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Abstract

This study analyzes and attempts to validate accepted theory regard-
ing atomic spectroscopy. The methods conducted use two spectroscopy
tools to record the emission spectrum of hydrogen: a manual contraption
that relies on the naked eye via wave diffraction, and the other an elec-
tronic sensor that outputs emission data via associated software. Data
collected in both methods suggest a linear relationship between % and nl—g
which agrees with theory. However, data collected via the manual spec-
trometer did not agree with the accepted value of coefficient R due to a
small dataset size and low precision. Our experimental value for R using
the electronic spectrometer was 10960000 + 38000 with respect to a 95
percent confidence interval, which agrees with the accepted value. This
study then qualitatively compares the emission spectra of various atomic
and bonded sources. We find that the bonded sources contain more com-
plex and complete spectra compared to atomic sources. Finally, this study
analyzes the emission spectra of indium phosphide quantum dots with
various radii. We find a linear relationship between % and %2 as theory
suggests. Our estimated values for the effective mass of an electron and
the band gap energy, m = (0.0612+.012)m. and Egqp = 1.265eV +.15eV
respectively, agreed with accepted values. Atomic spectroscopy theory is
the foundation of many applications across various fields, heightening the
importance of understanding and validating it.

1 Introduction

Spectroscopy is a method scientists use to study the light emitted by matter.
Since everything we observe on a daily basis is comprised of matter, spectroscopy
has a wide range of applications in cosmology, chemistry, biology, medicine, en-
gineering, and other fields. Scientists have taken advantage of the fact that
every element in our universe, when supplied with a particular amount of en-
ergy, emits photons at various energies across the electromagnetic spectrum.
The various energies of emitted photons, however, are unique to each element.
Therefore, it is possible for scientists to piece together the elemental constituents
of a chemical compound simply by analyzing the energies of photons released
by it. The energies of released photons have distinct wavelengths according to
the relation:

hc
Ephoton = T (1)

Where h is Planck’s constant and c is the speed of light.
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Figure 1: Diffraction grating diagram. Constructive interference occurs when
the difference in the phase of wavelengths from subsequent slits is a multiple of
the wavelength of the light.

Therefore, each element emits photons of distinct wavelengths. In order
to quantitatively measure the wavelengths emitted by a matter particle, light
diffraction can be used to separate emitted photon wavelengths from the source.

A diffraction grating works by allowing incident plane waves from the source
to pass through very narrowly spaced and sized slits. This causes constructive
and destructive interference at various angles (Fig. 1). Points of constructive
interference occur at peaks at an angular displacement 6 governed by the equa-
tion:

dsin(0) = m\ (2)

Where d is the distance between slits in the grating and m is the diffraction
order. The diffraction order can be any integer in a finite integer set centered
at zero. By measuring the angle 6 of diffracted light at the constructively
interfering peaks, Eq. 2 can be used to calculate the peak wavelengths A\ of
diffraction.

The emission of photons from a source is primarily due to electrons changing
energy levels within its constituent atom. More specifically, when an electron
absorbs the right amount of energy from its environment, via radiation or other
methods, it can jump to a higher energy level. In this case, the electron is
known to be in its "excited” state. Eventually, the electron falls back to a lower
energy level. Here the electron is known to be "de-excited”. As a result of
de-excitation, the electron releases a photon of equal energy to the difference
between the initial electron energy level and its final energy level.

In testing this theory of photon emission, we can model the hydrogen atom.
The hydrogen atom has one electron, and its emission spectrum can be modelled
by Balmer’s formula:
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Subset Hae HB Mgn Civ Total Objects?

70m non beamed 434 343 3 0 445
70m beamed 23 38 25 22 67
Total 70m 457 381 28 22 512
Bonus 105m* 140 109 17 5 177
Total Objects 597 490 45 27 689

Figure 2: Supermassive black hole categorization based on emission spectra of
host galaxy with AGN (Mejia-Restrepo et al.).

Where R is a constant with accepted value 10973731.568549 £ 0.000083m 1!,
Ninitial 1 the electron energy level after excitation, and nfinq is the electron
energy level after de-excitation. Calculation can verify that the peak wave-
lengths of the hydrogen emission spectrum are in the visible wavelengths only
when 7 ¢inq1 = 2. Therefore, this study will focus on this case.

