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Measuring Planck’s constant
Abstract
Using an argon strobe, a monochromator and a photodiode, a single frequency of light was isolated and the resulting diode voltage recorded, repeating along the visible spectrum. A new experimental set-up was then devised in order to transform the photodiode into a stopping diode when a voltage was passed to the anode, with the aim of being able to record this voltage when the diode output was zero, and hence draw a graph of voltage against frequency in order to determine Planck’s constant. However, while the stopping diode was successful, the voltage did not increase with the frequency, believed to be due to the layout of an amplifier used.
Aim
To devise an experimental setup capable of measuring Planck’s constant, and improve it to a standard where it could be used in 1st or 2nd year undergraduate laboratory sessions.

Background
Planck’s constant is one of the fundamental constants of nature, and appears in many important equations, usually involving quantum mechanics. One of these particular equations is Planck’s equation E = hf, where E is the energy of an oscillator, h is Planck’s constant and f is the frequency of the oscillator. In this context, it is important in the photoelectric effect.

The photoelectric effect is generally considered to be one of the proofs that light is quantised into small energy packets, which we know to be photons. It is a phenomenon in which light hitting a surface can ionise atoms, with the freed electrons creating a voltage within the material. (This phenomenon is utilised in solar cells to create power, and the photodiode used in this experiment also exploits this effect) Einstein postulated that if light was considered to be a wave, then increasing the power within the wave should give more energy to the electrons and hence increase the voltage. While increasing the intensity (and hence the power) of the light beam does increase the current, the increased current only reflects the increased numbers of electrons passing through the material, and the individual electrons still have the same energy as they did at a lower intensity. Changing the frequency, however, did change the energy of the electrons (and hence the voltage). This is not consistent with a wave theory of light. Einstein showed that it was, however, consistent if a light beam was considered to be a stream of photons, each with energy E = hf according to Planck’s equation, with one photon ionising one atom to that particular energy. In this case increasing the intensity would increase the number of electrons being energised, while leaving the energy of individual electrons the same, and increasing the frequency would do nothing to the number of electrons, but would increase the energy of those energised, consistent with experiment.
In this case, the biggest problem was devising a way to measure h. One of the possibilities is to use a photodiode. In this, electrons are knocked off the anode towards the cathode, and if they reach it, a current will flow. It is possible in some diodes to create a reverse-bias potential difference between the anode and the cathode, attracting the electrons back towards the anode (known as a stopping voltage). Normally, electrons will still reach the cathode, but if the potential difference between the electrodes is sufficient, the electrons will not have enough energy to overcome the electric field, and no current will flow, essentially trapping the electrons in a potential well. This point is when eV = hf, where e is the electron charge, and V is the stopping voltage. So by shining monochromatic light at the diode and measuring the stopping voltage at which no current flows, a value of h can be arrived at.
Experimental Procedure
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Fig 1. Schematic diagram of the initial experimental set-up

1) Argon strobe lamp
2) Lens

3) Monochromator

4) Photodiode

5) Amplifier

6) Oscilloscope

7) Box integrator

8) Signal generator

An argon strobe lamp and a lens were set up so that focused light from the lamp could be aligned with the slit on the monochromator, a piece of equipment that allows the isolation of single light wavelengths.. This is achieved through means of a diffraction grating. The isolated wavelength is equal to the dial reading on the monochromator multiplied by a constant. This constant is dependent on the number of lines per mm in the diffraction grating compared to the original calibration grating. In this case the monochromator originally used a grating of number 1200, but the installed grating was of number 1800. The reading on the dial therefore corresponded to a wavelength of 1.5 times the number on the dial (in Angstroms). The photodiode was attached to the other side of the monochromator and initially, a circuit arranged that would pass the resulting current to an amplifier. The amplified signal was passed to an oscilloscope and also to a box integrator. From the box integrator the integrated signal was then passed to the attached voltmeter. The argon strobe, oscilloscope and integrator were also attached to a signal generator that was being used as a trigger. This allowed a precise value for the strobe frequency, which is important to eliminate possible 50Hz noise (by choosing non-harmonic values).
Initially, the task was simply to verify that the photodiode was working, as it was quite old, and then plot a calibration curve of responses at different frequencies. The initial circuit diagram is shown below.
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Fig 2. Initial circuit diagram
The photodiode was wired such that a co-axial cable could be attached to it, with the housing (the anode) being attached to the outside, and the cathode being attached to the centre pin of the cable. The amplifier settings such as filters were chosen simply by watching the oscilloscope display for noise and choosing settings that minimised this.
The monochromator was cycled through different frequencies of light at every 105 Angstroms between 6999 and 3954. The resulting voltage measured by the box integrator was then recorded and a calibration graph plotted (Appendix 2). The integrator and amplifier settings are recorded in Appendix 1.
Following these readings, the next task was to wire the diode to enable a stopping voltage to be created. This required a new circuit and a new setup, shown below. 
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Fig 3. Revised circuit
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Fig 4. Revised experimental set-up

1) Argon strobe lamp

2) Lens

3) Monochromator

4) Photodiode

5) Amplifier

6) Oscilloscope

7) Box integrator

8) Signal generator

9) Stopping voltage power supply
In this setup, a stopping voltage would be supplied to the anode by a new component, a simple DC power supply. The light was once again cycled between 3954 and 6999 Angstroms at 105 Angstrom intervals. At each interval the stopping voltage was turned to zero and then adjusted until the circuit voltage from the box integrator read zero and the oscilloscope trace disappeared. The recorded voltage was plotted on a graph (Fig. 5) against frequency, and the slope used to calculate the value of h.

