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Photoelectric Effect (E10)

Objectives

» Understand how ejection of photoelectrons from a metal surface depends on the frequency
and intensity of incident light.
* Measure the Planck's constant and the work function.

Theory

The photoelectric effect is one of several processes by which electrons may be removed from
the surface of a metal. It is found that when electromagnetic radiation with sufficiently high

energy is directed onto a metallic surface, electrons may be ejected from the surface. The ejected
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electrons are called photoelectrons.
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The key experimental facts about the photoelectric effect are the following.

(1) The emission of photoelectrons will not occur at all, if the frequency of the incident

electromagnetic radiation is less than a certain frequency called the cutoff frequency.

Below the cutoff frequency, there would be no photoelectrons regardless of the intensity of
the incident light.

(2) The maximum kinetic energy of the ejected photoelectrons depends on both the frequency
of the incident electromagnetic radiation and the metal itself.

(3) If the frequency of the incident radiation is larger than the cutoff frequency, then the

number of emitted photoelectrons is proportional to the intensity of the radiation.
Because classical electromagnetism is unable to explain these experimental facts, a quantum
theory of light is required for a satisfactory explanation.
A. Electrons in Metals

Although the outermost valence electrons in a metal are free to move within a metal (that is
why metals usually are good conductors), the electrons are constrained within the metal. The
binding energy of the electrons least tightly bound to the metal is denoted by the work function
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¢ of the metal. If energy greater than the work function is supplied to one of these electrons,
that electron can be ejected from the metal surface. This process is known as the photoelectric
effect.

B. The Incident Light Rays

The electromagnetic light rays that strike the metal surface can supply the outer electrons
with the energy they need to leave the metal. According to quantum theory, these apparently
continuous electromagnetic waves are quantized, consisting of discrete quanta called photons.
Each photon has an energy E that depends only on its frequency f(or wavelength A) and is given
by the following equation.

h
E = hf:f , where: h = Planck constant = 6.63x10> J-s = 4.14x10™" eV s

leV =1.602x10" 7T, 1] =6242x10%eV, ¢ = 2.998x10* m/s

The energy of photons is directly proportional to their frequency. In the photoelectric effect,
a single photon interacts with a single electron at the metal surface; it cannot share its energy

among several electrons. Photons with frequency f greater than the cutoff frequency fy will cause

the emission of photoelectrons, whereas photons with a frequency less than f) will not cause the

emission of photoelectrons. The cutoff frequency fp multiplied by the Planck constant is equal

to the work function ¢ which is a potential energy holding electrons in the metal (or

semiconductor) electrode. o= h*fy

C. The Photoelectric Effect Equation

In photoelectric emission, light strikes a material, causing electrons to be emitted. The
classical wave model predicted that as the intensity of incident light was increased, the amplitude
and thus the energy of the wave would increase. This would then cause more photoelectrons to
be emitted. The quantum model, however, predicted that higher frequency light would produce
higher energy photoelectrons, independent of intensity, while increased intensity would only

increase the number of the electrons emitted (or photoelectric current).

Einstein applied Planck’s theory and explained the photoelectric effect in terms of the
quantum model using his famous equation for which he received the Nobel Prize in 1921. The
equation states that the maximum possible kinetic energy of ejected electron (KE ) is equal to
the energy of the incident photon (4f) minus the minimum work needed to eject electron from

the metal electrode. This work is called the work function ¢ (sometimes W) is used instead of

9.
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KEmax = hf - ¢

The photoelectrons measured outside the metal surface will have kinetic energies ranging
from zero to KEmax. One may notice that the photoelectric equation is just another way to express

the conservation of energy principle!

