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Introduction

The emission and absorption of light was an early subject
for investigation by German physicist Max Planck. As
Planck attempted to formulate atheory to explain the
spectral distribution of emitted light based onaclassica
wave modd, heraninto considerable difficulty. Classica
theory (Rayleigh-Jeans Law) predicted that the amount of
light emitted from ablack body would increase dramati-
caly asthe wavelength decreased, whereas experiment
showed that it approached zero. Thisdiscrepancy became
known asthe ultraviolet catastrophe.

Experimental data for the radiation of light by ahot,
glowing body showed that the maximum intensity of
emitted light also departed dramatically from the clas-
sically predicted values (Wien's Law). In order to rec-
oncile theory with laboratory results, Planck was
forced to develop anew model for light called the
quantum model. In this model, light is emitted in
small, discrete bundles or quanta.

The relationship between the classical and quantum theo-
riesfor the emission of light can beinvestigated using the
PASCO scientific h/e Apparatus. Using the Apparatusin
combination with the PASCO Mercury Vapor Light
Source (Model 0OS-9286) alowsan accurate determina
tion of theheratio and thus adetermination of h,
Panck'sconstant.

Figure 1. The h/e Apparatus Shown With the Accessory Kit and Mercury Vapor Light Source
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Background Theory

Planck's Quantum Theory

By thelate 1800's many physicists thought they had ex-
plained al the main principles of the universe and discov-
ered al the natural laws. But as scientists continued work-
ing, inconsistencies that couldn't easily be explained be-
gan showing up in some areas of study.

In 1901 Planck published hislaw of radiation. Init he
stated that an oscillator, or any similar physical system,
has a discrete set of possible energy values or levels, en-
ergies between these va ues never occur.

Planck went on to state that the emission and absorption
of radiation is associated with transitions or jumps be-
tween two energy levels. The energy lost or gained by the
oscillator is emitted or absorbed as a quantum of radiant
energy, the magnitude of which is expressed by the equa-
tion:

E=hv

where E equasthe radiant energy, v isthe frequency of
theradiation, and h is afundamenta constant of nature.
The constant, h, became known as Planck's constant.

Planck's constant was found to have significance beyond

relating the frequency and energy of light, and became a

cornerstone of the quantum mechanica view of the suba-
tomic world. In 1918, Planck was awarded a Nobel prize
for introducing the quantum theory of light.

The Photoelectric Effect

In photoelectric emission, light strikes amaterial, causing
electronsto be emitted. The classical wave model pre-
dicted that asthe intensity of incident light wasincreased,
the amplitude and thus the energy of the wave would in-
crease. Thiswould then cause more energetic photoel ec-
tronsto be emitted. The new quantum model, however,
predicted that higher frequency light would produce
higher energy photoelectrons, independent of intensity,
whileincreased intensity would only increase the number
of electrons emitted (or photoelectric current). Inthe
early 1900s severd investigators found that the kinetic
energy of the photoelectrons was dependent on the wave-
length, or frequency, and independent of intensity, while
the magnitude of the photoelectric current, or number of
€lectrons was dependent on the intensity as predicted by
the quantum model. Einstein applied Planck's theory and
explained the photoel ectric effect in terms of the quantum
model using his famous equation for which he received
the Nobel prizein 1921:

E=hv=KE_+W
max (0]

where KE__ isthe maximum Kinetic energy of the emit-
ted photoéﬁoxctrons and W, isthe energy needed to re-
move them from the surface of the materia (the work
function). E isthe energy supplied by the quantum of
light known as a photon.

The h/e Experiment

A light photon with energy hv isincident upon an elec-
tron in the cathode of avacuum tube. The electron usesa
minimum W, of its energy to escape the cathode, leaving
it with amaximum energy of KE__intheform of kinetic
energy. Normally the emitted electrons reach the anode of
the tube, and can be measured as a photoel ectric current.
However, by applying areverse potentia V between the
anode and the cathode, the photoel ectric current can be
stopped. KE,__ can be determined by measuring the mini-
mum reverse potential needed to stop the photoel ectrons
and reduce the photoel ectric current to zero.* Relating
Kinetic energy to stopping potential gives the equation:
KE_ =Ve
Therefore, using Einstein's equation,
hv=Ve+W,
When solved for V, the equation becomes:
V= (he) v- (W e

If weplot Vvsv for different frequencies of light, the
graph will look like Figure 2. The V intercept isequa to -
W /e and the Slopeish/e. Coupling our experimenta de-
termination of theratio h/e with the accepted vaue for
e, 1.602 x 10™ coulombs, we can determine Planck's
constant, h.

