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Introduction to TeachSpin’s Diode Laser Spectroscop

“Diode Laser Spectroscopy” was produced in collabon with Professor Kenneth
Libbrecht of the California Institute of Technolo{@altech). Having used TeachSpin’s
Pulsed NMR and Optical Pumping in his advanced Rlpfessor Libbrecht was
convinced that TeachSpin would be able to buildapparatus that would make these
experiments, which were a favorite with his studemtvailable to the entire advanced
laboratory community. And the collaboration congs — shortly after DLS1-A was
finished, Professor Libbrecht worked with us toateethe Fabry-Perot Cavity accessory.
And we are hoping to add even more.

Both the DLS1-A apparatus and this manual were ymed in collaboration with

Professor Libbrecht. The varied “voices” will bpparent as your read the manual.
Senior Scientist Dr. George Herold was responsible much of the TeachSpin

contribution to both the instrument design and thanual.

The first three student laboratory instruction malaun the Experiments section come
from the Caltech advanced lab. (You will find pafrsions of these documents on the
Caltech advanced lab website.) The fourth expertingein an article that was written for
the American Journal of Physics by Professor D&ad Baak of Calvin College, who is
also a TeachSpin collaborating physicist.

We know you will be creating instruction manuals tliis apparatus which are tailored to
the specific needs of your own institution. We édpat, as you do so, you will make
them available through your own lab websites os¢hof AAPT or ALPhA. They can
then be shared both with people using this TeachfBptrument and with other members
of the advanced laboratory community who may hayi# bimilar experiments on their
own.

We wish you and your students challenging, excjtargl satisfying adventures exploring
Diode Laser Spectroscopy.
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Diode Laser Physics

I.LASER BASICS

Beginning in the mid 1960’s, before the developmehtsemiconductor diode lasers,
physicists mostly used tunable “dye” lasers in penng atomic physics experiments needing
tunable laser light. Dye lasers use a chemical alyghe active medium,e. the material
which produces the laser emission. A populatioreisn in the dye is created, typically,
with a fixed-frequency “pump” laser. An individudye will lase over a limited wavelength
range, and different dyes are available to makalienlasers at essentially all visible and
near-infrared wavelengths. Unfortunately dye lasegeslarge, cumbersome instruments that
are both very expensive to purchag8100,000.00) and expensive to operate and maintain.
Some of the solid-state lasers used as dye lagkrcements, such as the popular Ti:sapphire
crystal (titanium-doped sapphire), work better tlyes, and other techniques using non-
linear crystals exist to generate tunable lasétt lfyariv 1991). However, while these may be
less difficult to use than dye lasers they aré\gily expensive options.

The recent development of tunable, narrow-bandwidtémiconductor diode lasers
dramatically changed this picture. These laserdraxpensive, easy to operate, and produce
high-power, tunable, narrow-bandwidth radiatidkv € 1 MHz, AL < 15x10° nm). For

these reasons, tunable diode lasers have rapidigniee commonplace in modern research
laboratories.

Interior Diagram of TOLD9200 Series

Figurel: Cut-away view of a typical laser diode can, likese used in the TeachSpin laser

The basic physics of diode lasers is presentsdveral review articles and books, such as
Wieman and Hollberg (1991) and Camparo (1985). rféidu shows a cut-away view of a
typical diode laser, similar to the ones used iis #xperiment. The actual semiconductor
device is a small chip (LD chip in Figure 1), bodde a heat-sink. Tiny wires connect the
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chip to the outside world. Most of the light emittiey the laser comes out the front facet, and
a small amount also comes out the back facet. (Woefacets are constructed to have
different reflectivities). Often, a photodiode ikged at the back of the can, to monitor the
laser output power. The main laser beam, whiclliigieal and strongly diverging, comes out
a window in the front of the laser diode can.

Figure 2 shows a more detailed view of a typicaktadiode chip. Current is driven from
the top to the bottom of the chip (see arrow inuFég2), creating electron-hole pairs that
recombine in the active layer, emitting light irethrocess. The light is confined to a narrow
channel in the chip,2 microns high[110 microns wide, and about 400 microns long (wavy
line in Figure 2). The facets of the chip, at timele of the channel, act as patrtially reflecting

mirrors enclosing the laser cavity.
————
] }/ Mear-field pattern

{Perpendicular
transverse mode)

(Parallel transverse mode)

Figure2: Schematic view of a laser diode chip

Figure 3 shows a schematic picture of the actuais®ductor layer structure in a diode
laser. How all thigeally works, the nitty-gritty semiconductor technologg/not something
we will concern ourselves with in this discussioBince light generation in a diode laser
results from the recombination of electron-holerpanjected into an active layer at the
diode’s n-p junction, the wavelength of the emitligtit is approximately that of the band gap
of the material. The electron-hole population irsv@n is restricted to a narrow strip in the
active layer, so the laser’'s optical gain is spigtilcalized. Gain is the amount that an
optical wave is amplified by stimulated emissionitagasses through the laser cavity. The
diode heterostructure also serves as an opticatguade; the active layer has a higher index
of refraction than its surroundings, so light isnfieed to the channel by total internal
refection. The cleaved facets at the end of the skrve as the cavity mirrors and output
couplers. These can be coated to increase or dectleafacet reflectivity.
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SCHEMATIC STRUCTURE OF
VISIBLE LASER DIODES

(3) Gain-Guided Laser (blindex-Guided Laser

Figure3: Schematic picture of the internal semiconductarcstire of some typical laser diodes.
This view is looking into one facet of the lasevita

By careful construction of the diode cavity, thedacan be made to emit in a single
longitudinal cavity modei . a standing wave inside the cavity, with a fixedniver of nodes
along the cavity axis and no nodes in the transvdnection). A "bare" diode laser has a
linewidth of typicallyAv[b0 MHz. The spatial mode of the laser, and thusstiape of the
output beam, is defined by the narrow channel toafines the light. Since the channel is
rectangular, and not much larger than the lightelength, the output beam is elliptical and
strongly diverging (see Wieman and Hollberg 1991).

At low levels of injection current, the optical k&s exceed the gain and a population
inversion is not achieved. The light output is theoad-band, spontaneous emission, similar
to that of an LED. But, above a “threshold” curtahe laser emits a coherent beam, which
increases in intensity linearly with injection cemt. The output power in coherent radiation
can be as high as 50 percent of the input elettpimaer, which is very efficient compared
with other methods of producing laser light.

Diode lasers have many uses; primary among theseetiieving data stored on optical
disks (for instance all compact disk players usmleilasers) and sending light pulses down
optical fibers for telecommunications. At presesrie can purchase diode lasers that operate
at wavelengths from the blue to the infrared; thsra big push in industrial labs to produce
shorter wavelength lasers, in order to increaseémsity of optical disk storage. Power levels
for single-mode diode lasers are typically a few niyt can be as high as 1 Watt.

The TeachSpin diode lasers (Sanyo DL-7140-201S) emto 70 mW of output power
near 785 nm. The back surface of the tiny semicaioduaser cavity is highly reflecting,
while the front surface is often coated with a thantireflection layer to enhance its
transmission. (Only the manufacturer knows exauotiy the facets are prepared; such details
are often carefully guarded industrial trade secyet

" It is possible to get an approximate measure @fréflection coefficient, R = 16.5% 5%. (See section A4-2
for details.)
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[I.LASERSWITH GRATING FEEDBACK or External Cavity Diode Lasers (ECDL)

A. Introduction

Bare diode lasers have two undesirable propertipsheir linewidths Av[50 MHz) are
large compared to the linewidths of atomic traosi (in our cas€[b MHz); and 2) they are
extremely sensitive to optical feedback — as lagel® of the output light scattered back into
the laser may affect its frequency stability. A®wh in Figure 4, we overcome both these

problems by using a diode laser with a small ameoficbntrolled feedback from a diffraction
grating.

Diffraction Gratin
Diode Laser &

1 o e

AR | = J ks
Coating ‘ J, 7
Collimating Lens \K’ Output Beam

Figure 4: Basic configuration of the diode laser system

A lens in front of the laser collimates the outpub a nearly nondiverging elliptical beam.
After the lens, the beam strikes a diffraction igigitwhich is a holographic (no blaze) grating
with 1800 lines/mm. Most of the light is directlgflected by the grating (m=0 grating order),
but roughly 15 percent is reflected back into thsel (m=1 order). The grating forms an
“external cavity” (.e. external to the laser’s own internal semiconductoiity), which serves
to frequency-stabilize and line-narrow the lasetpati(see Wieman and Hollberg 1991, and
references therein, to understand how this happeéngh the simple addition of the
diffraction grating, the laser is much less semsitio stray light feedback, and its linewidth
will be reduced td\v < 1 MHz, much smaller than the atomic transitioreWidths we will be
observing.

B. Laser Tuning:

With grating feedback, the frequency of the lasgpot depends on a number of factors. In
order for you to effectively tune the laser to @onac transition, it is helpful to understand
how these factors determine the laser output frecpuel he laser will tend to lase at the mode
frequency with the greatest net gair.(stimulated emission minus optical losses) (seévYar
1991). Once the laser begins to lase in this mstileulated emission limits the number of
electron-hole pairs which are available for lagmgther modes, and the result is a laser with
a single-modei . single frequency) output beam. (Note: This dassatways happen. Our
lasers will sometimes lase in two or more modebatsame time, and sometimes the output
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frequency will vary rapidly and chaotically overbmoad frequency range. While these
behavior patterns are interesting, and the subjesbme amount of research, we will mainly
try to find a place in parameter space where therlaperates in a single mode.) To determine
the laser operating frequency (assuming single-moperation), we need to find the
frequency with the highest net gain. Figure 5 sh@aekematically, the different contributions
to the net gain. These contributions are best exglmdividually.

]
—

Medium

Internal Cavity

=t /L Grating Feedback _|

-

Net Gain

o fp | At I External Cavity _|]

=) i | " 1 M 1 M 1
670.6 670.8 671 671.2 B71.4

Wavelength, nm

Figure5: Schematic of the different contributions to thet aptical gain of an arbitrary laser as a
function of frequency. The curves are displacéatike to one another for clarity.

1. The medium gain

This depends on the properties of the semiconduniterial from which the laser is
made, in particular the band gap. The medium dgagws a broad peak in frequency space,
whose position depends mainly on laser tempera&iree we are aiming for the rubidium
atomic transition, we must set the laser tempegausing the temperature controller, so that
it operates near 780 nm, the wavelength of thedrulyi resonance lines. This temperature is
recorded on the antistatic bag in which each disdshipped. The temperature for the diode
that was shipped in your laser is listed on tha daeet included in your manual.

A plot of Wavelength versus Temperature for a tgplaser is shown in Figure 6. The
overall slope of this data is about 0.23 nm' °@hich should be about equal for all the Sanyo
diodes. From this slope and the temperature @@t for 780 nm, you can determine an
appropriate temperature for any desired wavelefogtthat specific diode. Once this is done,
the medium gain curve is so broad that it is unirgd for determining the precise
wavelength of the laser.
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Figure 6: Output wavelength of a free-runninige( no external optical feedback) Sanyo DL-
7140-200S diode laser as a function of diode teatper. (The behavior of other
diode lasers is similar.)

2. Theinternal cavity

The diode junction forms a small Fabry-Perot etatoroptical cavity, and like all optical
cavities, it has a normal mode structure. Thisdia@es to an effective frequency-dependent
net gain function which is periodic in frequencyg, shown in Figure 5 (see Yariv 1991 or
Moller 1988 for a discussion of optical cavitie3fe period is called the “free spectral
range”, and is given bWvesg = c/2Ln, wherec is the speed of lightn is the index of
refraction 6 = 3.6 in the semiconductor), ahdis the cavity length. For this particular laser
we haveAvesg =~ 60 GHz AA =0.122 nm). The internal cavity gain function wshift in
frequency with changes in the diode temperatureaghly 0.05 nm °C this is measured
from the small scale slope the individual stepEigure 6. Unfortunately, the temperature of
the laser head can not be changed very quicklye tiiermal time constant of the laser head
can be estimated to be on the order of 10 secondise internal cavity modes will also
change with the diode current. (See Figure 7.)

" Estimated from the mass1(70grams), heat capacity and thermal conductigigguimng the laser head is a
solid cube of aluminum with the TEC on one face theddiode and temperature sensor at the center .

1-6
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Figure7: Free-running laser Wavelength versus Injectiorré€ at a fixed temperature

The current affects a diode in two ways. Firsgréasing the current causes simple
heating, which changes the temperature of the dadethus the wavelength in much the
same way as heating the laser head directly. Wégipect to wavelength, modulating the
current can be thought of as a means of rapidingihg the diode temperature. This effect
predominates for time scales longer thapsland tunes at roughly 2 GHz/mA as shown in
Figure 7. The second means by which the curresmbgéds the free-running laser wavelength
is by changing the carrier concentration in thevaategion. This modulates the optical path
length of the diode, with a tuning rate of abou® 20Hz/mA, up to a maximum frequency
that is set by the relaxation oscillation frequen€the diode, typically several GHz.

Taken together, Figures 5 - 7 demonstrate theactien of several influences. Figure 6
shows a plot of the wavelength of a free-runnirgetaas a function of temperature. As the
temperature is increased, the maximum gain of Ilo¢h medium and the internal cavity
modes shown in Figure 5 will shift to longer wavejths. They do not, however, shift at the
same rate. This creates laser “mode hops” tordiftepeaks of the cavity gain function. In
practice, we would like to set the temperature iajettion current so that the laser operates at
the rubidium resonance frequency. But, as can ke §®m Figure 6, this is not always
possible with a free-running laser. With the aidditof an external grating, the laser can be
made to operate at any wavelength within a reasphabad range.

3. The Grating Feedback

Since a grating disperses light, only light fromarow wavelength band will be fed back
into the laser for a fixed grating left/right (L/R)ngle. (The grating up/down (U/D) angle
should be set so that the light from the gratirfteots back into the laser.) In this apparatus,
the grating is used in a Littrow configuration wiee first order diffraction is sent back into
the diode. In this configuration, the wavelengém de found from A = 2 d sif, where d is
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the line spacing of the grating artdis the grating angle (measured from the normal).
Assuming an ideal grating, where the resolving powelimited only by diffraction, the
spectral width of the first order diffractiodyv, will be given approximately by/Av=N,
wherev is frequency andl is the number of grating lines subtended by tserldbeam (see
Moller 1988 or any general optics book, for a destan of grating properties). For example,
with a 0.3 cm laser beam width, we will fihd= 5400 and\v = 70 GHz. The position of this
peak is determined by the grating L/R angle.

4. Theexternal cavity

This is similar to (2) above, but with the exteroality, one end of which is the grating,
and the other is the highly reflective back fadethe diode. Since the external cavity is much

larger we have\Vgsg = c/2L~ 10 GHz. for a 15 mm external cavity length. (Seetion
A.4 and Figure A.4.1 for the relevant dimension3his curve shifts by moving the grating
position, which we do either with the L/R knob dretlaser head or with the piezo-electric
transducer (PZT) in the grating mount.

In order to force the laser into single-mode lag®eration at a predetermined wavelength
Lo (e.g. an atomic resonance line), the gain fronh ediche components should peaki.gas
shown in Figures 5.

To get a more complete understanding of how theséributions interact, how the laser
tunes as the grating angle is changed, we hawe tmieconstruct an accurate "best guess"
picture of the shape of the various cavity modeth@laser. This picture is shown in Figure
8. Referring back to Figure 5, the grating fee#lband external cavity gains have been
merged into the single solid line of Figure 8. Tiead medium gain has been left out of the
plot. Figure 8 is a picture of the various cavitgdes with all the gains having a maximum at
the same frequency.

Grating Feedback
and External Cavity

—————— Internal Cavity
" " »

1.0

Gain

Relative Frequency (GHz)

Figure8: "Best guess" picture internal cavity, gratingddmck and external cavity modes in the
laser
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Figure9: Series of graphs showing showing how the extesndl grating feed back mode shifts
as the grating angle is changed.

Figure 9 shows a series of pictures of the ExteandlInternal cavity modes as the grating
angle is decreased. The pictures show only twb@internal modes labeled Int 0 and Int 1.
For reference, we have also labeled some of therreadt modes e-2, e-1, €0, el...e4. In
Figure 9, Grapha is for the same grating angle shown in Figure &ene the laser is
oscillating in external mode e0. As the gratinglans decreased, mode €0 is shifted to
higher frequency, shorter wavelength, until thenpahown in graph b. At this point, the
overall gain in external mode e-1 is about equath@t in mode e0 and, as the grating
continues to move, the laser will jump into modg. eAs the angle is decreased further, the
laser will reach the point shown in graph c and lgser will hop to mode e-2. Finally, in
graph d, the maximum of the grating feedback fragyas about half way between internal
modes Int0 and Intl. As the angle continues taedse, the laser will make a relatively
larger mode hop and lase in external mode e3 unte¥nal mode Intl.

You should notice that during this change in antfle,laser has swept through the same
small frequency range “under” IntO several timéster these changes, the laser moved to a
new frequency defined by Intl with a rather larg of frequencies in between. To be able
to cover the entire frequency range, we need talbe to change the position of the internal
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modes. This is done by changing the laser curifientune the laser to the correct wavelength
for the rubidium transitions, both the correct grgtangle and laser current must be found.
The procedure for doing this is discussed in thet section. The next section will also
describe a clever trick in which both the gratinggla and laser current are swept
simultaneously at rates such that both the intenade IntO and the maximum of the external
modes e0 change in frequency together resultingnig (20 GHz) mode hop free scans. An
understanding of the Figures 8 and 9 should helpwsualize how this is accomplished.

I1l. REFERENCES.
Camparo, J. C. 1985, "The Diode Laser in Atomicd#ts;” Cont. Phys. 26, 443.
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Diode Laser Spectroscopy

. BACKGROUND

One of the most important scientific applicatioridasers is in the area of precision atomic
and molecular spectroscopy. Spectroscopy is usedmypto better understand the structure of
atoms and molecules, but also to define standaraseitrology. For example, the second is
defined from atomic clocks using the 919263177(Qékact, by definition) hyperfine transition
frequency in atomic cesium, and the meter is (gadly) defined from the wavelength of lasers
locked to atomic reference lines. Furthermorecipren spectroscopy of atomic hydrogen and
positronium is currently being pursued as a meahsnore accurately testing quantum
electrodynamics (QED), which so far is in agreenveitit fundamental measurements to a high
level of precision (theory and experiment agreebétter than a part in 0 An excellent
article describing precision spectroscopy of atohydrogen, the simplest atom, is Hangth
al. 1979 (details are in References). Although & st old, the article contains many ideas and
techniques in precision spectroscopy that contioue used and refined to this day.

photodiode

___l'_>.<‘ —> |:D

probe /

beam

vapor cell \pump
beam

Figure 1: The basic saturated absorption speapysset-up.

[I. QUALITATIVE PICTURE OF SATURATED ABSORPTION SPE CTROSCOPY —
2-LEVEL ATOMS.

Saturated absorption spectroscopy is one simple faaguently-used technique for
measuring narrow-line atomic spectral featuresitdéichonly by the natural linewidth of the
transition (for the rubidium D lineE =6 MHz), from an atomic vapor with large Doppler
broadening ofAvp,,, ~ 1 GHz. To see how saturated absorption spectrgsgogks, consider

the experimental set-up shown in Figure 1. Twerasre sent through an atomic vapor cell
from opposite directions; one, the “probe” beamyesy weak, while the other, the “pump”
beam, is strong. Both beams are derived from tneeslaser, and therefore have the same
frequency. As the laser frequency is scanned, tobepbeam intensity is measured by a
photodetector.

Figure 2 shows the spectra that might be recorfi@ddvel atoms were in the vapor cell.
The upper plot gives the probe beam absorptionowtitthe pump beam. Here one sees simple
Doppler-broadened absorption. In our case, thep@opvidth is much larger than the natural
linewidth, Avp,,, >>T, and the optical depth of the vapor is fairly dmél) < 1.
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The transmitted fraction of the probe ¢,
which defines the optical depth;is proportional
to the atomic vapor density andet path length
As a result, the probe spectrum is essentially
simple Gaussian profile.

The lower plot in Figure 2 shows the spectru
with the pump beam. A spike appears right at t
atomic resonance frequency. The reason this sg
appears is as follows: If the laser frequency
Vo — Av, then the probe beam is absorbed only
atoms moving with longitudinal velocity
v = cAvlvy, moving toward the probe bearr

These atoms see the probe beam blue-shifted

resonance; other atoms are not in resonance \
the probe beam, and so they do not contribute
the probe absorption. Because the pump bear
in the opposite direction, these same atoms see
pump beam red-shifted further from resonance,
they are unaffected by the pump beam. Thus

laser frequencieszy,, the probe absorption is the
same with or without the pump beam. However,
v=v,, then atoms with zero velocity, ¥ O,

contribute to the probe absorption. _ _
Fig. 2. Absorption spectra for 2-level atoms, both
These v= 0 _ato_ms also see an on-resonangghout (upper) and with (lower) the pump beam.
pump beam, which is strong enough to keep a

significant fraction of the atoms in the excitedtst where they do not absorb the probe beam
(in fact they increase the probe beam intensitystiaulated emission). Thus at=v, the
probe absorption iess than it was without the pump beam. (If the pumprbéhad infinite
intensity, half of the atoms would be in the extigtate at any given time, and there would be
identically zero probe absorption. One would saséhatoms were completely “saturated” by
the pump beam, hence the name saturated absospggotroscopy.) The advantage of this form
of spectroscopy should be obvious ... one can measkharp Doppler-free features in a
Doppler-broadened vapor.

1
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02 04 06 08

1 " 1 " 1 " 1 " 1
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[ll. QUALITATIVE PICTURE OF SATURATED ABSORPTION SP ECTROSCOPY —
MULTI-LEVEL ATOMS.

If the atoms in the absorption cell had a singleugd state and two excited states (typically
an electronic level split by the hyperfine intera}, and the separation of the excited states
was less than the Doppler width, then one wouldasggectrum like that shown in Figure 3.

The peaks on the left and right are ordinary s&drabsorption peaks af andv,, the two
resonance frequencies. The middle peawgtv,)/2 is called a “cross-over resonance.”
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If you think about it for a while you can see wh#re extra peak comes from. It arises from
atoms moving at velocities such that the pump isesonance with one transition, and the
probe is in resonance with the other transitiohyou think about it a bit more you will see
there arégwo velocity classes of atoms for which this is truatems moving toward the pump
laser, and away from it.

If the atoms in the vapor cell had a sing
excited state, but two hyperfine ground stat
(we call them both “ground” states becau:
neither can decay via an allowed transitior
and the separation of the ground states v
less than the Doppler width, then one mig
see a spectrum like in Figure 4. The ext
cross-over dip results from a phenoment
called “optical pumping,” which occurs T S T
because atoms in the excited state can de -4000 -2000 O 2000 4000
into either of the two stable ground state v - v, (MHz)

Thus, if atoms are initially in ground staj®, Fig. 3: Saturated absorption spectrum for atoms

and one shines in a laser that exciggs- e, with a single ground state and two closely
. . spaced excited states.

atoms will get excited fromgl -. e, over

and over again until they once spontaneoush’

decay tog2, where they will stay. The statt

g2 is called a “dark state” in this case

because atoms ig2 are not affected by the

laser. We see that a laser excitng- e,

will eventually optically pump all the atoms

into g2.

To see how optical pumping produces tt
extra crossover dip, remember that only ti L
pump laser can optically pump — the prot -4000 -2000 O 2000 4000
laser is by definition too weak. Alsc v - v, (MHz)
remember the atoms in the cell are not iy 4: saturated absorption spectrum for atoms
steady state. When they hit the walls, they with a single excited state that can decay into
bounce off about equally distributed in both either of two closely spaced excited states.
ground states, and the optical pumping only

operates for a short period of time as the atomgetrthrough the laser beams. If you think
about it a while you can see there are two veladdgses of atoms that are responsible for the
dip. For one velocity class the pump laser exgtes e, which tends to pump atoms ing2.

Then the probe laser, which excitgs- e for these atoms, sees extra absorption. For tier ot
velocity class the pump laser excitgs— e, gl gets overpopulated, and again the probe laser
(which now excitegyl -, e for these atoms) sees more absorption.

Probe Transmission
0.2 04 0868 08 1

0

1

Probe Transmission
02 04 06 08

0
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IV QUANTITATIVE PICTURE OF SATURATED ABSORPTION SPE CTROSCOPY -
2-LEVEL ATOMS.

One can fairly easily write down the basic ideasdeel to calculate a crude saturated
absorption spectrum for 2-level atoms, which dertratess much of the underlying physics.
The main features are:

1) the transmission of the probe laser beam thrdabgtcell ise™*) and 7(v) is the optical
depth of the vapor;
2) the contribution ta(v) from one velocity class of atoms is given by

dr(v,v) ~ (R, - R,)F(v,v)dn(v)

where P, is the relative population of the ground stdg,is the relative population of the
excited state, + P, =1),

2
dn ~e mv /2KTdV

is the Boltzmann distribution (faralong the beam axis), and

r/2mr
(v —vg +Vvic)? +T2/4

F(,v)=

is the normalized Lorentzian absorption profileaofatom with natural linewidth, including
the Doppler shift. Putting this together, we hakie differential contribution to the optical
depth, for laser frequenayand atomic velocity v:

dr(v,v) =1, I%O(Pl - PZ)F(V,V)e—rTNZIZdeV.

The overall normalization comes in with thg factor, which is the optical depth at the center
of resonance linei. e. 7, =[dr(v,,v)with no pump laser (the integral is over all vetgci
classes). 3) The populations of the excited andrgtstates are given % - P, =1-2P,, and

P = s/2
2 1+s+402r2

where s=1/1g and d=v-vy —vgvic. |_ is called the saturation intensity (for obvious

reasons ... if you consider the above formulaHgwith 6= 0, P, “saturates”P, - 1/2 as

Illsat —>°0).
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The value ol _ is given by

| o = 27°hel 1323,

For the case of rubidiuni, = 6 MHz, givingl_ =2 mWi/cnt.

The underlying physics in points (1) and (2) shdwdrecognizable to you. Point (3) results
from the competition between spontaneous and stitedilemission. To see roughly how this
comes about, write the population rate equations as

R=TP-al(R-P)

where the first term is from spontaneous emissigth I' equal to the excited state lifetime,
and the second term is from stimulated emissioth aia normalization constant. Note that the
stimulated emission is proportional to the intgnkitin the steady-statg, =P, =0, giving
_allr
2 1+2alIT

The termal /T corresponds to thg2 term above (noté_ is proportional td”). A more

complete derivation of the result, with all the matization constants, is given in Milonni and
Eberly (1988), and in Cohen-Tannouetjial. (1992), but this gives you the basic idea.

Assuming a fixed vapor temperature, atomic méass, the saturated absorption spectrum is
determined by two adjustable external parametdrs, gump intens;itylpump and the on-

resonance optical deptf). The latter is proportional to the vapor densitgide the cell. Figure

5 shows calculated spectra at fixed laser interfsitydifferent optical depths, and Figure 6
shows spectra at fixed optical depth for diffedaser intensities.

In Figure 5 one sees mainly what happens whenapendensity is increased in the cell. At
low densities the probe absorption is slight, wahGaussian profile, and the absorption
increases as the vapor density increases. At ughywapor densities the absorption profile gets
deeper and broader. It get broader simply becdnesalisorption is so high near resonance that
the probe is almost completely absorbed; for grea#gor densities the probe gets nearly
completely absorbed even at frequencies fairly ffam resonance; thus the width of the
absorption profile appears broader. The saturdtedrption feature in Figure 5 does pretty
much what you would expect. The probe absorptiaedsiced on resonance, due to the action
of the pump laser. At very high vapor densities Haturated-absorption feature becomes
smaller. This is because while the pump laser resitice absorption, it doesn’t eliminate it;
thus at high vapor densities the probe is neangpdetely absorbed even with the pump laser.
The moral of this story is that the vapor densitgiddn’t be too low or high if you want to see
some saturated-absorption features.
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In Figure 6 one sees that if the pump intensitiow, the saturated-absorption feature is
small, as one would expect. For larger pump intessthe feature grows in height and width.
The width increases because at high laser intesditie effect of the pump laser saturates on
resonance, and continues to grow off resonances, tiner width of the feature increases, an
effect known as “power broadening.”

Saturated Absorption Spectrum of 2-Level Atom

- P P —
| -
c@l / |
2 e \ A Saturated Absorption Spectrum of 2-Level Atom
2
E g i - T T T T T
s
= @ L -
= 2
o g E g |
o =]
T U = A 5. |
-4000 -2000 0 2000 4000 » O S
Fal
v — v, MHz E .
St J
—_— j\ 4 o 1 N 1 1 1 1
o }‘ -400  -200 0 200 400
o \ -
- —_— — v — vy MHz
2 o
ol l .
g |
& ) — \ R Figure 6: Calculated saturated-absorption spéatra
f; two-level atoms, for(7,1 /1 &)= (1.0.1) (1,1),
o 3 (1,10), (1,100) and (1,1000). Note at large laser
= B 1\’ o intensities, the saturated absorption feature ésvgr
] L 1

S— broadened” as the line saturates.

v = vy MHz

Figure 5: Calculated saturated-absorption spectra
two-level atoms, for(7,1 /1 ;)= (0.1,10) (0.316,10)
(1,10), (3.16,10) and (10,10). The two plots stibe
same spectra with the frequency axis at differeates.
Note the overall Doppler-broadened absorption, with
the small saturated-absorption feature at lineerent

Finally, it should be noted that calculating theusated absorption spectrum for real atoms,
which must include optical pumping, many differatdmic levels, atomic motion in the vapor
cell, and the polarization of the laser beams,oissierably more subtle. A recent paper by
Schmidtet al. (1994) shows much detailed data and calculationthe case of cesium.
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Problem 1 Show thatr, =[dr(v,,v)when the pump laser intensity is zero, from the
formula above. Hint: the integral is simplified bgting thatl <<Avp,,.

