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IHTRODUCT I ON

Interferometers are instruments in which inferference patferns are pro-
duced by the division of a beam of light {(or other radiation) Iinfo two

or more parts and its subseguent recombination, |Interferance effects
were first studied by Newton, Huyghens and cfiher pioneers in optics and
provided the most convincing evidence of the wave nature of |lght. It

remalined far Michelson, in 1BB7 ‘o harness ‘these effects into a usatul
instrumant.

Since these early beginnings, interferometers have been developed into
increasingly useful instruments, both for pure research and practical
use, making contributions to fields as diverse as astronomy and aesro-
dynamics. The frequency range has been extended from the ultraviolet

To the microwave region. The largest interferometer experiment on re-
cord used the moon as & collimator, and studied the interference effects
produced on radio -waves from sun spots by refraction in the lunar iono=
sphers.

PART |

MICHELSON OPTICS

The Atomic Laboratories M-4 Interferometer is fabricated with Michelson
Optics, with Fabry=-Perot Optics, or with a combination of both. The
Michelson front surface mirrors and beam splitter and the Fabry-Perot
mirrors musi be treated With The wuimost respect. They are nevar 1o be
touched without wearing gloves, and Then only sparingly. Dust may be
cleaned from the mirrors by means of the camel's hair brush which is
shipped with each instrument. Other matter may be removed, if absolute-
ly necessary, with a soft cloth or piece of |ens paper brushed ever so
lightly against the surface, When the interferometer is stored, it should
be covered at all times with the plastic bag.

When the M=4 Interferometer is ordered with only one set of optics, the
other set may be ordered at any future date and easily insialled by re-
moving the masking tape on the interfercmeter chassis and carriage and
inserting the screws in the indicated holes. The following unpacking
instructions apply to the interferometer regardl|ess of the type of optics.



Unpacking: Gently remove the cardboard insert which holds the Inferfer-
ometer in place, being extremely careful not to rub or push It against

the optics while Iifiing it out. Place the |nterfercmetar o a level sur-
face and remove the plastic cover. Remaye the tape which haolds the car—
riage [nh place,

Light Source; The M-4 |nterfercmeter will cperate with any standacd mer-
cury or seodium |ight scurce, [including Atomlic Laboratories' own Mono-
chromatic Mercury Light Scurce. Teo operate the source, insert lamp, either
one or both of The two diffuser plates, and, |7 desired, the green Wratten
Filter, ||f used with the Michalscn Opties, the |ight source should be
positioned as shown in the photograph. The light should enter the beam split=
ter at a 459 angle, DANGER: ULTRAVIOLET RAYS CAN SEVERELY DAMAGE THE EYE.
THE DIFFUSER PLATES ABSORE THESE RAYS. |F THEY SHOULD BE REMOVED OR BROKEN,
THE EXFOSED LAMP BECOMES EXTREMELY DANGEROUS,

Adjustment: Move the carriage unlil mirror number 2 is approximately the
same distance from the beam splitter as the fixed mirror number |. Refer
fo diagram on page 9, This distance is generally about |12.5 cm., but it
should be checked with & ruler, ‘1+ ghould be measured from the costed
side (left side) of the beam spliiter in each case.] Now tighten the car-
riege leck screw to hold the carriage firmly in place. Turn on the 1ight
source, which is in the position previously described. The next step is
To, bring The mirrors info exact perpendicularity. The adjusiment can be
accomp lished a5 fol lows:

—_— -



Turn on the |ight source and observe the tocusing pin® which is situated
between the |ight source and the beam splitter. Two images of the pin
will be seen, one coming from the reflection at the front surface of the
bheam spl jtter, the other from the reflection at its back suriace.

Line up the wvertical positions of the focusing pin. This can be done by

means of the adjusting screw of mirror number l. The adjusting screw of
mirror number 2 will line up the focusing pin horizontally. When only
opne image of the pin is achieved, fringes should appear. To best observe
these fringes, look straight [nteo the Back mirror from the front of the

[nterferometer.

It takes a |ittle practice to obtain the fringes. As stated praeviously,
before touchling the adjusting screws, make certain that the two mirrors
are equal ly distant from the beam splitter. When the fringes first appear
they can be sharpened by very careful and minute adjustment of the screws.
It the adjustment is accomplished in @ room with a great deal of vibration
or on an unstesdy table, The fringes will soon disappear.

Often only very tThin and bB|urred fringes will be seen in the beginning.

A good technigue is to line them up vertically or hHorizontal ly (ses below)
by adjusting one mirror. Then by centering in with the other mirror, the
fringe curvature will be increased until finally the cenfer appears. Be
sure while making fthese adjustments that the mirror is moved in the direc-
Tion of the fringe's decreased radius of curvature.