D. Measuring the Work Function and the h/e Ratio Using a Photocell

Anode
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Some photoelectrons travel toward the stopping electrode (anode) and, upon reaching it,
constitute a current, which flows through the circuit. As we increase the voltage V, some of the
less energetic photoelectrons will be repelled from the anode and the current will decrease. At
some voltage V' = Vs (the stopping voltage), the most energetic photoelectrons will be stopped

just in front of the anode and current will cease to flow. For this condition:

eV, = KE,.x ~ {e = thecharge ofanelectron = 1.60 x 1071° C}
Therefore, using Einstein’s equation,
hf=eVs+ ¢ (1)
When solved for Vs, the equation becomes:

Vs= (h/e)f - (¢/e) (2)

If we draw Vs versus f for different frequencies of incident light, the graph will show the
linear dependence, with the slope equal to //e and the y-intercept equal to -¢ /e. The accurately

measured value of the A/e ratio is equal to:
h/e =4.136*%10" V*s (3)

We are going to use a mercury vapor lamp as the light source for the photoelectric
experiment. The light from the mercury lamp looks white. However, the mercury lamp does
not produce a continuous spectrum (a rainbow) of all colors from red to violet. Instead, it

produces only four lines (frequencies) in the visible range and one in the near ultraviolet. We
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will use a diffraction grating (like the one used in the diffraction grating experiment) to separate

various frequencies (i.e., colors) of the light.

E. Why the "h/e" ratio is important?

The "h/e" (Planck's constant / electron charge magnitude) is the ratio of two fundamental
constants. These constants are present in all theories of atomic, quantum, and elementary particle
physics. It is essential to know their numerical values! The electron charge magnitude e was
measured before the photoelectric effect was discovered. However, the photoelectric effect was

one of the first measurements of "/4/e" (and therefore the value of Planck's constant /).

How does this apparatus work?

The photodiode tube and its associated electronics have a small capacitor, which becomes
charged by the photoelectric current. When the potential on this capacitance reaches the stopping
potential of the photoelectrons, the current decreases to zero and the anode-to-cathode voltage
stabilizes. This final voltage between the anode and cathode is therefore equal to the stopping

potential of the photoelectrons.

To let you measure the stopping potential, the anode is connected to a built-in amplifier with
ultrahigh input impedance (>10'* ), and the output from this amplifier is connected to the
output jacks on the front panel of the apparatus. This high impedance, unity gain (Vour/ViNn =
1) amplifier allows us to measure the stopping potential with an ordinary digital voltmeter. That
amplifier does not actually amplify the voltage. Its sole purpose is to provide the ultrahigh input

impedance, i.e., to measure the potential difference (almost) without using any current.

Due to the ultra-high input impedance, once the capacitor has been charged from the
photodiode current, it takes a long time to discharge this potential through some leakage.
Therefore, a shorting button "PUSH TO ZERQ" enables the user to quickly remove the charge

and to reset the apparatus.

Procedure:
Activity 1: Measurements of the "h/e" Ratio and the Work Function.

1.1. You will need to use the following pieces of equipment: mercury lamp with a single slit;
small converging lens; diffraction grating; the photoelectric cell apparatus (also called the

"h/e apparatus") and a digital voltmeter.
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1.2. First, assemble the pieces of the apparatus according to the drawing below:

Single
Photoelectric Yellow or green Diffraction  slit ™
cell filter (if needed) grating Convergin
lens
................................ Mercury
H ............................................................................... “'*'*""'W [\ Iamp
Digital

121 | voltmeter
— L | |

e ~30-50 cm 10-15 cm| 10-15 cm

|

E10-5

1.3. The distances shown in the above picture are approximate. You will have to adjust them

more precisely later during this experiment.

1.4. Make sure that a single vertical slit is covering the front opening of the mercury lamp.
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1.5. Turn on the mercury lamp and allow 2-3 minutes for warm up. Do not turn off this lamp

until the experiment is over.

1.6. Make sure that the digital multimeter is connected to the photoelectric cell and that the

multimeter is turned on and set to 2 V DC (V=) range.

1.7. Make sure that the photoelectric cell is turned on. Actually, the photocell is always "on",
but the switch turns on the high impedance amplifier.

1.8. Adjust the position of the converging lens (left-right and up-down directions) to get a

sharp, white image of the single slit (the one in front of the mercury lamp) on the small
white reflective mask of the photoelectric cell.

1.9. The light from the mercury lamp looks white. However, the mercury lamp does not

produce a continuous spectrum (a rainbow) of all colors from red to violet. Instead, it

produces only four lines (frequencies) in the visible range and one in the near ultraviolet.
This is called line spectrum for Mercury.