Stopping

Potential V/

Slope
=hle

/ Frequency v

Figure 2. The graph of Vvs.v

*NOTE: In experiments with the PASCO h/e Ap-
paratus the stopping potential is measured directly,
rather than by monitoring the photoel ectric current.
See the Theory of Operation in the Technical Infor-
mation section of the manual for details.
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Equipment and Setup

Filters

.

h/e Apparatus AP-9368

Mercury Vapor light
Source 0S-9286

Lens/Grating

Light Aperture
Assembly

Assembly

Support Base Assembly

Light Block (for
Light Source)

h/e Apparatus Accessory Kit AP-9369

Coupling Bar Assembly

Equipment Required:

—Digitd voltmeter (SE-9589)

—h/e Apparatus, (AP-9368*)

—h/e Apparatus Accessory Kit, (AP-9369*)
—Mercury Vapor Light Source, (OS- 9286*)

Installing the Batteries

The h/e Apparatus requires two 9-volt batteries (supplied
but not installed). The battery compartment is accessed by
loosening the thumbscrew on the rear end pandl, and re-
moving the cover plate.

» NOTE: Theh/e Apparatus can also be powered
using a+9V dua power supply. Just removethe
batteries and connect +9V to the"+6 V MIN" bat-
tery test termind and -9 V to the"-6 V MIN" bat-
tery test terminal.

Battery Voltage Check

Although the h/e Apparatus draws only asmall amount of
current and batteries normally last along time, it'sagood
ideato check the output voltage before each use. Battery
test points are located on the side panel of the Apparatus
near the ON/OFF switch. Batteries functioning below the
recommended minimum operating level of 6 volts may
cause erroneous resultsin your experiments.

To check the batteries, use avoltmeter to measure be-
tween the OUTPUT ground terminal and each
BATTERY TEST termind (-6V MIN and +6V MIN).

If either battery tests below its minimum rating, it should
be replaced before running experiments.

Figure 3. h/e Equipment Identification

* Theseitems may be purchased separately from PASCO
scientific, or together asan AP-9370 e System.
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Figure 4. Battery Test Points
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Press to discharge the Light Block

instrument.

h/e Apparatus
Pparail Light Aperture

Assembly

Light

Connect to a digital Source

voltmeter (the output is a
direct measurement of
the stopping potential).

THE CONTROLS

Lens/Grating
Assembly

Support Base Assembly

Coupling Bar Assembly

Figure 5. Equipment Setup Using a Mercury Vapor Light Source and the h/e Apparatus

Equipment Setup — Light Block

The standard setup for h/e experimentsis shownin
Figure 5. Detailsfor setting up the apparatus are
described below.

1. TheLight Sourcedesign alowssimultaneous connec-
tion of two Light Aperture assemblies: one on the
front and one on the back. If you are using only one
Light Aperture and h/e Apparatus, install the Light
Block (supplied with the Accessory Kit) in the mount-
ing groove closest to the body of the housing on the
back of the Light Source (see Figure 6).

2. Slidethe Light Aperture Assembly into the center
mounting groove on the front of the Light Source.
Secureit in place by finger-tightening the two thumb-
screws against the front of the Light Source

Rear Channel
of Mercury
Light Source

housing. Figure 6. Installing the Light Block
3. TheLengGrating Assembly mounts on the support

bars of the Light Aperture Assembly (Figure 7). 8
Loosen the thumbscrew, dip it over the bars, and
finger-tighten the thumbscrew to hold it securely.

» NOTE: Thegratingisblazed to producethe
brightest spectrum on one side only. During your

/
experiment, you may need to turn the Lens/Grating /

Assembly around in order to have the brightest
spectrum on aconvenient side of your lab table.

Figure 7. Lens/Grating Mounting Detail
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4. TurnontheLight Source and alow it to warm up for
five minutes. Check the alignment of the Light Source
and the Aperture by looking at the light shining on the
back of the Leng/Grating assembly. If necessary, adjust
the back plate of the Light Aperture Assembly by loos-
ening the two retaining screws (Figure 8) and diding
the aperture plate lft or right until the light shines di-
rectly on the center of the Lens/Grating Assembly.

