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PHYSICS 286: Modern Physics Laboratory  SPRING 2009 
Version 3.2, March  2009 

Experiment 6: The Photoelectric Effect 
Evidence for the Quantization of Energy in Electromagnetic Waves and  

Measurement of Planck’s Constant 
 
INTRODUCTION  
 
Max Planck introduced the quantization of energy in 1900 in order to explain the 
blackbody radiation spectrum. Planck made the assumption that radiation of frequency ν 
could be absorbed or emitted only in discrete amounts, or quanta, of energy hν. With this 
assumption he was able to fit the data on the previously unexplained shape of the 
blackbody radiation spectrum. The constant h, known as Planck’s constant, has the value 
h = 6.6261 × 10−34 J⋅s =  4.1357 × 10−15 eV⋅s .  Planck received the 1918 Nobel prize in 
physics for his “discovery of energy quanta.” 

The fact that metals lost negative charge when exposed to light of short 
wavelength (high frequency) was known even before J. J. Thomson “discovered” the 
electron in 1897 by measuring its q/m ratio. The photoelectric effect is the emission of 
electrons when short wavelength light is incident on a metal. The electrons emitted are 
called ‘photoelectrons,’ but they are indistinguishable from any other electron.  Their 
electric current is called the photocurrent. In the 
experiment, light is incident on a conductor (the 
cathode) in an evacuated glass cell. The 
photoelectrons ejected from the cathode are collected 
on another conductor in the cell, the anode. (See 
illustration to right.) 

The photoelectric effect was studied by many 
physicists, including Lenard, Hertz, and Millikan. 
Their experiments showed many puzzling features.  
By early in the 20th century the following features of the photoelectric effect were known: 

(1) The photocurrent is proportional to the incident light intensity. 
(2) No photoelectrons are emitted if the frequency of the light is below some threshold 

frequency, νo, independent of the light intensity. 
(3) The maximum kinetic energy of the photoelectrons depends on the frequency of 

the incident light, but not on its intensity. 
(4) If ν>νo the photocurrent starts immediately, independent of the light intensity, 

even for very low intensity.  
Only the first of these features could be explained by the existing wave theory of light. 

In 1905 Albert Einstein completed three very important papers, in which he gave 
a complete statistical explanation of Brownian motion, presented a theory that explained 
the photoelectric effect, and introduced the theory of special relativity. (Not a bad year 
for a 26-year-old patent clerk.) In the citation for Einstein’s 1921 Nobel prize in physics, 
only the work on the photoelectric effect was explicitly mentioned. 
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THEORY 
Einstein assumed that the energy in electromagnetic radiation of frequency ν 

exists at all times in discrete packets, or quanta, which are called photons. The energy of 
a photon is:  
   E = hν                            (Eqn. 1) 
and, when a photon is emitted or absorbed, all of its energy is transferred – never just a 
fraction of the energy. Einstein’s fundamental hypothesis about the nature of 
electromagnetic radiation supported Planck’s assumptions about the emission and 
absorption of energy by blackbodies. 

Although conduction electrons move freely inside a metal, energy is required to 
actually remove any electron from the conductor. The minimum energy required to 
remove an electron from the material is called the work function φ. When a photon of 
energy hν is absorbed, the most energetic photoelectron emitted has kinetic energy 
   Kmax = hν − φ.                (Eqn. 2) 
(Other electrons could have less kinetic energy because of 
collisions inside the metal.)  A graph of Kmax as a function of ν 
would be a straight line with slope equal to h, Planck’s constant, 
and with intercepts νo and − φ.  (Below we will see how to 
measure Kmax.) The least energetic photon that can eject an 
electron (with K = 0) from a conductor with work function φ has 
energy  
   Emin = hνo = φ.                                       (Eqn.3) 
Thus, no photoelectrons are emitted if the frequency of the incident light is below νo. 
This explains feature (2) of the photoelectric effect, and Eqn. 2 explains feature (3). The 
photocurrent is a measure of the number of photoelectrons emitted, and is expected to be 
proportional to the number of incident photons, i.e., the incident intensity, as in (1). 
Furthermore, the photocurrent starts when the first photoelectron is ejected by a photon, 
and appears to be immediate, as in (4).  
 
