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Abstract

I calculated that the index of refraction of air is 1.00028 ± 1.1 ×10−5

(stat.) ± 1.2 ×10−5 (syst.) using a Michelson Interferometer and a
calibrated hand pump. This value agrees with the established value of
1.00029.

1 Introduction

When light enters a new medium, it refracts and its speed changes. The index of
refraction, n, represents how much the speed, v, of the light changes compared
to vacuum light speed, c. This relationship can be shown mathematically as

n =
c

v
(1)

A Michelson Interferometer can be used to measure the index of refraction of
air. A Michelson consists of a laser that emits light which goes to a beam splitter
that splits the laser beam into two (see Figure 1). The two separated beams
each reflect off of a mirror and recombine back at the beam splitter and go to
a screen. On the screen, fringes can be observed which shows the interference
between the two recombined beams.
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Figure 1: A schematic of a Michelson Interferometer.

Since the index of refraction affects the speed of light, it will also affect the
interference and thus the fringes. By placing a vacuum chamber of length L
with a variable pressure P , the index of refraction can be measured by

n =
NPatmλ

2PL
+ nvacuum (2)

where N is the fringe count and Patm is atmospheric pressure, and λ is the
wavelength of the laser (Belmes, Stauffer, 2018).

2 Methodology

To measure the index of refraction of air, I constructed a Michelson Interfer-
ometer using a HeNe laser with λ = 633 nm. I then put a hand pump with an
attached vacuum chamber in one of the Michelson Interferometer’s arms (see
Figure 2). The vacuum chamber was 3.3 ± .1 cm in length and the atmospheric
pressure of the day of the measurements was 75.6 cmHg.
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Figure 2: A picture of the constructed Michelson Interferometer.

With the vacuum chamber starting at atmospheric pressure, I marked the
pressure of each fringe from the zeroth fringe to the 21st fringe. I repeated
this four more times. After analyzing the data, I found that the results of this
data was off, so I calibrated the pressure gauge on the hand pump. This was
done by measuring the comparing the hand pump’s pressure gauge with an
electronic program called Logger Pro that measured pressure. Both the Logger
Pro Pressure and its corresponding hand pump pressure were recorded after
varying the pressure using the hand pump. 80 data points of these pressures
were collected. Using this new calibration, I then refitted the data.

3 Results and Discussion

After recording the fringe count with the corresponding pressure, I graphed the
data and found that the slope was y = (.32 ± .0026)x + 1.0 ± .076 (see Figure
3). The hand pump did not measure the corresponding pressure of the first,
second, and third fringes. So, those fringes were left out of the data analysis.
Using Eq. (2) and the slope, it was found that nair = 1.00023 ± 1.9×10−6

(stat.) ± 1.6×10−5 (syst.). This is very far off of the actual value which is nair
= 1.00029.
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Figure 3: The Fringe Count vs. Pressure graph for the uncalibrated pressure
gauge. The Pressure at 0 cmHg means that pressure is atmospheric.

Since the index of refraction was very far off, I calibrated the hand pump
to find its actual pressure readings. The calibration yielded a slope y = (.98 ±
.012)x + 19 ± 5.7 cmHg (see Figure 4).

Figure 4: The Hand Pump Calibration Graph.

Next, I refitted my earlier index of refraction value using the calibration. I
did this by plugging the pressure values I measured from the hand pump during
my first attempt to find the nair into the x variable of the calibration slope
equation. The outputted y-values became the new pressures that I used to find
the calibrated Fringe Count vs. Pressure slope, which is y = (.33 ± .0026)x -
1.6 ± .067 (see Figure 5). After combining the slope equation with Eq. (2), I
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calculated that nair = 1.00024 ± 1.9 ×10−6 (stat.) ± 2.1 ×10−5 (syst.), which
is not in the range of the actual index of refraction of air which is 1.00029.

Figure 5: The Fringe Count vs. Pressure graph after applying the pressure
calibration slope from Figure 4 to the pressures used in Figure 3. The Pressure
at 0 cmHg means that pressure is atmospheric.

The residual for the Calibrated Fringe Count vs. Pressure has a slope of y
= -.0042x + .12. Which is good because it is close to zero, but, except for N =
0, the lines are at first above the original fit and then later on drop below the
line. (see Figure 6).