E 5o
S}

Figure 8. Light Aperture Adjustment

5. Insert the Coupling Bar assembly into the lower
mounting groove of the Light Source (Figure 5). Se-
curein place by tightening the thumbscrew against the
front of the Light Source housing.

6. Remove the screw from the end of the Support Base
rod. Insert the screw through the hole in the Support
Base plate and attach therod to the Support Base plate
by tightening the screw (use Phillipsdrive screwdriver).

7. Placethe h/e Apparatus onto the Support Base
Assembly.

8. Placethe Support Base assembly over the pin onthe
end of the Coupling Bar assembly.

9. Connect adigital voltmeter (DVM) to the OUTPUT
terminals of the h/e Apparatus. Select the 2V or 20V
range on the meter.

10. Set the /e Apparatus directly in front of the Mercury
Vapor Light Source. By diding the Leng/Grating as-
sembly back and forth on its support rods, focusthe
light onto the white reflective mask of the h/e Appara-
tus (Figure 9).

Window to
White Photodiode
Mask

White
Reflective
Mask

Light Shield
(shown tilted to

Base Support Rod the open position)

Figure 9. h/e Light Shield

11 Rall thelight shield of the Apparatus out of the way to
reveal the white photodiode mask inside the Appara-
tus. Rotate the h/e Apparatus until the image of the
apertureis centered on the window in the photodiode
mask. Then tighten the thumbscrew on the base
support rod to hold the Apparatusin place.

12. Asin step 9, dide the Leng/Grating assembly back and
forth on its support rods, until you achieve the sharpest
possibleimage of the aperture on the window in the
photodiode mask. Tighten thethumbscrew onthe Lens/
Grating assembly and replacethelight shidd.

13. Turn the power switch ON. Rotate the h/e Apparatus
about the pin of the Coupling Bar Assembly until one
of the colored maximain the first order shines directly
on the dot in the white reflective mask. Rotate the h/e
Apparatus on its support base so that the same spectra
maximathat falls on the opening in the White Reflec-
tive Mask also falls on the window in the photodi-
ode mask.

» NOTE: Thewhitereflective mask ontheh/e
apparatusismade of aspecia fluorescent material.
Thisalowsyou to seethe ultraviolet line asablue
line, and it also makesthe violet line appear more
blue. You can seethe actua colorsof thelight if
you hold a piece of white non-fluorescent material
infront of the mask. (The pam of your hand works
in apinch, although it fluoresces enough that the
UV linewill till bevisible.)

When making measurementsit isimportant that
only onecolor fallson the photodiode window.
Theremust beno overlap from adjacent spectral
maxima.
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%
/% g Ultraviolet OOQ
Violet J %
Blue
Green
Yellow fe)
%,
2nd and 3rd Order Overlap
Green & Yellow Spectral lines
in 3rd Order are not Visible.
Color Frequency (Hz) | Wavelength (nm)
All vaues except wavelength for yellow line are
from Handbook of Chemistry and Physics, 46th ed. Yellow 5.18672E+14 578
The wavelength of the yellow was determined ex- Green 5.48996E+14 546.074
perimentally using a 600 line/mm greting. Blue 6.87858E+14 435.835
NOTE: Theyelow lineis actualy a doublet Violet 7.40858E+14 404.656
with wavelengths of 578 and 580mm. Ultraviolet | 8.20264E+14 365.483

Figure 10. The Three Orders of Light Gradients

14. Pressthe“PUSH TO ZERQO" button on the side panel
of the h/e Apparatus to discharge any accumulated po-
tential in the unit's electronics. Thiswill assurethe Ap-
paratus records only the potential of thelight you are
measuring. Note that the output voltage will drift with
the absence of light on the photodiode.

15. Read the output voltage on your digital voltmeter. Itis
adirect measurement of the stopping potential for the
photoelectrons. (See Theory of Operation in the Tech-
nical Information section of the manua for an expla-
nation of the measurement.)

» NOTE: For some apparatus, the stopping poten-
tia will temporarily read high and then drop down
to the actua stopping potentia voltage.