The visible emission spectra of hydrogen has extreme importance in the
field of astronomy. Mejia-Restrepo et al. highlight that hydrogen emission
spectra can be used to identify galaxies with active galactic nuclei (AGNs). By
identifying a large sample of AGNs, Mejia-Restrepo et al. were able to estimate
the masses of supermassive black holes (Mpy) within corresponding AGNs [3].
The Mppy estimates were based on the Ha, HB, Mgy 22798, and/or Cry A1549
emission lines from the AGNs. The Ha emission lines are formed by electrons
in the hydrogen atom dropping energy levels from ninitiat = 3 t0 Nfina = 2,
while the H 3 emission lines are formed by electrons dropping energy levels from
Ninitial = 4 t0 Nina = 2. These emission lines produce crimson and blue visible
light according to Eq. 3, respectively. Mejia-Restrepo et al. organizes AGNs in
terms of the emission lines measured (Fig. 2).

Another important application of emission spectra comes in the form of
quantum dots. Quantum dots are essentially artificial atoms, each of which
are comprised of a cluster of atoms of a semiconductor which release photons
at prescribed energies. The clusters are on the nanometer-scale and are small
enough to allow an electron to be bound to it. This electron is very strongly
bound to the dot such that it is not permitted to move freely. An electron
in this state is known to be in the ”valence band”. If this electron absorbs a
particular amount of energy from its environment, it can transition to a higher
quantum state called the ”conduction band,” where the electron is permitted
to move throughout the dot.

The difference in energy of the electron between the valence band and the
conduction band is termed the band gap energy, Egqp, which depends on the
chemical structure of the quantum dot. For the electron to transition to the
conduction band and thus move freely, it must, at a minimum, be provided
with energy equal to the band gap energy and the kinetic energy corresponding
to the lowest energy state of the conduction band. The lowest energy state of
the conduction band is dependent on the radius of the quantum dot. Therefore,
the total energy required to transition an electron from the valence band to the
conduction band is:
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Eiotal = Egap +KE = Egap + 8::1;7’/“2 (4)

Where m is the effective mass of the electron (which can vary from its mass in
a vacuum), and r the radius of the quantum dot.

Once an excited electron in the conduction band falls back into the valence
band, it releases a photon of energy Fioiq;. It is important to note that there
exists other energy states of the conduction band with higher kinetic energies.
However, the difference in these energies are relatively small compared to the
magnitude of the lowest state kinetic energy, so this does not result in a notice-
able difference in energy of the emitted photon.

In what follows, this manuscript first explores and analyzes the emission
spectrum of hydrogen using two different types of spectrometers. Then, the
emission spectra of atomic sources are compared to those of chemical com-
pounds. Finally, the emission spectra of indium phosphide quantum dots are
recorded and analyzed with special attention to the dependence of photon en-
ergy emission on radius.

2 Experimental Methods

2.1 Experimental Apparatus

A laboratory desk was used with an aluminum breadboard for mounting appa-
ratuses. Two different spectrometers were used to collect emission spectra from
specimens. The first was a Griffin spectrometer which uses angular displace-
ments of light ray diffraction to separate and measure wavelengths from a source
(Fig. 3a). Light from the source enters via a slit in the first cylinder which acts
as a collimating telescope. The entry slit width can be adjusted via a knob on
the instrument. The light waves pass the first cylinder and enter a diffraction
grating. The Griffin spectrometer uses a diffraction grating with slit spacing
1.67 x 10~%m (Fig. 3b). Light waves passing through the grating are received
by the second cylinder which acts as a pivoting telescope. The pivoting tele-
scope can be adjusted to any angle to intercept diffracted rays. The intercepted
rays then enter a lens with a crosshair, for which the user can precisely record
the angle measurement. Measurements are recorded in degrees using a Vernier
scale which gives precision to the first decimal place (Fig. 3c). The second
was a computerized Ocean Optics Red Tide USB650 spectrometer which uses
LoggerPro software to display data (Fig. 4). The computerized spectrometer
uses connection to a fiber optic cable that is placed in front of the specimen.

The light source comprised of a discharge lamp housing unit which provided
voltage to the various specimen (Fig. 5a). The specimen included hydrogen,
helium, nitrogen, and carbon dioxide gas, and were contained in individual
glass tubes (Fig. 5b). Once the specimen were placed inside the discharge lamp
housing, they emitted light as electrons in the gas de-excite.

A handheld diffraction grating was used to qualitatively analyze the emission
spectra of the specimens (Fig. 6).

We used four indium phosphide quantum dots of various radii for analysis
of band gap energy and photon wavelength emission (Fig. 7a). LEDs of various
wavelengths (Fig. 7b) were used to excite electrons in the quantum dots.



