AP Physics – Interference
In the 18-century, physicists discovered that waves displayed interference patterns.  One of the reasons that Newton thought that light was a stream of particles was that light did not, apparently,  display interference patterns.  

The reason for this was that they weren’t looking at the proper scale.  The wavelength of light is very small and the interference patterns are on a very small scale as well.

Actually they aren’t hard to observe at all.  Take one of your hands and hold your fingers straight and together.  Place the hand between your eyes and a strong light and move the fingers towards your eyes until you find a little gap between the fingers.  If you bring this close to your eyes, you will see little lines between the fingers.  These are interference patterns.
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Thomas Young was the first to show the wave nature of light with his double slit experiment.  The experiment made use of a wave phenomenon called diffraction.  Diffraction is when a wave moves through a small opening.  To diffract light, you need a really narrow opening – we call these things slits.  Young used two slits that were close together.  He made the slits by coating a piece of glass with carbon and then inscribing two scratches close together onto the glass through the carbon.

The little demonstration with the fingers is an example of the diffraction of light.  We’ll look at single slit interference patterns a little later.  But for now, back to the double slit deal.
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To get a double slit interference pattern, what is needed is a single coherent light source.  In coherent light all the rays are going in the same direction, they have the same wavelength, and they are in phase.  In these enlightened modern times the easy way to get coherent light is to use a laser beam.  Young didn’t have that luxury, so he had to fake it.  He passed a single light source – a bright “bulls eye” lantern – through an opening.  The lantern acted like a flashlight, forming a light beam that would spread out as it traveled through the air.  After it went through the opening, it would be even more directional.  It wasn’t pure coherent light, but was close enough for Young’s experiment.  

For the experiment to work, a single light source is required.  Two sources won’t produce the right sort of interference patterns.

After the light goes through the single opening, it is incident on the two narrow slits.  The light diffracts through the slits and the expanding wavefronts interfere with each other.  We get constructive and destructive interference.  A white card is placed at some distance from the slits and the interference patters can be seen on the card.  Where constructive interference has taken place we see a bright line.  A dark line indicates destructive interference (no light energy).  These lines, both the bright and dark ones, are called fringes.

[image: image63.wmf]Film

Air

Glass

[image: image64.wmf]Max

Max

Max

Max

Max

Max

Max

Max

Max

Min

Min

Min

Min

Min

Min

Min

Min

Let’s look at the wave diffracting through one of the slits and then both of the slits:
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Constructive interference takes place where the wave crests intersect.  Destructive interference takes place sort of in between.  If you place a card in the interference pattern, you can see the fringes.


The destructive fringes are called minima and the constructive fringes are called maxima.

This is basically what the thing looks like:

The radial lines simply mark the intersection of the wave crests where the constructive interference is taking place.

Reason for Interference Patterns:  

The basic reason that the interference patterns show up on the screen is that the light rays from each slit travel a different distance.  Because of this, when they finally arrive at the screen they may or may not be in phase.

If the waves arrive in phase from each slit, we get constructive interference and a maxima (bright fringe) appears on the screen.  If they arrive out of phase, destructive interference takes place and we get a minima (dark fringe).
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You can see this in the drawing below.  At point P on the screen the waves arrive in phase and we get a bright fringe.  Below P we see destructive interference in the drawing to the right.

These drawings are very inaccurate, however – the scale is way off.  Major, big-time off to be exact.  Anyway, the wavelength is so small, the slits are really tiny, and the distance to the screen is enormous when compared with the wavelength and the slit width.  The rays are actually almost parallel to each other when they reach the screen and are not separated by a big angle like the picture shows.

[image: image67.wmf]n

n

1

2

n

n

1

2

n

n

1

2

n

n

1

2

180  phase 

   change

No phase 

  change

The arrival of the waves at the screen looks more like this:

The critical thing for the waves coming through the slits and meeting at the screen is this: in phase or out of phase?  If they traveled the same distance, they would have to be in phase, but they don’t.  They travel a different distance.  So if we look at the path difference between the rays coming out of the slits we can figure this thing out.  Is the path difference enough to make everything be in phase or out of phase?
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If the path difference is zero or an integer multiple of the wavelength, we would get constructive interference.  This would mean that the path difference could be the wavelength (.  Or the path difference could be 2 (, 3 (, 4 (, 5 (, &tc.