Problem 2 The above calculations all assume that the puaserlhas the same intensity
from one end of the cell to another. This is of@ya first approximation, but calculating what
really happens is an interesting problem. Consadsimple laser beam (the pump) shining
through a vapor cell. If the laser intensity isakeand the atoms are all pretty much in the
ground state, then the laser intensity changesrdiogpto the equatioml/dx = -al, where
a =a(v) depends on the laser frequency, but not on paositiside the cell. (In this case? is

called the absorption length.) This equation hassbiution(x) =1;,.e™**, wherel _ is the

initial laser intensity. The transmission throupk tell,e ", whereL is the length of the cell,
is what we callece™ above.

Your job in this problem is to work out what happemhen the input laser beam is not
weak, and thus we cannot assume that the atomsllane the ground state. In this case
a =a(v,x), which makes the differential equation somewhatenateresting.

Assume the laser is on resonance for simplicityerTkhe attenuation coefficient at any
positionx is proportional toP, - P,, which in turn is proportional to 1/(3¢ Thus we have
a(vg,X) =ag/(1+ s(x)).

In the weak beam limitl << 1, this reduces to our previous expression,ago=7,/L.

Write down an expression which relates the satumgtarameter of the laser as it exits the cell

Sinal’ the saturation parameter at the cell entrace, and the weak-limit optical depth,.

Check your expression by noting in the limit ofitinz, and smalls you gesg ., = Sinitia € ° -
If 7, =100, how large muss$ . be in order to have a transmission of 1/2(s, =s .. /2)?

V. ATOMIC STRUCTURE OF RUBIDIUM

The ground-state electronic configuration of rubidiconsists of closed shells plus a single
5s valence electron. This gives a spectrum whglsimilar to hydrogen (see attached
Scientific American article). For the first exdtestate the 5s electron is moved up to 5p.

Rubidium has two naturally occurring isotop€®Rb (72 percent abundance), with nuclear
spin quantum numbér= 5/2, and’Rb (28 percent abundance), with 3/2.

The different energy levels are labeled by “teratest”, with the notatiod>*'L, , where

Sis the spin quantum numbdr, is the spectroscopic notation for the angular muoma
quantum numbeit (e. S, P, D, ..., for orbital angular momentum quantwmmberL = 0,1,2,
...), andJ =L + S is the total angular momentum quantum number. tif®@ground state of
rubidium,S= 1/2 (since only a single electron contributesy la= 0, givingJ = 1/2 and the

ground state? - FOr the first excited state we haSe 1/2, andL = 1, givingJ = 1/2 or

J= 3/2, so there are two excited statéy,, and ?P,,,. Spin-orbit coupling lifts splits the
otherwise degenerate , andP,, levels. (See any good quantum mechanics or atomic
physics text for a discussion of spin-orbit cougl)n
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The dominant term in the interaction between theear spin and the electron gives rise to
the magnetic hyperfine splitting (this is descriliednany quantum mechanics textbooks). The
form of the interaction term in the atomic Hamiliam is H, ,0J« 1, which results in an

energy splitting
AE :%[F(F #)-1(1 +1) =33 +1)]

whereF =1 + J is the total angular momentum quantum number dicly nuclear spin, an@
is the “hyperfine structure constant.” Figuresnd 8 show the lower S and P energy levels for
®Rb and®Rb, including the hyperfine splitting.

F'=4 F'=3
5P.
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Figure 7: (Left) Level diagrams for the D2 linefttme two stable rubidium isotopes.
(Right) Typical absorption spectrum for a rubidivapor cell, with the different lines shown.
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Figure 8: More rubidium level diagrams, showihg hyperfine splittings of the ground and exciéates.
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|. Overview of the Instrument (See the Apparatus Section 5 for details.)

A. The Laser

TeachSpin’s robust and reliable grating stabilifzser is both temperature and current
regulated. When the grating is in place, it pregidptical feedback that retroreflects the laser
light to create an external cavity that stabilifes laser to run at a controllable wavelength.
A piezo stack, mounted in the grating support,vedlohe grating position to be modulated by
an applied voltage. The laser temperature, lasetret and piezo stack modulation are
determined by individual modules of the Laser Di@imtroller.

A Plexiglas cover over the laser provides isolatfoym air currents and protects the
knobs used to adjust the angle of the grating fassidental changes. There are two holes in
the cover to allow the laser beam to exit undistdrboth with and without the diffraction
grating in place. (The grating can be removed twl\stthe way the laser behaves without
grating stabilization.)

B. The Detectors

Your apparatus is supplied with three photodiodedaters. The detectors contain current
to voltage converters. The detector responsenesati when the voltage output signal is
between 0 and -11.0 Volts so you want to make sore are no where near the -11.0
saturation voltage. A switch on the back of theed®sr allows you to change the gain setting
from 10 MQ to 333Q in ten steps. The detectors have separate sagmhlpower cables.
Three DETECTOR POWERplugs are on the front panel of the controllerouYcan send the
detector signal directly to an oscilloscope orm®IETECTOR MODULEOf the Controller.

C. The Absorption Cell Assembly

The absorption cell assembly consists on an odsssgylinder, an insulation layer, a
heater assembly, a “cold-finger”, a thermocouplentmitor the temperature and the gas filled
Rb cell itself. The cold-finger is a small piedeneetal that fits over a small protrusion on the
side of the cell. Because the metal is a good wchod and stays cooler than the cell, any
excess rubidium will condense in the protrusiotheathan on the windows of the cell. The
heater is both powered by and monitored from thetrober.

D. The Magnetic Field Coils

The magnetic field coils are a Helmholtz pair whigtoduces a uniform field at the
Rubidium cell. They are used in experiments si&cR@sonant Faraday Rotation and Zeeman
Splitting and must be powered by an external paswpply. The Absorption Cell Assembly
in mounted at the center, even when they are nasén

E. The Controller

While almost all functions of the apparatus aretadied by the modules on the front on
the Laser Diode Controller, the potentiometer useskt the laser temperature is on the back,
to prevent accidental changes. The laser temperdetermines the lasing frequency and will
be set at the factory. The temperature shoulabehed only if, for some reason, a check of
the Laser Temperature Set Point indicates it has b#ered or the diode itself is changed.
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The Modules — starting from the right

DETECTOR/LOW PASS/DC LEVEL : This module provides power for three detectois aifiers
two detector inputs and a series of Monitor optionsu can look at either detector or a
combined signal.

PIEZO CONTROLLER : This controls the piezo modulation, which detemesi the way the
angle of the grating is changed and thus the chandsweep” of the laser frequency. It
includes a monitor output.

RAMP GENERATOR : This provides a bipolar variable amplitude arehfrency triangle wave
which can be used, via tlaMP OUTPUT connection, to modulate either or both the piezo
stack and the laser current. The resulting chaimgdee grating angle and current produce the
variation or “sweep” of the laser frequency. HaP GENERATORMOodule can supply a wide
range of frequencies and amplitudes. Byaic ouTPUT connection for the oscilloscope is
located in this module.

CELL TEMPERATURE : The cell temperature is both set and monitoreduih keys on the
LED display. It has been configured by TeachSgim.case it is accidentally reset, see the
Apparatus section for detailed help.

CURRENT: The current module controls the current to #eef. It houses a modulation input
so that the current can be ramped along with teeopstack and an attenuator to control the
degree of modulation.

MONITORS: This set of connectors and indicators, locatedtlen lower part of the cell
temperature panel, provides a place to monitog wgltage, the set point temperature of the
laser as well as the actual temperature and curreflte indicator lights indicate the
temperature of the laser in reference to the set.po

F. TV and Camera

The TV and camera will be used to observe botHig¢e coming from the laser and the
Rb fluorescence in the vapor cell. While invisilite our eyes, the 780 nm light can be
detected by the camera and seen on the TV.

G. The Optics and Connectors

Your Diode Laser Spectroscopy system comes witthalevcollection of bases supports,
mirrors, polarizers, neutral density filters anduesplitters which can be combined in a wide
variety of ways to do a wide range of experimehéd ts limited only by your imagination.

lI. Initial Setup — What to do first (This may take one or two hours.)

These instructions will help you set up and aliganyiaser for the first time. When you have
carried out these detailed steps, your laser valltimed to the Rubidium resonance lines.
Once aligned, it is unlikely that the laser willedeany more than minimal tweaking.

A. Unpacking and Setting Up the Laser

1. The room used for your diode laser should bbe tabbe closed to other users, first so that
you can dim the room lights, but most importantyy®u can have absolute confidence
that no stray laser beams can escape and potgegaite harm to anyone.
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2. Unpack the various components from their shiggiantainers and place everything on a
table with plenty of room to work.

3. Place the Controller at one end of the optizabdboard. (we find it easier to put the
controller and laser on the right side of the boattie laser connection is behind the left
end of the controller.)

4. Mount the laser on one end of the breadboartthatothe beam will go across the board.
(Before making placing the laser head on the boamhaking connections to it, ground
yourself to remove electrostatic voltages.)

5. Remove the protective plug from the laser heg@i-connector. Connect the laser to
the controller using the 9-pin D-cable provided,iahhplugs into the back of the
controller.

6. Make sure the laser power switch (located erldft side of the controller, on the front) is
in the off position. Then plug in the laser controller powerd and turn on the main
power switch (located in the back, near the powed)c

B. Setting up the Absorption Cell Assembly- the cell takes a while to get to optimum
temperature so you want to have it heating up wialedo other things.

1. Slide the Absorption Cell Assembly into the Matio Field Coils and secure it.

2. Place the assembly on the breadboard so théaseebeam will go through the cell. Put
it eight inches or so away so that you have roomdik between it and the laser.

3. Connect both cables from the cell assembly eédotick of the controller. You will notice
that the polarity of the banana plug heater wir@sschot matter. The polarity of the blue
thermocouple connector, however, does matter.illtonly plug into the blue receptacle
one way.

4. When the power is turned on, the Cell Tempeeatantroller (LED display on front
panel) will first reset and then display the celinperature. In five or ten minutes the
cell temperature will be close to its factory efisited set-point temperature of 30."

You may check and/or change the cell temperaturpaet as follows:

a) Press the leftmost button on the cell tempegatwntroller. It is marked by a
circular arrow. The temperature controller withdeSP1.

b) Press the rightmost button on the cell tempegatontroller. The cell set-point
temperature (in degrees C) will now be displayed.

c) You can press the up/down arrow buttons to chaihg set-point. Start with a
temperature of 50C.

d) Press the rightmost button. The display wlld&P2

e) Press the leftmost button twice. The displdyr@ad RUN momentarily, then it will
read the cell temperature.

f) The cell temperature should read near the seitt@dter several minutes. You may
proceed with the next step before the final tentpeeais reached. The Cell
Temperature controller igot critical to operation of your diode laser. It malgr
improves the signal strength by increasing thediubn density in the cell. See
Theory section for a plot of Rb pressure versugptrature.

" A starting temperature of 50 °C was chosen to gimce strong absorption signal (about 90%). Guce
become familiar with the system you may want toknettra lower temperature.

3-3
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Trouble shooting: If the controller is not workiras described please refer to the
Apparatus section of the manual under Cell TempezaController for how to
configure and set your controller. It is possiptir controller became reset during
shipping or by a student (the ever-present scapegoa

C. Starting up the Laser

Operating note: The diode laser frequency depemdgmperature. If not set correctly, you
may not be able to get your laser to tune to the rBdpnance lines. The optimal
temperature was determined at TeachSpin and igdedoon the data sheet.

1. Check the Diode Laser temperature:

a) Use a voltmeter to read the TEMPERATURE SET-PDilNthe MONITORS section
of the controller chassis. This voltage should akgihe Temperature Set-point
recorded on the data sheet shipped with your laldt.does not, adjust the 10-turn
potentiometer on the back of the chassis to olbkesrtorrect set-point.

b) Make sure the LASER TEMPERATURE INDICATOR lighase both off. If either of
these is on, then the laser temperature has naegehed its set-point temperature.
With a voltmeter connected to the LASER DIODE TEMRPH URE pin jacks, you
may monitor the laser temperature.

2. PUT ON SAFETY GOGGLES. Your laser typically suvith an output optical power of
10-30 mW, all concentrated into a narrow, intensanb. Staring directly at the Sun sends
about 1 mW into your eyesind this is already enough to cause permanent eye
damage To make matters worse, the laser light has a leagéh close to 780 nm, which
is nearly invisible. Practice proper laser safetgnyone that is in the room and can see
the laser, should wear safety goggles when the ias.

3. Set the laser CURRENT potentiometer fully cowsitekwise (low current) then turn the
LASER POWER switch on.

D. Aligning the Laser

Locate the IR viewing card. The sensitive aethe IR card is a dull orange color. This
contains a polymer that absorbs UV light from th&bent lights in the room, especially
fluorescent lights. The polymer molecules are theaited into a metastable state, and
incident IR light from the laser can induce a tiaos that emits visible light. (Note the
IR card will not work well if the room lights ardfdor an extended period.) The IR card
allows you to “see”(actually locate) the laser beawen when you are wearing your
protective goggles, since the goggles do not btbekvisible light emitted by the polymer.

2. Hold the IR card at the laser output (the holéhe plastic cover of the laser) while you
turn up the laser CURRENT knob. You will need wontthe knob 3-4 turns before the
beam becomes detectable on the card.
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3. Set up the TV and Assemble the TV camera:
a) Putthe TV monitor near the controller and sapito display camera image.

b) Connect the power cable of the camera to the pawer supply provided, and
connect the camera output cable to the TV monidou should see an image on the
monitor.

c) Place the TV camera, mounted on an optical pust,a post holder. Then the camera
can conveniently be placed on the optical tablehwite laser and other optical
components.

SAEE

Buisness Card
in Card Holder

Figure 1. Externav@y Alignment

Operating note: The camera lens can be focused avbroad range of working
distances, from infinity to as close as a few eceeaters. The focus is adjusted by
turning the lens. Do NOT shine the laser beamatliyeinto the TV camera, for this
may damage the CCD sensor.

4. Place a business card in the Neutral DensitgrFilolder and locate it so that it intercepts
the laser beam see Figure 1. Focus the TV canmetheocard. Dim the room lights and
turn the laser current to zero. Now increase tireeat while watching the TV monitor.
You will see a light spot that becomes slightlygbter as you increase the current. Your
diode laser is below threshold, it is not lasingt bnly acting as an LED. As you
continue to increase the current you will obsensudden brightening of the beam spot
and the appearance of a speckle pattern chardictefisasing.

Adjust the current so that the laser is just abitweshold. You can measure the laser
current with a voltmeter. A diode current of 50 mAill give 5.0 Volt output on the
LASER CURRENT in the MONITORS section. You can gme your measured value
with the threshold current recorded on your dataesh A lower threshold current
represents better optical alignment. Do not beceored if your threshold current is
slightly higher than that recorded on your dataesh€ou will align the cavity in the next
few steps after which you can measure the threshwlent again.

3-5
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Note: Your laser was shipped with the laser algyné& many cases it will need little if
any adjustment. The following steps will allow yowheck the alignment and optimize
it, if necessary.

5. Look at the laser head itself. You will se® thnobs protected by the plastic cover. The
upper or top knob controls vertical alignment. Tlogver or side knob provides a
wavelength selective horizontal alignment. Befdreginning your alignment, it is
important that you have read the first sectionhed tnanual Diode Laser Physics. It will
be much easier to follow the procedure if you heeme idea of the physics behind these
adjustments. This may be the most difficult procedyou will need to follow in this
experiment. For the uninitiated it is very easydtally misalign the laser, which can be
both frustrating and time consuming. If you are faoniliar with diode laser adjustment,
we ask that you follow each step closely. If yavéd trouble or do not observe what is
described in a given step, do not go on to the seepp! We have tried to anticipate
possible problems and direct you to the solutidfe also do not want to make you overly
timid by this statement. Alignment of the extertader cavity is something that any
experimental physicist can accomplish. You wileddo become facile in the alignment,
not only because your students may misalign théycawt also because eventually your
diode will burn out, and you will have to replate This will involve an alignment of the
cavity, starting from scratch.

Figure 2: Picture showing TOP and SIDE Knobs usealign grating. Allen wrench is
shown in Side Knob.
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6. Vertical Alignment: Remove the plastic coveorfr the laser and set the current so that
the laser is just above threshold. Adjust the TKdBb while watching the laser spot on
the card using the TV camera. Keep track of whhbig knob started, and DO NOT
TURN THE KNOB MORE THAN ONE HALF TURN. You may fohit useful to use the
5/64” Allen wrench placed in the back of the knasbagposition indicator. It is also easier
to make small adjustments of the knob by usingloing arm of the Allen wrench as a
lever.

You should see the laser spot change in intensithe@ TOP knob is turned. If you rotate
the TOP knob very slowly, you will notice that theght “region” actually changes from
bright to dim. These are modes of the laser. Yawukhbe able to distinguish six to ten of
these modes, with fewer modes when the currentsisgbove threshold. You are seeing
different longitudinal modes in the external cavdgfined by the grating and back facet of
the diode. As you turn the top knob you are ndy changing the grating angle but also
the external cavity length. You have changed #hetg length by one half wave length
when you move from one bright peak to the nextYou will need to have to set the
current just above threshold to see this clearlthis may involve a few iterations of
setting the TOP knob to give an intensity maximund then adjusting the laser current.

Figure 3, at the right, shows an
oscilloscope trace of the intensity of the
laser as the TOP knob is adjusted. It
will give you an idea of how the
brightness of the spots you are seeing is
varying. It is hard to tell the middle
ones apart. For best alignment leave
the laser in the middle of this vertical
mode pattern as best you can. It is not
necessary to sit right on one of the
mode maxima, but only near the center
of the mode pattern. The correct mode
maximum will be set later with the side horizoradjustment knob and piezo voltage.

Note that finger pressure on the knob also chatigegrating alignment, so remove
your fingers often during this adjustment. If ylnd it difficult to turn the knob with

a light touch, then you can use the Allen wrenciced in the back of the knob as a
lever for adjustment.

It is not critical for operation of your laser thgbu achieve near perfect vertical
alignment of the grating. You will get adequatselaperformance by simply turning
the TOP knob to the intensity maximum. Howevehas been found that the better
the alignment the better the operation of the ladgetter operation being defined as
wider mode-hop-free scans.

If you are not able to see any change in lasensity as you adjust the Top knob then
STOP! Do not continue. Most likely both the SIR&Rd TOP knobs have both been
moved by accident or during shipping. Please refé¢Aligning the external cavity”
in the Apparatus section of the manual.
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Operating note : The TOP and SIDE knobs are usedigm the grating with respect
to the diode. The lines on the grating run vettica Figure 2 shows the diode laser
with the cover off and the 5/64” Allen wrench pldda the SIDE knob. The first
order diffraction from the grating is directed baako the diode. The zero order
reflection from the grating is the light you obseteaving the laser. The TOP knob
rotates the grating about an axis that is paralielthe table top. Turning the TOP
knob changes the vertical angle of the light diftel from the grating. But to first
order it doesnot change the wavelength of the light that is diffegicback into the
laser. The SIDE knob rotates the grating aboutaais that is perpendicular to the
table top. Turning the SIDE knalbeschanges the wavelength of the light that is
diffracted back into the diode.

E. Setting up to Observe Rubidium Fluorescence

1. Remove the index card and position the Rubidibsorption Cell Assembly so that the
laser beam passes through the center of theXell. may use the IR viewing card to trace
the path of the beam.

CCD
Camera

=]
[T =

. |&J J

ND Filter Holder
with Viewing Screen _
(Beam Block) Field
Coils

Figure 4. Setup for Observing Rubidium Florescence

2. Point the camera so it looks into the Rb gelif the Side Hole in the cell heater. If you
place the camera up on the base of the cell hglalecan position the camera so that it
abuts the glass holder surrounding the Rb celialy also be helpful to dim the room
lights since you will be looking for the fluoresoenlight emitted by the Rb atoms.

3. Set up the two channel oscilloscope that yoliuse for these experiments. Run a BNC
cable from th&kAampP ouTPUT Of theRAMP GENERATORMOdule to an oscilloscope. Run a
second cable from tireaMP GENERATOR SYNCOUTPUTto the ‘scope trigger. Observe the
output on the ‘scope as you adjust ®a@P GENERATORSettings.
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4. Use Th&kAMP GENERATORaNdPIEZO CONTROLLERtO Set the Frequency Sweep

a. Turn the ramp amplitude down and connecrier ouTPUTfrom the oscilloscope to
the modulation input connection on thEzO CONTROLLER MODULE This is a good
place to use one of the short BNC cables that aaithethe system.

b. Connect theoNiTOR ouTPuTOf thepPiEzOto Channel 1 of the oscilloscope. Turn the
piezo OUTPUT OFFSET knob to zero. (The OUTPUT OEF&hanges the DC
level of the monitor output. It does not change tbltage applied to the piezo stack.
This control is used when locking the laser to bsogption feature and is not needed
here.)

c. Set the ramp generator frequency to about 10THzn the piezo ATTENUATOR knob
to one (1). Set the ramp generator AMPLITUDE kriolten (10) and use the DC
OFFSET knob of piezo controller to produce a laagglitude triangle wave that is
not clipped at the top or bottom. The piezo MONR @UTPUT should have a
signal that runs from about 3 volts to about 8solt

Operating note: The PIEZO CONTROLLER drives a sipialtoelectric stack that moves

the optical feedback grating. This scans the ldsmguency (see the Diode Laser Physics
section of this manual for more on how this works).

RE | RAMP GENERATOR | PIEZO CONTROLLER DETECTOR L
FREQUENCY RANGE DC OFFSET MONITOR
08 12
N @ )
] 0 2
—] FfeqUG“CY Multiplier | coarse FINE
(Hz)) @ 100V Full Scale
‘e Reset

ﬁ

4 6 2 3
Q ? Q_ ° ' _Q ’
t. 0 ! 0 5 2 -8 2 -8
AMPL|TUDE OFFSET ATTENUATOR OUTPUT
0 0 10

OFFSET

RAMP SYNC. | MODULATION MONITOR BALANCE
.
ololloRolfole
oufput oufput ndUT outhut DETECTOR INPUTS
To Oscilloscope Chan. 1
——-

To Oscilloscope Trigger
Figure 5: Modules showing connections for setthgyfrequency sweep.
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F. Actually Finding the Rb Fluorescence, Initial Horizontal Adjustment

1. Set the laser current to the value listed o gata sheet. You will need to connect a
voltmeter to the ASER CURRENT MONITORO accurately set the current. If the horizontal
grating position has not been changed much duhigpsg or because of accidental
adjustment, then you will see a flashing streakgbit within the cell on the TV monitor.
This is rubidium fluorescence. Atoms of Rb in tiedl, absorb laser light at the atomic
resonance frequency and re-emitting it in all dicets. If you do not see any
fluorescence, do not despair. You only need teeraaitight adjustment of the SIDE
knob.

2. Put the 5/64” allen wrench (hex key) in the batihe SIDE knob and use it as a rotation
marker. Remember the starting position of the whegou could even draw a little
picture in your lab book. While you observe the 3areen looking for the fluorescence
flash, slowly rotate the SIDE knob first one wayldhen the other. You should not need
to rotate it more than one half turn in either diien.

3. If still no fluorescence is observed, then netilne SIDE knob to the starting position, and
adjust the current in 3mA increments (about 1/3 tairn) both above and below the Laser
current recorded on you data sheet. At each newgrdusetting rotate the SIDE knob
again, so that you don’t lose your position, alwestsrn the knob to its starting position
before changing the laser current. If you do NO& @y fluorescence, first repeat the
above steps again, doing them with care. You nfighie someone else go through the
steps as well. It's easy to miss some detail hod hot observe fluorescence. In
particular check the laser temperature, the verilignment, and make sure you are
sweeping the piezo.

4. If you still see no florescence then you camtiaking bigger excursions in the grating
angle with the side knob (plus and minus one whaie). It may be that the Cavity
became grossly misaligned during shipping, refeseiction A4-2. in the appendix for
details on aligning the external cavity.

5. Once you see the florescence flash move the 8ok so that the florescence is always
visible. Now adjust the laser current to makeftbeescence as bright as possible.

G. Observing the Absorption Spectrum Using a Phottiode Detector

1. Connect a Photodiode Detector (PD) cable tifBEECTOR POWER output of the laser
controller, and connect the Photodiode DetectgputBNC to Channel two (2) of the
oscilloscope. Set the Channel two (2) input cayptp DC, the gain to 5 Volts/div, and
the vertical position so that ground is in the nedoff the oscilloscope display. The signal
from the Photodiode Detectornggativeand saturates at about -11.0 volisyou are
uncomfortable observing a negative going signaluycan always use the invert
function on your ‘scope.

" You can check that the piezo is actually movinglbing the following. With the Ramp generator
connected to the Piezo modulation input, turn tMPAITUDE of Ramp to zero, change the ramp frequency
about 3 kHz. And then increase the AMPLITUDE. Yahould be able to hear the piezo vibrate. WARNING:
Do not leave the piezo running at high frequenay amplitude for a long time. It will cause heatad
damage to the piezo.
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2. Put the Photodiode Detector in place to intdrdeplaser beam coming through the Rb
cell. You can move the PD for alignment. You waglve to adjust the Gain on the back
of the PD. Make sure that the beam is hittingséesor and bolt the photodetector down.

Operating note: In the present configuration thexa very high intensity beam (power
per unit area) going through the Rb cell. This mpower “saturates” the transition,
resulting in very little total absorption of thedre.

3. Attenuate the Signal Reaching the Detector

a) Assemble the glass neutral density filter ilkad mirror holder and place it in a post
holder. Please refer to the Optics section ilApparatus Chapter of the manual if
you are unfamiliar with putting optical componeint® mounts.

b) Place the attenuator between the laser andhreeRR(not between the cell and
photodiode). Adjust the PD Gain so you can obssoveething on the ‘scope
showing that light is hitting the PD. For the bpstformance you want the PD Gain
to be as high as possible without saturating the Plls keeps the noise from the PD
at a minimum. The PD gain changes in 1,3,10 stepgnal level of 2 to 6 volts is
reasonable. Block the beam with your hand to cme/iyourself that the PD is
detecting the transmitted laser light.

You should see a ‘scope signal that looksething like this:

Tek S Trig'd M Pos: 40.00ms SAVESREC
-

Action

Save all

oy PRINT
uttn:ln

1+ 0 File
ﬂ__.,_—//’\—/\_d_j\ select
Folder
&bout
Save all

CHT 2004 CH2 1004 M 10.0mms Ext 7 512mY

26-0ct-04 220 <10Hz

Figure 6: Upper trace (Channel 1) shows piezo mosignal.
Lower trace (channel 2) shows Detector output.eNloat signal is “negative
going” so absorption features appear as spikes.
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4. Interpreting the Oscilloscope Signals
a) The upper trace shown in Figure 6 is the piepaoitar, which shows the voltage on
the piezoelectric stack as a function of time. Tdwer trace is from the photodiode,
showing absorption dips due to the Rb vapor. Bseame have a negative going
signal, these appear as spikes. If the laser scafperfectly” in frequency (that is no
mode hopping), you would see just some fractiothefRb absorption spectrum. The
energy levels o’Rb and®’Rb and the Doppler broaden spectrum are show below:

F'=4 F'=3
Psn 71— 3 —p— 2.
2 1
: ! Pl -
< LX) .
g 5 85 )
E a
:é a b a b % o8 | 87b i
2
F=2 E 07 4
06| 85b 4
—Y _  P=1
§Rb i 2 o 2 ry
Detuning (GHz)
Figure 7: Energy level Diagrams Figure 8: Doppler broadened spectrum

b) The absorption dips in your trace are interrdgig various “mode hops” — when the
laser frequency jumps suddenly. Refer to the Dibdeer Physics section for a
discussion of mode hops. Observe how the sigrehgds when you vary the laser
current and the piezo drive parameters. Pleaderexihe parameter space.

H. Horizontal Modes, Final Horizontal Adjustment

1. Adjust the laser current and piezo voltage sb @h'nice” absorption spectrum is centered
on the oscilloscope. This takes a little practiées with the vertical adjustment, there are
also horizontal modes. These modes are slightfgrdnt, in that turning the horizontal
move through two or three of these modes by chanihie piezo DC LEVEL voltage.

a) Place the 5/64” allen wrench (hex key) in thekbaf the SIDE knob with the long arm
of the allen wrench sticking out at about a 45°landSee picture at step 15). You
will use the allen wrench as a lever to gently mthreugh the horizontal modes.

b) Watch the oscilloscope display as you gentlyhpos the end of the allen wrench.
You should be able to identify six to eight modesahich the Rb absorption is still
visible on the oscilloscope. You want to set&de knob in the middle of this mode
pattern.

c) You might notice that the modes at the ends laasteorter and more erratic scan over
the Rb absorption. You do not need to make antedjastment with the Side knob
as the Piezo DC OFFSET voltage can be used tadimeto the mode. With proper
alignment and laser current adjustment you shoeldle to set a scan that covers the
first three lines in the absorption spectrum (845, and 85a as shown in Figure 9).