. 0 B /

Line fringes Decrease radius Finally==
up vertical ly ot curvature The bull's-sye

MAINTENANCE: Ewvery six months remove carriage and wipe steel| ways with clean
rag containing a few drops of three—in-one oil. Ways must be spotlessly clean
and free of dust, dirt, or rust for efficient operation.

(A:f?i)' MMET{E Determinat lon cf the Wave length of Monochromatic Light. y

B fﬂﬁﬁf it :11

FProcedure: Use ﬁ*ﬁﬂiE_LﬂhDEﬁIDEJEEl—MEFEHF¥ Light Source, with a Wratten 1 g. W %ﬁ

Mumber 74 filter or equivalent. Once a good pattern of fringes has been
abfained, take a reading of the micrometer head. By turning the head, the
carriage can be moved slowly in either direction. Count the fringes as

they pass by the focusing plin ar as they appear or disappear in the bull's-
eye. For satisfactory precision, count at l|least one hundred fringes. After
counting them off, feke @ new reading of the micrometer head. Fram the
number of fringes passed over, 4An, and the distance traversed by the mirror,
we may determine the wave length of the monochromatic |ight by means of

* The focusing pin Is removable
from The carriage.
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The fermula: -
2(dy = dz} = AN
The distance travelled by the mirror in centimeters is given by

(d| - d5) = 0.10 (Dy = D) x K

where (D, = Ds) 'is the change of thea micrometer reading inmillimeters and
K is the ratioc of carriage movement to micrometer screw reading. For the
M=4 Interferometer K = 0.020
Whence: ; ho= 2(0. 10)(D=Dy)K
c.
An

The_correct value for the wave length of green mercury light is 5460.740 E
(1 A=1 % 1078 em). You may wish to use this correct value of tThe wave
length to obtain a more exact wvalue fer K, since there are some variations
in manufactur ing conditions of the instrument.

Discussion: An Interferometer |s generally defined as an optical instrument
which produces interference patterns by the division of one beam of |ight into
pne or more parts. Thaese parts trave| different paths and are then ultimately
brought together towield the intertference effects. The resultant patterns
depend on the optical paths traversed by the .several beams. Consequently,

the Interferometer detemines differences in optical paths. Since the optical
path Is the product of refractive index u by path length d, it is clear that

if the several beams fraverse media of the same u, a measure of the path
length d is given. Conversely, if the path lengths d are equal (or at least
constant) then the refractive index is determinped. Thus, the Interferometer
may be used to measure any of these three quantities: (1) Gecmatrical path
length, (2) Optical path length, (3) Refractive index.

Determination of optical path length is of importance in technical applica-
+ians, Measurement of indices of refraction will be the subject of experi=-
ments numbers 4 and 5. In this experiment, however, we have been concerned
with geometrical path length,

| the difference between the separations of the two ftull-silvered mirrers
from the hal f=silvered one (beam splitter) (s d, then the difference of geo-
metrical path length for the iwo cenfral (normal) rays is Zd, because The
distance d le traversed once in each direction. Consequently, the condifion
for constructive interterence for the central rays is:

2d = ik

Where A is the wave length of the |ight and n is an integer. Actually because
of the difference between internal and external reflectlions at silvered surfaces
a phase reversal of one of the rays may result, in which case the above con-
dition would be appropriate to destructive |nferference, and thalt tor con-
strucTive intertference would be:

2d = (n-4 B2k
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Since we measure fringe shifts here, which condition applies is of no consequence
and the formula which is applicable is:

2 (d| = d2] = NAn

Where {dT = d_) is the distance the cerriage Is moved fto cause the appearance
or dizappaara§¢a of An fringes at the ceénfer.

Using the cal ibration given sbove and the readings of the micrometer
head (before and after carriage motion) the wave lenath is determined by use
of the above formula, by substituting the appropriate values of (dl = dzl
and An (nfte it.

yellgix soect lines, having
ne |s twice ss intense gs

Use a sodium |ight source (for example, Cenco. Cat. MNo. 8§7300) to establish a
straight |ine fringe patfern. There are now two sets of fringe paltferns
formed, one for each |ine of the doublet. Loosen the carriage lock screw and
move the carriage by hand and observe that the yellow fringes pass alternately
from a condition of high contrast to ane of almost comp lete disappearance.
This latier condition occurs when one set, of fringes is half way between fhe
other set. Fix the carriage at ope of the conditions of most complete
disappearance by tightening the carriage lock screw and read the micrometer
head. By turning the micrometer head, move to the next condition of most
comp lete disappearance and read the head agsin. Repeat. Calculate the
average distance d between conditions of disappearance. We can now caleulate
the difference in wave lengths of these two lines =s faollows:

AT the first micrometer reading:

Where M| is greater than A;. The fterm on the right hand side indicates that
the order of the shorter wave length fringe differs from that of the |onger
wave lengrh fringe system by &n odd halt inlteger, .This s true since the
condition of disappearance of the fringe system occurs when one sysiem is
Just halfway befween the other. For the second reading, we have:

2d2=mh|=l:m2+n'+5f2]?-2

2
By subtraelicn we altain:

2(dy = ) = M2
hl -}‘1.-2

Since k| and Ao @re approximately equal, we then obfain:

N S



Where A is the average wave |ength, and d = d_ - d1 = 0.10 {ﬂzfﬂl}K. P

EXPERIMENT 3: Observation of White Light Fringes.

Procedure: [n order to observe fringes with a source of white light, it is
best to adjust the Interferomefer fo obfain the so-called localized fringes.
This is done by adjusting one of the mirrors slightly so as to destroy the
condition of exact perpendicularity. The fringe pattern now will consist of
curved, horizontal or vertical stripes. NexT, a position of nearly zero path
difference is searched for. This position is characterized by the fact that
the striped pattern will become most nearly straight when the condition is
ach iaved.

At this point, an exterided white 1ght source may be substituted for the mono-
chromatic source, and a very slow motion of the carriage will bring the white
light fringes into view. White fringes are especially important in the Miche|son
Irntereferometer in that they give a precise indication of The position of zero
aptical path length difference.

Any ordinary, frosted, incandescent lamp or even very bright sunlight will
serve very well as the light source for this experiment. The lamp can be placed
behind the monochromatic |ight and turned on in the beginning of the exper iment.
When zero path length |s obtained, simply fturn off the monochromatic Iight.

Another means of obtaining the zero path length is

to construct a "T" by separating @ diffuser plate with _"'_
cardboard or black paper (see drawing). Flace a mono- —_—
chromatic |ight source on one side, a white |ight source
on the other, and turn both of them on. With this method A
it is not necessary to obtain localized fringes. Once @ —_—
any fringes have been cobtained--they will| appear in the o
left side of the mirror--loosen carriage lock screw and

move carriage slowly by hand until the right side of the

mirror flashes briefly with color. Tighten carriage lock screw. Search
eithar way from this direction, and the white |ight fringes, which have the
appearance of small spectra, will be finally located.

Discussion: Only a few white light fringes are observed. This is accounted
tor when we recall that white light consists of all wave lengths of visible
light. Apart from the central fringe, the various interference patterns {for
different wave lengths) will overlap. A colored tringe is viclet on the side
nearer to the ceniral fringe and red on The other.

EXPERIMENT 4: Index of Refraction of @ Transparent Solid.

Procedure: For the purpose of performing this experiment It will be necessary

fo construct a sample holder which is capable of positioning the sample accurate-
ly befween the beam splitter and the fixed mirror (mirror number | = shown on
page 9).



The holder must be capable of giving a slow rotatlon of the sample, through a
measureable angle,

The sample [tself must bé a clear ftransparent solid, such as glass, quartz;
or a crystal, and must have a pair of polished flat parallel faces. Imper-
fections such as bubbles, cracks, or scrafches, while they are annaying, will
not interfere with the measurement. However, marked |nhomegeneifles or vari-
ations in the index of refraction, such as may be found in cheap glasses,
will introduce distertion and spoil the measurement.

When the holder has been attached ta the |ntertferometer and with the sample
positioned normal o the beam, The instrument is aligned to produce circular
monochromatic fringes. When this has beén achieved, rotate the sample through
an angle sufficient to produce a shift of a few hundred fringes. Gount the
number aof fringes. The index of refraction of the sample is then given by the
farmula:

2ALux) = NAn
where Alux) is the increase in optical path produced by the rotation.