If the wave arrive out of phase we get destructive interference.  This would happen if the path difference is 
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, etc.  Here we would have an odd integer multiple of half the wavelength.  Do you see why this is so?  Stop and think about it until you do.

Here is a really fancy drawing showing the geometry of the path lengths.  We have two slits, S1 and S2.  Two rays  are shown - the straight lines that go from the slits to the point P.
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P is the point on the screen where the two waves arrive.  d is the spacing between the slits.  Q is the midpoint between the two slits and O is the point on the screen straight across from the slits.

The angle ( is the angle between a line that connects Q to P.

The path difference for light rays traveling through the slits is 
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.   Using a bit of geometry, you can see that a line dropped from the center of the first slit drawn perpendicular to the ray from the center of the second slit (
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) makes a right triangle.  This line has the angle (.  One side of the right triangle is d (the hypotenuse).  The opposite side to the angle ( is 
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This is a very key thing.

The symbol for the path difference is (.

So the path difference is:          
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Clearly then, if the path difference is an integer multiple of the wavelength, we will get constructive interference.
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           where   
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Thus:
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This is the equation you will have available on the AP Physics Test.  Use it wisely.

You end up with a central bright fringe.  This is the zeroth-order maximum (m = 0).  You can see that the angle ( would be zero for this fringe.  The bright central fringe is bracketed by a series of smaller bright fringes for the different integer values of m.

The next set of fringes is the first-order maximum, then we have the second-order maximum, and so on.

Because the slits are so small, the wavelength is really incredibly tiny, and the distance to the screen is humungous, the rays forming a fringe are essentially parallel and the angle ( is the same.  Like this ridiculous drawing:

[image: image71.wmf]Diffraction through  

          one slit


Example Problem:
· A double slit setup has a slit spacing of 1.50 mm.   A screen is set up 3.50 m from the double slit.  Monochromatic light of wavelength 565 nm is incident on the slits.  So find the angle (  for the first order bright fringe.
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Destructive Interference: Destructive interference will take place if the path difference is half of the wavelength or an odd multiple of half the wavelength.  This way the waves will arrive 180( out of phase and we will get a minima.

The equation for constructive interference is: 
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So for the first order dark fringe, the first minima where m is 1 we get:
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For the second minima we  would get
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And so on.

Finding the Spacing Between Fringes:
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How do we calculate the spacing between the bright fringes?  We start out with a drawing of the geometry of the double slit system.  You can see it off to the right.  We assume that L is much greater than d.  The distance y is the spacing between the zeroith-order fringe and the first-order fringe.

We also assume that d  is much greater than (.

The angle ( is very small, so small, that the sine of ( is essentially the same value as the tangent of (.  (This is only true for very small angles.)

Therefore we can say:



[image: image17.wmf]sintan

y

L

qq

==


The reason we do this is that we can measure y and L.

Look at the equation for the path difference:


[image: image18.wmf]sin

dm

ql

=

 

We solve it for sin (
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We plug in this value for sin ( in the path difference equation.
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Solve the thing for y:
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Here ym is the spacing between the central fringe and the mth order fringe (does that make sense?).   m is the integer, ( is the wavelength of the light, L is the distance from the slits to the screen, and d is the spacing between the two slits.

Similarly:      
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On the AP Physics Test the equation has a slightly different form:          
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You can see that it is the same thing as the one we developed, right?

· Red light (( = 664 nm) is used in Young’s experiment with slits separated by a distance of 1.20 x 10-4 m.  The screen is located 2.75 m from the slits.  Find the distance y on the screen between the central bright fringe and the third order bright fringe.
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· A screen is separated from a double slit setup by a distance of 2.00 m.  The slit spacing is 0.025 mm.  Light passing through the slits has a second-order maximum that is 6.55 cm from the centerline.  Find (a)  the wavelength, (b) the distance between the adjacent fringes.

(a)  The phrase “second-order maximum” means that   m is 2.  So there is a central bright fringe, a first order fringe, and a second order fringe.   We have the spacing for the second order fringe from the center bright fringe.
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(b) Distance between fringes: What we must do is find the distance between the second order fringe and the first order fringe.  This is the difference between the spacings of the fringes.
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Reflection & Phase: Light reflecting from a boundary can do so in phase (sort of a free end reflection) or out of phase (a fixed end reflection).  The thing that determines whether the reflected wave is in or out of phase is the difference in speed for light in the two media.  The wave will undergo a 180( phase change when it is reflected from a medium that has a higher index of refraction than the one it came through.

