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(The experiment that showed Dirac was wrong and Feynman was
needed.)
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The great success of the Dirac equation, which naturally predicted the spin and magnetic
moment of the electron, spin-orbit interactions, and features of the fine structure of atomic
spectra, had nevertheless an important incorrect prediction: that electron states with the
same total angular momentum j should have the same energy. For many years, good
measurements of the hydrogen fine structure that could test Dirac's theory remained elusive
because Doppler broadening—the spreading out of atomic spectral lines due to the motion
of the atoms—made it impossible to see the fine structure clearly until the work by Lamb &
Retherford. They circumvented Doppler broadening by using microwaves to induce
transitions between fine-structure states directly and they proved convincingly that the
predicted Dirac degeneracy was not there, but instead measured a shift between the two
lowest excited states, 2S1/2 and 2P1/2, of about 1000 MHz. This became known as the
“Lamb shift,” and it was a key experimental finding that motivated the development of
quantum electrodynamics of Feynman and Schwinger.
With the development of tunable lasers, a new technique of absorption spectroscopy that
allows the hydrogen fine structure to be observed directly became possible. This technique
uses crossed beams, with each beam traveling in opposite directions through a gas
discharge tube filled with glowing hydrogen. Only those atoms that have zero velocity along
the beam axis can interact with both beams, and this causes the signal from one of the
beams to show a small Doppler-free feature on top of the Doppler-broadened spectrum. By
chopping the other beam, and thus turning such features on and off, one can selectively
amplify these small features, and obtain a Doppler-free spectrum.
In this Immersion, participants will learn this technique of crossed-beam Doppler-free
absorption spectroscopy, and use it to measure the fine structure of the Balmer-α line (at
656.28 nm), and in so doing measure the Lamb shift. Thus, this experiment gives one the
opportunity to learn an experimental technique that is in current use in many research
laboratories, and also to measure one of the most important experimental results that
support modern quantum electrodynamics, arguably the king of 20th century physical
theories for its success in explaining the hydrogen spectrum to extraordinary precision.
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This experiment uses the most complex and specialized setup we have in the
undergraduate laboratories. At its center is the gas discharge absorption cell and housing
box. The absorption cell is custom built by our glassblower and allows laser beams to pass
along about a 50 cm length occupied by a glowing hydrogen discharge. The tube and
plumbing is designed to allow a continuous flow of hydrogen, and the gas is lit by a 2000 V
DC supply. The laser is a New Focus model 6202 external-cavity diode laser acquired in
1999, specifically designed to scan through the Balmer-α line. A system of mirrors, lenses
and a beam splitter are used to separate the laser beam into a bright “pump” beam and less
intense “probe” beam, with each beam passing through the discharge tube in opposite
directions. Finally the pump beam is chopped, and the synchronous signal is used to
eliminate noise and background from the signals picked up by the probe beam detector and
another detector at the output of a Fabry-Perot cavity. A dual-pen chart recorder captures
the sweep signal from both detectors. By comparing the probe signal with the Fabry-Perot
signal, an accurate measurement of the separation of spectral lines can be carried out.
Signal generators and interconnecting boxes are used to rout signals and drive the laser
sweep electronics. In the pictures above are shown the discharge tube and an overview of
the optics layout, plus the equipment rack containing a lock-in amp, HV supply and signal
generators. The inset at lower right shows the lamp in its "on" state.
Laser absorption spectroscopy is a current technique in active research. This experiment
illustrates the technique extremely well and includes a vivid example of the power of lock-in
amplification to separate signal from background.
Among the experimental topics to be covered are understanding and using tunable
external-cavity lasers, operating hydrogen gas-discharge absorption cells, layout and
alignment of crossed-beam optics, measurements of frequency shift with Fabry-Perot
cavities, and using optical choppers and lock-in amplification to extract tiny signals from a
large background. Sufficient theory will also be studied to provide the participant with ways
to teach the concepts to undergraduate physics students.
Outline of the Immersion:
Lecture/discussion: Review of the hydrogen spectrum and hydrogen fine
structure; The Dirac equation and its predictions; attempts to measure fine
structure and Lamb & Retherford’s microwave experiment; the principles of laser
absorption spectroscopy and the crossed-beam technique. First steps:
The layout of the optical components. How to align things.
Details of the crossed-beam geometry.
Construction of the gas discharge lamp; replacing electrodes.
Creating hydrogen flow; hydrogen generator versus hydrogen tank.
Tuning the laser and finding the Balmer line.
Seeing "hole burning" and the Doppler-free spectral peaks.
Lecture/discussion: what is a lock-in amplifier? Some common uses, and
standard features of commercial lock-ins. How to make one yourself. Optimizing
the settings.
Optional: an experiment to learn the principles of the lock-in from the ground up.
Setting up the chopper and tuning the lock-in amp.
Lecture/discussion: Measuring the frequency shift of the laser. Overview of
Fabry-Perot theory. Descriptive and approximate versions of QED theory: Bethe’s

simple model and Welton’s paper. Second steps:
Setting up the Fabry-Perot cavity and detector. Challenges to alignment.
Making simultaneous traces of spectrum and F-P output.
Analysis of data: Measuring the peak separations. Dealing with hysteresis in the
laser scan. Interpretation of peaks and "crossover" resonances.
All essential materials and equipment will be provided, but participants are encouraged to
bring a camera (cellphone OK) and computer/notebook to record notes and results. If the
participant has a favorite data analysis package, that will be useful during the lab.
There are a few hazards in this experiment: a high-voltage power supply gas discharge
lamp; UV radiation from discharge tube, hydrogen gas, and a medium-power (5-10 mW)
laser (Class IIIb). Instruction will be provided concerning these risks.
As noted, this experiment is one of the most advanced in our department, and the
components are not cheap or simple to obtain. Our setup was mostly completed in 2000, so
the following prices are at best a rough guide:
Optical table (4'x6') [Thorlabs T46H]

$3700

Flat surface mirrors, a beamsplitter, lenses, and adjustable mounts [Thorlabs, various] ˜$2000
2 diode detectors and pinholes, with mounts [Thorlabs SM1PD1A]

$400

Gas discharge tube with optical ports & housing (custom built)

$1000-$2000

Tunable diode laser with range that overlaps Balmer-α line (656.3 nm) [New Focus]

$20,000

Fabry-Perot set (a fixed etalon is OK, need about 10 cm mirror spacing or about 1000
$2800
MHz free spectral range) [Thorlabs SA200-5B]
HV supply for discharge lamp (nominally up to 2.5kV and 25 mA) [Acopian
P02.5HP24]

$1250

Digital function generator (for sweep) [SRS DS335]

$1400

Two lock-in amplifiers [SRS SR510]

2 x $2500

Optical chopper [SRS SR540]

$1200

Hydrogen source and gas handling plumbing (custom, parts from Swagelok)

˜$500

Vacuum pump: [various possibilities]

˜$1000

X-Y recording device and/or oscilloscope

˜$1000

Please note that the Jonathan F. Reichert Foundation has established a grant program
(ALPhA webpage; Foundation website) to help purchase apparatus used in Laboratory
Immersions. Limitations and exlusions apply, but generally speaking the foundation may
support up to 40% of the cost of the required equipment.
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