3-12
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Figure 9: Scan showing first three apson lines

2. You may notice a few “extra” features at thesafla scan right before a mode hop.
These feature look like (and are) replicas of theng) 85b and 87b absorptions and
appear near where you would expect to find thea®garption. The “extra” features are
associated with relaxation oscillations in the éitaser. (See Diode Laser Physics
Section). By reducing the laser current and amjgshe Piezo DC LEVEL, you should
be able to get a nice scan showing the 85a anfe@tiares. This is shown in Figure 10.

Tek o . Trig’ u:I M Paos: 4IZI IIIIZIms SAVESREC
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Figure 10: Scan improved by adjustments to lageeat and piezo DC level.
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I. Using Simultaneous Current and Piezo Modulatiorto produce a larger scan range
without mode hops. (See the Diode Laser Physidsosgor an explanation.)

1. Set the laseTURRENT ATTENUATORKNOD to zero. Attach the BNC splitter “F” connmct
to therRAMP OUTPUT ON theRAMP GENERATOR Plug one BNC from theAMP OUTPUTtO
the MODULATION INPUT of the PIEZO CONTROLLER and the second BNC fromrRamp
OUTPUT to theCURRENT MODULATION INPUT.

2. Turn the ramp generator amplitude up to maximana watch what happens when you
turn up the current attenuator knob. With someakireg you should be able to produce a
full trace over the Rb spectrunThe oscilloscope invert function has been useshow
the trace in what “looks” more like an absorptigeatrum in the Figure 11. Note the
correspondence to the expected atomic Rb spectramrsin Figure 8

Tek  .JL. Trig'd M Pos: 40.00ms  SAYE/REC
w'm

Btion
Save all

PRINT
.............................................. ELLiEN

Frorrrrrrrrnrrnnrnafprferosnvnaho [N NREE

Select
Folder

: : : : wum o BDOUT
- : : : : 1 Sawe all

25-0ct-04 0022 <10Hz
Figure 11: Expanded Scan Showing Four Absorptioes.

Operating point: The depth of the lines dependstten length of the Rb cell and the
atomic density, the latter depending on cell terapee. You can explore this by
changing the cell temperature

3. You can see in the above that the backgrourehsity changes considerably with the
scan. This is because you are now scanning tlee ilatensity (via the current) together
with the laser frequency (via the piezo). You camrect for this effect in a number of
ways. One way is to digitally record a spectrurthwiie cell in place, and then record a
second spectrum with the cell removed, and findliyde the two signals in software.
This has the advantage that only a single photottetés needed, but the disadvantage
that the two traces are not recorded simultaneoushother way to accomplish this is by
using a second photodiode, as in the following Ud&yo
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Figure 12: Apparatus set up to use two detectors

J. Using Two Photodiode Detectors to Compare a Beadirectly from the Laser to one
that has passed through rubidium vapor

1. You will need to place the 50/50 Beam splitteaimirror mount. Please refer to the
Optics section in the Apparatus Chapter of the rahifiyou are unfamiliar with putting
optical components into mounts.

2. With this experimental configuration you willtdet two simultaneous signals, one with
and one without the Rb absorption, and then suttinecspectra. You will use the
Detector electronics on the Laser Diode Controller.
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To Oscilloscope Trigger From From
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Figure 13: Controller Modules showing connectiamsusing two photodiode detectors

3. Connect the BNC from the Photodiode Detectar thé right most (-pETECTOR INPUT
(This will invert the signal from PD 1 so that alysiions will show as dips.) Set the
BALANCE knob above the (iNPuUT to 1.0 (fully CW). Set theaiNto 1. Connect a BNC
Cable from themoNITOR connector above the gain triangle to Channel theriscope.

3-15
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Change theaLANCE knob and observe the effect on the ‘scope. Pos#tisecond
Photodiode Detector to intercept the beam thabkas split off by the Beam Splitter.
Connect the power cable of the detector to onb@bpen ports. Connect the BNC from
Photodiode Detector 2 to the (+) or left MDEFECTOR INPUT Set theBALANCE knob
above the (+)NPuT to 1.0 (fully CW) and turmALANCE knob above the (4NPUT to O.
Adjust the Gain on the back of Photodiode Dete2tfor a “good” (2-6 volts) level signal
on the ‘scope and position the photodiode for aima signal. Now increase the
BALANCE knob above the (iNPUT to 1.0 and adjust tHBALANCE to get a spectrum like
the one is Figure 14.

Tefestop

b 1

@F 2.00V  |MA.00ms Al Ext 7 800mv

Figure 14: Trace for Channel 1 only showing themkbimed signal from the detectors.
Subtracting the signals removes the effect of “ragipthe current. The beams
reaching both detectors are varying at the saneearad thesALANCE controls are
used compensate for any difference in intensity.

The trace shows an excellent correspondence tatpected spectrum, with all four Rb
absorption dips on a flat background. Note, howetvat the subtraction technique does not
immediately give an absolute measurement of absorpthile the digital method does.

Operating note: You should always be wary that Zegbt on a photodiode may not
correspond to zero voltage output. You can cheisklty simply blocking the beam and
noting the voltage
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K. All Finished

At this point the initial alignment is complete,dayou are ready to move on to the more
sophisticated spectroscopy experiments. You mayl ne realign the grating feedback
from time to time, following the above proceduresf not disturbed, however, the
alignment will likely be stable for months.

L. Shutting Down

If you are not using the laser for a few hoursdome reason, you can you can leave the
controller on. Then the diode laser and the RH wéll stay at their operating
temperatures and be ready to go when you need it.

BUT TURN THE LASER CURRENT OFF. You should turrettaser current down, and
the laser power switch off, whenever you leaveldbe This is a safety precaution, plus it
will prolong the life of your laser. With use tlgode laser will eventually burn out and
need to be replaced, so leave the laser itselloén not in use.

It's okay to leave the ramp generator and pieadrotier on and running at whatever
setting you wish (for examples, the settings deiteechabove). You can also leave the Rb
cell temperature at whatever setting you wish. rilihese will be set up when you want to
use the laser — just turn on the laser power svatahturn up the current. After the laser
warms up briefly, you should have essentially thens spectrum you had when you
turned the laser current off.

We do not recommend leaving the controller on gt and unattended even if the
laser current has been turned off.
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lIl. Observing Saturated Absorption

A. The Optical Plan

There are countless ways in which the optics cbeldonfigured to do observe the Saturated
Absorptions Spectrum (SAS of Rubidium. A compldigegram of the configuration we will
guide you in building is shown below in Figure (& different layout is used in the lab notes
from Caltech which are at the end of this manual.)

Detector 2 Detector 1
to (+) INPUT o () INPUT

I

Photo- Photo-
diode diode
Detector || Detector
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66‘%0
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T
s
i

Glass
ND Filter

Figure 1. Complete SAS setup

B. Some Basics Before We Begin

1. Keep the beam height above the table constardwabounce the beam off the mirrors.
Since the center of the absorption cell and therlase 4” (10 cm) above the table top, the
beam should be there also. You can use the viegardjto check the beam height.

Place the viewing card in the neutral density b&aider so that the marked line matches
the top of the holder. Now, set the height so thattop edge of the holder, and thus the
center of the viewing card, is 4 inches above dhdetop.



Rev 2.0 11/09

IR Viewing Card
0.75t0 1.3 ym

2. When placing optics, try to start with the bezemtered in the optic. This gives you
maximum adjustment range before the beam “walKstloéf end of the optic and you have

to reposition the mount.

3. When using the optical mounts to hold beamtspdit observe that there are two possible
configurations of the mount. When looking at theumt from above, the upper
adjustment screw can be placed on the right olefie If placed on the wrong side, the
support for the upper adjustment screw will bldo& transmitted beamlhe upper
screws are shown with a blackened edge in the fegubelowTo change orientations,
you must remove the mount from the post and userthegonal mounting hole.

4. Spend a bit of time planning your optical laybafore you start.
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Now that you have completed the Initial Setup hade observed the Doppler broadened
absorption spectrum of Rubidium you are ready o lior saturated absorption.

1. Make sure you have two mounted mirrors, a 1@f@0a 50/50 beamsplitter assembled.

2. Reconfigure the apparatus you have been usiadhe layout shown in Figure 2. (This is
only part of the complete SAS setup. We’'ll addribst later.)

BE SURE TO HAVE A BEAM BLOCK IN PLACE AS SHOWN
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Figure 2. Start of SAS setup witf vedged beam splitter in place

We have used the’wedged beam splitter which yields two reflectedrbs, one from each

face.

The small angle of the wedge causes thedbéa diverge slowly so that both beams

can travel through the cell to the two photodetesctolrhe second photodetector (PD) is not

needed to “see” the SAS.
absorptive background signal.

It is used in the finlglcteonic subtraction to remove the
If you do not intéodise this electronics “trick,” you can

leave the second detector out of the setup. Bnositie PD’s to maximize the signal level

from each.



Rev 2.0 11/09

Monitoring the output of the Detectors, you shoolicerve the now familiar Rb absorption
spectrum on your ‘scope.

3. Now, add the two turning mirrors to the setugpshown in Figure 3. Move the Beam
Blocker to the new location shown.

Detector 2 Detector 1
to (+) INPUT to () INPUT
Photo- Photo-
diode diode

Detector | | Detector

S o Beam
' Block

Glass
ND Filter

Figure 3. Turning mirrors added to setup.

D. Understanding the Functions of the Beams

We are now ready to add the important 50/50 bedittes@as shown in Figure 4. But first

let’s talk about the motivation for all the bearysrfg around. The initial 10%/90%
beamsplitter has generated two weak 'probe’ bemmdsyou've seen that each of them,
passing through the cell to a photodetector, isoagof the transmission of the cell. But the
stronger beam transmitted through the 10/90 beattesgias now been brought around to the
far side of the cell, and is ready to be sent thhathe cell, in the opposite direction of the
probe beams, and overlapping one of the two prebens inside the cell. (You want to
overlap the beam going to Detector 1.) The strobgam is called the 'pump’ beam, and
what it 'pumps' is the atoms being probed by only of the two probe beams. Because we
are using a 50/50 beamsplitter, only half the plo®gm is sent through the cell, and only half
of the probe beam gets through to the photodetdei®t. The important function of the
50/50 BS, however, is to create the desired amaHetism of the pump beam and one of the
probe beams.
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There are two fine points to observe in Figurd=#st note the upper adjustment knob on the
50/50 BS mount is on the side such that the prelaenbcan pass through the mount. You
should also observe that the mount is placed swatithe beam going to Detector 1 passes
through the 50/50 beam splitter, but the beam gtwrigetector 2 misses both the beam
splitter and the edge of the mount that is holdivgBS. With the 50/50 beam splitter in
place, we are ready to align the strong pump beathat it is anti-parallel to the weak probe
beam going to detector 1. (You may want to readatbpendix that has a short discussion of
the algorithm used to position a beam in space.)

Remove the glass ND filter from the beam path.sTill make it easier to see the two
beams. Use the IR viewing card to observe the bedrmosition 1 which is right before the
probe beam goes through the 50/50 BS. The IR wigward has a circular hole on its
backside so that you can observe beams from brhtiins.

Use the adjustment screws on Mirror 1 or 2 to @pethe two beam spots at position 1.
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Figure 4. Aligning pump and probe beams.
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Now, move the IR viewing card to position 2 (betwélee Rb cell and the 10/90 BS). Use
the adjustment screves the 50/50 BS moutd overlap the two beams at this position. It is
very likely that the strong pump beam will not bsile at position 2 initially. You may have
to loosen the screw that secures the post on #® 85 and rotate it till you can find the
beam.

If all else fails and you cannot get the beamsvigrlap easily, you can temporarily move the
Rb cell and magnet off to the side so that youtcace the pump beam path from the 50/50
BS. Once the beams are overlapped at positioro2e finack to position 1 and check the
beams. Again use the mirrors to overlap the bdars After a few iterations, you should
be able to get the pump beam and one of the predab overlapping in space and anti-
parallel in direction.

Now replace the glass ND filter (and the Rb céjou removed it) into the beam path. Look
at the absorption signal on the oscilloscope. Bahe scale so that you can observe the two
large absorption features. If your beams are dio$®ing aligned, you will start to see some
sharp spikes within the broad absorptions. Seer€i§. These “spikes” indicate that the
ability of the rubidium atoms to absorb photonsrirthe probe beam has beadiminished;

more light from the probe beam is actually reacliirgdetector. This is because atoms
which, in the past, would have absorbed the pr&agrbphotons are already in the excited
state because they have absorbed photons fronptimeg” beam. You may now try to
maximize the size of these spikes by tweaking theséiment screws on the mirrors and the
50/50 BS.
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Figure 5. Observation of SAS features
(a) Beams are partially overlapped and some Séakis visible
(b) Signal after tweaking of mirrors and 50/5@imsplitter.

If you are “to0” good at this alignment, the twoabes may be so perfectly anti-parallel that
the strong pump beam comes through the cell anthdiog off the 10/90, is reflected back
into the laser. When this happens, the lasermwillonger scan through the spectrum
continuously, but in a series of steps. You maseole a spectrum that looks like that shown
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in Figure 6. This feedback is undesirable, bdbis show that you have perfected the
alignment of the two beams. Now you can slightigatign the two beams such that the
feedback does not corrupt the smooth scan of ge.la

You may have noticed that the Caltech lab notesvsdroopto-isolator right after the laser.
The opto-isolator will stop this feedback from gegtinto the laser, but it is not essential for
operation of the system. Another technique tacedeedback is to put more ND filters in
the beam path. An added filter attenuates thectfti beam twice, once on the way out and
again on the return trip.
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Figure 6. When the anti-parallelism is too clospédect, there is feedback into the laser
that corrupts the frequency sweep. The ‘staircappearance of the absorption
profile is the indication of this.

If you have set up the second photodetector, ydiunaiv be able to use an electronics “trick”
to isolate the SAS features. To preview this cédpgbsend the two photodetector signals to
the two channels of an oscilloscope, and adjusgthuntil you can see what's similar about
the two signals, and what's different. Now youraay use the detector electronics section
of your electronics box to isolate that differen¢®ou will be subtracting out most of the
broad absorption signal.)

Put the signal from Detector 1 into the minus ingid that from Detector 2 into the plus
input of the detector section of the electronics.bAttach the monitor output to the ‘scope.
Set the plus balance control to zero and the nivalence control to one and observe the
signal from Detector 1 on the ‘scope. Adjust théngn Detector 1 so that you have a large
signal (several volts) but not so large as to satuthe detector (maximum signal less than 10
volts). Now, set the plus balance to one and timsrbalance to zero and observe the signal
form Detector 2. It will be inverted, with negativoltage values. Again adjust the gain of
Detector 2 for a signal level that is comparabléhtd seen by Detector 1. Because the beam
going to Detector 2 is not attenuated by the 5@&&m splitter, the gain needed on Detector 2
will be less than that of Detector 1. (Typicallgtector 1 needs a gain setting of 1.Q lsind
Detector 2 a gain of 330QXk)
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Now set both balance knobs to one and then redheckealance on the larger signal so that the
Doppler broadened background is removed. Thigactidn is never perfect, so there will
always be some residual broad absorption signaiireng. You may now raise the gain
setting on the difference signal and bring the SARes up to the volt level. You are now
ready to record some beautiful SAS traces.
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12-How-05 0455 =10Hz CH2 wertical position =212 divs (-2,124)
() (b)

Figure 7. SAS traces with background subtraction.
(@) RB’ F=2 and R F=3
(b) Expanded view of RHF=2.

It is interesting to study these signals as a fanatf the intensity in each of the beams. The
above traces are power broadened. To observathawest linewidths, you will have to
work at very low optical power levels in both thengp and the probe beams. You can use
neutral-density filters to attenuate the beamsu ¥ill also need to darken your room to
minimize ambient light falling into your photodetecs.
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IVV. Aligning a Michelson Interferometer
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Pick-off portion
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\C <

Figure 1: Overview of un-equal arm Michelson.

Find a spot on the table to lay out the Michelsderrferometer (MI). You must use the filter
holder to hold the 50/50 Beam Splitter (BS). Anmmirmount will not allow the beam to come
in and exit from all four directions. This congaies the alignment as one can only make
coarse adjustments of the 50/50 BS.

Keep Mirror 1 as close to the 50/50 BS as possible.

Use a wedged or flat piece of glass as the 10/9®mB®:k off a fraction of the laser beam.
Now look at Figure 2 below. We will use a busineasl with a hole punched in it to observe
the reflected beam from each of the mirrors. Atjlis business card and card holder so that
the incoming beam goes through the hole. Use @& €amera to observe the beam reflected

from the mirror. Adjust the mirror to send the going beam back through the same hole.

Do this for both mirrors as shown in Figure 2.
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Figure 2: Use a business card with a hole punamé@da roughly align two mirrors.
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Figure 3 lIterative procedure to get two beam nedr.
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Now move the Card holder to the position shownigufe 3. (Upper) You should see two
beams on the card, one from each mirror.

With the card holder close to the 50/50 BS adjustan2 to make the two beams over lap.

Then move the card holder to a position far from30/50 BS (a few feet, 1/2 meter or so.)
Again, you should see two beams, now adjust mikrimr make the beams overlap.

Go back to the near position and repeat.

In a few iterations, you should start to see somngés appear in the overlapped area of the
two beams.

You will not see any fringes if the laser is scaugnits wavelength, so turn off the wavelength
scan during this part of the operation. (Set thenR Generator attenuator to zero.)

Once you see some fringes you can still repeatbloge steps a few more times. If done
correctly the fringe spacing should become largaha alignment approaches optimum.
Gently pushing on one of the mirror mounts showaldse the fringe pattern to change.

Now put a photodiode in the beam and restart therlscan. You should be able to see some
nice periodic modulations of signal from the phatbole.

| find that a contrast ratio of 10% is about thetdecan do. (minimum intensity is 10 % of
maximum intensity.)

Other tips:

Remove the glass Neutral density filter from treetadbeam when doing the alignment. This
will help make the beams easier to see. You vaMento replace the filter when you want to
make scans.

Feed back from the interferometer can get backtimtdaser and corrupt the scan. If thisis a
problem adding more attenuators after the glassaladensity filter will help.



Rev 2.0 11/09

V. Appendix — Making Beams Collinear

Two points define a line, iterative procedure tgrak laser beam to a “line in space”. The
pictures are only for aligning in one dimension.

The process is shown in the Figures 1 — 4 beld@We objective is to get the laser beam, the
narrow line, to be collinear to the “line in spacepresented by the darker dashed line. The
angles have been exaggerated to make it easieetwlsat is going on.

1. With the viewing card near to mirror M2, adjasigle of mirror M1 until the laser beam is
intersecting with the desired “line in space”. $eagrams 1 and 2.

2. Now, move the viewing card to a distance faryafsam M2, as shown in Diagram 3.

3. Adjust the angle of mirror M2 so that laser besgain intersects the “line in space”. You
will notice that this makes the alignment at thistfposition, near M2, off a bit.

4. Now move the viewing card back to position shawBiagram 1 and repeat.
You will probably have to repeat the process sdvanes to get the beam where you want it.
(That'’s iterative for you!) The closer the viewiogrd is to M2, the faster this procedure

converges.

You might ask where the “line in space” that yoe t&ying to match comes from. It could be
another laser beam or, perhaps, a desired beandgitied by two irises.
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EXPERIMENTS SECTION

for

DIODE LASER SPECTROSCOPY

Experiments | — 1l were written for the AdvancetiyBics Laboratory of the
California Institute of Technology. Pdf versiorfgliese documents can be found
on the Caltech advanced lab website.

Experiment IV can be found in an article writtenr the American Journal of
Physics by Professor David Van Baak of Calvin Gmlewho is also a TeachSpin
collaborating physicist.

l. Saturated Absorption Spectroscopy (Caltech)

II. Interferometric Measurement of Resonant Absorpand Refractive Index in
Rubidium (Caltech)

lll.  Resonant Light Propagation through an Atomi&pdr: The Maculuso-Corbino
Effect (Caltech)

IV. Resonant Faraday rotation as a probe of atalisigersion, D.A. Van Baak, Am.
J. Phys., Vol. 64, No. 6, June 1996



Ph 76 ADVANCED PHYSICS LABORATORY
— ATOMIC AND OPTICAL PHYSICS -

Saturated Absorption Spectroscopy

I. BACKGROUND

One of the most important scientific applications of lasers is in the area of precision atomic and molecular
spectroscopy. Spectroscopy is used not only to better understand the structure of atoms and molecules,
but also to define standards in metrology. For example, the second is defined from atomic clocks using
the 9192631770 Hz (exact, by definition) hyperfine transition frequency in atomic cesium, and the meter is
(indirectly) defined from the wavelength of lasers locked to atomic reference lines. Furthermore, precision
spectroscopy of atomic hydrogen and positronium is currently being pursued as a means of more accurately
testing quantum electrodynamics (QED), which so far is in agreement with fundamental measurements to
a high level of precision (theory and experiment agree to better than a part in 108). An excellent article
describing precision spectroscopy of atomic hydrogen, the simplest atom, is attached (Hinsch et al. 1979).
Although it is a bit old, the article contains many ideas and techniques in precision spectroscopy that

continue to be used and refined to this day.

photodiode

-— \—}D

/4 pump
probe vapor cell beam

beam

Figure 1. The basic saturated absorption spectroscopy set-up.

Qualitative Picture of Saturated Absorption Spectroscopy — 2-Level Atoms. Saturated absorp-
tion spectroscopy is one simple and frequently-used technique for measuring narrow-line atomic spectral
features, limited only by the natural linewidth T" of the transition (for the rubidium D lines ' ~ 6 MHz),
from an atomic vapor with large Doppler broadening of Avpepp, ~ 1 GHz. To see how saturated absorp-
tion spectroscopy works, consider the experimental set-up shown in Figure 1. Two lasers are sent through
an atomic vapor cell from opposite directions; one, the “probe” beam, is very weak, while the other, the
“pump” beam, is strong. Both beams are derived from the same laser, and therefore have the same fre-
quency. As the laser frequency is scanned, the probe beam intensity is measured by a photodetector.

If one had 2-level atoms in the vapor cell, one might record spectra like those shown in Figure 2.

The upper plot gives the probe beam absorption without the pump beam. Here one sees simple Doppler-
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Figure 2. Probe absorption spectra for 2-level atoms, both without (upper) and with (lower) the pump
beam.

broadened absorption; in our case the Doppler width is much larger than the natural linewidth, Avpep, >>
T, and the optical depth of the vapor is fairly small 7() < 1 (the transmitted fraction of the probe is e ~7(*),
which defines the optical depth; 7 is proportional to the atomic vapor density and the path length), so the
probe spectrum is essentially a simple Gaussian profile.

The lower plot in Figure 2 shows the spectrum with the pump beam, showing an additional spike right
at the atomic resonance frequency. The reason this spike appears is as follows: If the laser frequency is
vo — Av , then the probe beam is absorbed only by atoms moving with longitudinal velocity v &~ cAv /vy,
moving toward the probe beam. These atoms see the probe beam blueshifted into resonance; other atoms
are not in resonance with the probe beam, and so they do not contribute to the probe absorption. These
same atoms see the pump beam red-shifted further from resonance (since the pump beam is in the opposite
direction) so they are unaffected by the pump beam. Thus for laser frequencies v # v, the probe absorption
is the same with or without the pump beam. However if v = v, then atoms with v = 0 contribute to the
probe absorption. These v = 0 atoms also see an on-resonance pump beam, which is strong enough to keep
a significant fraction of the atoms in the excited state, where they do not absorb the probe beam (in fact
they increase the probe beam intensity via stimulated emission). Thus at v = vy the probe absorption is
less than it was without the pump beam. (If the pump beam had infinite intensity, half of the atoms would
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be in the excited state at any given time, and there would be identically zero probe absorption. One would
say these atoms were completely “saturated” by the pump beam, hence the name saturated absorption
spectroscopy.) The advantage of this form of spectroscopy should be obvious ... one can measure sharp

Doppler-free features in a Doppler-broadened vapor.

Qualitative Picture of Saturated Absorption Spectroscopy — Multi-level Atoms. If the atoms
in the absorption cell had a single ground state and two excited states (typically an electronic level split
by the hyperfine interaction), and the separation of the excited states was less than the Doppler width,
then one would see a spectrum like that shown in Figure 3. The peaks on the left and right are ordinary
saturated absorption peaks at v1 and vo, the two resonance frequencies. The middle peak at (11 +v2)/2 is
called a “cross-over resonance.” If you think about it for a while you can see where the extra peak comes
from. It arises from atoms moving at velocities such that the pump is in resonance with one transition,
and the probe is in resonance with the other transition. If you think about it a bit more you will see there
are two velocity classes of atoms for which this is true — atoms moving toward the pump laser, and away

from it.

1

Probe Transmission
02 04 08 08

1 AL 1 A L A L A 1
-4000 -2000 0 2000 4000
v - vy, (MHz)

Figure 3. Saturated absorption spectrum for atoms with a single ground state and two closely spaced
excited states.
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Figure 4. Saturated absorption spectrum for atoms with a single excited state that can decay into either
of two closely spaced ground states.
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If the atoms in the vapor cell had a single excited state but two hyperfine ground states (we call them
both “ground” states because neither can decay via an allowed transition), and the separation of the ground
states was less than the Doppler width, then one might see a spectrum like in Figure 4. The extra cross-over
dip results from a phenomenon called “optical pumping,” which occurs because atoms in the excited state
can decay into either of the two stable ground states. Thus if atoms are initially in ground state g1, and
one shines in a laser that excites g1 — e, atoms will get excited from gl — e over and over again until
they once spontaneously decay to g2, where they will stay. The state g2 is called a “dark state” in this
case, because atoms in g2 are not affected by the laser. We see that a laser exciting g1 — e will eventually
optically pump all the atoms into g2.

To see how optical pumping produces the extra crossover dip, remember that only the pump laser can
optically pump — the probe laser is by definition too weak. Also remember the atoms in the cell are not in
steady state. When they hit the walls they bounce off about equally distributed in both ground states, and
the optical pumping only operates for a short period of time as the atoms travel through the laser beams.
If you think about it a while you can see there are two velocity classes of atoms that are responsible for the
dip. For one velocity class the pump laser excites g1 — e, which tends to pump atoms into ¢g2. Then the
probe laser, which excites g2 — e for these atoms, sees extra absorption. For the other velocity class the
pump laser excites g2 — e, gl gets overpopulated, and again the probe laser (which now excites g1 — e for

these atoms) sees more absorption.

Quantitative Picture of Saturated Absorption Spectroscopy — 2-Level Atoms. One can fairly
easily write down the basic ideas needed to calculate a crude saturated absorption spectrum for 2-level
atoms, which demonstrates much of the underlying physics. The main features are: 1) the transmission of
the probe laser beam through the cell is e~ ™), 7(v) is the optical depth of the vapor; 2) the contribution

to 7(v) from one velocity class of atoms is given by
dr(v,v) ~ (P, — P2)F(v,v)dn(v)

where P; is the relative population of the ground state, P is the relative population of the excited state
(PL+P=1),
dn ~ =™ /2kT gy,
is the Boltzmann distribution (for v along the beam axis), and
T/2r
(v — vy +vov/c)?2 +T12/4
is the normalized Lorentzian absorption profile of an atom with natural linewidth T', including the Doppler

F(v,v) =

shift. Putting this together, we have the differential contribution to the optical depth, for laser frequency
v and atomic velocity v:
dr(v,v) = To@(Pl - PQ)F(u,v)e*mvz/%Tdv.
The overall normalization comes in with the (72'0 factor, which is the optical depth at the center of resonance
line, i. e. 7o = [ dr(vo,v) with no pump laser (the integral is over all velocity classes). 3) The populations
of the excited and ground states are given by P, — P, =1 — 2P;, and
Py = s/2 _
14 s+46°/T2

where s = I /I and 6 = v — vg — vov/c. Ise is called the saturation intensity (for obvious reasons ... if
you consider the above formula for P, with 6 =0, P» “saturates” P» — 1/2 as I /I3t — 00). The value of
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Isqt is given by
Lt = 2m%hel' /303,
For the case of rubidium, I' ~ 6 MHz, giving I, ~ 2 mW /cm?.
The underlying physics in points (1) and (2) should be recognizable to you. Point (3) results from the
competition between spontaneous and stimulated emission. To see roughly how this comes about, write

the population rate equations as
P = TP, —al(P— Py)
Py = -TPy+al(P—P)
where the first term is from spontaneous emission, with I" equal to the excited state lifetime, and the second
term is from stimulated emission, with a a normalization constant. Note that the stimulated emission is
proportional to the intensity I. In the steady-state P=P= 0, giving
oI/l
1+ 2al/T
The term al/T" corresponds to the s/2 term above (note Iy, is proportional to I'). A more complete

P

derivation of the result, with all the normalization constants, is given in Milonni and Eberly (1988), and
in Cohen-Tannoudji et al. (1992), but this gives you the basic idea.

Assuming a fixed vapor temperature, atomic mass, etc., the saturated absorption spectrum is determined
by two adjustable external parameters, the pump intensity Ip,mp and the on-resonance optical depth 7g.
The latter is proportional to the vapor density inside the cell. Figure 5 shows calculated spectra at fixed
laser intensity for different optical depths, and Figure 6 shows spectra at fixed optical depth for different
laser intensities.