Figure 3: (a) Griffin spectrometer. (b) Diffraction grating (600 lines/mm). (c)
Vernier scale for angular displacement measurements.
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Figure 4: Ocean Optics Red Tide USB650 computerized spectrometer.



Figure 5: (a) Discharge lamp housing unit. Gas specimens are inserted into the
unit. Electrodes from the unit pass a voltage through the specimen resulting
in the emission of light. (b) A specimen tube. Four total tubes containing
hydrogen, helium, nitrogen, and carbon dioxide gas.
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Figure 6: Project Star handheld holographic diffraction grating.



Figure 7: (a) CENCO PHYSICS quantum dot vials. (b) Various LEDs ranging
from red, orange, yellow, green, blue, and ultraviolet.

2.2 Experiment 1

Experiment 1 aimed to collect data for the emission spectrum of hydrogen using
the Griffin spectrometer. The room lights were switched off to keep environmen-
tal variables relating to electromagnetic radiation constant. This also allowed
our pupils to be dilated to best view spectral lines. The hydrogen specimen was
inserted inside the discharge housing unit, which was then placed adjacent to
the collimator entry slit of the spectrometer. The slit width was adjusted so that
we could accurately center the cross hairs on the light source. With the pivoting
telescope centered on the source, we recorded the angle of un-diffracted light
passing through the grating on the spectrometer. Then we rotated the pivoting
telescope and recorded the angles and color at which light was diffracted from
the grating.

2.3 Experiment 2

Experiment 2 aimed to collect data for the emission spectrum of hydrogen us-
ing the Red Tide computerized spectrometer. The spectrometer was connected
via USB to a lab computer with LoggerPro software installed. LoggerPro set-
tings were configured such that sampling time was 50 milliseconds, wavelength
smoothing set to zero, and results set to average from twenty samples. A fiber
optic cable was inserted into the spectrometer, and the other end placed in front
of the hydrogen light source using a standard mount. The intensity of the light
source was then plotted as a function of wavelength in LoggerPro.

2.4 Experiment 3

In order to analyze the emission spectrum across a variety of specimens, the spec-
imens were viewed and imaged through a handheld diffraction grating. First,
the hydrogen specimen was inserted into the discharge housing unit and was im-
aged with the diffraction grating. This was repeated for the helium, nitrogen,
and carbon dioxide specimen.



Hydrogen Emission Diffraction Angles

m=0 Color |Angle (degrees) Relative Angle (radians)
Mixed 324.1 0
m=1
violet 339.5 0.268780704807127
aqua 341.4 0.301941960595019
red 347.8 0.413643032722656
m=2
aqua 350.7 0.464257581030492
red 367.2 0.752236907609556

Figure 8: Diffraction angles for hydrogen gas as measured by the Griffin spec-
trometer. Measurements taken for the first and second diffraction orders.

2.5 Experiment 4

Using one wavelength at a time, the LED was shone under each quantum dot
vial. We recorded any effects the LED had on each vial, specifically if the vial
emitted any additional visible light. This process was done for the red, yellow,
green, and blue LEDs. The UV LED was shone under each vial, with the
fiber optic cable of the Red Tide computerized spectrometer placed next to it
to record the emission spectrum produced by the quantum dots. The radii of
the quantum dots in each vial was recorded along with its associated emission
spectrum.

3 Results and Discussion

3.1 Experiment 1 Results

The emission diffraction angles for the hydrogen specimen were recorded for the
m=0, 1, and 2 diffraction orders (Fig. 8). We defined the angle of diffracted
light as relative to m=0 un-diffracted light.

The order in which colors appear for each diffraction order remain the same.
In our experimental case, the violet emission line for m=2 was too dim to detect
with the naked eye. However, the aqua and red wavelengths for m=2 follow this
pattern. This is due to the diffraction maxima equation (Eq. 2). As € increases
from zero on the left hand side, the right hand side must increase in magni-
tude. Therefore, for m=1 the lower wavelength light will be seen first, and as
0 increases, higher wavelengths of light are observed. Once 6 increases suffi-
ciently, the diffraction order increases to two, and the wavelength downshifts.
The wavelength then increases again as the angle continues to increase.

Using Eq. 2, we can convert the angular measurements of diffraction into
the peak wavelengths of diffraction. We can analyze the spectrometer results by
plotting the inverse of the wavelength as a function of n% where n is the initial
energy level prior to de-excitation of the electron in the hydrogen atom (Fig. 9.