There will be no phase change if the wave is reflected from a medium that has a lower refractive index.

You would get the phase change for light traveling through air and reflecting off glass.  Glass has a higher index of refraction than air.

You would not get a phase change for light traveling through glass and being reflected off water, since water has a lower index of refraction than glass.

This lead us to:

Thin Film Interference: This occurs when light travels through a very thin layer of transparent material.  Thin film interference occurs with oil films, soap bubbles, etc.
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Light that is incident on the film has several things happen to it.  Some of the light is reflected off the top of the film.  These waves have a 180( phase change since the index of refraction for the film is greater than for air.  Next, the light that goes into the film is refracted as it travels from air into the film.  Some of the light goes into the air on the other side of the film.  This light is refracted (back the other way).  Finally, some of the light is reflected off the air/film surface.  This light does not undergo any phase change.

 We have a lovely drawing showing how all this works.  (See drawing to the right.)  

The film has a thickness of t.  

We let n be the index of refraction for the film.  The index of refraction for air is, of course, 1.

Ray 1 reflecting off the surface of the film has a 180( phase change.

Ray 2  reflecting off the opposite film surface has  no phase change.

The two rays are out of phase.

The two waves will recombine when you look into the film and the rays enter your eyes.  If the path difference is half of the wavelength, or an odd multiple of the wavelength, then the waves will end up in phase and you will see constructive interference – a bright fringe.

The basic kind of problem involves finding the minimum thickness that will cause constructive or destructive interference.  This minimum would be when the wave came straight down onto the film. This means that the angle of incidence is zero.  

The surface reflected wave undergoes a 180( phase change.  The wave that reflects off the bottom surface does not undergo a phase change.  In order to get the bottom reflected wave to match up with the first one, the path difference must be different by a half wavelength.  The totals distance that the wave travels is twice the thickness of the film, 2 t.  This must equal half a wavelength.

Now the wavelength we’re talking about here is the wavelength of the light in the film.  This is different than the wavelength in air (or the first medium if it ain’t air).  So we have to carefully specify which wavelength we’re talking about.

We’ll call the wavelength in the film (f.  This means that the minimum thickness is given by:
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Unfortunately, we’re usually given the wavelength of the light in a vacuum, which is the same as the wavelength in air for our purposes, right?  But we aren’t given the wavelength of the light in the film.  So what do we do?  Oh, poor poor pitiful us, whatever will we do?

Well, we can figure this out, can’t we?  We can solve for the wavelength in the film!  We start with the equation for the index of refraction.
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We solve for the speed of light.
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This is true for any medium.  

So:
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The speed of a wave is given by:
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We can plug this into our equation for v.
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The frequency is the same in each medium:
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so the wavelength for the film is:
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So we can plug that into the equation:
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Index of Refraction and Wavelength:

We’ve developed a very useful relationship in solving our little problem: 
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In general, we see that:
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Sadly, you won’t be given this equation on the AP Physics Test.  So be prepared to figure it out.

· Light with a wavelength of 555 nm is incident on a soap bubble.  What is the minimum thickness for thin film interference to take place for this wavelength of light?  The index of refraction for the bubble goop is 1.35.

The minimum thickness is 

[image: image44.wmf]2

2

f

t

l

=





The path difference has to be half the wavelength of the light in the film and, of course, the path difference is twice the thickness of the film.

But we don’t know what the wavelength of the light is in the film – we can figure it out however.
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Destructive Interference on Thin Film: Destructive interference will take place if the path difference is equal to a single wavelength or an integer multiple of the wavelength.  To find the minimum thickness, we go through the same deal.  The minimum path length is 2 t, and it must be an integer multiple.


[image: image47.wmf]21,2,3,...

f

tmm

l

==


For the case where m is 1, we get
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· Find minimum film thickness for destructive interference in reflected light if a thin film (n = 1.35) is illuminated by light that has wavelength of 585 nm.

The minimum thickness is 
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Thin Coatings: If the thin film rests on a surface that has a different index of refraction than what is on the on the other side, it is a thin coating.  Thin coatings are used on glass lenses.  Another example of a thin coating would be an oil slick, where a thin layer of oil rests on the water surface.

If the coating has a lower index of refraction than the surface it rests on, light rays will undergo a 180( phase change from the bottom surface of the film as well as the upper surface.

This makes everything opposite to what we saw for a thin film.  