In Figure 5 one sees mainly what happens when the vapor density is increased in the cell. At low densities
the probe absorption is slight, with a Gaussian profile, and the absorption increases as the vapor density
increases. At very high vapor densities the absorption profile gets deeper and broader. It get broader simply
because the absorption is so high near resonance that the probe is almost completely absorbed; for greater
vapor densities the probe gets nearly completely absorbed even at frequencies fairly far from resonance;
thus the width of the absorption profile appears broader. The saturated-absorption feature in Figure 5
does pretty much what you would expect. The probe absorption is reduced on resonance, due to the action
of the pump laser. At very high vapor densities the saturated-absorption feature becomes smaller. This is
because while the pump laser reduces the absorption, it doesn’t eliminate it; thus at high vapor densities
the probe is nearly completely absorbed even with the pump laser. The moral of this story is that the
vapor density shouldn’t be too low or high if you want to see some saturated-absorption features.

In Figure 6 one sees that if the pump intensity is low, the saturated-absorption feature is small, as one
would expect. For larger pump intensities the feature grows in height and width. The width increases
because at high laser intensities the effect of the pump laser saturates on resonance, and continues to grow
off resonance; thus the width of the feature increases, an effect known as “power broadening.”

Finally, it should be noted that calculating the saturated absorption spectrum for real atoms, which
must include optical pumping, many different atomic levels, atomic motion in the vapor cell, and the
polarization of the laser beams, is considerably more subtle. A recent paper by Schmidt et al. (1994) shows

much detailed data and calculations for the case of cesium.

Problem 1. Show that 79 = f dr(vo,v) when the pump laser intensity is zero, from the formula above.
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Saturated Absorption Spectrum of 2-Level Atom
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Figure 5. Calculated saturated-absorption spectra for two-level atoms, for (7, 1/1s.+) = (0.1,10), (0.316,10),
(1,10), (3.16,10), and (10,10). The two plots show the same spectra with the frequency axis at different
scales. Note the overall Doppler-broadened absorption, with the small saturated-absorption feature at line
center.

Hint: the integral is simplified by noting that I' < Avpopp.

Problem 2. The above calculations all assume that the pump laser has the same intensity from one end
of the cell to another. This is okay for a first approximation, but calculating what really happens is an
interesting problem. Consider a simple laser beam (the pump) shining through a vapor cell. If the laser
intensity is weak, and the atoms are all pretty much in the ground state, then the laser intensity changes
according to the equation dI/dx = —al, where @ = a(v) depends on the laser frequency, but not on

position inside the cell (a~*

is called the absorption length in this case). This equation has the solution
I(x) = Lipie™ ", where Iy is the initial laser intensity. The transmission through the cell, e~ L' where
L is the length of the cell, is what we called e~" above.

Your job in this problem is to work out what happens when the input laser beam is not weak, and thus
we cannot assume that the atoms are all in the ground state. In this case @ = a(v, x), which makes the
differential equation somewhat more interesting. Assume the laser is on resonance for simplicity. Then

the attenuation coefficient at any position x is proportional to P; — P», which in turn is proportional to
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Saturated Absorption Spectrum of 2—-Level Atom
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Figure 6. Calculated saturated-absorption spectra for two-level atoms, for (7, I/1s,:) = (1,0.1), (1,1), (1,10),
(1,100), and (1,1000). Note at large laser intensities the saturated absorption feature is “power broadened”
as the line saturates.

1/(1 + s). Thus we have a(vg,x) = ag/(1 + s(x)). In the weak beam limit I < I+ this reduces to our
previous expression, so ag = 7o/L. Write down an expression which relates the saturation parameter of
the laser as it exits the cell sfinqi, the saturation parameter at the cell entrance sjpitiai, and the weak-
limit optical depth 7¢. Check your expression by noting in the limit of finite 79 and small s you get

Sfinal = Sinitiate " °. If 7o = 100, how large must S;nitiq1 be in order to have a transmission of 1/2 (i. e.

Sfinal = sinitial/Q)?

Atomic Structure of Rubidium. The ground-state electronic configuration of rubidium consists of closed
shells plus a single 5s valence electron. This gives a spectrum which is similar to hydrogen (see attached
Scientific American article). For the first excited state the 5s electron is moved up to 5p. Rubidium has
two stable isotopes: ®°Rb (72 percent abundance), with nuclear spin quantum number I = 5/2, and 8"Rb
(28 percent abundance), with I = 3/2.

The different energy levels are labeled by “term states”, with the notation QS‘HLf,, where S is the spin
quantum number, L’ is the spectroscopic notation for the angular momentum quantum number (i. e. S, P,
D, ..., for orbital angular momentum quantum number L = 0,1,2, ...), and J = L+ S is the total angular
momentum quantum number. For the ground state of rubidium S = 1/2 (since only a single electron
contributes), and L = 0, giving J = 1/2 and the ground state 25, /2. For the first excited state we have
S=1/2,and L =1, giving J = 1/2 or J = 3/2, so there are two excited states 2P; 5 and 2Py . Spin-orbit
coupling lifts splits the otherwise degenerate P/ and Pj/5 levels. (See any good quantum mechanics or
atomic physics text for a discussion of spin-orbit coupling.)

The dominant term in the interaction between the nuclear spin and the electron gives rise to the magnetic
hyperfine splitting (this is described in many quantum mechanics textbooks). The form of the interaction
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term in the atomic Hamiltonian is Hj,,, oc J - I, which results in an energy splitting

AE = %[F(F+1) 1T +1)— J(J + 1)

where F' = I + J is the total angular momentum quantum number including nuclear spin, and C' is the
“hyperfine structure constant.” Figures 7 and 8 shows the lower S and P energy levels for ®®Rb and 8"Rb,
including the hyperfine splitting.
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Figure 7. (Left) Level diagrams for the D2 lines of the two stable rubidium isotopes. (Right) Typical
absorption spectrum for a rubidium vapor cell, with the different lines shown.
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Figure 8. More rubidium level diagrams, showing the hyperfine splittings of the ground and excited states.

II. LABORATORY EXERCISES.
The goal of this section is first to observe and record saturated absorption spectra for as many of the
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Figure 9. Recommended set-up to get the laser running on the rubidium resonance lines.

rubidium lines as you can, and then to see how well you can measure the P53/, hyperfine splitting of 8TRb
using a auxiliary interferometer as a length standard.

Remember that eye safety is important. First of all the laser operates at 780 nm, which is very close
to being invisible. Thus you can shine a beam into your eye without noticing it. Also, the laser power is
about 20 milliwatts, and all that power is concentrated in a narrow beam. Looking directly at the Sun
puts about 1 milliwatt into your eye, and that much power is obviously painful. It is certainly possible to
cause permanent eye damage using the Ph76 laser if you are not careful. Therefore — be careful. ALWAYS
WEAR LASER GOGGLES WHEN THE LASER IS ON! As long as you keep the goggles on, your eyes
will be protected.

Week 1 — Getting the Laser On Resonance.

The first step is to get the laser turned on and tuned to hit the rubidium lines. We see in Figure 7 that
the lines span about 8 GHz, which can be compared with the laser frequency of v = ¢/\ = 4 x 10** Hz.
Thus to excite the atoms at all the laser frequency must be tuned to about a part in 10°. Start with the
simple set-up shown in Figure 8. The ND filter can be removed when aligning the laser beam.

Once you have the beam going about where you want it, sweep the high-voltage going to the grating
PZT with a triangle wave, so that the voltage varies from about 0 to 100 volts. Use the HV /100 to monitor
the high voltage on the oscilloscope. Sweeping this voltage sweeps the grating position using a small piezo-
electric actuator (made from lead zirconate titanate, hence PZT). While the high voltage is scanning you
should then also change the laser injection current up and down by hand. The current makes large changes
in the laser frequency, while the PZT makes small changes (see the laser primer for details).

The plan is that with all this sweeping the laser will sweep over the rubidium lines and you will see
some fluorescence inside the vapor cell. This will appear as a bright line inside the cell; don’t be confused

Page 9



by scattering off the windows of the cell. If you cannot see the atoms flashing at all, ask your TA for help.
The laser may need some realignment, or you may just not be doing something right.

Once you see fluorescence, compare the photodiode output to the rubidium spectrum shown in Figure
7. Usually you can only get the laser to scan over part of this spectrum without mode hopping (see the
laser primer). Record your best spectrum using the digital oscilloscope and print it out. At this point
the laser is tuned to the rubidium lines. Before proceeding with the rest of the experiment, move the ND
filter from its location in Figure 9 to a new position right in front of the photodiode. If you look closely
you’ll see the absorption lines are still there, but much weaker. How come? There are two reasons. First,
optical pumping is faster with more laser power, so the atoms are more quickly pumped to the dark state.
That makes the absorption less. Second, the atoms become saturated with the high power, just like you
calculated above. That also reduces the absorption.

1NON Daen e Ll /DTN
1uU. .7y D‘:d_“‘_‘}_’ul e L. 1)
Laser Optical Isolator /
LN ol — AN

«
NS N
Pump Probe !
—_— - i
Photodiode (! '\\\ ! ! y
L | %Y 1 1 y 4
\\J - \‘) 1 e 1 v
o / tish Rubidium Cell Itis
50:50 Beamspiitter

Figure 10. Recommended set-up to record rubidium saturated absorption spectra, and for measuring the
hyperfine splittings.

Week 1 — Getting a Saturated Absorption Spectrum.

The suggested set-up for observing saturated absorption spectra is shown in Figure 10. Since the laser
is on resonance from the last section, leave it alone while you change the set-up. Ignore the interferometer
part for now; that comes in after you've gotten some spectra. The optical isolator is a device that contains
a two polarizers, a special crystal, and strong permanent magnets (see Appendix I). The first polarizer is
aligned with the polarization of the input laser (vertical), and simply transmits the beam. The crystal in
the magnetic field rotates the polarization of the beam by about 45 degrees, using the Faraday effect, and
the beam exits through the second polarizer, which is set at 45 degrees. A beam coming back toward the
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laser sees all this in reverse; the beam polarization gets rotated in the crystal, so that the polarization is
90 degrees with respect to the vertical polarizer, and the beam is not transmitted. These devices are also
sometimes called optical diodes, since light only passes through them in one direction. We use an optical
isolator here to keep stray light (generated downstream...note the pump beam goes backward after it passes
though the cell) from getting back to the diode laser, where is can adversely affect the frequency stability.

Note the 10:90 beamsplitter puts most of the laser power into the probe beam. The irises are an
alignment guide; if you have both the pump and probe beams going through small irises, then you can
be assured that the beams overlap in the rubidium cell. If you block the pump beam you should get a

spectrum that looks pretty much the same as you had in the previous section.

Lab Exercise 1. Observe and record the best spectra you can for whatever rubidium lines you can see,
especially the two strongest lines (87b and 85b in Figure 7). Get some nice spectra and put hard copies
into your notebook. Note (but don’t bother recording) that the saturated absorption features go away if

you block the pump beam, as expected.

Week 2 — Measuring the Hyperfine Splitting.

Now finish the set-up in Figure 10 by adding the interferometer. (Turn off the laser frequency scanning
while setting up the interferometer, so the fringes are stable.) Make the arm difference as long as you can.
If you want you can add another mirror to the long arm to bounce it across the table. The longer the long
arm, the better your measurement will be. Recombine the beams on the beamsplitter and send one of the
output beams through a strong lens, so that the beam is expanded quite a bit. Align the overlap of the
beams (in position as well as angle) until you see nice fringes on the expanded beam. Align the overlap so
the fringes spacing is very large. Place the photodiode such that it only intercepts the light from one fringe
of the interferometer.

If you now scan the laser frequency you should observe temporal fringes on the photodiode output. The
fringe spacing can be computed from the arm length difference, which you should measure. When a beam
travels a distance L it picks up a phase ¢ = 2wL/\, so the electric field becomes

E = Eye™te'?
When the beam is split in the interferometer, the two parts send down the two arms, and then recombined,
the electric field is
E = Earml + Earm?

R W {emel/,\ 4 6i47rL2/)\:|

where L; and Ly are the two arm lengths. The additional factor of two comes from the fact that the beam

goes down the arm and back again. Squaring this to get the intensity we have

I ~ e¢4wL1/A+ei4wL2/,\‘2
(471'AL>
~ 1+ cos \

where AL = L; — Ls. If the laser frequency is constant, then the fringe pattern goes through one cycle
every time the arm length changes by A/2.

Problem 3. If AL is fixed, how much does the laser frequency have to change to send I through one
brightness cycle? For your known AL, what is the fringe period in MHz? From this you can convert your
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measurement of AL into a calibration of the laser frequency scan.

Use the two oscilloscope traces to plot the interferometer fringes and the saturated absorption spectra
at the same time, as you scan the laser frequency. Watch that the interferometer fringes are uniform as
a function of PZT voltage; if not the nonlinearities could compromise your calibration. Zoom in on the
hyperfine features you want to measure. You will need to know which features belong to which lines, so
identify the features by comparing your spectra with the level diagrams in Figures 7 and 8. Print out some
good spectra, measure the spacings of the various features using a ruler, and you can turn this all into a
direct measurement of the hyperfine splittings. Try to do this for both lines 87b and 85b in Figure 7. Note
there are no tricks or complicated math in any of this. You just have to understand what’s going on, and
not lose any factors of two. No fair adjusting the answer by factors of two until it agrees with the known
splittings.

Lab Exercise 2. Measure and record the largest P3/, hyperfine splittings for 85Rb and ®"Rb, in MHz.
Estimate the accuracy of your measurement, knowing the various uncertainties you encountered along the
way.
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Appendix I — The Optical Isolator

1110 )//@

INPUT FARADAY OUTPUT
POLARIZER ROTATOR POLARIZER

Figure 11. Schematic picture of an optical isolator. Not shown is the large longitudinal magnetic field in
the Faraday rotator produced by strong permanent magnets inside the device.

The optical isolator is a somewhat subtle device, which uses the Faraday effect. The Faraday effect is
a rotation of the plane of polarization of a light beam in the presence of a strong magnetic field along the
propagation axis. You can get a feel for this effect by considering a simple classical picture. An incoming
light beam imposes an oscillating electric field on the electrons in the solid, which causes the electrons to
oscillate. Normally the oscillating electrons re-radiate the light in the same direction as the original beam,
which doesn’t change the polarization of the light (it does change the phase, however, which is the cause of
the material index of refraction). With the application of a strong longitudinal magnetic field, you can see
that the Lorentz force e v x E will shift the motion of the electrons, and rotate their plane of oscillation.
As the electrons re-radiate this tends to rotate the polarization of the light beam. Obviously a hand-wavy
argument, but it gives you the right idea.

The optical isolator uses the Faraday effect to rotate the polarization angle of the input beam by 45
degrees, and the output beam exits through a 45-degree polarizer (see Figure 12). Note that the diode
laser’s beam is polarized, in our case along the vertical axis. If one reflects the beam back into the optical
isolator, the polarization experiences another 45-degree rotation, in the same direction as the first, and the
beam is then extinguished by the input polarizer. You can see that the rotations have the correct sense
using the classical picture. Thus the overall effect is that of an “optical diode” — light can go through in
one direction, but not in the reverse direction.

The Faraday effect is typically very weak, so the optical isolator uses a special crystal, which exhibits an
anomalously large Faraday effect, and a very strong longitudinal magnetic field produced by state-of-the-art
permanent magnets. Optical isolators have gotten much smaller over the last couple of decades as magnet
technology has improved. The magnetic field is strong only near the axis of the device, which therefore has
a small clear aperture. Also, too much light intensity will burn a spot in the Faraday crystal, so one must

be careful not to focus the diode laser to a tight spot inside the optical isolator.
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Ph 77 ADVANCED PHYSICS LABORATORY
— ATOMIC AND OPTICAL PHYSICS —

Interferometric Measurement of
Resonant Absorption and Refractive Index in Rubidium

I. BACKGROUND

In this lab you will observe the relation between resonant absorption and the refractive index in rubidium
gas. To see how these are related, consider a simple model for a rubidium atom, namely that of a single
electron bound by a harmonic force, acted upon by the electric field of an incident laser (see for example
Jackson 1975, pg. 284, Marion and Heald 1980, pg. 282). Although crude, this model does allow us to write
down the basic optical properties of a gas of atoms near an atomic resonance. In this picture, the equation

of motion for the electron around the atom is
ml[i 4+ yi +wir] = —eB(x, 1)
where v measures a phenomenological damping force. If the electric field varies in time as Ee~*?, then
the dipole moment contributed by one atom is
p = —ex
= (/m)(@] —w® —iwy)E
= XL

where x, is called the electric susceptibility. If there are N atoms per unit volume, then the (complex)

dielectric constant of the gas is given by

cw)fer = 14 dmy, M)
47N fe? /m
= 1 B
+ (wd — w? —iwy)

where f is a standard fudge factor, called the “oscillator strength” of the transition. Adding the oscillator
strength factor makes this simple classical calculation agree with a more realistic quantum mechanical
calculation. The oscillator strength is of order unity for strong transitions like the S — P rubidium lines,
and is much smaller for forbidden atomic transitions. Both the oscillator strength and the damping factor
~ are difficult to calculate for real atoms, since doing so requires quite a lot of detailed atomic physics.

Maxwell’s equations (MKS units) for a propagating electromagnetic wave give us

and we define an index of refraction n = c¢/v = \/eu/eopy, where v is the speed of wave propagation.
Assuming p/p, ~ 1 and the above expression for the dielectric constant €/ey, we find ourselves with a

complex index of refraction, which we write

n=+/€/eg = no(l+ik) (2)

where ng and x are real quantities. Evaluating Eqn. 1 gives

Re(\/e/eg) = mg
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Im(\/e/eo) = nor
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Aw? ++2/4
where Aw = w — wqg. These are plotted in Figure 1. This is the index of refraction for a dilute atomic gas,
which of course is proportional to the atom density.

~ 1

~ 1-

12

¢

Aw/y

Figure 1. Plot of the absorption ngx and refractive index change ng — 1 for a gas near an atomic resonance.
Note the index change is proportional to the first derivative of the absorption.

An electromagnetic wave in the medium propagates according to

e*l(wtfnkz) — efknoﬁzefz[wtfknoz] (3)

where k = w/c. From this it can be seen that ng corresponds to the usual index of refraction, equal to
¢/v, while k describes the attenuation of the wave. Note that a relation ng — 1 ~ —2Awk /7 exists between
the index of refraction and the attenuation, which is independent of the oscillator strength of the atomic
transition. This relation, showing that ng(v) and k() can be derived from one another, is an example
of the more general Kramers-Kronig relations. A full quantum mechanical treatment also yields the same
relation for the absorption and refractive index of a gas near an atomic resonance. The goal of this lab

Page 2



is to measure both the absorption and index of refraction variations of rubidium gas around the S — P
resonance lines. While absorption is easy to observe, refractive index changes are not, so an interferometric
technique will be used to observe it.

50:50 Beamsplitter

A S
N

Y

Photodiode

Rubidium Cell

Figure 2. The basic experimental set-up, consisting of a rubidium vapor cell in one arm of a Mach-Zehnder
interferometer. The dotted lines represent 50:50 beamsplitters. The input laser scans across the (Doppler
broadened) rubidium absorption line.

Let us examine the experimental set-up shown in Figure 2, consisting of a rubidium vapor cell in one
arm of a Mach-Zehnder interferometer. The Mach-Zehnder interferometer is related to the Michelson
interferometer, with which you are probably familiar. The input laser light is first split by a beamsplitter
(we will assume both beamsplitters in the interferometer are perfect lossless 50:50 beamsplitters), and the
two beams travel down different paths through the interferometer. They are recombined at the second
beamsplitter, and the light intensity in one direction is measured with a photodetector. The intensity
seen at the photodiode is sensitive to the relative phases of the two beams as they interfere at the second
beamsplitter.

Your first job, before attempting the experiment, is to model the expected signal seen at the photodiode
in Figure 2, as the laser frequency is scanned through the rubidium resonance line. If we consider the
interferometer in Figure 2 without the rubidium cell, it is straightforward to calculate the photodiode
signal. As the two beams propagate through the separate arms of the interferometer, each picks up a phase
shift as it travels, given in Eqn. 3. Without the rubidium cell ng = 1 (neglecting the contribution from
Nair) and k = 0, giving simple free-space propagation e®*?.

The output power hitting the photodiode comes from the combination of the two beams at the second
beamsplitter, and is given by

I 1, ;
I_O Z |€Z]€L1 + elkLQ

= [1+cos(kAL)|/2

| 2

which is plotted in Figure 3. Since the beam splitters are perfect 50:50 beamsplitters, the beams in the
two paths have equal intensity, so the photodiode output as a function of AL = Ly — Ly varies from zero

(destructive interference) to the initial laser intensity Iy (constructive interference) as shown in the figure.
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Figure 3. Photodiode output vs. kAL, where k = w/c = 2w /), for a perfect Mach-Zehnder interferometer
with no rubidium cell, at fixed laser frequency.

Next consider the effect of the rubidium cell on the propagation of a laser. From Eqn. 3, the total phase
shift upon passing through the cell is

efknol-cAzeiknoAz efknol-:AzeikAzeik(nofl)Az

— efTezkAzezé

where Az is the length of the cell. The factor e’*2% in this expression is the free-space propagation factor.
The e~ 7 factor comes from attenuation in the cell, with 7 = knor/Az =~ kk/\z. Because we have a resonance
line, 7 depends on frequency and we can assume a Lorentzian line profile,
. 7072
Aw? + 2

where 7 is the absorption at line center. The % factor is the additional phase shift from the refractive index
of the rubidium atoms, with 6 = k(ng — 1)Az. The atomic factors are related through § = (ng — 1)7/k =
—2/AwT /7y, which you should verify.

If we now put the rubidium cell in the interferometer, the photodiode output will be given by

I 1) ; 512
- - |esz1 + efTeszz 615|
To 4

= [1+e ¥ +2e 7 cos(kAL + 6)] /4.

Note that if the rubidium density is zero, then 7 = 6 = 0 and we have the same result as before. Note
also that three terms in this equation are frequency dependent: 7, 6, and k. However, if AL is small then

kAL changes very little as the laser frequency is scanned over a rubidium line, so we can assume kAL is
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essentially constant as a function of laser frequency (see Problem 1).

Problem 1. Consider the photodiode output from the interferometer without the rubidium cell. Figure
3 shows the output at fixed laser frequency as a function of AL. The maxima in this are referred to as
“fringes,” from their spatial structure (which you will see in the lab when you set up the interferometer).
How small must AL be in order for the photodiode output to go through less than one fringe as the laser
is scanned over the rubidium resonance line (call it 5 GHz)? To get the best results, you should try to set
up your interferometer with AL less than this.

Problem 2. Compute the photodiode output as a function of laser frequency around the rubidium reso-
nance line, I(Aw)/I, for the set-up shown in Figure 2. Assume the atoms in your cell are at rest (for ease
of calculation) with some linewidth +y, so we can use the Lorentzian profile above for 7(w). Make three dif-
ferent plots of I(Aw)/Iy, one for each of three different values of the line-center optical depth: 79 = 0.4,
2, and 20. Make your plots over the range —20y < Aw < 20v. Plot six curves on each plot, with values
of kAL mod(27) equal to jm /5, with j = 0 to 5. The first and last of these correspond to the positions A
and C in Figure 3. Label your plots. You will be trying to reproduce these curves in the lab. (Check your
calculations by comparing with the one calculated curve in Figure 5 below.) Why does I(Aw = 0)/Ij go
to 0.25 for large 7¢7

Amazingly enough, the generality of the Kramers-Kronig relations says that the above calculations
relating ng — 1 and x are true for a Doppler-broadened gas as well as for atoms at rest. Because of
this, scanning the laser over the Gaussian profile of the Doppler-broadened gas will give results which are

qualitatively similar to those you calculated in Problem 2 for the atoms’ natural Lorentzian profile.

II. LABORATORY EXERCISES.
The Clausius-Clapeyron Relation. Before launching into the main part of the lab, we’ll get warmed
up by first measuring just the resonant absorption as a function of the rubidium cell temperature. Heating
the cell increases the rubidium vapor density and thus increases the absorption. The rubidium vapor in
the cell is in equilibrium with a small bit of solid rubidium on the cell wall, and the vapor pressure is given
by the Clausius-Clapeyron relation

p(T) = poe H/HT

poe” /KT

where pg is a constant, T is the cell temperature in Kelvin, L is the latent heat of vaporization per mole, ¢
is the latent heat per atom, R is the gas constant, and & is Boltzmann’s constant. This equation is derived
from rather fundamental thermodynamic relations, but the derivation is a bit too involved to repeat here.
Most good books on statistical mechanics derive it. For example, you can find it in Reif’s book (see
references below), which is still an excellent introduction to the subject.

Assuming the rubidium gas behaves like an ideal gas (a good assumption), the vapor density is propor-

tional to e~ ¢/kT

, and thus so is the optical depth 7(w). The light transmitted through the cell is equal to
Tout(w) = ine_T(“’) in the limit that I;,, the light incident on the cell, is much less than the saturation
intensity (which was introduced in the previous lab, equal to about 2 mW /cm? for rubidium). Thus we

have
Tous (w )
I;
where the function A (w) contains the Doppler-broadened absorption profile of the gas. If we measure the

= exp [~ A(w) exp(—£/kT)]
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intensity of the line center only, then

Tout (WO)
I;
where here Ag is a constant for a given atomic transition. The goal of the first part of the lab will be to

= exp [—Ag exp(—£/kT)]

measure o, (wo)/Iin at several different values of the cell temperature, and from these data extract the
latent heat of vaporization of rubidium gas.

Start with the cell at room temperature (about 25C on the cell temperature controller). Scan the laser
frequency and send the beam through the rubidium cell and onto a photodiode. Reduce the laser intensity
by about 3-4 orders of magnitude by using absorption filters, in order to reduce the intensity well below
the saturation value. Tune the laser so you can see all four of the rubidium transitions, although probably
not all in a single sweep. Check how much background light is getting into the photodiode by blocking the
laser beam. You may need to turn out the lights and shield the photodetector to keep the stray light down.
Remember that zero volts on the photodiode may not mean zero light. All amplifiers have offsets, so you
may need to compensate for the photodiode reading at zero light.

When you observe the photodiode signal on the ’scope, you will probably notice that I,y:(wo)/Iin
changes with laser settings, in particular with the laser current. This is because the laser doesn’t always
run in a single mode. When it runs multi-mode, some light is not resonant with the atoms and thus is not
absorbed. This is a serious problem that limits how accurately you can measure I,y (wo)/I;n. You can get
pretty good results if you do the following: set the high voltage so the transition you want to observe is
centered in the sweep, and then adjust the laser current to minimize Ioyi(wo)/Lin.

If you think the laser is scanning okay and giving you accurate measurements, then start making
measurements of Io,:(wo)/Iin on the middle 85a line as a function of temperature. Measure Iyt (wo),
Iyt (nonresonant) & I, and Iq,qk at each temperature. You can take I,,:(nonresonant) to be an eyeball
average of the intensity on either side of the line. Don’t move the cell or any of the optics during the
measurements; only adjust the laser settings a small amount in order to minimize I, (wo). Make sure
you measure especially carefully when I,,:(wo)/I;p is small. Measure at temperatures from 25C to 75C in
increments of 5-10C. You don’t need to wait a long time to reach some particular temperature exactly; just
make sure the temperature is fairly stable for each reading. The temperature is stable enough if it changes
by less than 0.1C in 10 seconds.

When you have the data, you should get a straight line when you plot log(log(Zout(wo)/Iin)) versus 1/T
(why? - see above). Extract the latent heat of vaporation from the slope of this line. Express you answer
in Joules/gram.

Also, plot I,yt(wo)/Iin as a function of temperature, along with a curve going through the data using the
Clausius-Clapeyron relation with the parameters you measured. If you plot the fit from about T = —10C

to T'= 80C you can also see the low-temperature structure of the absorption versus temperature.

The Kramers-Kronig Relation. Next, move on to the main event of observing the Kramers-Kronig
relation in the lab by measuring Mach-Zehnder spectra like those you calculated in Problem 2. The first
thing you should do in the lab is check your calculations with your TA. If your calculations aren’t right,
the lab will make no sense at all.

The optical set-up is shown in Figure 4. To begin the lab work, set up the Mach-Zehnder interferometer
using the diode laser, just to get a feeling for what the fringe pattern looks like. Follow the set-up in Figure
4, starting out without the negative lens and without the neutral-density (ND) filter. Make sure the beam
goes through the centers of the rubidium cell windows, where the optical quality is best. In keeping with
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what you found in Problem 1 above, make sure the two arms of the interferometer are about the same
length. Check that the laser is tuned on resonance by blocking one arm of the interferometer and putting
the ND filter back in. You should then see a nice absorption spectrum on the photodiode when you scan
the laser.

Adjust the mirrors so the two beams overlap on the second beamsplitter, and then adjust the second
beamsplitter so the two beams are collinear. If the beams overlap well at the beamsplitter, and the also
overlap some distance downstream from the beamsplitter, then you know they must overlap everywhere.
Iterate these steps so the two beams are overlapping and collinear as best you can. At this point you should
start to see fringes on the interfering beams. Put in the negative lens to expand the beam before it hits the
photodiode. This makes it easier to see the fringe pattern, and you can adjust the interferometer so that
broad fringes are seen. They should be broad enough so that the photodiode only samples a small part of
a fringe.