Figure 6: Residual for Calibrated Fringe Count vs. Pressure.

Since the calibration did get the desired index of refraction, I decided to fit
the line through the origin. This means that I am certain that I counted the
correct number of fringes. This fit produced a slope y = (.38 ± .0015)x which
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gives an index of refraction of 1.00027 ± 1.1 ×10−6 (stat.) ± 1.0 ×10−5 (syst.)
(see Figure 7). The error bounds are very close to the real value of 1.00029.

Figure 7: The Fringe Count vs. Pressure graph without an intercept after
applying the pressure calibration slope from Figure 4 to the pressures used in
Figure 3. The Pressure at 0 cmHg means that pressure is atmospheric.

The residual for the Calibrated Fringe Count vs. Pressure without an inter-
cept has a slope of y = -.051x + 1.69. This is good because it is close to zero,
although it is greater than the previous slope. However, in the beginning the
data points are above the line and the later on the data points fall below the
line.

Figure 8: Residual for Calibrated Fringe Count vs. Pressure.

Because these fits did not have the best residuals, I also disregarded the
outlier value, N = 0, For the intercept case, the slope of the line was y = (.31
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± .0030)x + 2.1 ± .084 (see Figure 9). This translates to an index of refraction
of 1.00023 ± 2.1 ×10−6 (stat.) ± 2.9 ×10−5 (syst.). This value is not close to
the real index of refraction of air.

Figure 9: Calibrated Fringe Count vs Pressure Without N=0 graph.

The residual slope is y = .0043x -.090 (see Figure 10). This has a good slope
and the points are scattered around the line. Therefore, it seems that the first
data point was skewing the accuracy of the fitted line.

Figure 10: Residual Calibrated Fringe Count vs Pressure Without N=0 graph.

For case without an intercept, the slope of the line index of refraction graph
was y = (.38 ± .0015)x (see Figure 11). This translates to an index of refraction
of 1.00027 ± 1.1 ×10−6 (stat.) ± 1.1 ×10−5 (syst.). This index of refraction
has almost the exact same value as the no intercept fit that include N=0.
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Figure 11: Calibrated Fringe Count vs Pressure Without N=0 graph.

The residual slope for this fit is y = -.057x+ 1.9 (see Figure 12). This has
a good slope because it is close to zero. However, it is larger than the previous
N = 0 slope and the data points are first above the original line and then fall
below it as the pressure gets smaller. Therefore, it seems that when the first
data point is ignored the distribution is more evenly spread above and below the
original line. In addition, when there is no intercept it appears that more of the
points are below the line as the pressure gets larger because of the comparatively
larger negative slope.

Figure 12: Calibrated Fringe Count vs Pressure Without N=0 graph.

To sum up my results, Table 1 has a combination of all of the different
variables with the different indices of refraction and Table 2 has all of the residual
slopes.
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Include Intercept No Intercept
Include N=0 1.00024 ± 1.9 ×10−6 (stat.) 1.00027 ± 1.1 ×10−6 (stat.)

± 2.1 ×10−5 (syst.) ± 1.0 ×10−5 (syst.)
Disregard N=0 1.00023 ± 2.1 ×10−6 (stat.) 1.00027 ± 1.1 ×10−6 (stat.)

± 2.9 ×10−5 (syst.) ± 1.1 ×10−5 (syst.)

Table 1: A summary of all of the index of refraction values.

Include Intercept No Intercept
Include N=0 y = -.0042x + .12 y = -.051x + 1.69

Disregard N=0 y = .0043x -.09 y = -.057x+ 1.9

Table 2: A summary of all of residual slopes.

I think all of the residuals are off because the formula that I used to calculate
the slope weighs the error, so that data points with more error are weighed less.
In my data, as the fringe count increased, the error also increased. Therefore, the
data wasn’t weighed evenly throughout the line which made the line unbalanced.

Not weighing all of the data produces a graph (see Figure 13) with a slope
of y = (.32 ± .014)x + 2.2 ± .084. Which produces an index of refraction of
1.00023 ± 9.8 ×10−6 (stat.) ± 1.0 ×10−5 (syst.), which is still off.

Figure 13: Unweighted Pressure vs. Fringe Count Graph without N = 0.