For a given angle of rotatlon 8, fringe shift An, and wave length A, n is
evaluated as follows:

Referring to the diagram:

OpTical path before rotation = p AB + BC

Ophieal path affer rotation = u AD + DE

Angle of rotation = 2
AD = T sece

AB = 1

DE = CE ‘tan?
CE = AD sin (f —8) = + secs sinl@ — #)

DE « + secé sint@ - @) tano

BE [ sgch - |

E%ﬂ = pt secti+ T sech sin(B = 2) fand = ut =T secd + 7

secd tand sinlda =) (teng = Tany) sind

AN _ 1(;1 - sinf sind}y +(1 - cos@ —u)

2 cosd .
¢ and A are related by Si08 _ e
S0'ne
i
i = Lsinss ;
et L e el A S I e e
Jl-l;, s ineA
11 S &

-7 =



fﬁ S
Ann _ F S = sin® + t] = cosf — u)

2

[

z (1€ - sinB) = Gg¥q + pe {pz + ﬁDEzﬂ + |4 Zucosh = 24 - 2c0s0)
+ Man (g + cosf -|)

: 2
Meglecting the term Egﬁg (because it is very small) and simplifying gives

Aty
(+ = 2 ) (] - cos8)

=2
t(1 - cosB) - h%ﬂ
Any fransparent material available in suitable shape and size will be satisfact-
ary. One must bear in mind that index of refraction depends on wave length and
that, therefore, different results will be obtained for ditferent colors of

light.

EXPERIMENT 5: Index of Refraction ot a Gas.

Procedure: For this experiment it is necessary to construct a gas cell with plane,
flat transparent surfaces normal fo the beam direction. The cell must be capable

of bejng evacuated, |t must also be possible %o introduce the gas sample at a

known temperature and pressure, 1t s, of course, necessary TcLin+raduca The sample
sufficiently slowly that the fringe shifi can be determined. The index of refraction
of the gas [s then gliven by

20 g = Dt = xan

where T s the geometrical path |lenghh Through the cell. Here The guanlity, i,
depends on the pressure and temperature of the gas according to the Lorentz-
Lorenz Law.

A simple gas cel| has been described by T. G, Bullen in Am, J; Phys. 27,
520 (1959), The following description is from his article;

A cell can be readily constructed from & piece of brass tubing about 4 cm
in diamefer and 6 fo 7 cm long, The ends of the fubing should be Turned True in a
lathe and & side tube attached tor pumping. Thin plate glass sgquares, careful ly
cleaned with alcohol; are then fitted to the ends with Tackiwax (Central Scientific
Co., Catalog No. 1444), The cell is placed in the uncompensated arm of the
inter fercmeter and attached to a bal last boitle of about five-liters capacity,
titted with a stop=cock for admitting air and for connection to a wvacuum pump. On
pumping down the system the fringe pattern alters in a staccato fashion, very rapidly
at first and then more slowly as vacuum Is aftained, Leaks can be defected if The
pattern |s cbserved to alter when pumping is complete, By admitting air slowly
through the stop-cock it is possible to count the fringe displacement from vacuum
te atmospheric pressure., For gsses other than air the determination can be made by
admitting the gas via the stop-cock. The ballast bottle permits fine control of the
rate of fringe displacement without the use of 3 needle valve. For air, a displace-
ment of about 60 fringes Is obtained for a 6-cm cell; reasonable accuracy tor the
refractive indices of gases can be attalined.

-H=
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4. The micromefer scraw (s slowly turned toward higher readings so that the
carriage moves. farther from the beam splitter.,

by one, as they pass any given fixed pesition until the black band is visible

While this is done & careful count must be made of the Hg [ight fringes, one
y
Through The film and in its original horizental position as in Fig. I1l.
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5. To determine the thickness, The formula given in Experiment 5 is used as

fol lows:

ANairfn
2l = 1)
where I = Thickness
&h = Number of fringes passed over
M = Index of refraction of the film material

hair= Wave length of Hg light = 5q@0ﬁ

_| J=



For example, suppose An = 10, p = 1.5, then

]

+ = 10 x 5460 = 54,600 A = 5.46 micron = .00546 mn.
EHTED
&. |n measurement of very thin films where the displacement is less than

one fringe (see Fig., V) messure as follows:

Oy = [deE
and D, corresponds fo | /2 wave length path difference (&n = 1/2). Therefcrq{
An o= lf4 2 =18
Again, asgumi;g = 1.5, the thickness is given as before by
t = I/B x 5460 = 582 A
P e

EXPERIMENT 7: Determination of Wave Length Differences for the Balmer Lines
of Hydrogen and Deuter ium,

Procedure: For this expEriménT a Heavy Water Balmer Tube |ight source is
used with the M-4 Interferometer. A Number 16 Wratften filter or equivalent
is necessary for observation of the red Balmer lines, and & Number 45 Wratten
filter or equivalent is necessary for observation of the blue Balmer |ines
without inferference from the other |lines of the Balmer series. A cylindrical
lens of about 2.5 inches focal length (or about 15 diopters) placed approxi=
mately 2 inches from The Balmer fube is helpful in providing more uniform
illumination to the field viewed in the [nferferemeter. A diffuser plate
{ground glass or waxed paper) and the appropriate filter are |located between
the cylindrical lens and tThe interferometer.