Laser ND 2

éz

50:50
Rubidium Cell

Photodiode

G‘ X 50:50 (?

Figure 4. Optical layout for the main part of the lab. The ND filter should usually be removed when
aligning the beams. Point the TV camera at the photodiode when looking at fringes.

You should also note that by gently pressing on the breadboard one can move the fringe pattern (ef-
fectively changing AL above). With the photodiode sampling the interfering beams and the laser off
resonance, wiggle one of the mirrors with your finger (gently!) while watching the photodiode output on
the oscilloscope. You should see a (time-dependent) fringe pattern that looks something like a that shown
in Figure 3. Measure the fringe contrast, (Imax — Imin)/Imax- You can adjust the interferometer while wig-
gling the mirror to get high contrast fringes on the oscilloscope. You may find it necessary to play with
the alignment a bit to get a good fringe contrast. For best results the contrast should be better than 0.8,
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since your theory assumed a constrast of unity. When you get good fringes, capture the photodiode output
(while wiggling the mirror) on the digital ’scope, and put a hard copy in your notebook.

Tekstop | o e
Y. . [ Measured Spectrum. theory for tau0 = 25, phase = 0
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Figure 5. A comparison of a measured spectrum (left) with a calculated spectrum (right). The plot shows
I(Aw)/Iy versus Aw/v. The calculation assumed 7 = 25 at line center and kAL=0. The measured
spectrum is for the 85b line, but the adjacent 87b line complicates the right side of the spectrum (marked
by N3). The center of the 85b line is at N2. The feature at N1 is an artifact of the laser scanning.

Next block the arm of the interferometer without the rubidium cell, in order to observe the rubidium
absorption line without any interferometer effects. If all is going well, you should see a nice strong Doppler-
broadened absorption line, without any serious mode hops. The ND filter is necessary to avoid saturating
the line (which makes it broader). Tune the laser to get a nice strong 85b line, with the 87b line on the
side. Have your TA check it out, and save a spectrum.

Now unblock the second arm of the interferometer, and watch the oscilloscope. As you push on the
optical bench, you can see different points in the interferometer fringe pattern, and you should see an
output something like what you calculated in Problem 2 for low 7. Play around with the interferometer
until you understand what’s going on and your spectra agree reasonably well with theory. Have your TA
take a look at the spectra to see that everything looks good. Capture three good traces, corresponding
roughly to points B, C, and D in Figure 3.

Lastly, heat the rubidium cell by turning the controller setting to 100C. Watch the spectra as the cell
heats up. It will take about 15 minutes, but then you should begin seeing spectra that look like what
you calculated for high 7. Figure 5 shows some typical results for one phase. The data will probably
not be a perfect match to calculation, but the results should provide a reasonable demonstration of the
Kramers-Kronig relations.

Take several spectra at high 7, at different phase angles. In particular, take spectra at kAL= 0 and
kAL= .
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Resonant Light Propagation through an Atomic Vapor:
The Macaluso-Corbino Effect

KENNETH G. LIBBRECHT!

Norman Bridge Laboratory of Physics, California Institute of Technology 264-33,
Pasadena, CA 91125

1. The Experiment

This experiment is extremely easy to set up, as is apparent from the optical layout shown in Figure
1. Note it would take just a few seconds to switch from a saturated absorption experiment to this
one.

Rb Cell polarizer

|
|

ND4
Laser H

photodiode

Figure 1. Basic optical layout. The large ND filter makes sure one is in the unsaturated regime.
The light coming out of the laser is linearly polarized, so only one polarizer is needed.

Figure 2 shows the light transmitted through the cell as a function of frequency when the B field
is not present and the polarizer is at some random angle. Rotating the polarizer only changes the
overall scale of the figure. Nothing here but simple resonant absorption.

Figure 4 shows the light transmitted with 1.3 amps going through the coils and with three
different polarizer angles. The theory still needs work when the polarizer angle is zero, probably
because the theory is too simplistic for a multilevel atom. But it gives reasonable results when the
polarizer is not quite at zero angle.

2. Analysis

We have the complex index of refraction for an atomic gas, given by
n = no(l+ik)
= ng+ingk

where ng and x are real quantities given by
2m(w? —w3)N fe?/m

~ 1

no (w? — wg)z + 72w?
~ 1 TAwN fe? /mwy
- Aw? ++2/4

L kglQcaltech.edu; URL: http://www.its.caltech.edu/~atomic/
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Figure 2. Transmitted light as a function of frequency, scanning over all four rubidium absorption
lines. The B-field is zero and the cell temperature is about 40 C. The background slope comes from
scanning the laser current together with the scan of the grating position.

1 AAw
C AW +42/4
27N fwye?/m
(w? — wd)? + y2w?
7N frye? /2mwy
Aw? +~2/4
Av/2
Aw? +~2/4
near the atomic resonance, where Aw = w — wg. These are plotted in Figure 3. This is the index
of refraction for a dilute atomic gas, which of course is proportional to the atom density N. Note
that a relation ng — 1 ~ —2Awk/vy exists between the index of refraction and the attenuation,
which is independent of the oscillator strength of the atomic transition. This relation, showing that
no(v) and k(v) can be derived from one another, is an example of the more general Kramers-Kronig
relations. A full quantum mechanical treatment also yields the same relation for the absorption and
refractive index of a gas near an atomic resonance.
An electromagnetic wave in the medium propagates according to

nok

efi(wtfnkz) — efknomzefi[wtfk‘noz] (1)

where k = w/c. From this it can be seen that ng corresponds to the usual index of refraction, equal
to ¢/v, while k describes the attenuation of the wave. Then the complex electric field amplitude can
be written Eyexp(—7) after passing through the cell, where Ej is the initial field amplitude and

7(w) = knok(w)L — ik[ng(w) — 1)L
where we have taken out the constant phase shift kL. Using ng — 1 ~ —2Awk /v this becomes

12k Awk L
;o kngkL 1 ZFAWKL



Aw/y

Figure 3. Plot of the absorption ngx and refractive index change ny — 1 for a gas near an atomic
resonance. Note the index change is proportional to the first derivative of the absorption.

T(w) =~ knok(w)L {1+z2A”]

~ %G(Aw) [1+z2A“’]

where 7¢ is the optical depth at line center (defined from the intensity and not field) and G (w) is
the normalized line profile
2
4
G(Aw) = "/

- Aw?412/4
We can write the electric field in linearly polarized light as
_ i\EOei(wtsz)

_ /y\EO ei(wtsz)

and circularly polarized light

- 3E-F

We can represent a polarizer using matrix notation, in which the output fields, after going

— 1 7
E+ — — |7E ez(ut kz) + i:/y\Eoez(uf—kz)}
Nl
L B +iF,
= —_— - —+1 :|
\/§ | Yy
— 1 7 . .
E = — onez(ut—kz) _ i:/y\Eoez(ut—kz)}
VAl
1 F —>}
= —_— r — 7
\/§ | Yy
SO
— 1 T— —
B o= [E+ n E,}
N
Ey



through the polarizer, are

o O

5L Lool[m ],

E, (o 0][E
Ey out B 0 1 Ey mn

for  and y polarizers. If we use a y polarizer rotated by an angle €, the matrix becomes
{ cosf sinf ] [ 0 0 } [ cosf -sinf }

-sinf cos@ 0 1 sinf cos@

0 6
o)
the latter for small 6.
Now we put all the pieces together. We start with x polarized light and represent it in terms of
two circular polarizations
1
o]

- alali]-alt])

=l )

When this light enters the cell, the different circular polarizations propagate differently because of
the Zeeman splitting. Thus the field becomes

E = %H 11 }exp(—7+)+{ 1_Z }exp(—f—)}

3| o) () |

Q

]
Il

2
where
T0 . 2
Ty o ?G(Aw:té) 1—|—z; (Aw:l:é)]
and ¢ oc B is the frequency shift from the Zeeman splitting.
Finally, we hit this with the output polarizer and the final field is
e~ 1{0 0} {exp(—7+)+exp(—7_ ]
final =919 1 iexp(—74) —diexp(—7_)
1 { 6 (exp (—74) — exp(—7_))
2| O(exp(=74) +exp(—7-)) +i(exp (—74) —exp(-7-))
The final intensity is then the absolute square of this field.
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Figure 4. Left: Data showing light transmission as a function of laser frequency with 1.3 A going
through the coils. The polarizer angle was 0 (top), -10 degrees (middle), and 10 degress (bottom).
Right: A model of one absorption line (indicated) under conditions like those for the data.



whose only impact on the electric field is a global reversal of its direction,
should not alter the relative spacing of field lines in a CFLD. Since the
sign-reversed version of Fig. 6 must show uniform spacing of the outgoing
field lines on the +4 charge, equatorial clumping does not show the in-
variance under charge reversal that would be expected of a true field
property.

9Phillip M. Rinard, Delbert Brandley, and Keith Pennebaker, ‘‘Plotting
Field Intensity and Equipotential Lines,”” Am. J. Phys. 42, 792-793
(1974).

OWhile charge distributions lacking a monopole moment possess divergent
field lines, such as the =0 and 6= 7 lines in the dipole, such lines are few
in number and can be avoided by the proper choice of 6,. By contrast, the
number of divergent lines associated with a false monopole moment is
proportional to N, and is unaffected by the choice of 6,. In several figures,
including the dipole CFLD of Fig. 1(a), gaps on negative charges were
avoided by setting 6, to a value very close to 0, producing an apparently
divergent field line that eventually reappears at the opposite end of the
diagram and terminates on a negative charge.

HEdwin A. Abbot, Flatland: A Romance of Many Dimensions by a Square
(Seeley & Co., London, 1884). For a more technical discussion of two-
dimensional science, see A. K. Dewdney, The Planiverse: Computer Con-
tact with a Two-dimensional World (Poseidon, New York, 1984). While
this article was in press, the authors were made aware of the recent note of
T. E. Freeman, ‘‘One-, two-, or three-dimensional fields?,”” Am. J. Phys.

63, 273-274 (1995). Freeman shows a field line diagram with a false
monopole moment and correctly observes that the distortion would disap-
pear in a two-dimensional universe.

12Boundary clumping can be avoided in a distribution with one negative and
several positive charges by reversing the sign of each charge. A form of
boundary clumping can be seen in charge distributions containing a single
positive charge, but the problem originates solely from numerical errors
that are easily avoided.

3The problem of distributing points uniformly on a sphere is discussed in
the Internet document sphere.faq, produced by Dave Rusin. The document
is located at:  http://www.math.niu.edu:80/~rusin/papers/spheres/
sphere.faq. Uniform tilings are not achieved on golf balls or geodesic
domes which either employ multiple tiling elements or contain defects at
the north pole or at the equatorial ‘‘weld’’ line.

!Reference 13 describes methods of obtaining nearly uniform distributions
of an arbitrary number of points on the surface of a sphere.

151 field line diagrams are seen as primarily serving visualization and peda-
gogic purposes (rather than serving as a practical research/design tool) it
may be time to reevaluate their pedagogic worth, Tornkvist ef al. suggest
that, independent of any imperfections that may be present in CFLDS,
students often misinterpret these diagrams. S. Tornkvist, A. Petterson, and
G. Transtromer, ‘‘Confusion by representation: On students’ comprehen-
sion of the electric field concept,”” Am. J. Phys. 61, 335-338 (1993).

Resonant Faraday rotation as a probe of atomic dispersion

D. A. Van Baak

Department of Physics, Calvin College, Grand Rapids, Michigan 49546
(Received 18 August 1995; accepted 4 December 1995)

The Faraday effect (the rotation of the plane of polarization of light as it propagates through a
sample parallel to a static magnetic field) is readily detected in room-temperature rubidium vapor by
a diode-laser experiment near the D, resonance line at 780 nm, and the theoretical treatment of this
effect provides an unusually clear insight into the relation between absorption and dispersion in the
interaction of light with matter. © 1996 American Association of Physics Teachers.

L. INTRODUCTION

Impelled by a belief in the unity of the forces of nature,
Michael Faraday sought, and in 1845 provided, the first phe-
nomenological evidence for a connection between light and
magnetism when he discovered the effect that still bears his
name. He found that plane-polarized light, propagating
through matter parallel to a static magnetic field, underwent
a systematic rotation of its plane of polarization. The effect,
though unambiguous, is typically not large, with rotation per
unit distance per unit field of order 10 rad/m T (~0.03
arcmin/cm Oe) in ordinary glass samples in the midvisible;
this ‘‘Verdet constant’’ is itself a function of wavelength,
typically growing dramatically toward the blue end of the
visible spectrum. Not until the atomic-electron hypothesis
toward the end of the 19th century was it possible to provide
a more detailed model for Faraday rotation; Becquerel pre-
dicted a Verdet constant related to the dispersion dn/d\ of
the material. A modern picture of Faraday rotation emerges
from the quantum-mechanical response of an atom to a mag-
netic field; in this picture the atomic absorption and disper-

724 Am. J. Phys. 64 (6), June 1996

sion are both affected by the field, and in this sense the
Faraday effect is to dispersion what the Zeeman effect is to
absorption (or emission).

Given the small magnitude of Faraday rotation in bulk
condensed matter, it might seem impossible to detect the
effect for a much more dilute gas sample. It is the connection
between absorption and dispersion that contradicts this ex-
pectation; both effects are subject to enormous enhancements
near atomic resonances. This paper will work out the theory
of Faraday rotation for light interacting with a simple model
system, and will derive the behavior of the Verdet constant
both far from, and very near, an atomic resonance. The cal-
culation, in turn, is motivated by the possibility of observing
resonant Faraday rotation in an atomic vapor, in this case by
the interaction of 780 nm diode-laser radiation with a room-
temperature sample of rubidium vapor. The notable and de-
tailed agreement between observed rotation signals, and
those computed from a theory involving atomic dispersion,
demonstrates the reality of dispersion, and its intimate con-
nection with absorption. Since the absorption and fluores-
cence of rubidium vapor under diode-laser excitation is an
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emerging classic experiment in diode-laser optics, and since
only very modest extra equipment is needed to display Far-
aday rotation, a growing number of students will be able to
appreciate directly this probe of the dispersion that always
accompanies atomic absorption.

Faraday’s own account of his dlscovery is avallable in a
reprint edltlon ! discussions of it in biographical® and
blbhographlcal contexts are also available. The enhance-
ment of the Faraday effect near resonance lines in atomlc
vapors was discovered in 1898 by Macaluso and Corbino*
and has been z;pplled in modern times to create narrow-band
optical filters.” Two earlier papers in this Joumal describe
Faraday-rotation experiments in bulk matter;%’ this effect
has also become the basis of optical isolators.® The deriva-
tion worked out m this paper has been guided by that of
Preston and Dietz,” who however are motivated by experi-
ments on nonresonant rotation in bulk matter.

Section II of this paper gives a quantum-mechanical treat-
ment of Faraday rotation in a dilute vapor of a model atomic
system. Section III discusses the instrumental requirements
for diode-laser spectroscopy of rubidium vapor in general,
and the added requirements for Faraday-rotation experiments
in particular. Section IV presents and discusses typical ex-
perimental results, and Sec. V presents conclusions and ap-
plications.

II. THEORY

We divide this derivation of Faraday rotation into four
parts. The first step is to consider the propagation of linearly
polarized light through a medium, resolving it into two op-
positely directed circularly polarized fields which are as-
sumed to propagate independently. The second step is to
relate the macroscopic index of refraction, and the attenua-
tion, of the two circular polarization components in a me-
dium to the microscopic susceptibility of the atoms in the
sample. The third step introduces the simplest quantum-
mechanical system for which the susceptibility can be com-
puted, and extracts the results for Faraday rotation. Finally
this section takes up the effects of Doppler broadening on the
signals computed from the model.

The first step of the theory resembles Fresnel’s method for
understanding optical rotation in chiral media, in which an
incident linearly polarized field is decomposed into two op-
positely directed circularly polarized fields of equal ampli-
tude; the fundamental assumption is that each circularly po-
larized field propagates independently (but differently)
through the medium. Here we will suppose that each of the
two circular polarizations has its own index of refraction and
attenuation coefficient, and work out the results for propaga-
tion.

We introduce the two circularly polarized fields'®
gating in the +z direction (real parts understood):

E.(z,t)=E(X*iy) exp i(kz— wt) (1)
and write the incident field as the superposition
E(0,t)=E.(0,t)+E_(0,)=2E, X exp i(k0O— wt), (2)

which is clearly a linearly polarized field with polarization
along x. Now we assume that the fields E.. propagate with
indices of refraction n . and attenuation constants 8. respec-
tively. Then the wave number k is given by

propa-

. 290 2w

+ = = ——n+

= Nne N7 (3)
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where \ is the vacuum wavelength of the light, and the inci-
dent field propagates through a sample of length L to give
the emergent field

2w
E(L,t)=E, exp(— B.L)(X+iy)exp I(T n+L—wt)

27
+E, exp(— B_L)(X—iy)exp i(T n_L— wt).

)
In the usual case of equal attenuations for the two polariza-
tions (B, =B_=p), this reduces to

E(L,t)=2E, exp(— BL)(X cos A@—y sin A6)

y 2T n++n_L 5
exp il — X > —wtj, 3)

which clearly represents a linearly polarized wave whose di-
rection of polarization has been rotated through the Faraday
rotation angle A6, given by

2w (n+—n_)
Aﬁ—T 3 L. (6)

In Sec. III we will see how this rotation signal A can be
extracted from (4) even when differential attenuation is
present.

The second stage of the theoretical derivation is to relate
the macroscopic parameters n and B to the microscopic be-
havior of the sample. This can be achieved by assuming that
the medium as a whole develops, in response to the electric
field E, an electric polarization P given by

P=¢&xE, ™

where for a dilute-gas sample we do not need to distinguish
between the incident and the ‘‘local”’ value of the electric
field. The electric susceptibility y defined by (7) is a dimen-
sionless, complex, and frequency-dependent scalar quantity
characterizing the sample. Under this assumption, Maxwell’s
equations give the relationship between wave number k and
frequency w for any monochromatic plane wave propagating
through the material:

kc\?
(—-) =1+y. (8)

(O]

In the limit of low density, we will see that || is so small
even near resonance that we can adequately write

ke X

——1+3; ©

then the usual decomposition of y into real and imaginary
parts

x=x"tix" (10)
gives the results

x’ 27
n=1+7 and ,B———Z(z—. (11)
Thus the macroscopic propagation constants » and S have
been related to the real and imaginary parts of the micro-
scopic susceptibility, respectively.
The third part of the derivation is to assume a model for
the medium and to compute its electric susceptibility. The
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Fig. 1. The model atomic system used in this paper to compute absorption,
dispersion, and Faraday rotation in a dilute vapor. The ground state is non-
degenerate, and the excited state has three magnetic sublevels, here shown
as slightly split by an external magnetic field.

simplest model system is a gas of independent atoms, of
number density N, with each atom having a nondegenerate
ground state and an excited state forming a Zeeman triplet,
as shown in Fig. 1. This is exemplified by a 'S,—'P, tran-
sition of an atom with no nuclear spin or hyperfine structure;
such an atom shows the ‘‘normal’’ Zeeman effect, and in the
presence of a magnetic field B=B2 the upper-state sublevels
split as shown in Fig. 1, with m==*1 states undergoing en-
ergy shift

AE=+ uzB, (12)

where pp=e#i/2m, is the Bohr magneton. Then transitions
from the (unshifted) ground state to the m =*1 excited states
will occur at Bohr frequencies

AE }LBB €
——— =+ = =+
R0y V0_47'rme

For the electric fields introduced in (1), the electric-dipole
selection rules allow the fields E.. to induce only the reso-
nant upward transitions with Am==1 respectively. Thus
each circular polarization will separately interact with its
own two-level system, and so each polarization will propa-
gate with its own index of refraction and attenuation con-
stant, as was assumed above. These numbers, in turn, will be
those arising from the susceptibility of a generic two-level
atomic system, which is given as a function of optical fre-
quency v by11
NA3 1

X = 6 v v—idw2’
where A\=c/v, v, is the Bohr frequency of the transition,
Av=Q2#p ™! is its “‘natural linewidth’’ (full-width at half-
maximum, in ordinary frequency), and 7 is the spontaneous-
decay lifetime of the upper state.

Then from the result (11) above, we can write the attenu-
ation constant for the electric field as
NA? Av/2

BO)= T6a27 (v—10)2+ (AV2)*’

which shows the conventional Lorentzian line shape. It gives

peak absorption at line center, where v=yp and A=Ay=c/¥;
here B reaches the value

V01=V0+ B. (13)

(14)

(15)
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NNy 2 N

max ™~ 1677 E: 47

(16)

Again from the earlier result (11), we can deduce for the
index of refraction n(v) of the sample the curve
NA? Vo— v

n) = o =2+ (Ao

17)

which shows a dispersive dependence on frequency, with
positive values occurring below the resonant frequency, and
a peak departure of index » from unity occurring at frequen-
cies v=y,=Ap/2, of size

NA) 1 NA} o

|n_ 1|max=327r37_ 52 167T2 _Bmax E

(18)

This tightly related behavior of absorption and dispersion has
distinct implications for an experiment seeking to detect
atomic dispersion; for example, if a sample of length L is
dense enough to attenuate, at line center, the fields to e”! (or
the transmitted power to e ">=13.5%), then it has By, =1,
S0

Ao

ln_llmaxzm’

(19)
which is very small indeed for plausible sample lengths. If
one tries to detect this deviation of refractive index from
unity by interferometric means, then the phase shift (relative
to vacuum) that will accumulate in a one-way trip through
this sample is

2 0 L= 1 di
ng iLl™3 (radian).
(20)

This phase shift is only 8% of the 27 radians required to
produce a single interferometric fringe, and it would have to
be detected in the face of the deep absorption accompanying
it. Conventional detection of atomic dispersion is carried out
much farther from line center, using samples of much greater
optical thickness, and relying on the fact that dispersion
drops off with detuning less rapidly than does absorption.
We will see that Faraday rotation offers an indirect, but
vastly easier, way to detect atomic dispersion, even for opti-
cally thin samples, and that the Faraday rotation signal can
be foliowed right through resonance.

The absorption and dispersion signals thus far computed
are shown in Fig. 2, in which axes have been normalized to
‘“‘natural”’ values. The horizontal axis gives frequency in
units of the natural linewidth Aw, so that the absorption sig-
nal reaches half-maximum, and the dispersion signal reaches
its extrema, at ordinate *=1/2. The dispersion-shaped signal
gives n(»)—1 in the units shown; for reference, the room-
temperature number density of rubidium!? is near
N=25%10'® m™3, so that at a resonant wavelength of
Ao=0.78 X107 m, the factor N \3/87* has value 15X107°.
This means the computed index of refraction is confined to
the range 1+ (75X10 %), and it shows that the |y|<1 assump-
tion made above is retrospectively justified.

With all these preliminaries, we can now calculate the
Faraday rotation signal and its frequency dependence. Given
the separate resonant frequencies (13) for the oppositely di-
rected circularly polarized fields E.. , we can form the differ-
ence of refractive indices called for in (6), and write

2w
A¢=T|n—llL, S0 Adpu=
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Fig. 2. Graphs of the absorption (a) and dispersion (b) signals computed for
the model two-level atomic system, in the absence of Doppler broadening.
The curves arise from Eqs. (15) and (17) respectively; the horizontal scale is
in units of the ‘“natural linewidth>> Aw, and the vertical scales are in units
natural to the problem.

NAL Vos—

A= 37; [(v0+—v)2+(AV/2)2

Vo-—V
N (vo——v)*+(Ap2)*

Figure 3 shows the general character of the Faraday rotation
signal deduced from this result; its frequency dependence
arises from the difference of two (offset) dispersion signals,
so that the AA(») signal has a symmetric form, centered at
the unshifted line center ». The analytic form of the Faraday
rotation signal is thus a bit complicated, but two special
cases are worth extracting.

The first is applicable whenever the magnetic field (and
thus the Zeeman shift) is small enough; it makes use of the
general result

f(x+e)—f(x—e)=2¢€ f (x)+0(€), (22)

which [using (17)] allows (21) to be written (to lowest order
in B) as

21

A6=VBL, . 1 e dn e dn
wit _)\_dv_ 2m,.c Vav

(23)
Thus the Faraday rotation A6 is predicted to be proportional
to the strength of the magnetic field and the sample length,
with a proportionality factor V called the Verdet constant;
and V is predlctcd to have a frequency dependence — v dn/
dv, or A dn/d\, in agreement with the Becquerel formula.'®
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Fig. 3. (a) Dispersion curves for the two circular polarizations of light in the
Zeeman-split model atomic system in the absence of Doppler broadening,
computed for the particular choice of magnetic field strength
(e/Awm,)B=Av/2. (b) The Faraday-rotation angle computed from the
curves in (a), showing the characteristic symmetric signal predicted for reso-
nant Faraday rotation.

Actual materials with electronic structure much more com-
plicated than that modelled here do in fact follow the Bec-
querel form of V quite closely, except for a multiplicative
correction factor (the magneto-optlc constant y) generally
somewhat smaller than unity.’ It is worth notmg that the
wavelength dependence of Faraday rotation is given by the
dimensionless quantity N\ dn/d\, and that its scale is fixed
by the combination of fundamental constants

[
=293.34 rad/T m=1.0084 arcmin/Oecm. (24)

2m.c

These results for small field B also make it clear why
Faraday rotation can be so enormously enhanced near an
atomic resonance. First, the index of refraction n departs
maximally from unity near a resonance, and second, it does
so with a dispersive shape, going from maximum to mini-
mum in a frequency span of only the natural linewidth. Thus
a quotient like An/Av has, near resonance, the largest pos-
sible numerator and a very small denominator. In terms of
the graph of Fig. 3(a), ordinary nonresonant Faraday rotation
depends on a tiny difference between two refractive indices,
each of which is separately very close to one; but resonant
Faraday rotation involves the difference of two refractive
indices, each of which is near its maximum possible depar-
ture from unity, and whose departures from unity are of op-
posite sign.
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This enhancement of Faraday rotation at a resonance mo-
tivates the examination of a second special case of (21),
namely, the Faraday rotation at the center of the (zero-field)
atomic resonance, at v=y,. The result is

NAZL 5 kB
327%1 " (kB)?+(Av/2)%’
where k= e/4mm,=13.996 GHz/T; this function grows lin-
early with B (for kB<€Av/2), reaches a maximum at kB =Av/
2, and then decreases gradually. The initial linear depen-
dence of Faraday rotation on B allows the extraction of an
at-resonance Verdet constant of
_1dAe)| NA2 ) k N\ e
"L dB | _. 32m7  (Av2)) 4w m,

AOIV=V0=

(25)

7,

(26)

which for values of experimental interest like N=2.5%x10'®
m~3, A\y=0.78X10"% m, e/m,=1.76x10"! C/kg, and
7=255%10"° s (Ref. 15) yields the enormous value of
V=5.4x10% rad/T m. Thus despite a gas density some 12
orders of magnitude smaller than that of typical solids, the
resonant Faraday effect yields a computed Verdet constant
about 5 orders of magnitude larger than that seen in bulk
matter!

The maximum value of Faraday rotation at kB=Ap/2 in
(25) arises from the particular circumstance depicted in Fig.
3(a), where the dispersion curves for n, and n_ are split
apart by the Zeeman effect until the maximum of one lies
immediately above the minimum of the other; this maxi-
mizes the difference n,. —n_ and thus the Faraday rotation.
The maximum value of the rotation angle is given by

CNML 2 NAL
max" 3mr Av 8w

B=0

A6 27
If we again suppose that the sample density and length have
been chosen so as to attenuate transmitted light by factor e
at resonance (when the magnetic field is off), then the rela-
tion B,..L =1 again applies, and from (16) the maximum
Faraday rotation obtainable with this sample is

NML 4w 1
Abp=——= 373 (radian). (28)

Once again, the intimate relationship between absorption and
dispersion has imposed a maximum on the signal obtainable
with a sample of a given optical thickness, and once again
the observable signal is limited to one-half radian. But this
Faraday rotation of 0.5 rad is vastly easier to detect experi-
mentally than the 0.5 rad of phase shift derived in (20)
above. First, no interferometric setup is required to obtain the
Faraday-rotation signal, but rather the mere one-way trans-
mission of linearly polarized light through a sample; second,
the signal to be extracted is not the phase shift of a fringe
pattern, but the much more concrete rotation in space of the
plane of polarization of the transmitted light.