If the surface the coating rests on has a smaller index of refraction than the coating, then it is the same as for a thin film and we don’t need to go anywhere else with the thing.

So for your standard thin coating, both reflected waves have the same phase.  The interference again will depend on the path difference.  You can see that the minimum thickness for constructive interference will be given by:
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The minimum thickness for destructive interference is given by:


[image: image53.wmf]2

2

f

t

l

=
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Find the minimum film thickness for constructive interference in reflected light for a coating  (nf = 1.30 ) on glass (ng  = 1.60) is illuminated by light that has wavelength of 555 nm. 
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We know that   
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Non Reflective Coatings:

Non reflective coatings are used on camera lenses to get rid of unwanted glare and light highlights.  To get rid of the flares, we want destructive interference to take place.  This gives us the least amount of reflection.

Both rays undergo a 180( phase change.

Net change in phase from reflection is zero.

To get destructive interference:
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· A camera lens needs coating that will minimize reflection.  nf = 1.25.  Figure wavelength of light at 545 nm.  What thickness?
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Dear Doctor Science, 


Since there is a speed of light and a speed of sound, is there a speed of smell? 


-- Andrea M. Allan Ph.D. from Dept of Pharmacology, Univ. of New Mexico, Albuquerque, NM





Dr. Science responds:


There is, but it's very slow. It's speed depends on several factors, most notably the stinkability index of the smellee. Other factors include, wind velocity, humidity, and the sensitivity of the smeller's 


receptor, or in layman's terms, nose. So the smell of, say, Parmesan cheese on a winter day, traveling indoors, would be around 6 miles per hour. An Iowa hog lot, on a still summer morning, would propagate at around 550 miles per hour, close to the speed of sound. And if you're wondering if hogs would smell as bad if there were no one near to smell them, any Iowan would reply, "you bet".





Dear Cecil:


Do you have any info on the so-called "green flash"? It's not a superhero, but rather an optical phenomenon involving a burst of pure green light that occurs just as the sun rises or sets over the ocean. I've seen it several times but my friends won't believe me, saying it's just delayed mescaline aftereffects. Set these unbelievers straight. 


--E.N., Hollywood, California





Cecil replies:


Adds a sort of postmodern element to the process of scientific discovery, doesn't it? "I believe I've discovered a new perturbation in the space-time continuum! However, it could just be the drugs." Don't worry, though--there really is such a thing as green flash. Usually it's a thin green band or splotch visible for a split second at or near the top edge of the sun as it sinks beyond the horizon. You can see it at sunrise too. Sometimes it lasts longer; sometimes it's blue or violet or turns from green to blue. To see it you need a clearly delineated horizon and a haze-free sky. The ocean (or any large body of water) will do fine, as will a desert or mountain.





Most people have never seen green flash and think it's a myth, ascribing it to retinal fatigue on the part of the observer or other causes. One reason they're so adamant is that green flash is impossible to photograph with an ordinary camera--the image is too small too register. But researchers managed it in the 1950's using telescopes. (For some of their handiwork, see the January, 1960 Scientific American.)





Green flash is caused by atmospheric refraction--that is, the bending of sunlight as it passes through the air so that it splits into a rainbow of colors. Refraction causes the solar disk to be surrounded by ghost images like a cheap TV, with a violet/blue/green "shadow" above and a red/orange/yellow one below. None of this is visible except at sunrise and sunset, when











refraction hits the max and the sun's light is so reduced that the ghosts don't wash out. The red ghost disappears below the horizon, the orange and yellow ones are absorbed by the atmosphere, the blue and violet ones scatter (usually), and what's left is green. Count yourself lucky if you've seen it; you're one of a privileged few.


--CECIL ADAMS





Dear Cecil:�Are or are not cats and dogs really color-blind? How do they know? 


--Jim L., Chicago�


Dear Jim:�You ever see a cat who could pick out a tie? Believe me, cats'll wear things you wouldn't put on a dog. Scientists, however, are not content with anecdotal evidence. They often test animal color sensitivity by trying to link color with food. One such experiment was conducted in 1915 by two scientists at the University of Colorado, J.C. DeVoss and Rose Ganson. They put fish in two jelly jars and then lined both with paper, one gray and one colored. If a cat picked the colored jar, it got to eat the fish. Nine cats, 18 months, and 100,000 tries later, the researchers established that cats picked the right jar only half the time--the level of pure chance. On the other hand, cats could readily distinguish between different shades of gray. Ergo, cats are color-blind.





