Experiment 2: Energy Levelsand Spedra—Atomic Spedroscopy

Objedives. To observe the amisgon spedrum of the hydrogen atom and to determine by
experiment the ionizaion energy of the H atom.

References.  IMT Chapter 3. Brown, et al., pp. 183-193
Logistics: Work in pairs.

Prelaboratory

preparation: See the general requirements listed in the introductory pages. Read over the
experiment carefully—more than once—before cming to lab. Look upthe ionization
energy of the hydrogen atom. Use this value (in units of J) for the Rydberg constant,
R, to cdculate the wavelength of light emitted by an eledron falling from the n=2 to
the n=1 eledronic energy level in the hydrogen atom. What color of light is associated
with this wavelength?

Introduction

In this experiment and the next, you will seehow spectroscopy, the measurement of light absorption
and emisson by atoms and moleaules, can yield important information about atomic and moleaular
structure.

In Part A of this experiment, you will study the energy levels of the hydrogen atom by observing
itsemisson spedrum, that is, the light given off as an excited hydrogen atom'’s sngle dedron falls
from a higher to a lower level. From your data, you will determine the ionizaion energy of the
hydrogen atom, also cdled the Rydberg constant, R,. In Part B, you will take alook at how the
eledronic states of hydrogen can be interpreted in terms of probabili ty.
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Figure 1. Several posshle enisgons of excited state hydrogen atoms. (Not al have the
same probability of ocaurring, however.)
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Part A

Y ou will be using a hydrogen gas discharge tube (smilar to a neon sign, but with hydrogen in it
instead of neon), which generates hydrogen atoms in a variety of excited states:

high voltage
H, g g H*

HZ* — = H* + H*

H* — H + hv

Note that the initial blast of energy from the high voltage gives an excited molecule (indicaed with
an asterisk). This is smply an H, moleaule with lots and lots of energy, both vibrational and
eledronic. Infad, thereis © much energy in thismolecule that in the next instant it bre&ks apart into
two excited atoms. Other than trandational energy, hydrogen atoms can only be excited in one way:
their single dedron must be in some orbital above the 1s orbital, for example in the 2s, 4d, or even
10f orbital. Almost immediately, this eledron falls to alower orbital and gves off a photon of light.
The energy of thislight is related to its frequency by Planck’s constant:

E=hv

where his Plank’s constant, and v is nu, the frequency of light. The dedron will continue to fall, step
by step, until it reades the 1s state and can fall no further (the aom isinits ground state). Thus, a
single excitation may lead to a whole shower of photons being emitted.

Oncethe @omsarein their ground state, two H atoms find ead other and recombine to produce
H, moleaules again (giving off hea, which is another reason you should be caeful) and starting the
whole processover again.

The only step we will observe of al of these isthe third step, the falling of the dedron, becaise
only that one gives off light. Some of the possbilities are shown in the diagram below:
It turns out that the only transitions which can be distinguished by the human eye ae those from
levels 6, 5, 4, and 3to then =2 level. These transitions, the first four lines of the Balmer series, are
the ones you will observe. All of the other posgble transitions involve light that has too little energy
to see(infrared) or too much (ultraviolet).

Note that the energy levels are not evenly spaced. They start at a negative value and increase &
1/r?, finally approaching 0. Theoreticaly, the energy levels of the hydrogen are given by:

6, = —RH(i) ®
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Well, that’ sl fine theoretically, but your goal in this experiment is to determine the value of R
experimentally. That is, now is your chanceto seeif what you've leaned isredly true. Y our goal
will be to use your observations to determine the value of the Rydberg constant, R,,.

Here'show you will get it: You will determine the wavelength (1) of the light corresponding to
the Balmer series, wheren, =2 and n, = 6, 5, 4, and 3. Using the relationships vA = ¢ (the speal of
light, 3.00 x 10° m/s) and E,;,4,, = hv, you will determine the energy of the photon associated with
ead of the four emissons.

Sincethe energy of the photon is smply the difference in energies of the two levels involved, we

have:
o 1 1| 1 1
Ephoton - RH[ nuz] RH( nlz] - RH[ nlz nz] (2)

Byinsertingn,=6, 5, 4, and 3and n = 2, you will get four measurements of R,, which should al be
pretty close to ead other. You will average these values to get your experimental value for R,,.

Note that R, is also the ionization energy of the ground state (1s) H atom, sinceto get that
eledron out you would have to go fromn=1ton =, that is,

1 1
AE grizaion = E. ~ By = _RH[ _2) ) _RH[ ?] =Ry

Thus, you will also be determining the ionization energy of the hydrogen atom in this experiment.

Safety Precautionsto Note

Avoid touching the dedrodes of the discharge tube power supdy (may be up to 5000V olts!). Do
not touch the lamps, as they become very hot when used due to al those emissonsin the infrared.
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Procedurefor Part A

The gparatus (a spectroscope) is $rown in Figure 2.

spectroscope
numerical scale discharge tube
288 Z @
/@ ™~
scale illuminator \\S”t
slit adjustment screw

prism

Ylprism adjustment screw

f
v

Figure 2. Diagram of aspedroscope. Light from the discharge tube goes through a dit, is sparated into bands
of color by the prism, and is observed through the eyepiece A scale, projeded through a third arm, allows a
correlation to wavelength.

eyepiece

Y ou will only be @leto see asmdl portion of the visible spedrum at any given time. By turning the
spedrum scan knob, you will scan through the entire spedrum. The auxili ary lamp at left isto light
up anumbered scae which you will use to take readings on the spedral lines. The scdeis not linea
with resped to wavelength. You will use agraph available in the lab to correlate the scde realing

with the ac¢ua wavelength.
Hydrogen and helium discharge tubes will be available in one of the hoods in the lab. Several

other lamps will be available for your enjoyment, as well.