The absorption, dispersion, and Faraday-rotation signals
computed thus far are complicated, in experimental practice,
by the Doppler effect. Rather than a sample of atoms all at
rest and all sharing a common resonant frequency v, (or its
Zeeman-shifted equivalent), the experimenter confronts a
sample of atoms of mass m, sharing common rest frequency
Vpo» but spread out in velocity component v, according to the
(one-dimensional) Maxwell distribution, a Gaussian
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va/Z}
, (29)

g(vz)~eXP[ T T

where kp is Boltzmann’s constant and T is the absolute tem-
perature of the sample. The effect of this distribution in ve-
locity is to create a distribution of apparent resonant frequen-

cies vy, where the (first-order) Doppler shift gives
V0=V00(1+UZ/C), SO UZ':XO(VO—VO()). (30)

Thus the sample effectively contains a whole collection of
distinguishable kinds of atoms, with distribution of resonant
frequencies

8( V0)~exp‘ . N3 (vo— Voo)z} (31)
2kpgT "0N70
Defining the ‘‘Doppler width’” Ay, as the full width at half-
maximum of this distribution, we get

8kpT In2]?
o= 7| (32)
0

and the Doppler distribution, normalized to unit area, be-
4In2

comes
12 2
Vo™ Voo
—In2 .

wAV) CXP[ . ( AVD/Z) } (33)
The utility of this normalized distribution is that results pre-
viously calculated for motionless atoms, all of one resonant
frequency 1, can be transformed to results applicable to the
actual Doppler distribution of atoms by a simple convolu-
tion. For example, the previously computed index of refrac-
tion n(v;1), a function of frequency » for a given line center
vy, changes to

g(vo)=

n(v)= fng(Vo)dVo n(v;vg). (34)

Similar convolutions apply to the attenuation and the
Faraday-rotation signals 8(») and A&(v). In the limit that the
Doppler width Awy, is negligible, the distribution function
g(y) turns into the delta function &wy— vyg), and the convo-
lution reproduces the original results. Alternatively, in the
limit that the laser frequency’s detuning from resonance
v— ¥y is much larger than either the Doppler width or any
Zeeman shift, this delta-function approximation is a good
one; thus the Becquerel result derived above remains valid
for ordinary nonresonant Faraday rotation. But for the ex-
perimental situation described in Sec. III, the case of interest
is at the other extreme, with the room-temperature Doppler
width exceeding the natural linewidth by a factor of about
100. This has dramatic consequences for the width and size
of the absorption, dispersion, and Faraday-rotation signals.
The Appendix discusses suitable numerical methods for per-
forming the convolution integrals, but we go on here to
present some of the results.

The results easiest to intuit are for absorption. The convo-
lution defined by (34) preserves the total area under the ab-
sorption curve, and intuition hints, and computation con-
firms, that its width will increase from the natural linewidth
to very nearly the Doppler width. The consequence is that
the absorption at line center must decrease by about the same
factor of 100 by which the linewidth increases. Less intu-
itively obvious are the results for dispersion, though clearly
the convolution must smear out the width of the narrow dis-
persion feature by a similar large factor. Numerical evalua-

D. A. Van Baak 728



0.02 t } | ! ———
0.015 + T
0.01 T T

0.005 1 T

Attenuation f(v) in units of B

Dispersion n(v) - 1 in units of NA * / 8r°

-0.015 e}

-3 -2 -1 0 1
Detuning v - v, in units of Doppler width Av,

N O+
(2]

Fig. 4. Graphs of the absorption (a) and dispersion (b) signals computed for
the model two-level atomic system, in the presence of Doppler broadening.
The curves were computed via (34) and the numerical methods of the Ap-
pendix; the horizontal scale is in units of the ‘‘Doppler width’” A, , and the
vertical scales are in the same units as those of Fig. 2. The curves are
computed assuming a Doppler width Av, of 511 MHz and a natural line-
width Av of 6.24 MHz.

tions confirm this, with the broademed dispersion curve
reaching its extrema just outside the frequencies at which the
absorption curve reaches its half-maxima. Just as for the ab-
sorption curve, so too for the dispersion: this hundredfold
increase in width is accompanied by a decrease in height by
a similar factor. The results are shown in Fig. 4, which re-
semble the unbroadened curves of Fig. 2 in character, but
which are smaller in vertical scale. Remarkably enough, the
dispersion per unit absorption is scarcely affected by Dop-
pler broadening; in fact, for a Doppler-broadened sample of
density sufficient to give the same absorption at line center,
the dispersion (at its extrema) is actually some 23% larger
than in the unbroadened case.

Since the Faraday-rotation signal is related to the differ-
ence between two dispersion signals, the same results apply
to it. The large increase in horizontal scale implies that the
magnetic field required to maximize the line-center Faraday
rotation will be increased by a similar factor, giving the re-
quirement kB~ Awp/2; for the case of interest, Avp~500
MHz, so that a field of about 18 mT (180 Gauss) is required.
The previous results for Faraday rotation per unit absorption
still apply, with the Doppler-related correction noted above;
a sample giving e~ transmission at zero-field line center is
predicted to display maximum Faraday rotation of (0.5 rad)
X(1.23)=~35°.

Finally, Fig. 5 gives some computed results for Faraday
rotation as a function of laser frequency, for some different
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Fig. 5. Faraday rotation angles computed for the model problem of this
paper, in the presence of Doppler broadening, for three values of magnetic
field strength B: (e/4mwm,) B=Avp/6, Avp/3, and Avp/2.

values of magnetic field. Each curve is symmetric around the
zero-field line center, and each has long tails of sign opposite
to that of the central peak. Since these long tails describe the
ordinary off-resonant Faraday rotation, and since Faraday
found that the direction of off-resonant rotation is the same
as that of the (conventional) current in the solenoid produc-
ing the field, we deduce that resonant Faraday rotation
should have a direction opposite to that of the current pro-
ducing the field; this prediction is readily checked experi-
mentally. Since the Faraday-rotation signal is the difference
of two antisymmetric dispersion signals, the Faraday-rotation
signals also share their property of having zero net area un-
der their graphs. Thus broadband light cannot be used to
display the phenomenon of resonant Faraday rotation; the
light interacting with the atoms needs to have a spectral dis-
tribution no wider than the Doppler width of the transition.

III. APPARATUS

It is the availability of low power but tunable diode lasers
that makes this resonant-Faraday-rotation experiment fea-
sible in the undergraduate laboratory. The diode lasers pro-
duced by the millions for compact-disc players have nominal
output power 3 mW and wavelength 780 nm; the further
facts that their output is of very narrow spectral width (of
order 20 to 50 MHz) and also tunable (by changing the diode
temperature or injection current) make them wonderfully
useful spectroscopic sources. The happy coincidence of their
nominal wavelength with the strongest resonance line in the
rubidium spectrum, and the extremely convenient vapor
pressure of rubidium at room temperature, make diode-laser
experiments in rubidium vapor extraordinarily simple and
straightforward. Even once-exotic phenomena like Doppler-
free spectroscopy via saturated absorption can easily be per-
formed on a benchtop in real time.'

The instrumental requirements for diode-laser spectro-
scopy of rubidium in general can be divided into four cat-
egories: laser source, rubidium cell, optical detectors, and
ancillary electronics.

For the laser source in such experiments we have used
consumer-market laser diodes such as the Mitsubishi
ML4102 and Sharp LT022MC devices. Although nominally
of 780-nm output wavelength, in fact these devices can be
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(discontinuously) temperature tuned at average rate about
+0.25 nm/K or —1000 GHz/K, so that diodes of various
nominal wavelength can be tuned to near the desired 780-nm
wavelength. The nuisance is that these diode lasers exhibit
“mode hops’’ such that any given device has probability
below 50% of being tunable to a target wavelength; the easi-
est solution is to buy and test multiple diodes and find one
which does not mode-hop past the desired frequency. In any
given mode, these lasers exhibit typical tuning rates of about
—120 GHz/K as their case temperature is varied, and —2
GHz/mA as their injection current is varied. In order to vary,
and then stabilize, the laser-diode temperature, we have used
two-stage thermoelectric servomechanisms,!”  although
single-stage systems would likely suffice in this application.
In order to perform real-time scanning of the laser frequency,
we vary the diode-laser current about its average value of
order 60 mA by a sawtooth modulation of audio frequency
and peak-to-peak amplitude of about 5 mA; this gives (in
addition to a characteristic but undesired modulation of the
optical power output) a sawtooth scan of optical frequency
over a range of about 10 GHz. This is sufficient to scan over
the rubidium resonance line’s hyperfine-structure pattern. Fi-
nally, since the light emerging from the diode laser is
strongly divergent, we use an optimized lens'® mounted just
in front of it to produce a collimated beam of transverse
dimensions about 2X5 mm?. Such a lens can easily be ad-
justed to produce a beam with a divergence negligible over a
meter’s flight path; the elliptical cross-section and residual
astigmatism common to most diode laser beams do not
present a problem in this experiment. However, the large
optical intensity of order 5 mW in just a few square milli-
meters means that optical signals in rubidium can be readily
saturated. For experiments such as Doppler-free saturated ab-
sorption, this is desirable; but for Faraday-rotation experi-
ments, this can be avoided either by using a less tightly fo-
cused laser beam, or by using neutral-density filters to
attenuate the laser beam. A suitable level of attenuation is
easily found empirically by noting, with decreasing values of
laser-beam intensity, an approach to a asymptotic value for
the fractional absorption at a rubidium resonance.

The rubidium cell used in such experiments can be of 1- to
3-cm diameter and 5- to 10-cm length; for polarization-
sensitive experiments it is very convenient for the cell to
have flat end windows at near-normal incidence. Since typi-
cal experiments can be done with the rubidium near room
temperature, exotic glass is not required. The data below
were all obtained with a cell of 25-mm (outside) diameter,
51-mm (inside) length, made of Pyrex glass, and filled with
rubidium of natural isotopic abundance, in vacuum (no
buffer gas)."

The simplest optical detectors for use near 780 nm are
silicon photodiodes. These are available in a wide range of
shapes and sizes, but all share the remarkably high quantum
efficiency (>50%) of silicon p-n photojunctions at these
near-infrared wavelengths. The detectors can be operated at
zero potential difference, such that they act like ideal current
sources, with responsivity of order 0.5 A/W; it is convenient
to use operational amplifiers as current-to-voltage converters
to generate voltage outputs of order 1 V per milliwatt of
incident optical power. Such detector/amplifier combinations
can easily have response times under 10 us, and display
output noise equivalent to optical inputs well under 1 uW.

The ancillary electronics needed for this sort of experi-
ment include the servomechanism for diode-laser tempera-
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ture control, the stable but agile current source of order
0-100 mA, 0-3 V needed to drive the diode laser, and an
audio-frequency oscillator to modulate the diode-laser cur-
rent and thus its output frequency. Remarkably, most of the
experiments of interest can be accomplished with signal-
capturing electronics no more complicated than a dual-trace
oscilloscope; given the laser power and detector noise levels
available, even nonlinear optical effects such as saturated
absorption can be displayed in real time on an oscilloscope
display.

Given such capabilities, only modest additional equipment
is needed to perform the Faraday-rotation experiment de-
scribed here: one needs only a source of magnetic field, and
a somewhat more complicated polarization-sensitive optical
detector system. The magnetic fields required are of moder-
ate size, up to perhaps 20 mT (200 Gauss), and are easily
produced by air-core solenoidal coils. The homogeneity re-
quirements are also easily satisfied, since the fields need to
be uniform only over the few-millimeter transverse extent,
and the few-centimeter length, of the laser-illuminated ru-
bidium vapor. The data displayed below were obtained using
two old short-solenoid coils,™ each of length 90 mm and
effective diameter 112 mm, arranged as an approximate
Helmholtz pair. The coils were put in parallel to match the
capabilities of an available power supply, and required 41 V
at 1.3 A to produce the desired magnetic field. The gap be-
tween the coils allowed a Hall-effect Gaussmeter probe to be
inserted from the side of the coil, where it could measure the
longitudinal field right next to the rubidium cell; alterna-
tively, for a coil system of simpler geometry, the magnetic
field could be computed from the measured coil dimensions
and current.

The Faraday-rotation experiment clearly requires that the
laser light used be linearly polarized upon reaching the
sample cell, and that its (rotated) direction of linear polariza-
tion be analyzed subsequent to the cell. The input-
polarization requirement could be satisfied in many ways,
but the simplest is merely to use the intrinsic polarization of
the diode-laser emission: for a diode laser at rated power, the
nominal polarization purity of >100:1 is easily sufficient for
the experiment described here. Thus a linear polarizer suit-
able for 780 nm (Ref, 21) is only optional; another luxury is
a 780-nm half-wave plate, allowing the input polarization to
be rotated as desired.

The requirement of detecting the rotation of polarization is
a bit more complicated. If the light emerging from the
sample cell were purely linearly polarized, then its direction
of polarization could be found (at any one wavelength) by
searching for extinction with a rotatable linear polarizer used
as analyzer. But there are two objections to this classical
technique: first, in the presence of differential absorption, the
output light is in general elliptically polarized [as (4) shows]
so that exact extinction cannot be achieved; and second, this
technique does not lend itseif to an automated procedure
giving a real-time display of polarization-rotation as a func-
tion of laser frequency. So for this application we have in-
stead built a simple polarimeter22 based on a polarizing
beamsplitter cube and two photodiodes, arranged as shown
in Fig. 6. For input light parallel to the axis shown, and lying
in the wavelength range of the device, the beamsplitter ap-
proximates very nearly the intended function of transmitting
all of the input light of one linear polarization, and deflecting
through a right angle all of the input light of the orthogonal
linear polarization. In practice, the laser beam used is of
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Fig. 6. The polarization analyzer used to gather the Faraday-rotation data of
this paper, composed of a polarizing-beamsplitter cube and two detectors
arranged to capture the optical power exiting its two output faces. Also
displayed are the lab-fixed transverse coordinate axes X and ¥, and the cube-
fixed axes n; and B,.

much smaller transverse, angular, and wavelength extent
than the acceptance limits of the beamsplitter, and the two
output beams from the beamsplitter are easily captured on
modest-area photodiodes.?* Each photodiode current is sepa-
rately converted to a voltage,? so that two separate real-time
voltages, proportional to powers in two orthogonal optical
linear polarizations, are simultaneously available for oscillo-
scope display. The beamsplitter and the two photodiodes are
all held together in a cylindrical structure, forming a rigid
‘‘analyzer’’ that can be rotated about a mechanical axis co-
inciding with the laser beam to be analyzed.

Given a light beam exiting the Faraday medium of the
form (4), it is easy to work out the response of the polariza-
tion analyzer just described. The simplest case of pure Fara-
day rotation (with no differential absorption) yields a linearly
polarized beam, with polarization axis rotated by angle A#
from its original x direction. So if in Fig. 6 the analyzer’s
axes were rotated by ¢=45° away from the X and y direc-
tions, it is easy to see that the transmitted and deflected
beams would be of equal amplitude in the absence of Fara-
day rotation; but in the presence of Faraday rotation, one
beam would increase, and the other decrease, in amplitude.
This is the motivation for taking the difference of the two
intensities as the experimental signal. For a general orienta-
tion of the analyzer, with the upper face’s normal turned
through angle ¢ from the x direction, we can define the
‘‘eigen-axes’’ of the beamsplitter to be

n,=X sin p+y cos ¢, (35)

in the sense that light of pure linear polarization along n, will
be entirely deflected, and light of pure linear polarization
along i, will be entirely transmitted, by the polarizer. Defin-
ing the signal of interest to be the difference in the power
emerging from the two faces of the beamsplitter, we have

n;=X cos ¢—y sin ¢,

1 L g 1 ~ 12
SEPI—P2=5 |E(L,t)-0,|*— 5 |E(L,t)-0y|°. (36)

Here, E is the (complex) electric field incident on the beam-
splitter, and we have used the result |E[%2 for the time-
averaged power of a field written in complex representation.
For an electric field of the form (4), the result that emerges is

S§=2E} exp[— (B, +B_)L]cos 2(A6— @), (37)

which depends on the same rotation angle A@ defined in (6),
despite the presence of differential absorption (8, #8_). For
the natural choice ¢=45°, this simplifies to
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S=2E% exp[—(B++B-)L]sin 2A 6. (38)

This shows that a readily extracted experimental signal is
directly related to the sine of twice the Faraday rotation
angle A@ defined by (6). The meaning of the leading coeffi-
cient 2E3 is clearly seen operationally by imagining zero
absorption, zero Faraday rotation, and the analyzer set to the
¢=0° or 90° positions, since then (37) gives ‘‘baseline sig-
nals”’

Smaxmin=*So=*2EZ. (39)

Then, if the analyzer is set to angle ¢p=45°+¢, one readily
finds

S=8g exp[—(B++B-)L]sin 2(Af—¢€), (40)

which can be used in three ways. The first application is a
method for setting the angle ¢ to the desired 45°: the proce-
dure is to turn off the magnetic field (so that the Faraday
rotation A is zero); then the signal S is seen to vanish only
when sin(—2€)=0, i.e., when €=0 or ¢=45°. The second
application is a method for measuring the Faraday rotation
angle A@ directly: if (for any given laser frequency) the ana-
lyzer is turned from the previously established ¢=45° loca-
tion to that angle at which the observed signal S is driven to
zero, then (40) shows that

2(A0—¢€)=0, or e=A0; (41)

i.e., the analyzer has just been turned through exactly the
Faraday rotation angle Aé. The third application is a way to
get a real-time display related to the instantaneous Faraday
rotation as the laser is scanned; this is obtained by rotating
the analyzer to ¢=45°, by sending voltage signals propor-
tional to P, and P, to a dual-trace oscilloscope, and by ar-
ranging for a vertical deflection proportional to their differ-
ence and a horizontal deflection driven by the same low-
frequency oscillator that drives the frequency sweep of the
laser.

IV. DATA AND DISCUSSION

We turn now to data derived from diode-laser spectro-
scopy of rubidium vapor, and a discussion of it in terms of
the model so far developed.

For purposes of orientation, it is important first to acquire
simple absorption data; this can be easily done with the ap-
paratus described above by turning the magnetic field off and
by orienting the polarization analyzer (to the ¢=0 position)
so that the incoming linearly polarized light is entirely trans-
mitted to one of the two photodetectors. Then the intensity of
the transmitted light, as a function of laser-diode current,
exhibits a graph like that of Fig. 7. This graph, and those to
follow, was obtained by operating the diode laser with a sum
of a fixed dc, and a sawtooth-modulated ac, injection current.
Increasing current is to the right; the diode laser responds to
greater current by exhibiting greater output power, and larger
output wavelength. The increasing output power is displayed
in the linearly rising signal in the figure; the increasing
wavelength, or decreasing optical frequency, is chosen to
scan over the rubidium D, resonance line at 780 nm. The
upsloping optical signal (interpolated through the narrow ab-
sorption features displayed) is exactly the signal S, defined
above, since it is obtained for polarimeter angle ¢=0°, for
no absorption, and for zero magnetic field; knowledge of S,
and its (unintended) variation with laser frequency, allows a
theoretical model to include laser power variation. Of course,
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Fig. 7. (a) Intensity of (linearly polarized) light transmitted though a cell of
rubidium vapor, as a function of relative incremental current in the diode-
laser light source. The central value of diode-laser current has been empiri-
cally selected to give a central optical frequency near 384 200 GHz, and the
width of the sweep has been selected to give a scan of about 10 GHz in
optical frequency. Optical frequency decreases to the right; cell length
L=51 mm, temperature=298 K; magnetic field zero. (b) Theory for this
transmission signal, computed using the model described in the text. The
horizontal scale, and the size and slope of the baseline, have been adjusted
to match the data, but the shapes and sizes of the absorption dips are calcu-
lated from, not fit to, the model.

the more interesting content of the data of Fig. 7 is the set of
narrow absorption features displayed; this is a high-
resolution view of the Rb D, line. The scan was taken at low
enough intensity (<0.4 mW in a spot about 3X6 mm?) to
avoid the saturation of the absorption features; the scan du-
ration was under 2 ms.

The very first conclusion to be drawn is that rubidium is
not as simple as the model introduced so far, since the data
show not one, but rather four absorption dips. The structure
observed is readily explained in terms of the actual structure
of the rubidium D, line. This line arises from the
5s 28,,-5p 2P3/2 transition out of the ground state; the
combination of the isotopic composition of natural rubidium,
and the hyperfine structure of the states involved, give rise to
the lines displayed. The two inner lines arise from the
72.15% abundant ®Rb isotope, and the outer ones from the
27.85% abundant *'Rb isotope. The two inner lines are sepa-
rated by about 3.6 GHz, the *Rb ground-state hyperfine
splitting; similarly the outer lines are separated by about 6.8
GHz. For the purposes of this paper, these splittings can be
taken as well known,?® and they serve as a convenient way to
calibrate the optical frequency scale. Each of the four ob-
served absorption dips is broadened by two mechanisms:
common to all is the room-temperature Doppler broadening
of about 0.51 GHz, and different for each is the (unresolved)
upper-state hyperfine structure, which ranges from 0.09 to
0.42 GHz for the various lines.

Clearly, enough is known about rubidium to permit a com-
plete quantum-mechanical calculation of absorption, disper-
sion, and Faraday rotation;>’ such calculations are simplified
by the cylindrical symmetry of the problem, which leaves the
magnetic quantum number m; a good quantum number even
in the presence of the magnetic field, and which preserves
the selection rules of Amp==*1 for the fields described by
E. . But such exact calculations are not particularly illumi-
nating, and for the purposes of this paper we will instead
“‘adapt reality to the model”’ by the following prescription.
We will treat not only the two isotopes, but also the two
ground-state hyperfine populations of each isotope, as sepa-
rate noninteracting populations; we will ignore the upper-
state hyperfine structure entirely; and we will assume that the
transitions out of the ground state obeying the Amp==*1
selection rules follow a simple Zeeman shift given by (13).
In other words, we will treat the data as if rubidium were a
mixture of four distinguishable kinds of the model atoms
treated in the theory section above; the expected relative
populations of the four ‘‘species’” are given in Table 1.

With this heavy-handed approximation, we can readily
predict the expected size of the absorption signals; using the
number densities of Table I for each of the four notional
species of rubidium, we can use (15) to evaluate the absorp-
tion exponents 23(v)L for the four species present, and then
subject these to Doppler broadening by the methods of the

Table I. Statistical weights and number densities for the four ‘‘species’” of rubidium giving rise to the four
absorption features in Fig. 7. The features are labeled by the convention of Ref. 26, and are given in order of

decreasing optical frequency.

Isotope Isotopic Statistical Overall Number

Feature and F value abundance weight® weight density®
(iv) 87Rb, F=1 0.2785 3/8 0.1044 0.26x10'6
(iii) 85Rb, F=2 0.7215 5/12 0.3006 0.75x10'
(ii) 85Rb, F=3 0.7215 7/12 0.4209 1.05%10'®
@) 87Rb, F=2 0.2785 5/8 0.1741 0.44x10'

aStatistical weight is computed from (2F +1)/2(21+1), where 2F +1 is the number of degenerate magnetic
sublevels in a ground-state hyperfine level of a given F value, and 2(21+1) is the total number of ground-state

sublevels.

"Number densities (in m™3) are computed assuming rubidium temperature 7=25 °C=298 K, and overall ru-

bidium number density 2.5X10' m™3 (from Ref. 12).
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Fig. 8. (a) The signals obtained from the two photodetectors of the polar-
ization analyzer of Fig. 6, under conditions of polarizer angle ¢=45°, zero
magnetic field, and one signal electronically inverted. (b) The sum of the
two signals of (a), further expanded vertically by a factor of 2; this is the
signal representing zero Faraday rotation.

Appendix. Summing these and using the B=0, A§=¢=0
version of (37) above then gives a theoretical model for the
absorption signal predicted for the sample. Figure 7(b) shows
the results, where the horizontal axis, and the vertical scale
and baseline slope, have been scaled to match the data, but in
which no other parameters are adjusted. Comparing the data
and the model, we see fine agreement in the shape of the
absorption signals, showing that the computed Doppler
broadening is really being observed; but the agreement in
absolute and relative intensities is not so good. This may
perhaps be attributed to optical pumping of the sample;
though the light intensity is low enough to avoid saturation
(depletion of the ground-state population), it may not be low
enough to avoid optical pumping (redistribution of the
ground-state magnetic sublevels’ population).

Now there are only two experimental changes needed to
display Faraday rotation with this system. The first is to ro-
tate the polarization analyzer to the ¢=45° position, to view
the signals from both photodetectors, to invert one of them,
and to display both on a dual-trace oscilloscope. The result-
ing displays are shown in Fig. 8, where the two signals are
shown before and after algebraic addition on the ’scope. As
expected, the two separate signals are nearly identical, and
the sum signal is nearly zero, on the ’scope. The second
change is to raise the magnetic field from its previous zero
value to a succession of fixed values. The results for the
previously vanishing ‘‘sum signal’’ on the ’scope are dis-
played in Fig. 9(a), for which the ’scope gain is the same as
it was in Fig. 8(b). Each of the traces displays a set of four
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Fig. 9. (a) The experimental Faraday-rotation signal for three values of
magnetic field strength (B =35, 10, and 15 mT), obtained at the same scale as
the ““baseline’’ data of Fig. 8(b). (b) Theoretical Faraday-rotation signals
expected for this experimental situation, computed using the model de-
scribed in the text. The theory uses the same horizontal and vertical scaling
as in Fig. 7(b), and no adjustable parameters.

signals, each arising at the location of one of the four zero-
field absorption features; each of the four signals resembles
the symmetric resonant-Faraday-rotation signals predicted by
theory and depicted in Fig. 5. Each of these traces was ob-
tained in one single sweep of total duration less than 2 ms, so
the Faraday rotation thus displayed is truly a real-time phe-
nomenon; in fact the inductive time constant of the
magnetic-field coils is the factor limiting the rate at which
the Faraday-effect display on the oscilloscope can be
changed!

For purposes of more detailed comparison with the theory,
the theoretical prediction (40) was evaluated under the fol-
lowing assumptions: The leading factor S (representing the
characteristic variation in intensity that accompanies a diode
laser’s tuning) was taken from the pure absorption data
above; the attenuation constants 8, and B_ were taken from
Doppler-broadened and Zeeman-shifted versions of (15), and
the Faraday rotation angle Ag was taken from the Doppler-
broadened version of (21). This was done for four features,
assumed to be located at the positions of the four zero-field
absorption phenomena, and assumed to arise from species of
the number densities given in Table I. Again, the quantities
(B++B_) and A8 in (40) are linear in number density N, so
they can be summed over the assumed four species to give
values applicable to the whole sample; then evaluating the
exponential and sine functions in (40) gives a result compa-
rable to the data. The results are shown in Fig. 9(b), which
displays a set of theoretical simulations of the actual experi-
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ment. There are no new parameters adjusted in computing
the Faraday signal, since the scaling of Fig. 7 suffices to fix
all the necessary quantities. The agreement of the two halves
of Fig. 9 illustrates that a simple model of atomic dispersion
is indeed sufficient for a detailed description of resonant Far-
aday rotation; there is surprisingly good agreement in the
details of the vertical scale of the signals, and some disagree-
ment in the details of the broadening and saturation of the
Faraday rotation signals with increasing magnetic field.

V. CONCLUSIONS AND APPLICATIONS

We have shown that the Faraday effect is readily detected
in a diode-laser experiment in rubidium vapor, and that it has
both an unusually large size and a particularly interesting
structure in the immediate vicinity of the D, resonance line.
We have also shown that a relatively simple theory can de-
scribe most of the features of the resonant structure, and this
illustrates the intimate connection between absorption and
dispersion in this resonant interaction of light and matter.

It is worth contemplating how the theoretical and experi-
mental work discussed in this paper could be extended. An
obvious extension to the theory would be to replace the
simple atomic model used above with a quantum-mechanical
model of actual rubidium, complete with the hyperfine struc-
ture of both the ground and excited states, and the correct
magnetic-field dependence of all the energy levels. This has
been done for the analogous D, line in ceswm (in connection
with experrments in parity Vlolatlon), and affords a useful
exercise in matrix diagonalization. This, however, would still
not give a perfect description of the experiment, since at
easily accessible levels of laser intensity there arise nonlinear
effects such as optical pumping, saturation, and velocity
redistribution.”

On the experimental side, one could imagine a Doppler-
free Faraday-effect experiment, using a ‘‘pump beam’’ to
isolate one velocity class, and a ‘“‘probe beam’’ passing
through the same sample to measure Faraday rotation. Such
an experimental arrangement would represent the use of the
method of polarization spectroscopy in the presence of a
magnetic field. With the limitation of Doppler broadening
removed, the next obstacle to spectroscopic resolution would
be the intrinsic linewidth of free-running laser diodes. This
limit could in turn be surpassed through the use of extended-
cavity diode-laser systems of very narrow spectral widths;
this would leave the natural linewidth of rubidium transitions
as the limit on spectroscopic resolution.

There are other experimental arrangements that could be
tried; much higher rubidium densities are easily accessible at
moderately elevated temperatures. A larger departure would
be 1nvestigatron of the Voigt effect, the study of polarization
rotation using a magnetic field transverse (rather than paral-
lel) to the direction of light propagatron

It is also worth remarking on a fascinating technological
application of the Faraday effect for producing optical filters
of extremely narrow bandwidth, but high peak transmission
and wide field of view. The simplest of such filters is a
sandwich with a rather high-density vapor cell between a
pair of crossed linear polarizers. Such a filter would be
opaque at all wavelengths in the absence of a magnetic field;
in the presence of a suitable field, it is still opaque far from a
resonance line (since the Faraday rotation is very small at
large detuning) and right near a resonance line (since absorp-
tion in the vapor is very large there). But because absorption
drops off with detuning more rapidly than does the Faraday-
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rotation signal, it is possible for the cell to offer small ab-
sorption at two points on either side of the resonance where
Faraday rotation is still as large as 90°. The result is that the
sandwich becomes nearly transparent to light in two spectral
regions each only a few GHz wide; this represents a pass-
band whose width is only a few parts per million of the
optical frequency. Filters like these have been proposed for
systems involving laser communication with submerged
submarines.*

ACKNOWLEDGMENTS

The development of this experiment was supported, in
part, by National Science Foundation Grant No. DUE-
9255528, and thanks are also due to the participants in the
diode-laser workshop thereby supported for their comments
on the experiment. 1 also thank Hugh Robinson for helpful
discussions about this paper, and Leo Hollberg for the hos-
pitality that enabled me to write it.