Doubts about this conclusion arose some years later, however. Cats have cones as well as rod-type vision receptors in their retinas, and cones have long been associated with color vision in humans. Neurologists who wired up feline brains with electrodes discovered that, on laboratory instruments at least, cats responded to light of different wavelengths--which is to say, color. So researchers went back for another round of fish experiments. Finally, in the 1960s, they managed to teach the cats to discriminate between colors. But it took some doing--one group found it took their cats between 1,350 and 1,750 tries before they got the hang of it.��From this one might deduce one of two things: either cats are exceptionally dense, a proposition Cecil has no trouble buying, or else they just don't give a hoot about color. Most cat scholars have opted for choice #2, saying that the ability to distinguish colors is obviously of no importance to cats and hence not something they learn readily.��Less work has been done on dogs than on cats, but what there is suggests canine color sensitivity isn't very good either. Much the same can be said for mammals in general, with the exception of primates. In contrast, some of your supposedly lower order creatures, such as fish, turtles, and especially birds, can distinguish color with ease. The fact that these primitive beasts should have more advanced visual abilities than their mammalian betters has always struck observers as a little odd; clearly the evolutionary progress of color vision has been more erratic than one might expect.��LATE NEWS!





To the Teeming Millions:��OK, so we know cats can see in color. Now comes new research indicating that dogs can see in 














color, too.  Three scientists at the University of California at Santa Barbara adopted the traditional strategy of trying to tempt the dogs with food. The menu, frankly, could have stood some improvement: would YOU cooperate with people whose idea of a reward was a cheese-and-beef-flavored pellet? Nonetheless, the researchers found three mutts who were sufficiently desperate to play along. They showed the dogs three screens lit up from behind with colored lights--two of one color, the third of a different color. The mutts got the pellet if they poked the odd-colored screen with their noses.��The dogs had no difficulty distinguishing colors at the opposite ends of the visible spectrum, such as red and blue, and they proved to be demons with blues in general, quickly learning to differentiate blue from violet. But they bombed at other colors, confusing greenish-yellow, orange, and red.��The researchers concluded that dogs suffer from a type of colorblindness that in humans is called deuteranopia. Normal humans have three types of color receptors for red, green, and blue. Deuteranopes lack the green receptor, and thus (apparently) can't tell a lemon from a lime--or, for that matter, a red traffic light from a green one. One more reason to put your foot down next time the pooch says he wants to drive.��--CECIL ADAMS














The Blue and the Gray


BY the flow of the inland river, 


Whence the fleets of iron have fled, 


Where the blades of the grave-grass quiver, 


Asleep are the ranks of the dead: 


Under the sod and the dew, 


Waiting the judgment-day; 


Under the one, the Blue, 


Under the other, the Gray. 





These in the robings of glory, 


Those in the gloom of defeat, 


All with the battle-blood gory, 


In the dusk of eternity meet: 


Under the sod and the dew, 


Waiting the judgment-day; 


Under the laurel, the Blue, 


Under the willow, the Gray. 





From the silence of sorrowful hours 


The desolate mourners go, 


Lovingly laden with flowers 


Alike for the friend and the foe: 


Under the sod and the dew, 


Waiting the judgment-day; 


Under the roses, the Blue, 


Under the lilies, the Gray. 





So with an equal splendor, 


The morning sun-rays fall, 


With a touch impartially tender, 


On the blossoms blooming for all: 


Under the sod and the dew, 


Waiting the judgment-day; 


Broidered with gold, the Blue, 


Mellowed with gold, the Gray.





So, when the summer calleth, 


On forest and field of grain, 


With an equal murmur falleth 


The cooling drop of the rain: 


Under the sod and the dew, 


Waiting the judgment-day; 


Wet with the rain, the Blue, 


Wet with the rain, the Gray.
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Sadly, but not with upbraiding, 


The generous deed was done, 


In the storm of the years that are fading 


No braver battle was won: 


Under the sod and the dew, 


Waiting the judgment-day; 


Under the blossoms, the Blue 


Under the garlands, the Gray. 





No more shall the war cry sever, 


Or the winding rivers be red; 


They banish our anger forever 


When they laurel the graves of our dead! 


Under the sod and the dew, 


Waiting the judgment-day; 


Love and tears for the Blue, 


Tears and love for the Gray. 





     ----Francis Miles Finch
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