covering a full field an
gle of 68.4°. The transverse ray aber
ration plots shown in Figure 2, 
however, reveal a large amount of 

undercorrected spherical aberration. 
The aperture is f/3.6 and the optical 
prescription is given in Table 1. 
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Figure 1. Wide-angle soft focus lens. 

Figure 2. Transverse ray aberrations in 
millimeters for semi-field angles of 0.0, 
23.9, and 34 .2° . 

Table 1. Optical prescription for the objective, where 
measurements are given in millimeters. Focal length is 
100 mm, aperture is f/3.6, full field-of-view is 68 .4° . 
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