APPENDIX

The presence of Doppler broadening leads to the need to
evaluate convolution integrals of the form

o (Av/2) or (vy—v)
j sodvo (T Ry

for absorption and dispersion signals, respectively, where
g(yp) is the normalized Gaussian function defined by (33).
The further case of the Faraday-rotation signal can be
handled as a difference of two dispersion signals with dis-
tinct line centers. The Doppler broadening of Lorentzian ab-
sorption signals leads to the well-known ‘‘Voigt profile,”
and a recent article®® describes various methods for comput-
ing these. Given the need to compute the broadening of both
absorption and dispersion signals, and given modern compu-
tational environments, the best route to a solution seems to
be via the complex error function.
The change of variable

2yIn2

t= AVD (VO_ l’00)

transforms the integral above into the standard form

exp(—t%)dt

1
\/_; f—w
><(Av/2) or [vOO+(AVD/2\/E§)t—— v]

[¥— vgo— (Avp/2yIn 2)t 13+ (Av/2)?

,111 J’ 2
AVD

where

y or (1—x)
=02+ ()%

2 \/111—2 Av
Avp, 2°
Integrals of this form lack antiderivatives, but are related to
the ‘‘complex error function” w(z) defined* by
w(z)=exp(—22)erfc(—lz)-——exp(—zz)[l —erf(—iz)].

In fact the latest integral above is given very simply by*

2yIn2

xX= AV (V—Voo)

and y=
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® _2  yor(t—x)
J R P

— 00

=m{Re w(x+iy) or —Im w(x+iy)}.

Since the complex function w(z), or at least erf(z), is avail-
able as a library function in some modern numerical analysis
packages, and since the real and imaginary parts of w(z)
simultaneously provide the broadening of the absorption and
dispersion lineshapes respectively, this computational
method has been used to generate the signals required in this
paper. In the case of interest, the y parameter has the fixed
and small value of about 0.0102, and the x parameter reaches
about *+33 for detuning v— 1y, of =10 GHz.
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THE SAME OLD STUFF, YEAR AFTER YEAR

Instead of teaching the same old stuff year after year, [the teacher] will constantly enrich his
knowledge, keep his teaching alive and dynamic, and prevent his mind from falling into the
disease of authority and age, which is paralysis.

There is no other solution. Life is a process of constant change. No one can teach a subject in
the same way two years running. Even if he uses the same books and teaches the same facts and
conclusions, the second year he will have blurred a few outlines by repetition, cut a few corners
because of age. The alternatives are only these: to allow your teaching to petrify by neglect, or
constantly to refresh it by transfusions of new vitality and interest from your own reading. The
choice is not too difficult, if it is clearly seen. One of the few consolations of age is that, while the
body becomes weaker, the mind can grow stronger and richer.

Gilbert Highet, The Art of Teaching (Vintage Books, New York, 1989; originally published by Alfred A. Knopf, 1950), pp.
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|. Laser

I.LA. 9 PIN CABLE AND CONNECTOR

The 9-pin cable provides electrical connectionsvben the laser head and electronics
box. A pin-out of the connector is shown in Figdre Your Laser diode head was shipped
with a protective plug on the 9-pin connector oa ldser head. When you are ready to use
the laser diode remove the protective plug ancclatthe 9-pin cable. Do not discard the
protective shipping plug. It can be used to prothe laser whenever the cable to the
controller is removed. For both operational an@tyareasons, it is important to keep the 9-
pin electrical cable connected between the lasad hend Laser Diode Controller box
whenever possible.

There is protection circuitry inside the laser hdad large electrostatic voltages may still
damage the laser diode. Ground yourself beforeverg the plug and attaching the cable.
When the instrument is turned on there is alsoptiesibility that high voltage is present on
the cable (a maximum of 100 Volts that drives thezp stack). Always connect the 9-pin
cable before connecting the controller box to A@veo Figure 1 shows the pin out of the 9-
pin connector and the protection diodes that arenteal inside the laser head.

Internal LD
Photo- Thermistor  (+)
Piezo  diode TEC Anode 1N5711
(+) cathode (+) (+)

63}

00 O @
® @O ® G- \AJWVU

Laser Diode

Piezo TEC Thermistor LD
) ) ) ) 3X
Cathode 1N4148
GND

Figure 1: 9-pin Connector Pin-out
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|.B. LASER TEMPERATURE

Temperature has several effects on the laser. figggiency of a "bare" diode laser
changes with temperature for two reasons. Firstwhvelength dependence of the overall
gain* changes with temperature. As shown in Figuid Section 1, this change is reflected
in the large-scale slope of the wavelength versmperature graph=~(0.23 nm/°CT).
Secondly the optical length of the “bare” diodereases with temperature. This is shown in
the small-scale slope of the individual “steps’Figure 6. From this slope (0.05 nm/2Q25
GHz / °C) we can estimate that a temperature #talmf 40 u°Ct is necessary for the
variation in the laser frequency to be less tharHiM The temperature also changes the
length of the external cavity formed by the gratirfgrom the linear expansion coefficient of
aluminuma = 2.5 X 10-5 °C-1 we can estimate a change in waggheof 0.015 nm °C-1x
7.5GHz °C-1. §

Temperature also affects two other laser parameférst, the threshold current increases
with temperature. Second, if the current is kepistant, the laser intensity will decrease as
the temperature is increased.

I.B.1. Specifications

Temperature Range Oto 60 °C

Temperature Stability better than 0.05 °C

Control process Proportional, Integral, Derivative
Adjustment Back Panel Potentiometer
Thermo electric cooler 20W@ 25A

Sensor 10 kQ thermistor

Modulation Input 12 kQ Input Impedance

+5Vin = -1 Volt Set Point Voltage Change

" The overall gain is the uppermost curve in figure 5 of section 1. (Diode Laser Physics)
" This is a useful number if you wish to tune the laser to a new wavelength.

* This estimate appears to be a severe restraint on the temperature. In practice the temperature
stability needed is less restrictive. First, the external cavity modes “trump” the temperature variations
of the internal modes. Secondly, there is a natural time scale for changing the temperature of any
object. In an analogy to electronic circuits, a time constant may be defined as the product of the
thermal resistance and the heat capacity. If we model the thermally connected parts as a cubic piece
of aluminum, this leads to the following expression .... The mass of the mirror mount, cold plate, and
collimation tube assembly is 168 grams which gives a time constant of about 20 seconds. Since we
typically sweep through the absorptions in a time interval of about 0.1 sec, the amount of temperature
change possible is small.

$ For an optical cavity, A = 2L/m, where L is the cavity length and m is an integer. It is interesting that
the change in wavelength with temperature depends only on the material and wavelength and not on
the cavity length. AA = aA.
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|.B.2. Laser Head

Figure 2 shows the Laser Head without the insulabetween the cold plate and heat
sink. The Thermo-electric cooler (TEC) is visilbletween these two aluminum pieces. The
thermistor, located close to the diode laser inctiiBmation tube holder, is also shown. Four
stainless steel screws secure the TEC betweerlth@late and heat sink. These screws pass
through nylon shoulder washers inside the heat, suhkch provide electrical and additional
thermal isolation between the cold plate and hie&t S(Note: stainless steel is a poor thermal
conductor.) A 1/4-20 brass screw passes througyledid plate and mirror mount and threads
into the collimation tube holder. This screw ahd targe aluminum contact area thermally
link the cold plate with the diode laser. On tlieen side of the laser head (not visible in the
picture), copper braid is used to thermally link ttold plate to the grating holder and the
movable portion of the mirror mount.*

Thermistor

Optical

Thermo-electric
Cold Plate ' Cooler

Heatsink |

Figure 2: Picture of Laser Head

I.B.2-a. Plexiglas Cover

A Plexiglas cover over the laser provides isolaftem air currents. There are two holes
in the cover to allow the laser beam to exit botthvand without the diffraction grating in
place. When operating the laser at a temperatei@\bthe local dew point, condensation
may be a problem. In such cases, it is advisa@bjrit tape over the un-used hole and tape a
piece of glass (microscope slide or cover slip)rahe hole through which the laser beam
exits.

’ Though better than no braid at all, we believe that this is the weak link in the thermal stability chain as
it relates to wavelength stability. When operating at temperatures far from room temp there is a
significant temperature difference between the movable mirror mount section that holds the grating
and the rest of the mirror mount (about 6 C at a 6 0 T set point).

5-3
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I.B.3. Laser Temperature Electronics

The TEC is a Melcor, model CP1-127-08 with dimensi@f 30 mm. by 30 mm., a
maximum current/voltage of 2.3A/15.4V and a coolpgwer of 21.4 Watts. The TEC
transfers heat between the cold plate and heat ¢ivken run in “reverse” direction, the cold
plate becomes a hot plate and the heat sink asbeate.) Temperature is sensed with a 10k
thermistor used in a bridge circuit (see Figure Bh instrument amplifier generates an error
voltage that is the difference between the set tpwoitage and the voltage across the
thermistor. A PID circuit conditions the error & into a control voltage that operates the
TEC through a power amplifier. The entire cirdaibipolar so that both cooling and heating
may be accomplished.

Analysis of the bridge circuit leads to the follogirelation between thermistor resistance
(RT) and voltage (VT): VT =5.0 RT /(10,000 + RT)

Values of thermistor resistance and voltage forpeeratures from —10 to 60°C are listed in
Table 1, on the following page.

The set point voltage is adjusted using the ten-patentiometer, located on the back panel.
The set point may also be controlled remotely it temperature modulation input on the
back panel. The set point voltage is the diffeeermetween the voltage set by the
potentiometer and the modulation voltage.

Set Point
+5.0V Monitor

Power
Op-Amp

10k PID Circuit

Instrument
Amplifier

Thermistor Temperature —
j— Monitor

Figure 3: Laser Temperature Control Electronics

The voltage modulation circuit is not shown in kg 3. Modulation input voltage is
attenuated by one fifth so a five volt change ia thodulation voltage leads to a minus one
volt change in the set point voltage. In the MOQHRS section of the front panel, the
LASER DIODE TEMPERATURE and SET POINT voltages nimth be measured. Two
LEDs, mounted on the front panel, indicate whenl#ser head is above or below the set
point temperature.
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Thermistor Resistance and Bridge Voltage as a Funicin of Temperature

Temperature Resistance Voltage Temperatyre Reststan Voltage
°C Ohms Volts °C Ohms Volts
-10 55,330 4.2347 25 10,000 2.5000
-9 52,440 4.1992 26 9574 2.4456
-8 49,690 4.1623 27 9165 2.3911
-7 47,070 4.1239 28 8779 2.3375
-6 44,630 4.0848 29 8410 2.2841
-5 42,340 4.0447 30 8060 2.2315
-4 40,170 4.0034 31 7722 2.1786
-3 38,130 3.9611 32 7402 2.1268
-2 36,190 3.9175 33 7100 2.0760
-1 34,370 3.8731 34 6807 2.0250

0 32,660 3.8279 35 6532 1.9756
1 31,030 3.7814 36 6270 1.9269
2 29,500 3.7342 37 6017 1.8783
3 28,060 3.6863 38 5777 1.8308
4 26,690 3.6372 39 5546 1.7837
5 25,400 3.5876 40 5329 1.7382
6 24,170 3.5367 41 5116 1.6922
7 23,020 3.4858 42 4916 1.6479
8 21,920 3.4336 43 4725 1.6044
9 20,880 3.3808 44 4543 1.5619
10 19,900 3.3278 45 4369 1.5203
11 18,970 3.2741 46 4202 1.4794)
12 18,090 3.2200 47 4042 1.4393
13 17,260 3.1658 48 3889 1.4000
14 16,470 3.1111 49 3743 1.3618|
15 15,710 3.0552 50 3603 1.3243
16 15,000 3.0000 51 3469 1.2878
17 14,330 2.9449 52 3340 1.2519
18 13,680 2.8885 53 3217 1.2170
19 13,070 2.8327 54 3099 1.1829
20 12,500 2.7778 55 2986 1.1497,
21 11,940 2.7211 56 2878 1.1174
22 11,420 2.6657 57 2774 1.0858
23 10,920 2.6099 58 2675 1.0552
24 10,450 2.5550 59 2580 1.0254)
25 10,000 2.5000 60 2488 0.9962

Table 1: Thermistor Resistance and Bridge Voltagearsus Temperature
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[.B.4. Laser Temperature Electronics Advanced Detds

The circuit is a modification of that described ®yC. Bradley et al Review of Scientific
Instruments, 61, 2097 (1990). The PID control peaters were determined from the Zeigler-
Nichols closed loop tuning method, and then twealkedive better performance. These
parameters give adequate performance but theyoarguaranteed to be optimal, especially if
you operate your laser at temperatures far frormrteomperature.

I.B.4-a. Changing the PID Control Parameters

To change the PID control parameters the top cao¥ethe electronics box must be
removed. Because of the high voltage in the boxegeire that you turn off the AC power
and unplug the electronics from the wall outletdpefremoving the top cover. Four side
screws hold the top cover in place. When lookeftaah the front, the temperature control
board is located on the back left hand side. Theéemetal film resistors are used to set the
control parameters. These resistors are helderias of terminal blocks, see picture below.

E_=

ra;.ﬁt 9.1 r‘..‘ o ;_J

_Ji'
E20an

Figure 4: Picture of temperature control board sheving terminal blocks

There are two terminal blocks wired in series facleparameter. The value is the sum of
the resistances in each block. This allows foe-tuning of the parameters. In the Zeigler-
Nichols tuning method, both the derivative and gné term need to be disabled. The
terminal blocks labeled (Der. Off) and (Int. Offleaused to enable or disable the derivative
and integral control parameters respectively. Uro & parameter off you must remove the
wire from the terminal block AND cut the wire lodipat is located just underneath the block.
To re-enable these terms the wire loops must bstadied. As shipped, the wire in the block
and the loop underneath it are redundant. Bothweatlhe parameter to be active.
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Table 2 lists the various control terms and thaddead values that the unit was shipped
with. Once the changes have been made, the t@ sbould be reinstalled before the power
is applied to the electronics.

Control Equation Standard Value
Parameter q Values
| _ Rxt1 = 20 I _
Gain (P) G= (Rxt1+Rxt6+10Kk)/10k RXt6 = 0 G=3
Integral (1) | = 2QF *(Rxt2+Rxt4+100k) | T =22M2 44 sec,
Rxt4 =0
Derivative (D) | D = 1QF *(Rxt3+Rxt5+100K) RXFf(tg ! 'E)’Q D = 10 sec.

Table 2: PID Default values
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I.C. LASER CURRENT CONTROLLER

The amount of current determines (in part) the gdithe laser. Below the threshold current,
the overall gain is less than one, and the lightiog from the diode is incoherent and
broadband, similar to light from an LED. At curte above the threshold, the light coming
from the diode becomes coherent narrow-band lagter bind the intensity increases linearly
with the current. Increasing the current also eases the temperature of the diode. This
changes the wavelength of the laser in a manneitasito that of external heating. As
discussed in Chapter 1, Section IIB, the smallest@dal slope of the steps in Figure 7 makes
it possible to estimate that a current noise ofu@5vould produce a laser line width of about
1 MHz. (See Chapter 1, pages 6 & 7, Figure 7, Veangth versus current for a “bare” diode).

I.C.1. Specifications

Current Range 0-100 mA
Current Noisé < 50 nArus (3 Hz - 20 kHz. bandwidth)
Modulation
Front Panel
Gain 2 mA/Volt
Maximum Amplitude +11 mA
Frequency DCto 1 MHz
RF on Laser Head
Gain 20 mA/Volt
Frequency 100 kHz to 100 MH%
Current Monitor Gain 100 mV/mA (10mA=1.0V)
Current Limit (50 — 100 mA) set at 80 mA
ESD protection Schotty diode (reverse voltage)

Three switching diodes 1N4148 (over voltage)

" Some fraction of the light remains LED like, at least for currents just above threshold where both
types of light can be seen.

f Changing the current can be thought of a means of rapidly changing the diode temperature, for times
longer than 1 ps. The current also changes the carrier density in the diode, which changes the index of
refraction. This effect is smaller than the thermal effects and predominates only at time scales shorter
than 1 us. This shortest response time is set by the relaxation oscillation frequency.

* We measured the current noise with the Teachspin Signal Processor/ Lock-in Amplifier (SPLIA),

configured in the amplitude detection mode, by detecting the voltage noise across a 100 Q resistor in
series with the diode. Unfortunately most of the noise measured was not current noise, but voltage
noise from the Lock-in Pre-Amplifier (about 10 nV / Hzllz). A more sensitive front end would be

needed to get an accurate measure of the noise.

$ Most likely higher modulation frequencies are possible. This is highest frequency for which the laser
has been tested.
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|.C.2. Current Electronics

The ten-turn potentiometer of the CURRENT modulessd to adjust DC laser current.
One turn of the dial will change the current by @b@0 mA. The BNC plug labeled
modulation input is used for external modulatiortle# current. The attenuator dial is linked
to the current modulation input. With a maximum miation frequency of 1 MHz, and with
the attenuator turned to 1 (full on), the input\pdes a modulation of 2 mA/Volt. The
current itself can be measured using the BNC labétser current, which is in the
MONITORS section of the front panel. The conveandiactor is 1Volt = 10 mA.

I.C.2-a. Diode Protection

Currents injected in the wrong direction or in @ amounts can render your diode
inoperable. The laser head is shipped with a ptieteshorting plug. This must be removed
before attaching the 9-pin cable. Protective dsodee present in the laser head. (Refer to
Figure 6 for details) When the laser is on, thredlover-voltage diodes will conduct slightly,
about 10% of the current from the electronics bak flow through these protection diodes.
Current to the diode laser is shunted to groundwthe front panel laser power toggle switch
is in the off position. There is also a slow strtuit in the current controller that applies
power to the electronics slowly after the AC povwseswitched on.

[.C.2-b. Current Limit

Diodes are specified by the maximum optical powet they will produce and not by the
maximum current. For each individual diode, therent that will produce this specified
power is different, with values ranging from 80 rrAin) 110mA (typ.) and 140mA (max.)*
(See spec sheet in appendix.) Your instrument hasireent limit that has been set to
approximately 80 mA. This value has been chosethabno diodes can be damaged by
excess current from the controller. However thso aneans that the typical diode will not
reach its maximum specified output power (70 m\Wr the typical student experiment the
current limit will not be a problem, because thed#i has excess power and one is typically
attenuating the beam when taking data. A useringede full power may adjust this current
limit. (See section 1.B.2)

The current limit does not affect the currents atge either through the front panel
current modulation input or through the SMA conoean the laser head. The front panel
has a maximum modulation amplitude of 11 mA. Theans that a maximum current of 91
mA (the sum of the modulation input and DC curresgh be applied to the diodes by the
students. It is possible that this may be enougteat to damage a few select diodes. Please
warn your students. There is no over-current gtage limiting the amount of current that
can be sent through the RF connectline RF input is for advanced users only.

I.C.2-c.  Applying Power

Before turning on the AC line power to the electcsn make sure that the laser power
toggle is off, that the Current ten-turn pot is $etzero, and that there is no external
modulation. Once AC power is applied you may tamthe laser power toggle and then
finally increase the Current with the ten-turn pd¥hen shutting off the unit the steps should
be followed in reverse. First set the currentdmzdisconnect any external modulation, turn
the laser power toggle off and finally shut off th€ power to the electronics box. All these
steps are meant to ensure a maximum lifetime far gade laser.

" This is for operation at 25 T. At higher temperatures more current is needed to reach a specified
output power. See Diode spec sheet.
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|.C.3. Current Controller Advanced Details

The current control is based on the design of K.iBbrecht and J. L. Hall (Rev. Sci.
Instrm. 64 (8) 2133 1993).

L e
L]

F e 13
81 imit Adjust
Potentiometer

Figure 5: Picture showing current limit trim pot and test points

[.C.3-a. Current Limit Adjustment

Advanced users may want to change the current Bmithat they can get more power
from an individual diode. Increasing the currantii could lead to overdriving of the laser
diode and permanent damage. This procedure isfonipose who understand this and can
set an appropriate current limit.

The circuit limits the current by setting the syppbltage. The supply voltage is dropped
across the 50 ohm current sensing resistor, tHarbaurrent monitor resistor and then across
the diode laser. Different diode lasers will hal#erent forward biased voltage drops and
hence the ultimate current limit will change slighfor different diodes. Turn off the power
to the laser controller and unplug the AC powee lirom the wall. Turn the electronics box
over and remove the four screws that hold the bottover of the electronics box in place
and remove the cover. The current limit trim gmiténtiometer) is located on the front panel
circuit board, underneath the cell heater controlld=igure 5 shows a picture of the current
control circuit board with the location of the siyppoltage potentiometer and test point
indicated. Turning the trim pot counter clockwigéien viewed as shown in Figure 5, will
increase the supply voltage and current limit. Quwa of the trim pot will increase the
voltage by about 0.2 V and the current by about follli-amperes (4 mA).
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I.C.3-b. High Frequency Modulation

Figure 6 shows a schematic of the high frequenogutation circuit connected to the
SMA connector on the laser head. A 0.@¥3capacitor is used to AC couple the RF into the
diode. The RF is sent into the laser diode thraingh50 ohm resistor. The resistor also acts
as a 50 ohm impedance match for the RF. The ctions@re made on a small circuit board
inside the laser head base right above the 9 pinexior. Also shown in the figure are the
two sets of protection diodes on both sides ofSheohm resistor and 4uH inductor. We
included two sets of protection diodes to provideximum electrostatic protection.

50 Q0
Ferrite bead —\W\N— Diode
Laser
> YY)
From Current SMA 0.47 uH
Control Connector
0.033 uF

Figure 6: Schematic High Frequency Modulation Circut. Also shown are two sets
of protection diodes. The three diodes in seriesr& 1N4148's and the
diodes used to prevent reverse voltages are 1IN5741"
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I.D. LASEROPTICS AND DIODE

Figure 7 is a diagram of the Laser Head as viefned above. The diagram includes the
diode, collimating lens, grating, PZT stack, bgdped setscrew that provides contact between
the mirror mount and grating holder, and the 6-@&set head cap screws that fix the grating
holder to the mirror mount. The basic design @rfrArnold et al, Review of Scientific
Instruments, 69, 1236 (1998). The only major cleasghe use of a flexure mount to hold the
diffraction grating. The diode is held in a ThorbisaCollimation tube (LT230P-B), which
also holds the aspheric collimation lens (C230TMd#B3 4.5 mm, 0.45 na). The holographic
diffraction grating is from Edmunds Optics (R43-Y&Bd has 1800 lines /mm. The actuators
used for adjusting the grating and mirror mounteh&Q0 threads per inch. From the grating
equation { = 2dsir®) and dimensions given above one can calculateviheslength tuning
rate of the actuators to be about 5.2 nm per turn.

P A

e Diode Lasers=&gg s
:
W—O_?ﬁi—-«-—&%"—%

Collimation Nt |\ . Collimaltion
Tube Holdey /—JS | | _ Tube
Set Screws _—f i_ J_LQLJ 5" Lens|
PZT Stack e N

Ball tipped .

Set Screw

Grating Holder

6-32 Cap Scre

Figure 7: Overview of Laser Head
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1.D.1. Laser Diode

The diode is a Sanyo DL-7140-201S infrared laseded with a nominal wavelength of
785 nm and a maximum output power of 70 mW. Tha dheet is included at the end of this
section. The data sheet shows the output powerfaacéion of current for different laser
temperatures. The point where the power rises sharalled the threshold current and is
the start of lasing action. There are also grapghthe threshold current as a function of
temperature. When the diode is placed in an etigiptical system, the threshold current is
reduced below that for the “bare” diode. Whenl#dser beam is viewed on a white card with
the CCD camera, you can observe the threshold sasiden brightening of the beam spot.
Measuring, or just observing, this threshold cdoditvill be used in the following section for
aligning the grating and correctly positioning taes. (Section 1.D.2-c)

If you notice that the laser experiments are notcfioning properly, even though they did
previously, you might have a damaged diode thatism¢e be replaced. Diode lasers rarely
burn out completely before they lose the abilityuoction adequately in the laser lab. Thus,
it is not always readily apparent when a laser sdedbe replaced. The telltale signs of a
damaged laser are: The laser power (as a functioareent) is reduced from nominal values.
The laser threshold is not abrupt and obvious atnibminal threshold current. The output
beam profile of the diode may also change.

[.D.2. External Cavity

To align the external cavity you must adjust thgwar orientation of the grating so that
the beam diffracted from the grating is sent bait& the diode. The beam labeled “Secondary
Output” is also called theetro-reflected beam. Figure 8 diagrams the process.

Secondary Output Beam
Reflected from Grating and
Diode Front Facet
Primary
Laser Beam

Front Facet Back Facet
R=15%

Beam Diffracted
from Grating

Beams have been spacially separated for clarity
Columating lens is not shown

Figure 8: Diagram Showing Origin of both the Primary and Secondary (Retro-
Reflected) beam Spots
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I.D.2-a.  Finding the Retro Reflection

Use the blank backside of a business card as dngesereen. Place the card in front of
the laser and use the CCD camera and video mawiteiew the output beam as shown in
Figure 9. Turn on the laser power and set the lasaent two to three milliamps above
threshold. Check that the Laser TEMPERATURE SETNAGIs correct (Refer to section
I.B.3, Laser Temperature Electronics, for how targe temperature set point.)

The picture of the TV monitor in Figure 10 showghothe primary and retro-reflected
beams. The intensity of the retro-reflected bearanly 2-3% that of the main beam. You
will have to set the laser current a few milliangimve threshold to see the retro reflection.
As discussed in Initial Setup of Chapter 3, Sectidh.5, the TOP knob is used to change the
vertical position of the beam and the SIDE knolused to change the horizontal position.
See Figure 2 of Initial Setup on Chapter 3 page 6.

Use the TOP knob to set the beam height at 410thd grating has been removed refer to
Section 1.D.3.b and c; Installation of the gratengd setting the beam height.) Dim the room
lights. The retro reflected beam may appear alwovieelow and to the right or left of the
main beam spot. Be sure to position the viewing gath the main beam spot in the center.

&

I:rll
_k_L‘

H
a

Buisness Card

in Card Holder
Figure 9: Setup for Viewing Beam Profile and Figure 10: Laser Beam Image
Retro-reflection. Misaligned external cavity both main

beam and retro-reflection are visible.

Turn the SIDE knob until you see the weak retréection on the monitor. You may have
to make several turns of the SIDE knob in bothafioms. Reposition the viewing screen to
keep the main beam centered on the screen. Itgonot find the retro reflection make sure
that the laser is above threshold (Section I.C.BmB-d). Increase the laser current by 2 mA
and search again. If you still cannot find theaetflection turn the TOP knob three turns in
and search again. Then turn the TOP knob outusist (this gives a net of three turns out
from the starting position), and search again.

[.D.2-b. Aligning the External Cavity

Once you see the retro reflection, adjust bothSH2E and TOP knobs so that the main
beam and the retro reflection overlap. You shadtice an increase in the laser intensity
when this happens. You should also observe thanviurning the TOP knob, the main and
retro beams move in opposite directions and whenStDE knob is turned only the main
beam moves.
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[.D.2-c. Measuring the Threshold Current

Threshold current measurements are used to sdérnbkeposition. Again use the setup
shown in Figure 9. Dim the room lights and redtieelaser current to just above threshold.
Connect a voltmeter to the laser current in the NITADRS section of the front panel. Adjust
the TOP and SIDE knobs to find the region of maxmmaser intensity.* Reduce the current
until it is again just above threshold. Use th@45/Allen wrench, as shown in Figure 2 of
Initial Setup, to gently change the knob positioastlicker in the laser spot indicates that the
laser is passing through a series of modes. Youldtbe able to observe six or more vertical
modes as you move the TOP knob and tens of modgsuasiove the SIDE knob. Position
both knobs so that the laser is near the centttesie mode patterns. Position the TOP knob
so that you are at a mode maximum and reduce thentdill you can just see the diode start
to lase. We will define this as the threshold entr This procedure is a little subjective, but
as long as you are consistent it will work fine.

I.D.3. Diffraction Grating Holder

The grating holder may be removed either to stasfyects of the diode laser without the
external cavity or to adjust the position of thdiomting lens.

[.D.3-a. Grating Removal

Set the Laser Current to zero and turn off theet&ower. Set the Piezo dc offset to zero
and disconnect any cables from the Piezo modulatipat. Loosen the ball tipped setscrew
that contacts the piezo stack. (See Figure 7)ndRe the two 6-32 socket head cap screws
that hold the grating holder to the mirror mouttwill be necessary to hold the mirror mount
with one hand as you loosen the 6-32 screws. Rertiw/grating holder and set it aside. Be
careful not to touch the front face of the grating.

[.D.3-b. Installing the Grating

Place the grating holder on the mirror mount; ihaad tighten the two 6-32 socket head
cap screws. You will have to hold the movable ehtthe mirror mount while doing this.

There is a certain amount of
"play" in the angular position of the
grating holder. This "play" allows for
the beam height to be set to 4.0" (See
below). For the initial installation,
press the grating holder from the side
so that the holder makes contact with
both 6-32 screws as you tighten the
screws. See picture in Figure .11
This will approximately set the
correct beam height.