GOAL 
The goal of this experiment is to explore the photoelectric effect and to measure Planck’s 
constant. You will compare your measurements of the photoelectron energy with Eqn.2, 
verifying feature (3) in the introduction. This data will allow you to measure Planck’s 
constant and the work function φ. You will explore how the photocurrent and the 
maximum photoelectron energy depend on the incident light intensity, as in features (1) 
and (3). 
 
EXPERIMENT and APPARATUS 
The experimental apparatus sketched on the next page is similar in concept to Hertz’s 
apparatus. The photocathode and the anode are in an evacuated, transparent glass tube. 
The vacuum ensures that electrons can reach the anode without being scattered away by 
air molecules. The cathode is illuminated through a slit to prevent stray light entering the 
photocell.  The apparatus is oriented to prevent light from striking the anode. (Light on 
the anode could result in a reverse anode photocurrent, and make the experiment difficult 
to interpret.)
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Two D cells in series provide a total of 3 Volts. A fraction of the 3V is applied to 

the photocell using a voltage divider, a 10-turn potentiometer in the photocell housing. 
This fraction, V, will be measured by a digital voltmeter (DVM). A reversing switch (not 
shown), also in the photocell housing, allows reversal of the polarity of the voltage 
applied to the photocell. A current-to-voltage amplifier converts the (very small) current 
of photoelectrons into a voltage signal, Vi, which is proportional to the current.  Vi is 
measured by a second DVM. The amplifier is powered by a Heathkit power supply which 
should be set at its maximum output.  

When the voltage applied to the photocell has the polarity shown (V > 0), 
photoelectrons from the cathode are accelerated toward the anode, and photoelectrons of 
all energies will reach the anode. When the polarity of V is reversed, it becomes a 
retarding potential, and photoelectrons from the cathode are repelled from the anode. To 
measure Kmax, you must determine the smallest value of this reverse voltage that just 
reduces the photocurrent to zero. This value, VS, is called the stopping potential, and 
measures the maximum photoelectron kinetic energy. 

eVS = Kmax = hν − φ     
   VS = (h/e)ν − φ/e                (Eqn.4) 
In this case, a graph of VS as a function of the frequency ν is a straight line with slope 
h/e, and the negative intercept on the stopping voltage axis is the work function, φ, in 
units of electron-Volts (eV). Determination of VS is the experimental challenge. 

The light source is a mercury-vapor lamp. The light from the mercury vapor lamp 
passes through a diffraction grating to separate the spectral lines of discrete wavelengths, 
and through a lens to focus the light on the photocell. The spectral lines used are: 
 
 Color Wavelength (nm) Relative Intensity 
 Yellow * 578.3   620 
 Green * 546.1 1100 
 Blue * 435.8 4000 
 Violet 404.7 1800 
 Ultraviolet 365.0 2800 

* Use the appropriate filter for each of these (*) wavelengths. 
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PROCEDURES 
 
WARNING: Do not look directly into light sources or bright reflections. The Hg 
lamp has UV output that you cannot see, but which could damage your eyes. 
 
A. Stopping Voltage vs Frequency 
 
1) Turn on the mercury lamp and leave it on for the rest of the lab.  

Switch on the Heathkit power supply for the amplifier, and set it to maximum voltage. 
 

2) Start by measuring the “dark current.”  (This is due to processes in the photocell and 
amplifier, and from extraneous light sources leaking into the photocell.) 
• Cover the photocell aperture with a black card and cover the whole assembly with a 

black cloth.   
• With the room lights off, measure the voltage Vi due to the dark current for several 

values of the applied voltage, V, ranging from -2.4 to 2.4 Volts. 
• Make a graph of Vi as a function of retarding voltage. 
• You may want to repeat this measurement during the experiment to monitor drifts. 

 
3) The next step is to determine the stopping voltages.   

A spectral filter will be used with each of the first three wavelengths in the table 
above. There are ultraviolet lines (invisible to the eye) appearing at these locations in 
the 2nd order diffraction pattern. The filters help reduce those and other extraneous 
sources of light. 
• Remove the black card and cloth. Insert the white fluorescent card to see the spectral 

lines being used. Remove the card. 
• Insert the yellow filter (Wratten #15, OS-9112) in front of the photocell aperture. 
• With the applied voltage, V, at a small value e.g., 0.2V, move the photocell to 

maximize the photocurrent (as measured by Vi) produced when the slit is illuminated 
by the yellow light produced from the Hg lamp. 