Results
Calibration

	Dial reading
	Wavelength
	Circuit Voltage

	4666
	6999
	0.81

	4596
	6894
	1.48

	4526
	6789
	1.27

	4456
	6684
	1.25

	4386
	6579
	1.37

	4316
	6474
	2.02

	4246
	6369
	1.47

	4176
	6264
	1.75

	4106
	6159
	2.16

	4036
	6054
	1.69

	3966
	5949
	2.04

	3896
	5844
	2.21

	3826
	5739
	2.02

	3756
	5634
	2

	3686
	5529
	2.07

	3616
	5424
	2.15

	3546
	5319
	2.1

	3476
	5214
	2.11

	3406
	5109
	2.13

	3336
	5004
	2.13

	3266
	4899
	2.15

	3196
	4794
	2.13

	3126
	4689
	3.74

	3056
	4584
	2.27

	2986
	4479
	1.67

	2916
	4374
	1.59

	2846
	4269
	1.69

	2776
	4164
	1.64

	2706
	4059
	0.22

	2636
	3954
	0.02


For resulting graph see Appendix 2.
Stopping voltages

	Dial reading
	Wavelength
	Frequency
	Stopping voltage
	Stopping energy

	4666
	6999
	4.28633E+14
	0.445
	7.12E-20

	4596
	6894
	4.35161E+14
	0.62
	9.92E-20

	4526
	6789
	4.41891E+14
	0.808
	1.29E-19

	4456
	6684
	4.48833E+14
	0.958
	1.53E-19

	4386
	6579
	4.55996E+14
	0.89
	1.42E-19

	4316
	6474
	4.63392E+14
	0.933
	1.49E-19

	4246
	6369
	4.71032E+14
	0.981
	1.57E-19

	4176
	6264
	4.78927E+14
	1.041
	1.67E-19

	4106
	6159
	4.87092E+14
	1.042
	1.67E-19

	4036
	6054
	4.9554E+14
	1.045
	1.67E-19

	3966
	5949
	5.04286E+14
	1.69
	2.7E-19

	3896
	5844
	5.13347E+14
	1.57
	2.51E-19

	3826
	5739
	5.22739E+14
	1.13
	1.81E-19
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Conclusions
Several problems were experienced with this experiment. Initially the biggest problem was the large amount of signal noise, making the circuit readings fluctuate. Part of this problem was the difficulty in wiring the ageing photodiode. The cathode wire appeared to be slightly loose. Moving it would produce a variation in the signal strength, and if moved too far the signal would disappear entirely, signifying a loose connection inside the diode itself. The position was found that gave the strongest signal and then the wire was left untouched.
Mains voltage 50Hz interference was also experienced. This frequency is so common it is nearly impossible to eliminate. Even so, several methods were used to try and do this as much as possible. Shielded co-axial BNC cables were used so the signal could not be interfered with within the wires. The amplifier filter settings were set for minimum noise, and the box integrator was used for the final reading of the circuit voltage. This averaged the last 100 readings before giving its display value.
After taking the calibration readings (Appendix 2), the supply voltage was connected and wired up to the diode. Initially, the readings looked correct, increasing linearly with frequency. However after a few, it was clear that this was not the case. While the frequency of light was increased, the stopping voltage needed to make the oscilloscope trace disappear barely changed. In fact at the higher end of the scale, the supposed proportionality appeared to become an inverse proportionality. 
As can be seen from the graph, while there is a general trend towards proportionality with frequency, the results are so inconsistent that it is difficult to draw any definite conclusions from them. The added trendline has a gradient of around twice the measured value of Planck’s constant, but it is possible to see on the graphs that there are at least two sets of results that can be given different gradients. The first four points are linearly proportional to frequency, but with a gradient that is over double the already too steep trendline’s. The 5th to 8th points are also linearly proportional and have a gradient closer to the measured value, although it is still nearly double. 
The problems with the readings is believed to be due to the amplifier used. The filters involved with it may have had a cutoff point, at which it effectively caps the voltage. This could have possibly lead to incorrect readings on the oscilloscope and box integrator, meaning that the supposed zero point was not actually zero. 
The final conclusion is that this experiment is not suitable for undergraduate laboratory sessions without a reduction in the amount of equipment needed, and some more reliable equipment. Whilst the majority of the experiment is fairly straightforward, it is unreasonable to expect 1st or 2nd year undergraduate students to manipulate six different pieces of electronic equipment, each with their own different settings that will each affect the experiment in some way, and find the settings that will give a satisfactory result. A good step would be to eliminate either the box integrator or the oscilloscope. The amplifier used should be changed also. 
Appendix 1: Equipment settings

Signal generator: 180Hz

Amplifier settings
Amplification: 80dB

Filter: 10kHz (at lower and upper boundaries) Internal

Meter damping: On

Input: Normal protected, 50M(
Box integrator settings
Sensitivity: 1V

100 sample average

Scale: 3(s

Multiplier: 3

Sampling rate: External input

Delay should be changed manually for the gate to coincide with the peak of the signal.

Appendix 2: Calibration graph
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