CAUTION: DO NOT TOUCH THE POWER SOURCE OF 5000 VOLTS!
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1. Célibration (using a helium tube)

The spedroscope nealsto be cdibrated becaise the scde readings are dependent on the position
of the prism. The cdibration is carried out by lining upthe bright yellow line in the helium spedrum
with ascale reading of 1.80. We will try to adjust the prism so that this yellow line will be doseto
1.80, but you may need to make asmall corredion.

Firgt line up the spedroscope with the helium tube to get as bright a spedrum as possble. (Move
the spedroscope, not the light source.) Then focus the eyepieceto get sharp lines. Turn on the scde
illuminating light. A lighted scade should become visible. Findly, adjust the dlit as necessary to sharpen
the lines.

Turn the prism adjustment screw on the front of the spedroscope to bring the yellow line into the
center of the field of view. Real and reaord the position of this line (notify the instructor if the line
isnot in the range 1.60—200).

2. Hydrogen Spedrum

UNPLUG THE POWER SOURCE and switch to the hydrogen tube. Set up the spedroscope so
that you can seethe lines from the hydrogen tube to best advantage. Adjust the dlit as necessary to
get the sharpest lines.

The hydrogen atom spedrum consists of 4 relatively strong lines due to the Bamer series.
Superimposed on this gpedrum isamore emplicated badkground “hash” due to all of the excitations
of H, molecules. Concentrate your efforts on the strong lines only. Obtain scae readings for these
lines (one of the lines is nea the ultraviolet and is smewhat difficult to seé), reporting your results
on the report form provided. Unplug the power source when you are finished.

Part A Data Analysis

Using the crrelation chart provided in lab, determine the wavelength of light of ead of the lines you
observed. Also cdculate the frequency, v, (in s™) and energy, E (in Joules), corresponding to ead
line. Based on Figure 1, determine the level numbers u and | for ead line. Then use Equation 2 to
get avaue of R, from ead line. Determine the average value for R,,. Expressthis value in both
Joules and kJmol.
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Part B

The adual solution to the Schrodinger Equation is shown below:

Y. (16,0) = R,(r) x ©,.(0) x ©_(¢) r radial or “altitude”, 6(theta) latitude, and ¢(phi) longitude

_ 3/2) (n_l_l)!(n"'l)! v2 | —r/naonili1 (_Zr/nao)j
Rull) = (23 [ 2n ] (arina,)e ,z; jI(n-1-j-1)1(21 +j +1)!

' _ -1 _ 1]
0,.(6) = 2 VA1 +1)(1-Im)! (1 +[mi)]¥2sinmel Y (-1 1. LLr0os8)} M(1-cosd)
im(6) [+ D)1= [mD! (1 +[m)!]*<lsin |Hm|( ) D DG

@,(¢) = (2r) Y(cosmp + i sinmp)

This function consists of a function ¥ (psi, pronounced “SIGH"), which is composed of three
independent functions: R, @, (theta) and @ (phi). It is ¥ which gives us the probability of finding
an eledron within agpedfic area aound the proton. Seeif you can find in this lution the origin of
the“rules’ for the quantum numbers n, |, and m. For example, how does this slution require that n
not be 0? Given a spedfic value for n, what limitations are put on |? Given a spedfic n and |, what
limitations are put on m? [Hint: Take aparticularly good look at the fadorials.]

Using the ommputersin Sc 353 run the ORBITAL program, which will allow you to take a d¢oser
look at the probabili ty of finding the dedron at various places around the proton for spedfic values
of n, I, and mand dscover the “meaning” of these quantum numbers. For this part of the experiment,
you should take notes in your notebook in the form of sketches of the two types of output the
program provides: |nformation relating to the probability of finding the dedron at various distances
from the proton and information relating to the probabili ty of finding the dedron at various positions
around the proton.

Describe the following states in terms of average distance from the radius, nodes (places where
the probabili ty of finding the dedron is zero, both angular and radial), and overall shape.

a n=11=0,m=0 ) n=2,1=1,m=1
b) n=21,1=1,m=1 g n=21=2,m=1
c) n=2,1=0,m=0 hy n=31=2,m=1
d n=21=1m=-1 i) any n of your choice between 4 and 6

e n=2,1=1,m=0 with appropriate | and m.
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Note that radial nodes will be evident on the radia probability plot within the ORBITAL program
when color is used emphasize nodes. These radial nodes are adually spheres around the nucleus
where the probability of finding an eledron is zero. Angular nodes, on the other hand, will be
depicted on the full display as surfaces (planes or cones) dicing through the nucleus at various angles.

Part B Data Analysis

Determine the relationship between the number of nodes (total, radial, and angular) and the quantum

numbersn, |, and m?

Discussion

1. Describe how the lines of the hydrogen emisson spedrum you observed arise from hydrogen
atomsfalling from one state to another. Why can’'t we seethe transitions from level 5 to level 1

or from level 6 to level 3?

2. Compare your determination of the ionization energy of the hydrogen atom, R, with that given
in your text.

3. Using your value for R, predict the wavelength of the fifth Balmer line (level 7 to level 2).
4. How would you describe the “meaning” of n? of I? of m?

5. Where exadly in the solution to the Schrédinger Equetion would you find the “rules’ for n, |, and
m?

6. What isthe relationship between the number of nodes (total and of ead type) and the quantum
numbers n, |, and m, and how is this supported by your observations?

7. Describe in your own words predsely what it would mean for the hydrogen atom to drop from
then = 2 level to the n = 1 level in terms of probabili ty.
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