• Measure the photocurrent (Vi) as a function of the applied voltage V for both 
polarities of V. Map this out roughly over the full range of V.  Then, within 100 mV 
or so of the stopping voltage, you should take much more frequent measurements. 
These data points will be important. 

• Correct the measured values of Vi for dark current (from part (2)). 
• Determine the stopping voltage and its uncertainty for this incident wavelength. 

There are several ways to determine the value of the stopping voltage. In all cases 
the measured photocurrents must be corrected for the dark current. 
a) You can simply look for the value of VS at which Vi just goes to zero.  
b) You can plot Vi as a function of V, and determine where the current goes to zero, 

but this may be difficult (and is inaccurate) because of the shape of the curve.  
c) It has long been observed that a graph of the square root of the photocurrent as a 

function of V is linear over a restricted range of V, fairly close to VS.  Over this 
range (estimated by inspection of the plot), you should fit a line and find the x-
intercept.  This is the most accurate method of determining VS. Your lab report 
should include this plot for each spectral line.   
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4) Repeat step 3 for each of the other spectral lines from the Hg lamp. Use the 
appropriate spectral filters for the blue line and for the green line. Spectral filters are 
not used for the violet and ultraviolet lines.  
 

5)For each spectral line, determine VS and its uncertainty from the square-root plots.  
 
6) Make a graph of VS as a function of the frequency of the light, and use it to calculate 

values for Planck’s constant and the work function. 
 
B. Stopping Voltage and Photocurrent vs. Intensity 
 
1) In this part of the experiment you will explore the intensity dependence of the 

photocurrent and stopping voltage. You can vary the incident light intensity by the use 
of linear polarizers.  
 

2) Part B will be done for only one of the wavelengths used in Part A. 
• Illuminate the cathode with the brightest of the mercury lines (but avoid UV). 
• Place a pair of polarizers between the light source and photocell. 
• Generate different intensities by varying the angle between the polarizers.  The 

intensity of the light transmitted by two polarizers with transmission axes at an angle 
θ to each other is proportional to cos2θ.  (If you are not familiar with this, look it up 
in Young & Freedman or another text.) 
 

3) Measure the photocurrent (Vi) as a function of retarding voltage, V, for a parallel 
orientation of the polarizers, and determine VS, as in part A.  
 

4) Repeat for two other intensities (i.e. two other polarizer angles). 
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DATA ANALYSIS 
 
The suggestions here are the relatively obvious ones, and represent the minimum set of 
considerations that should be included in your lab report. In discussing experimental 
errors, distinguish between random and systematic errors. 
 
This experiment is difficult and you should not be surprised if the your result differs 
significantly from the accepted value of Planck’s constant. However, if it differs by 
orders of magnitude, you have probably made an error in the data analysis.  
 
1) For the data in part A, plot the square root of the photo current (actually Vi)  vs. V for 

each wavelength. (As described on page 4).  Perform the linear fit as described and 
determine the values of VS.  
 

2) In part A of the experiment you measured the stopping voltage as a function of ν.  
• Comment on random versus systematic errors in measuring VS. 

 
3) Plot VS vs ν  

• From this graph, or the data, determine Planck’s constant and its uncertainty. 
• From this graph, or the data, determine the work function and its uncertainty. 

 There is a subtle point that should be mentioned here. There is a potential difference upon contact 
of dissimilar metals, essentially because they have different work functions. When this contact 
potential is considered, we find that the work function determined this way is actually the work 
function of the anode. 

4) In part B you varied the light intensity incident on the photocell and measured VS. 
• Plot the stopping potential as a function of the incident light intensity. 
• To what extent can you rule out a dependence of stopping potential on intensity? 
• What is (are) the limiting factor(s)? 

 
5) The other observations made with varying intensity have to do with the photocurrent. 

• To what extent does your data confirm the claim that the photocurrent is proportional 
to the incident intensity? 

• What is (are) the factor(s) liming your ability to draw conclusions in this case? 
 