Using the Filters

The (AP-9368) he Apparatusincludesthreefilters: one
Greenand one Ydlow, plusaVariable Tranamission Filter.
Thefilter frames have magnetic strips and mount to the out-
side of the White Reflective Mask of the e Apparatus.

Usethe green and yellow filterswhen you're using the
green and yellow spectral lines. Thesefilterslimit higher
frequencies of light from entering the h/e Apparatus. This
prevents ambient room light from interfering with the
lower energy yedlow and green light and masking the true
results. It also blocksthe higher frequency ultraviolet light
from the higher order spectrawhich may overlap with
lower orders of yellow and green.

TheVariable Transmission Filter consists of computer-
generated patterns of dotsand linesthat vary the intensity
(not the frequency) of theincident light. Thereativetrans
mission percentages are 100%, 80%, 60%, 40%, and 20%.
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Experiment 1. The Wave Model of light
vs. the Quantum Model

According to the photon theory of light, the maximum kinetic energy, KE _ , of photoelectrons
depends only on the frequency of the incident light, and is independent of the intensity. Thus
the higher the frequency of the light, the greater its energy.

In contrast, the classical wave model of light predicted that KE _ would depend on light inten-
sity. In other words, the brighter the light, the greater its energy.

Thislab investigates both of these assertions. Part A selects two spectral linesfrom amercury
light source and investigates the maximum energy of the photoelectrons as afunction of the
intengity. Part B selects different spectral lines and investigates the maximum energy of the
photoel ectrons as a function of the frequency of the light.

Setup

Set up the equipment as shown in the diagram bel ow. Focus the light from the Mercury Vapor
Light Source onto the dot in the white reflective mask on the h/e Apparatus. Tilt the Light
Shield of the Apparatus out of the way to reved the white photodiode mask inside the Appara-
tus. Slide the Leng/Grating assembly forward and back on its support rods until you achieve the
sharpest image of the aperture centered on the hole in the photodiode mask. Secure the
Leng/Grating by tightening the thumbscrew.

Align the system by rotating the h/e Apparatus on its support base so that the same color light
that falls on the opening of the light screen falls on the window in the photodiode mask, with no
overlap of color from other spectrd lines. Return the Light Shield to its closed position.

Check the polarity of the leads from your digita voltmeter (DVM), and connect them to the
OUTPUT terminals of the same polarity on the h/e Apparatus.

Experiment 1. Equipment Setup
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Procedure
Part A

1. Adjust the h/e Apparatus so that only one of the spectral colorsfalls upon the opening of the mask
of the photodiode. If you select the green or yellow spectral line, place the corresponding colored
filter over the White Reflective Mask on the h/e Apparatus

2. Placethe Variable Transmission Filter in front of the White Reflective Mask (and over the colored
filter, if oneisused) so that the light passes through the section marked 100% and reaches the pho-
todiode. Record the DVM voltage reading in the table bel ow.

Presstheinstrument discharge button, release it, and observe approximately how much timeisre-
quired to return to the recorded voltage.

3. Movethe Variable Transmission Filter so that the next section isdirectly in front of theincoming
light. Record the new DVM reading, and approximate time to recharge after the discharge button
has been pressed and released.

Repeat Step 3 until you have tested all five sections of thefilter.
Repeat the procedure using a second color from the spectrum.

Color #1 %Transmission Stopping Potential Approx. Charge
(name) Time

100

80

60

40

20

Color #2 %Transmission Stopping Potential Approx. Charge
(name) Time

100

80

60

40

20
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Part B

1. You can easily seefive colorsin the mercury light spectrum. Adjust the h/e Apparatus so that
only one of the yellow colored bands falls upon the opening of the mask of the photodiode.
Place theyellow colored filter over the White Reflective Mask on the h/e Apparatus.

2. Record the DVM voltage reading (stopping potential) in the table below.
3. Repest the process for each color in the spectrum. Be sure to use the green filter when measur-
ing the green spectrum.
Analysis

1. Describethe effect that passing different amounts of the same colored light through the Vari-
able Transmission Filter has on the stopping potential and thus the maximum energy of the
photoelectrons, aswell asthe charging time after pressing the discharge button.

2. Describethe effect that different colors of light had on the stopping potential and thusthe
maximum energy of the photoel ectrons.

3. Defend whether this experiment supports awave or aquantum model of light based on your
lab results.

Explain why thereisadight drop in the measured stopping potential asthelight intensity is
decreased.