The residual for this graph is very good (see Figure 14), it has a slope of y
= 7.31 ×10−17 - 1.1 ×10−14.
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Figure 14: Residual of Unweighted Pressure vs. Fringe Count Graph without
N = 0.

However, if I estimate that the glass on the sides of the vacuum chamber is
an eighth of an inch thick and take that into account, it produces a correct index
of refraction of 1.00028 ± 1.1 ×10−5 (stat.) ± 1.2 ×10−5 (syst.). Therefore,
the inclusion of N = 0 and an intercept are not significant sources of error and
the main error was not considering the real length of the vacuum chamber.
Regardless, not including N=0 is still helpful.

To experimentally find the length of the glass ends, I first need to derive an
equation that puts the length of the glass ends as a function of theta. To do
this, I need to find the path difference as I rotate the glass by an angle, θ. To
do this, I drew the path length of the circuit (see Figure 15).
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Figure 15: The schematic of the path length when the vacuum chamber is
rotated.

The optical path (OP ) length when there is no rotation (when θ = π
2 )

between the two arbitrary planes M1 and M2 is 2A. The path length when
there is a rotation is

OP = 2(A− k + x1 + x2 + x3) (3)

Since, I am assuming that the glass ends are equivalent in length, I can say
that x1 = x3. Now, I need to find the angle φ, which is determined by the angle
of refraction when the light goes from the air, with an index of refraction na to
the glass ng. This can be done using Snell’s Law

nasin(90 − θ) = ngsin(φ) (4)

Which can be rewritten to find φ

φ = sin−1

[
na
ng
sin(90 − θ)

]
(5)

Using trigonometry I can relate φ, x1, x3, and D

cos(φ) =
D

x1
=
D

x3
(6)

which can be directly written as

x1 = x3 =
D

cos(φ)
(7)
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Using the same trigonometric function I can find x2 to be

x2 =
L− 2D

cos(90 − θ)
(8)

Since I have the x1 and x2, now I need to find k. I have divided k up into
three separate parts, z, y, and z again because x1 = x3. So,

k = 2z + y (9)

Firstly, y is x2 because y and x2 are opposite sides in a rectangle. Now to find
z, I zoomed in on the left glass end (see Figure 16).

Figure 16: Zoomed in schematic of the path length when the vacuum chamber
is rotated.

Relating x1 to z using trigonometry gives me

z = x1cos(90 − φ− θ) (10)

Now I plug everything into the change in optical path formula

∆OP = OPfinal −OPinitial = 2(A− k + 2x1 + x2) − 2A (11)

Which becomes

∆OP = 2(2x1+x2−2z−y) = 2(2x1+x2−2z−x2) = 4x1(1−cos(90−φ−θ)) (12)

Finally, I set everything in terms of θ

∆OP = 4

[
D

cos(sin−1 na

ng
sin(90 − θ))

] [
1 − cos

(
90 − θ − sin−1

[
na
ng
sin(90 − θ)

])]
(13)

Using this formula, I graphed how the path difference would be affect as a
function of θ when holding D constant and as a function of D when holding θ
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constant (see Figure 17 and 18). I assumed that ng = 1.5 and na = 1.00029 for
these graphs.

Figure 17: Path difference as a function of θ when D is held to various values

Figure 18: Path difference as a function of D when θ is held to various values

I will have to use this information to experimentally find the actual length
of the glass ends.
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4 Conclusion

Using a Michelson Interferometer, I found that the highest index of refraction
of air to be 1.00028 ± 1.1 ×10−5 (stat.) ± 1.2 ×10−5 (syst.). This value
agrees with the known value of 1.00029. I think this inaccuracy could have
come from how I was unable to read the pressures of the first, second, and
third fringes. I also found that the residual lines for this experiment look much
better when the first data point is ignored because the data points are more
evenly scattered. The residual is also better when there is an intercept because
the slope’s magnitude is smaller. However, the residual is best when the data
points are not weighed by their errors. I was also able to calibrate the gauge
of the hand pump used in this experiment. The calibration curve is y = (.98 ±
.012)x + 19 ± 5.7 cmHg, where y is the actual pressure and x is the pressure
recorded from the hand pump. I also derived a formula for how the path length
is affected when the cell is rotated.
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