The values of frequency and the corresponding wavelength of the line spectrum for

Mercury are:
Color Frequency (Hz) Wavelength (nm)
Yellow (visible) 5.187*10' 578.0
Green (visible) 5.490*10' 546.1
Blue (visible) 6.879%10' 435.8
Violet (visible) 7.409%10% 404.7
Ultraviolet (hardly visible) 8.203*10™ 365.5
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1.10. The diffraction grating separates these lines, so we will use only one color (i.e., one
wavelength) at a time. Please recall your observations from the last part the "Diffraction
Grating" experiment. To make the separation of lines even better, use yellow and green

filters for yellow and green lines, respectively. These filters have magnets built in, so
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they can be easily attached to the front of the white reflective mask (see the text and the
picture below).
When making this experiment, it is essential that:

1. Room is dark (no ceiling lights).
2. Only one color (i.e., single frequency) goes through the photocell window. With two

colors reaching the photocell, we would not know the frequency of the incident light.

1.11. The diffraction grating creates two first-order patterns. One on the left side of the white,

undiffracted line and one on the right side.
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First order . ' First order
diffraction pattern Undiffracted light diffraction pattern
(left) (zero order pattern) (right)

The second order patterns are also visible and they are located further away from the
undiffracted white line. The order of colors for the second order pattern is the same as for

the first order pattern.

1.12. Move the photoelectric cell until the yellow light shines directly on the opening in the
"White Reflective Mask" (see the picture below). Rotate and move the photocell so that
the same light that falls on the opening in the '""White Reflective Mask'' also falls on
the window in the photodiode mask. You need to open the "Light Shield" to be able to

see the photodiode mask that is inside the black enclosure. Careful adjustment of the

position and orientation of the photocell is essential to get good results!

Window to
White Photodiode
Mask

White
Reflective
Mask

Light Shield
(shown tilted to

Base Support Rod the open position)

1.13. Close the "Light Shield". Then, press the red "PUSH TO ZERQO" button on the side
panel of the photocell box to discharge any accumulated potential in the unit's electronics.
This will assure that the apparatus records only the potential due to the light shining on the
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photocell. Be careful not to change the position of the photocell when you push the red

button!

1.14. Wait approximately 30 sec. to get a stable reading on the voltmeter. Then, write the
voltage value on your data sheets. Itis a direct measurement of the stopping potential

Vs for the photoelectrons.

1.15. Repeat steps 1.12 - 1.14 for green, blue, violet, and ultraviolet light. Use filters only for
yellow and green light.

Note: The white reflective mask on the photocell is made of a special fluorescent material.
This allows you to see the ultraviolet line as a blue line, and it makes the violet line appear
bluer. You can see the actual colors of the light if you hold a piece of white paper in front
of the mask.

1.16. Move the photocell to the other side of the zero order maximum (white line) and repeat
measurements twice for all five colors. In other words, repeat steps 1.12 - 1.15 for the

other set of the first order diffraction pattern.

1.17. Compare the values of the stopping voltage from both data sets. If your data from both
runs are close to each other (ask your TA if you are not sure), then calculate the average
values of the stopping voltage Vs;. Hint: for the UV line the stopping voltage should be
closeto ~2 V.

1.18. Make a graph of the average stopping voltage Vsar vs. frequency f. Find and draw the

best-fit straight line (do not just connect the points!) that approximates the behavior of your

points (again, for both values of light intensity).

You should prepare the final version of the graph using a computer-graphing program (e.g.,
MS Excel). These programs offer ‘linear fit’ or ‘trendline’ options to obtain the value of the

slope and the y-intercept of the best-fit line.

1.21. Using the slope and the y-intercept values from the graph, calculate the values of the //e
ratio and the work function divided by the charge of electron ¢/e. See the Theory section,

part D. Be sure to include units.

1.23. Turn off the mercury lamp, turn off the photocell and turn off the digital

multimeter.

Complete the lab report and return it to the lab TA.
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Make sure to complete the following tasks:

You must submit the answers to the prelaboratory questions online. (3.5 points)

1. Stopping voltage Vs vs. frequency f graph with a straight line fit from Activity 1. (1 point)

(Title and write your name and those of your partners on the graph.)

2. Your completed Data Sheets. (5.5 points)

3. Return the completed lab report to your lab TA.