Since we assume that the visible light is caused by an electron where nfinqa =
2, Eq. 3 can be rearranged:
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Figure 9: Linear relationship between % and # for the Griffin spectrometer.
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Therefore, the magnitude of the slope in Fig. 9 gives an experimental pre-
diction for R. This gives an estimate of R ~ 10784000. Using a t-distribution of
the data, we can give a 95 percent confidence interval that R = 1078400081000
(calculation of this confidence interval is further explained in Appendix A).
The accepted value of R as shown below Eq. 3 is outside of the confidence
interval stated above. This means that there is likely an error in the exper-
imental equipment or setup. I believe this error is due to the small dataset
size. Because of limitations with the human eye, the Griffin spectrometer was
only able to pick up on three of the spectral lines of hydrogen. Additionally,
the Griffin spectrometer has a relatively low precision required for measuring
wavelengths to the nanometer scale. The angular measurement of the Griffin
was able to increase at an interval of 0.001745 radians, giving an error to the
wavelength measurement at roughly +1 nanometer.

3.2 Experiment 2 Results

The Red Tide USB650 computerized spectrometer detected light intensity as
a function of wavelength for the emission of hydrogen (Fig. 10). By finding
the peaks of the plot, we could calculate the wavelengths of photons emitted
by the de-excitation of electrons in the hydrogen atom. Since we are only
concerned with the visible emission spectrum of hydrogen for which n fina = 2,
we disregarded peaks associated with wavelengths greater than 700nm which
are primarily due to the specimen containing some hydrogen gas. The hydrogen
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Figure 10: Log of intensity plotted as a function of wavelength A for hydrogen
emission.

gas causes the small peaks noticeable in between large peaks due to oscillations
in the Hs bond.

We can analyze the spectrometer results in a similar fashion as experiment
1 by plotting the inverse wavelength % as a function of # (Fig. 11). Using
the magnitude of the slope, we found the experimental estimate of R to be
10960000 4 38000. The accepted value of R falls within this estimate, therefore
proving the validity of the experimental equipment and setup.

3.3 Experiment 3 Results

The spectra of hydrogen, helium, nitrogen, and carbon dioxide were imaged via
a handheld diffraction grating (Fig. 12). Qualitatively comparing the specimen,
we can observe that bonded sources have different emission spectra characteris-
tics than atomic sources. The spectra of bonded sources have a more complete
range of emitted wavelengths in comparison to the atomic sources. We attribute
this to the higher number of electrons at varying energy levels in bonded sources
such as CO,. After excitement these electrons have a chance to fall back into
various different energy levels which each give off specific wavelengths of light.
Additionally, the atoms in all molecules oscillate at some unique frequency due
to their bond. These atomic oscillations replicate the motion of a simple har-
monic oscillator (SHO) at small displacements, and therefore, the electrons of
the individual atoms are confined to a SHO potential. In a SHO potential parti-
cles exhibit discrete energies corresponding to their quantum state n according
to:

E,=(n+ %)hu (6)
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Figure 11: Linear relationship between % and % for the Red Tide computerized
spectrometer.

Where h is Planck’s constant, v is the oscillatory frequency of the potential,
and n = 0,1,2,...,00. However, E,, is much smaller in magnitude in compar-
ison to the energy released by an electron as it transitions to a lower energy
level. Therefore, the emitted photons due to electron de-excitement in a molec-
ular source vary slightly depending on E,,, which causes a more continuous or
”blurred” emission spectrum. Singular atoms do not oscillate, therefore we ob-
serve clear, distinct wavelengths for helium in Fig. 12. However, we also observe
that the emission lines for hydrogen and nitrogen appear blurred as if there were
some sort of oscillatory behavior. We hypothesize that the blurred spectra for
these two specimen are due to helium and nitrogen existing naturally as di-
atomic molecules. Therefore, there is likely some trace amount of hydrogen and
nitrogen gas in each of the sample tubes which provide the oscillatory behavior
we observe in the emission spectra.

3.4 Experiment 4 Results

The emission spectra of each of the vials under the ultraviolet LED were recorded
via the Red Tide spectrometer. We plotted the wavelength of the emission of
each vial vs. the intensity (Figs. 13, 14, 15, and 16). It is important to note that
the intensity was not calibrated, so the actual value of the intensity is unitless.
However, we can still use this intensity to compare the wavelengths that result
in intensity peaks between quantum dot emission spectra.