» NOTE: Whilethe impedance of the zero gain amplifier isvery high (4102 Q), itisnot
infinite and some charge leaks off. Thus charging the apparatusis analogousto filling a
bath tub with different water flow rateswhilethe drain is partly open.

Light Color Stopping Potential

Yellow

Green

Blue

Violet

Ultraviolet
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Experiment 2: The Relationship between Energy,
Wavelength, and Frequency

According to the quantum mode of light, the energy of light isdirectly proportional to its
frequency. Thus, the higher the frequency, the more energy it has. With careful experimentation,
the constant of proportionality, Planck's constant, can be determined.

Inthislab you will select different spectral lines from mercury and investigate the maximum en-
ergy of the photoelectrons as a function of the wavelength and frequency of the light.

Setup

Set up the equipment as shown in the diagram bel ow. Focus the light from the Mercury Vapor
Light Source onto the dot in the white reflective mask on the h/e Apparatus. Tilt the Light Shield
of the Apparatus out of the way to reveal the white photodiode mask inside the Apparatus. Slide
the Leng/Grating assembly forward and back on its support rods until you achieve the sharpest im-
age of the aperture centered on the hole in the photodiode mask. Secure the Lens/Grating by tight-
ening the thumbscrew.

Align the system by rotating the h/e Apparatus on its support base so that the same color light that
falls on the opening of the light screen falls on the window in the photodiode mask with no overlap
of color from other spectral bands. Return the Light Shield to its closed position.

Check the polarity of the leads from your digita voltmeter (DVM), and connect them to the OUT-
PUT terminals of the same polarity on the h/e Apparatus.

Experiment 2. Equipment Setup

11
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Procedure

1. You can seefivecolorsintwo orders of the mercury light spectrum. Adjust the h/e Apparatus
carefully so that only one color from the first order (the brightest order) falls on the opening of
the mask of the photodiode.

2. For each color in thefirst order, measure the stopping potential with the DVM and record that
measurement in the table below. Use the yellow and green colored filters on the Reflective
Mask of the h/e Apparatus when you measure the yellow and green spectra lines.

3. Moveto the second order and repeat the process. Record your resultsin the table below.

Analysis

12

Determine the wavel ength and frequency of each spectral line. Plot agraph of the stopping
potential vs. frequency.

Determine the slope and y-intercept. Interpret the resultsin terms of the Weratio and the W /e
ratio. Calculate hand W,

Inyour discussion, report your values and discuss your results with an interpretation based on
aquantum model for light.

First Order Wavelength Frequency Stopping Potential
Color nm x10'* Hz volts

Yellow

Green

Blue

Violet

Ultraviolet

Second Order Wavelength Frequency Stopping Potential
Color nm x10% Hz volts

Yellow

Green

Blue

Violet

Ultraviolet
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Technical Information

Theory of Operation

In experiments with the h/e Apparatus, monochromatic
light falls on the cathode plate of a vacuum photodiode
tube that has alow work function, WO. Photoelectrons
gjected from the cathode collect on the anode.

The photodiode tube and its associated electronics have a
small capacitance which becomes charged by the photo-
electric current. When the potential on this capacitance
reaches the stopping potential of the photoelectrons, the
current decreases to zero, and the anode-to-cathode volt-
age stabilizes. Thisfinal voltage between the anode
and cathode is therefore the stopping potential of the
photoelectrons.

To let you measure the stopping potential, the anode is
connected to abuilt-in amplifier with an ultrahigh input
impedance (> 10" Q), and the output from this amplifier
is connected to the output jacks on the front panel of the
apparatus. Thishighimpedance, unity gain (Vout/Vin=1)
amplifier letsyou measure the gopping potentia with adigi-
ta voltmeter.

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 |eak-
age. Therefore ashorting switch labeled “PUSH TO
Zero” enablesthe user to quickly bleed off the charge.
However, the op-amp output will not stay at 0 volts after
the switch isreleased since the op-amp input is floating.

Due to variances in the assembly process, each appara-
tus has a slightly different capacitance. When the zero
switch isreleased, the internal capacitance along with
the user's body capacitance coupled through the switch
is enough to make the output volatge jump and/or os-
cillate. Once photoelectrons charge the anode the input
voltage will stabilize.

13
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