With the Number |6 Wratten tilfer eor equivalent in place, phtain & good
pattern of fringes. The wave lengih of the red Balmer |ine may be deter-
mined using the procedure of Experiment .

Loosen the carriage lock screw. MNow, with fthe bull's eye in full view,
place a thumb on esach side of the interferometer base,and index and middle
fingers on each side of the carriage. VMery gently push the carriage until
the bull's eye dissppears. Place a centimeter scale on top of the beam
splitter and the compensator. Measure the distance between the [ndex marks
in the top center of the beam splitter and compensator frames. Estimate
distances to 0.1 millimeters. Again gently push the carriage. The bull's
eye will reappear and then again disappear. Measure the distance between
index marks. Repeat this procedure for five to ten successive disappearances
of the bull's eve. In reducing the data only the initial and final measure—
ments are used. However, a reascnable uniformity of the differences between
intermed iate measurements ensures that a disappearance of the bull's eye has
not been missed in mowving the intertaromeier carriade.

| =



Hetween successive disappearances of the bull's eve, we have moved the
carriage one more wave length for the shorter wave length |ine than for

fhe longer wave lemgth |ine.

Z2(domd ) = Aj&n = holan + 1)

Where (do=d;) is the distance the carriage s moved between successive

disappearances of the bull's eye. Howevaer,

Thus, Mo = AnAN
2(dy=d ) = Aok
L
Since A | is approximately equal fo Aoy we have:
O = A2
Z(dg=d))

An example of data taken and its reduction i[5 given below.

A o= 2(do=d|) = 4 x 1077 (Dp=D;) = 4 x 1073(17.25 = |2.28)

an &0 ! 300
Disappearance Distance between
of Bull's Eye Index Marks (em)
0 7.85
I 7.96
7 8.08
5 8.20
4 8. 32
& 8.45
& 8. 57
T 8. 69
8 8. 80
9 8.92
do=dy = 1.07 = 0. 119
9
A =A% = (6.6 x 1072)% = 1.85 x 1078 cn.
2(do=d|) 0. 238

More accurate values for the red | lnes are:

Il

6.6 x 1072 em.

Distance Between
Disappearances

pcopepePeP

. bl
12
|2
12
I3
12
12
I
12

M = 6563 Angstrom Units for HX and &N = 1.79 Angstrom Units.

i
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With the Number 45 Wratten filter or eguivalent in place, the experimert
may be performed for the hlue Balmer [ine. An example of data taken and
its reduction is given below.

A o= 20dp=d;) = 4 % 1072 (D2=D;) = 4 x 107>(15.58-11.90) = 4.9 % 1072 cm.

Faly) An 200
Disappearance Distance between Distance Between
of bull's eye Index Marks (cm) Disappearances

0 8.03

| i 5 0. 1o

2 8.22 0.09

3 8.3l 0.09

4 .44 .09

B B.49 .08

dp=d; = 0.46/5 = 0.092

A = A2 = (A0 w52 = 3] b 1078 e
2(dyd;) 0. 184

More sccurate values for the blue |ines are:

A = 4861 Angstrom Units for HE and A\ = 1.33 Angstrom Units.

Discussion: According to the Bohr theory, the wave length of a spectrum |ine
can be expressed by the formula;

Al onlmetz?( | _ |

8 o) T hlz n22

Where K is wave |length
m is the mass of the electron
e is the charge of the electron
Z is the charge of the atomic nucleus
e is the veloeity of 1ight
is Planck's constant
ny is the quantum number of the initial state
np is the quantum number of the final state.

=T

The Rydberg constant R = ZnZme® /ch” so that

1 = R7Z - 1
A (}#ﬂf Tﬁ;%).

However, the electron does not rofate about a stationary nucleus but instead,
both the electron and the nucleus rotate about the center of mass of The
system. Thus the mass of the electron m should be replaced by the reduced

-| 5=



mass i whare M Is The mass of fhe nucleus.

For the nucleus of hydrogen M = 1837 m and for the nucleus of deuterium

M = 3674 m. Thus the Rydberg constant is slightly different for deuterium
than for hvdrogen. For hydrogen R = [09677,759. For deuterium R = 109707,387.
For a nucleus of infinite mass B = 09737424,

L the Bohe theory formula above Z | for hydrogen and deuterium. For

=

the Balmer series n, = 2. The red line H, corresponds to n, = 3 &nd the
blue line HF corresponds o ”2 = '
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