Each emission spectrum plot contains three high intensity peaks, two medium
intensity peaks, and many small peaks. The ultraviolet LED wavelength should
range roughly between 100-400nm, corresponding to the first medium peak in
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Figure 12: Emission spectra of specimen. From top to bottom: hydrogen,
helium, nitrogen, and carbon dioxide.
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2.37mm Quantum Dot Emission Spectrum
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Figure 13: Emission spectrum of 2.37nm radius indium phosphide quantum dot.

2.53mm Quantum Dot Emission Spectrum
0.08 1

0.07 |

0.06

Intensity
o
g

0.01 |

0 \ . \ . \ ; \

300 400 500 600 700 800 900 1000
.

Aim™?)

Figure 14: Emission spectrum of 2.53nm radius indium phosphide quantum dot.
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2.72mm Quantum Dot Emission Spectrum
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Figure 15: Emission spectrum of 2.72nm radius indium phosphide quantum dot.
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Figure 16: Emission spectrum of 2.92nm radius indium phosphide quantum dot.
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Quantum Dot Peak Wavelengths

Radius(m™) Am™0)
2.37 521.6
2.53 560
2.72 590
2.92 620.6

Figure 17: Table showing the peak wavelengths of emitted light for each quan-
tum dot radius.

all four plots. The three high intensity peaks remain constant throughout all
four emission spectra. This was attributed to environmental factors in the ex-
perimental setup. Specifically, these high intensity peaks are most likely due
to the computer screen from which data was being displayed. Therefore, the
second medium peak must be due to the emitted photons of the quantum dot.
We confirm this by noticing that the second small peak varies in all the emission
spectrum plots. The very small peaks occur throughout the entire spectrum, so
this can be attributed to radiation noise from the environment.

We can measure the peak emitted wavelengths of each quantum dot vial
using the emission spectra plots (Fig. 17). We then solve for the gap energy E,qp
and the effective mass of the electron m by plotting % vs. %2 and calculating
the slope and the y-intercept (Fig. 18). By rearranging Eq. 4 we get:

5 e g
mecr c

After converting to the correct units, the slope of the plot leads to an estimate
of m ~ 0.0612m, via Eq. 7. Similarly, the intercept of the plot leads to
an estimate of Fy,, ~ 1.265eV. Using the same t-distribution analysis we
can put 95 percent confidence intervals such that m = (0.0612 £ .012)m, and
Egap = 1.265eV £.15. The accepted values for the effective mass of the electron
and the band gap energy of indium phosphide quantum dots are m = 0.065m,
and Fyq, = 1.344eV respectively. Therefore, the accepted values are inside of
the confidence intervals of the experimental data.

4 Conclusion

This study aimed to confirm accepted, yet important observations regarding
atomic spectroscopy. The study began with detecting the emission spectrum
of hydrogen using two methods. The first used a manual spectrometer with a
diffraction grating that separated peak wavelengths of the source. We found
that this method was fairly accurate but did not allow us to gather enough data
because of the limitations of the human eye. When plotting the inverse of the
peak wavelengths as a function of n, we observed a linear relationship as pre-
dicted by theory, but the measured value of R did not agree with the accepted
value. This could be due to the small dataset size and the lack of precision in
angular measurements. The second used a computerized spectrometer, which
provided more data than the manual spectrometer. Under the same graphical
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Figure 18: Linear relationship between % and %2

analysis, we found an estimated value for R being 10960000 4+ 38000 which did
agree with the accepted value. We continued the study by qualitatively ana-
lyzing the differences in emission spectra between atomic and bonded sources.
We found that bonded sources exhibited more complex and complete spectra.
We attributed this to the larger number of electrons in various energy levels in
bonded atoms and the oscillatory effects of bonded atoms. Finally, the study
concluded with an analysis of quantum dots and their dependence on chemical
composition and dot radii in emitting various wavelengths of light. We found
that our measured emission spectrum for each quantum dot under an ultravi-
olet LED had wavelength peaks that varied with the dot radius. In graphical
analysis, we found that our data did agree with accepted values for the effective
mass of electron and the band gap energy.
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5 Appendix
5.1 Appendix A

Calculating confidence intervals with small datasets requires a t-distribution
rather than a normal distribution. The calculation for the confidence interval
was given by the function polyparci implemented in MATLAB [4]. This function
uses the built-in MATLAB function polyfit to calculate the covariance matrix.
The function then calculates the cumulative t-distribution given a user-specified
confidence interval and the degrees of freedom.
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