Figure 11: Initial installation of the Grating:
Grating holder is pressed against screws as
screws are tightened

" This procedure is the same as outlined in Chapter 3, Section II.D, Aligning the Laser. The one
difference is that you will now also adjust the SIDE knob.

5-15
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1.D.3-c. Setting the Beam Height

After the initial installation of the grating holddurn on the laser and align the external
cavity (See Section 1.D.2-b). Place the viewingesn or IR viewing card at the far end of the
optical table from the laser in a position to vikwe beam. Loosen the two 6-32 socket head
cap screws and tilt the grating holder to set teanb height at four inches (4") above the
optical table as seen on the viewing card. Regighihe 6-32 socket head cap screws. Align
the external cavity once again and confirm that lyave the correct beam height.

[.D.3-d. Contacting Piezo Stack with Ball Tipped Setscrew

Once the beam height has been set, turn the ipp#d setscrew until it makes contact
with the piezo stack. Once the ball tipped setggrest makes contact, the screw should be
tightened an additional one-quarter tur@O NOT tighten it more than one-quarter turn as
this could lead to damage to the piezo stack when the high voltage is applied. This preloads
the piezo stack. If you find it difficult to teWhen the setscrew has made contact, you can
turn on the laser power and current and use theimiescreen and CCD camera to look at the
beam spot as you tighten the ball tipped setscréen the beam spot starts to move, the
setscrew is in contact with the piezo stack.

1.D.4. Collimation Tube

Figure 12 shows an exploded view of the collinattabe and associated parts. The
aspheric lens threads into the front side of tHeneation tube. The split aluminum adapter*
and diode laser slide into the backside of thdaroalion tube. The black plastic retaining ring
threads into the backside of the collimation tubd &olds the diode in place. The printed
circuit board (PCB) and 5.6 mm socket plug intolthek of the diode. The strain relief body
slides over the PCB and threads into the backdidleeocollimation tube. Three screws hold
the strain relief cap onto the strain relief body.

Strain Black Palstic ;
- - X Split Alum. .
Relief Cap Retaining Ring Apdapater LT230-B Aspheric

Strain Relief Body Plug-in Collimation Tube Lens

/ |5 | N
b= U N e Y,
2-56 Socket biode
Head Screws Cable Laser

\Thread

Figure 12: Exploded View of Collimation Tube

" The aluminum adapter and retaining ring are for use with 5.6 mm diode lasers. Included with your
laser is a different retaining ring that can be used with 9 mm diodes if you ever want to try different
makes of diode in your laser head. With 9 mm diodes the aluminum adapter is not used.

5-16
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I.D.4-a. Replacing the Diode

First, turn off the AC power to the Laser Dioden@oller. Before removing the diode
from the laser you must set up an electrostaticsdfe place to work. This should include a
grounded table surface and a grounded wrist strap.

Diode lasers are easily damaged by electrostaticlteges.

Loosen the two setscrews on the side of the catlon tube holder (see Figure 7) and
slide the collimation tube out of the holder. nRRee the three 2-56 socket head cap screws
from the strain relief cap and set the cap andwstigside. Unthread the strain relief body
from the collimation tube and slide it over the leabDo not allow the cable to twist with the
strain relief body, but keep it fixed with respéctthe collimation tube. You will have to
unbend the cable somewhat to slide the strainf tetidy over it. Unplug the PCB and socket
from the diode.

Electric
Field

Plug-in
PCB

Beam
5.6mm T Looking :
Cable Socket 5.6mm into Profile
Diode
Socket
Laser

Figure 13:  Diagram showing relation between cablednd, diode pin out, beam
profile and laser light polarization.

With the spanner wrench provided, unthread tha&mitg ring from the collimation tube
and remove the diode laser and adapter. Placeldndiode aside, perhaps in a bag marked,
"old diode", and remove the new diode from its b&yt the new diode into the collimation
tube. Place the diode into the adapter. Therp thie assembly into the collimation tube.
The diode-adapter assembly should fit snugly iheotube without cocking. Now, thread the
retaining ring into place. Attach the socket ai@BRo the diode and screw the strain relief
body over the PCB and into the collimation tubes b&fore, keep the cable fixed with respect
to the collimation tube. Attach the cap to thekbatthe strain relief body. Note: The cap
has a cutout to accept the bent cable.

Operating note: Figure 13 shows the relationship between the bend in the cable, the diode
pin-out, the beam profile and the laser light electric field direction. In the next section, we
will discuss how to orient the laser so that the long axis of the eliptical beam profile is
horizontal. In this orientation, the grating provides the maximum resolution as the beam
"covers' the largest number of linesin the grating.
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I.D.4-b. Setting the Laser Orientation and External Cavity Length

Place the collimation tube assembly in the coltioratube holder and lightly tighten one
of the setscrews. The position of collimation twighin the holder determines the cavity
length. The major effect of the cavity lengthastetermine the external cavity mode spacing.
(See diode laser physics section) It is found &hsthort cavity works best.* Position the tube
so that there is a 2 to 3 millimeter gap betweendbilimation tube and diffraction grating.
Do not let the collimation tube touch the gratingou need to leave space for the grating to
move.

If not already connected, attach the 9-pin cablin¢ laser head and turn on the AC power
to the Laser Diode Controller. The angular origataof the laser within the collimation tube
holder can be determined either by measuremeriteopolarization direction or observation
of the beam profile. Figure 9 showed the setupliserve the beam profile as well as the
retro-reflection. Figure 14 shows several imadgeb® beam profile. In image 15c, the glass
Neutral Density filter has been placed in the bgeth so that the LED light from the diode
does not interfere with imaging of the laser ligiturn on the Laser Power and increase the
current till the laser is above threshold. Loo#&n setscrew and rotate the collimation tube
within the holder until the long axis of the beamaged on the video screen is horizontal.
(Figure 14c) You might also notice that two styeédatures above and below the image that
are from the LED light. Making these streaky livestical also sets the correct orientation.

To measure the polarization direction of the bgdexe a linear polarizer (available only
with the complete optics package) after the glaBs fiter and turn the polarizer until a
minimum intensity image is observed on the videaitoo. The electric field is polarized 90
degrees to the direction indicated on the polarizer

Figure 14a: Laser Beam with Figure 14b: Laser Beam with Figure 14c: Laser Beam with

laser current below threshold,  laser current just above laser current we| above
Only incoherent LED light is threshold, laser light and LED threshold. An ND filter has been
visible. light visible placed between laser and viewing

screen, only laser light is visible

" There exists a "magic" cavity length for which, as the angle of the grating is changed, both the
wavelength diffracted by the grating and the wavelength of an external cavity mode, (determined by
the cavity length), change at the same rate with angle. This distance can be determined from the
diffraction angle and distance from the grating pivot point to the center of the beam spot on the
grating. For the TeachSpin laser head this distance is about 0.58 inches (=14.7mm). This would
seem to promise extremely long mode-hop-free scans. Unfortunately, the presence of internal cavity
modes in the diode itself destroys the potential of long scans. (See Diode Laser Physics Section) A
diode with an antireflection (AR) coating on its output facet would have no internal cavity modes and
should show these long scans. The cost of AR coating a diode ($2,000.00) has precluded any
investigations by TeachSpin. We would be interested in hearing from anyone who has access to or
has tried diodes with an AR coating.
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[.D.4-c. Adjustment of Lens Position

Optimal alignment of the diode laser involves athuent of the lens position within the
collimation tube. We have found that proper leasifon is crucial for obtaining long mode-
hop-free scans of the laser. When installing a demde, we have found that you have to
adjust the lens position about half of the timeor Bome of the new diodes, the old lens
position will work just fine. To determine whethiie lens position needs to be adjusted, we
observe the laser behavior as we scan with theopietty (no current scan) through the
rubidium absorption features. |If, after carefutezmal cavity alignment, you can sweep
through the first three absorption features (8HM, &1d 85a) (See the diagram in Initial Setup
section 27.), then the lens position is fine. dftbe other hand you find that you cannot make
a nice long sweep, the lens position may need tugre.

Operating note: During the following procedures you will be turning the laser current on
and off while you adjust the lens position. To adjust the position you will be looking almost
directly into the output of the laser. We strongly urge you to exercise extreme caution and
use proper laser safety. Keep your laser safety goggles on and always check that the laser
current is set to zero and that the laser power has been turned off before you check the lens
position.

[.D.4-c.1 Coarse Lens Adjustment: If you are installing a new diode into a collinoat
tube that has been previously used, you may skigditowing step. Usually, this step is
only necessary if you are installing a new collimattube or if the lens position has been
grossly misadjusted. Coarse adjustment involvéigr@aiing the laser beam so that the
beam size does not change with distance. Turhader power on and adjust the laser
current above threshold. Use the IR viewing cardhe viewing screen, CCD camera,
and TV monitor to observe the spot size first ribar output of the laser and then at a
point several meters away. If the beam size absngse the spanner wrench to adjust the
lens until the beam is collimated.

[.D.4-c.2 Fine Lens Adjustment: Fine lens adjustment involves measuring the Hules
current as a function of the lens position. At t@imal lens position, the threshold
current is a minimum.  The following steps needbto repeated until the minimum
threshold current is found: Align the external ibaaand measure the threshold current
(section 1.D.2-b&c). Remove the grating (sectioD.3-a). Adjust and record the lens
position (1.D.4-c.3). Reinstall the grating (I.Bb3. Align the external cavity and then
measure the new threshold current. You may betemoe remove the collimation tube
from the tube holder, adjust the lens position gnsh reinstall the collimation tube in the
holder, thus skipping the removal and installatdrihe grating. However, the threshold
current is a strong function of the electric figllarization direction and we have found it
difficult to reinstall the collimation tube in apeatable manner. This is why we favor the
above procedure. When reinstalling the gratingg ot necessary to set the beam height
or contact the piezo stack with the ball tippedaew. These steps need only be done at
the end, once the correct lens position has beendi@ed. However, you should attempt
to install the grating holder in a reproducible mamn pressing the grating holder against
the 6-32 cap screws before tightening the screvedasn in Figure 11.
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[.D.4-c.3 The lens position may be determined by a markitha been placed on the end of
the collimation tube near one of the spanner wrekeglways. See the picture in Figure
15. Figure 15 also shows a series of measurentaitsvere taken as a function of lens
position. The pictures show the relative positadrthe mark and keyway. You should
realize that the mark stays fixed as the lens angvly are rotated, though the picture
appears to show the opposite. You should notiddenpicture that we are making very
small changes in the lens position, only a few degyr and that the threshold current is

changing by a milliamp or less.

Start
Thres. =
2.904V
29.0mA

Spanner
Wrench

Thres. =
3.011v
30.1mA

ccw
Thres. =
3.067V
30.7mA

Thres. =
2,891V
28.9mA

Thres. =
2951V
29.5 mA

END
Thres. =
2.898v
25.0mA

Figure 15:Picture of Scratch Mark on Collimation Tube and Diagram Showing
Threshold Current Measurement as a Function of Lengosition.
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I.E. PIEZO STACK

The piezo stack is an NEC / Tokin model AE0203D@vhich has a nominal
displacement of am at 100V. The piezo stack is polarized and veltafonly one polarity
should be used. The stack is sandwiched betweemigtal plates. A setscrew contacts the
bottom metal plate from the side and holds thekstadhe movable portion of the mirror
mount (See Figure 7). A ball tipped setscrew i ghating holder contacts the piezo stack.
When voltage is applied to the piezo stack the tiygded setscrew transmits the motion of the
stack to the holder and grating, changing the mggagiosition. Both the distance from the
grating to the laser (the cavity length) and thglarof the grating are changed by the
expansion and contraction of the piezo stack.

I.E.1. Electronics

Voltage is applied to the piezo stack through tgrocable. The PIEZO CONTROLLER
module in the electronics box adjusts the voltggdiad to the stack.

Piezo Displacement 3im + 1.5pum @ 100 Volts

Piezo Maximum Voltage 150 volts

Piezo Frequency Response DC to 1 kHz

DC OFFSET

COARSE Tenturn O to 100 Volts

FINE Single Turn 0 to 2 Volts

MODULATION INPUT 1V input =5V across piezo stack

Input Impedance 10 k2

ATTENUATOR Reduces MOD. Input

MONITOR OUTPUT 1/10th of voltage across stack

OUTPUT OFFSET Changes DC level of monitor voltage 0 to -5V,
does not change piezo stack voltage

The voltage applied to the piezo stack is the stithe voltage set by the DC OFFSET
controls and the voltage from the modulation inpdto avoid overdriving the stack, both
positive and negative voltage clamps have been imtd the electronics. These are +110V
and -6V respectively. When used with the triangiave from the Ramp Generator, the
clamps may clip the triangle wave at the top otdrot depending on the DC OFFSET of the
Piezo Control. Thus, it is essential that you rmnihe output on an oscilloscope. The
maximum amplitude change, when using the 10 V @mRoutput, is 50 Volts

The DC OFFSET FINE control and OUTPUT OFFSET aréy areeded when side
locking the laser to a spectral feature. In noropdration, both these controls should be set
to zero.
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I.F. RAMP GENERATOR

The Ramp Generator provides a bipolar variablelit&uae and frequency triangle wave.
The frequency may be changed from 1 mHz to 7 kfHlze maximum amplitude is 10 Volts
peak to peak, (plus and minus 5 volts about grauni)e highest frequency output of the
generator is 7 kHz. (Though the dials would lead §m believe that 10 kHz was the highest
frequency.) At frequencies of 1 kHz and higheg tigh frequency Fourier components of
the triangle wave are attenuated and you will olesar"rounded” triangle wave.

The high frequencies have little use in taking datal are only used to investigate the
frequency response of the Piezo and Current cémtrol The long sweep times were
incorporated for use in slow temperature sweeph®faser. The reset toggle switch stops
the triangle wave generator and takes the outpubhéominimum value. This is useful in
starting and stopping slow sweeps. The reset Isanb& used to disable the sweep. This is
useful when you are trying to observe the fringdslavsetting up an interferometer. The
SYNC output provides a -5 to +5 volt square waa tan be used to trigger an oscilloscope.

Ramp Generator Noise: The rms noise on the ramprg®or output is about 50/ rms. If
you use the Ramp Generator to provide a simulta€aurent and Piezo sweep of the laser
frequency, while observing very narrow Doppler-ffeatures (12 MHz or less), the lines will
be slightly broader than when doing only a Piezeeqw If you wish to observe very narrow
Doppler-free features, you should use the Ramp @&reo sweep the Piezo only!
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ll. Photodiode Detectors and detector/low pass/devel Electronics

II.LA. PHOTODIODE DETECTORS

Photodiodes Photonic Detectors Model PDB-C108

Active Area 0.25" Diameter Circle
Responsivity about 0.6 A/W (1.7 W/A) at 800nm
"Gain"* 10 MQ to 333Q

The photodiode detectors contain a current to gelzonverter. The switch on the back
of the detector allows gain setting of 1Mo 333Q in ten steps. Table 3 lists the high
frequency 3dB points and noise for the differerted®sr gains. The detectors have separate
signal and power cables. Three detector powerspding on the front panel. The signal is on
the coax cable with BNC connector. The polaritythef signal is negative. If you plug the
signal into an oscilloscope, the signal will benfr@ to -11.0 Volts. The detector voltage
saturates at about -11 volt¥ou should adjust the gain of the detector so thayou
are not near the saturation voltage.

Gain High Frequency 3dB. Noise*
10 MQ 5.8 kHz 1.5V / HZ?
3.3 MQ 10.3 kHz 0.9QwV / HZ'?
1.0 MQ 20 kHz 0.4tV / HZ'
330 k2 28 kHz 0.2uV / HZ'?
100 kO 54 kHz 91 nV / HY?
33 k2 88 kHz 48 nV | HZ?
10 kQ 165 kHz 24 nV | H#
3.3k0 260 kHz 16 nV / H#?
1.0 kO 480 kHz 13 nV / HZ?
3300 720 kHz 13 nV / H#

Table 3: Photodiode Detector Parameters
* Measured in 3 Hz to 44 kHz. frequency range.

At high light intensities the response of the tpkdiodes becomes non-linear. (A doubling
of the light intensity gives an output voltage tisaless than double.) This occurs at an output
current of about 0.5 mA. If you wish to use theofadiode as a power meter, you should
make sure that the light current is below this galuf it is not, place a ND filter in front of
the photodiode. Students will need to calibrate theutral Density filters using the
photodiode detectors at low laser light levels.

" The current to voltage converter gain has units of ohms. |y = Vout / Rean, from which the input power
can found using photodiode responsivity (0.6 Amps/watt) .

5-23
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I1.B. DETECTOR /Low PAss/DC LEVEL ELECTRONICS

Detector electronics on the front panel allow fmnditioning of the signals. The
BALANCE controls are two, input attenuating, potenteters that can be adjusted to balance
two signals from the photodiode detectors. Therimdl instrument amplifier can be used to

take the difference of the two signals with a GAibim 1 to 100. Table 4 lists the gain and
high frequency 3dB point.

Gain 3dB. Freq. (Hz)
L L3M Shid  +12V
2 O O
5 780 k
10 650 k
20 470 k 30 OZ
50 290 k -12V GND
100 110 k

Table 4: High Frequency Response Figure 16: Detector Power Pin-out (looking
of Detector versus Gain into connectoron front panel

The LOW PASS filter and DC LEVEL controls are pidrd for side locking the laser to a
spectral feature. The single pole low pass fiti@s switch selectable time constant from 10
us to 0.1 seconds. The DC LEVEL has a ten-turnmimmeter that provides a DC offset
from minus five volts to plus five volts. For pidge offset voltages, the voltage may be read
off the dial directly. For voltages less that zé#ne voltage is found by subtracting ten from
the number displayed on the dial. (9.0 dial 9V1.7.2 dial = -2.8V). There is a final DC
gain stage of 1 to 30 after the DC level adjustmértiere are monitor outputs after the first

difference and gain stage, and after the low p#ies.f These can be used to record data or to
check the function of the different sections.
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[1l. Absorption Cell Assembly

The absorption cell assembly consists of an agieess cylinder, several melamine foam
insulation and support pieces, the heater assembtype T thermocouple sensor, a cold-
finger, and the Rb cell. The heater is an alumiraytiimder about which is wound a bifilar
heater wire. The heater has a resistance of dliyubhms (50Q). Wires from the heater
and thermocouple plug into the back panel of teetdtal box.

IIILA. S PECIFICATIONS
Maximum temperature =90°C
= 140°C with %" hole foam inserts
Temperature differential across Cell
T=50C (min. on bottom max. on top) 10
2.0°C with 2" hole foam inserts

Heater resistance = 50Q

Temperature Controller 1 Hz PWM* PID

Controller Resolution 0.1C

Regulation (no air currents) (02

Rubidium Cell 25 mm Diameter and 25 mm Length

natural isotopic Rb. (no buffer gas)

Foam
Insulation

] % 3

Exploded view
of Cold-finger

Aluminum
Piece

Glass Cylinde i | \Cold-finger

Figure 17: Cross section of Cell Hea Assembly

" PWD means Pulse Width Modulated output voltage (pulse rolled off with a maximum frequency of 1
kHz.), PID is Proportional, Integral, Derivative control algorithm.
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I11.B. C ELL HEATER AND COLD-FINGER

[11.B.1. Description

A cross sectional view of the Cell Heater is showirigure 17. The spring loaded cold-
finger makes contact between Rb cell tip and theroglass cylinder. A white piece of
thermal adhesive is placed around the cell timtodase the contact area between the cell and
cold-finger. The thermocouple temperature senasriieen placed between the cell and the
foam near the cell tip. The junction is solderegether and the wires are covered with black
heat shrink tubing.

[11.B.2. Removal of Cell Heater and Cold-finger

To remove the cell and cold-finger, first turn dfe power and let the unit cool to room
temperature.

Loosen the Nylon setscrew on the side of the abtatcell mount and remove the heater
assembly with attached aluminum holder from theebaSet the assembly on the table. We
will describe the removal of the cell and cold-fengvhile leaving the glass cylinder attached
to the aluminum holder.

Remove the foam ends caps. When you remove theagnmwith the wires for the heater
and thermocouple (TC), the TC will come out witle #nd cap. Slowly push the foam and
cell assembly out of the glass cylinder. Push tdeidhe end where the heater wires come
out. Be prepared to catch the bottom of the spioaded cold-finger as it clears the end of
the glass cylinder when the assembly is half way ou

When the foam and cell assembly is out of thesgtstinder, remove the remaining piece
of the cold-finger. This is the aluminum piecettbantacts the rubidium cell at the tip. You
may need a pair of tweezers to pull this pieceaiuhe foam. Now push the Rb cell and
foam support piece out of the aluminum heater.s Tbimpletes the removal.

111.B.3. Installation

Installation is the reverse process of removalt tRe cell into the foam support piece. It
is easy to tear the foam so be gentle. The sro#lih the support piece is for the tip, and the
larger hole is for viewing. Slide the cell and fo@upport into the aluminum heater. The
large hole in the aluminum heater is for the caotdyér and the smaller hole is for the viewing
window. Note, there is a little area of aluminusater exposed around the viewing window;
this is to keep the viewing window hot and prevehtmetal condensation.

Place the aluminum cold-finger in the foam supp@te so
that it covers the cell tip. You should noticetttiee cold-finger
pieces have been machined to fit the curve of élle c

Slide the assembly into the glass cylinder. Whenassemblyf o
is half way in, insert the spring and brass pathefcoldfinger.
Adjust the cell and foam pieces so that the cedkeistered in the
heater and also centered in the viewing windowac®lthe
thermocouple sensor next to the cell just undefdhm support
near the cold-finger. We suggest that you keepvikeing
window and cold-finger horizontal (Viewing windownone Figure 18: Insertion of Cold-
side and cold-finger on other.) finger into Cell Assembly
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I1I.C. T HERMOCOUPLE POSITION AND TEMPERATURE

There is a significant thermal gradient actbgscell of about 10C at a set point of 58C.
The thermal gradient is mostly vertical with theétbm cooler and the top hotter. The density
of rubidium in the cell is determined by the tengtere of the pool of excess rubidium that
condenses in the tip near the cold-finger. If yeed to have a reasonably accurate measure
of the rubidium density, you should check that tfermocouple is placed close to the cold-
finger. (For most experiments the exact tempeeatsirnot important) We have included
some foam inserts that may be placed in the foadrceps for higher temperature operation.

I11.D. C ONDENSATION OF RB ON THE CELL WINDOWS

Rubidium metal condensed on the cell windows ceeatsilver, mirror-like layer on the
inside of the cell. This reflects part of the labeam and can lead to confusing results.
Because there is a vertical temperature gradiemsadhe cell the first condensation will
probably be on the lower portion of the windowsheTheater assembly has been designed to
keep any excess Rb metal in the cell condensechidden tip rather than the end windows.
To accomplish this, equal areas of the aluminunmdneaust be exposed at each end of the
assembly (See Figure 16 on page 5-25). If youcad®b condensing on just one of the end
windows of the cell, adjust the cell and foam suppm expose slightly more of the heater on
the side where the Rb is condensing. (Push gentlhe foam and cell from the side where
the metal is condensing.) See the addendum a&ntthef this section for detailed instructions
on how to transfer the Rb from the end windowshotip.

III.LE. C ELL TEMPERATURE CONTROLLER

[II.LE.1. Operation of Cell Temperature Controller

The Omega temperature controller is mounted onfribvet panel. (A manufacturer’s
manual for the controller has been included.) Repfiom left to right across the face of the
unit, the four keys used to program the controdlex: MENU, UP, DOWN and ENTER.
When the controller is in the normal or RUN modes temperature is displayed in degrees
Celsius. Under normal operation, you will be chaggnly the temperature set point. In the
RUN mode, the controller will display the curreatriperature. To get into the Configuration
Mode, press the MENU key once. SP1 will be disptayNow, press the ENTER key. The
display will show the current “Setpointl.” Use t® and DOWN arrow keys to change the
value. Once the correct value has been selecteds gthe ENTER key again to store the
value. The display will show “StRd” briefly inditag your value has been registered.
Return to the MENU key and continue pressing WRitIN is displayed.

[lI.E.2. Configuration of Cell Temperature Control ler

The configuration of the controller has been doypdeachSpin. Unless the controller has
been accidentally reset you should not need to géhdhe configuration. The Instrument
Configuration list, at the end of this section,lies only those items that have been changed
by TeachSpin. The value in parenthesis is the mmenu heading under which the changed
settings are located. All other values are théofgcdefault. See page 62 of the Controller
Manual for details and additional explanations.
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To change the Proportional, Reset or Rate value®r éhe Instrument Configuration
mode by pressing the MENU key until CNFG is displdyand then press ENTER. Using the
MENU key, scroll through the various options u@IUT1 (Output 1) is displayed, then, press
ENTER. Again scroll through the options with theEMU key until the CTRL option is
displayed and ENTER. Use MENU to set the CTREID and ENTER.

Now that you are in the Configuration mode, use MEN scroll until PROP, REST or
RATE is displayed. Press ENTER, then use the UPRAQWN arrow keys to change the
value of the selected parameter. Press ENTER agasave and store the value. Once all
changes have been made, use the Menu key to tetRdN mode. Please refer to section 3,
page 15, of the controller manual for a completdption.

Instrument Configuration List for Temperature Contr oller

Set Point 1 (SP1) 50.0

Input Type (INPT) TC=t

Temperature Unit (RDG) TEMP =C

Filter (RDG) FLTR =16

Control (OUT1) CTRL =PID

Proportional Value (OUT1) PROP = 005.8

Reset Value (OUT1) REST = 0480 (Seconds)
Rate Value (OUT1) RATE = 090.0 (Seconds)
Cycle period (OUT1) CYCL = 0001

Damping Value (OUT1) DPNG = 0005

We have chosen the PID values (P = Propottidrna Integral (reset), D = Derivative
(rate)) for reasonable temperature stability wititbe extra 1/2" hole foam inserts in place.

III.F. M AGNETIC FIELD COILS

The Helmholtz magnetic field coils were designegbtovide a field of about 10 mT at a
current of three amperes (3.0 A). The averagausadi a coil is 3.44" (87.4 mm). There are
320 turns of 18 gauge copper wire on each coilt(iss per layer and 20 layers). The room
temperature resistance of each coil is about fourn(4Q2). The terminal block on the side
of the cell holder can be used to connect to thks.corou will have to provide your own
power supply to energize the coils.

For the Helmholtz configuration we estimate tteddfiin Gauss from,

B (Gauss¥ 0.9 * N (turns per side) * 1 (A) / R (cm)
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V. Optics

Table 5 lists the optical components included & ¢tbmplete instrument. The thin film
components (Wratten neutral density filters, linpalarizers and quarter wave plates) can be
damaged by the full power of the laser*. You skoattenuate the beam before sending

through one of these components.

SrocK MATERI | FLATNESS
OPTICS SOURCE NUMBER AL A/ INCH OTHER
Mirrors  (protected i Float Scratch/ Dig
aluminum) Thor Labs MEL-GOL | Glass | <5 60 - 40
Beam Splitter Edmunds Scratch/ Dig
50/50 NIR Optics Y45-853 BK7 1A 60 - 40
Beam Splitter Red Scratch/ Dig
2° Wedge Optronics RWP 101 BK7 A4 60 - 40
Beam Splitter Red Scratch/ Dig
1° Wedge Optronics RWP 10X BK7 A4 60 - 40
Beam Splitter Rolyn Scratch/ Dig
0.0° 1/4 "thick | Optics 55.1025 Pyrex 80 - 50
Neutral Density Thor Labs NE10B Schott ~15% trans.
Filter Glass NG4 1A @ 780 nm.
Wratten Neutra Kodak EK141 0042 | Gelatin ~33% trans.
Density Filter filter #96 ND 0.7 @ 780 nm.
Linear Polarizer American 98-0440- HN-32 ~42% trans.
Polarizer (3M) | 0968-0 0.03" @ 780 nm.
American 98-0440-
Quarter Wave Plate Polarizer (3M) | 1064-7

Table 5: Optical co

mponents

" We have only noticed damage when using the laser at high current without the grating attached.
There we have damaged both linear polarizers and the Wratten neutral density filters. You should be
very careful using these components for this laser configuration. But this is not the normal mode of
operation. When operating with the grating attached to the laser we have not noticed any damage,
but we do observe some rather strange behavior at higher powers. (See discussion in section IVC on

page 5-30))
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IV.A. M IRRORS

Economy mirrors from Thor Labs have a reflectivafyabout 85%. We have noticed no
effects of the rather poor surface flatness ofé¢hmasrors in the interferometer setups.

IV.B. BEAM SPLITTERS

The NIR 50/50 Beam splitter has been coated sotligateflection and transmission are
both about 50%. You should be aware that thisisihpolarized light and that there will be
some polarization dependence. The other three Ispditters are uncoated pieces of glass.
There will be reflections from both the front aratck surfaces of the glass. With the wedged
beam splitter, it is not easy to determine whictiasxe a particular beam is coming from. Itis
sometimes easier to use a visible laser to idethigdybeams. The amount of reflection will
also be polarization dependent.

IV.C. NEUTRAL DENSITY (ND) FILTERS

All the ND filters are absorptive rather than eetive. The glass ND filter can be used
with any laser power. The thin film Wratten NDtéils should only be used with low power
laser light (2 mW or less). At laser powers u@@omW, there is no permanent damage to the
filters. However, above 2 mW of laser power, wagtsto notice transient effects. The power
transmitted fluctuates by about 0.5% in a way tisateminiscent of a damped harmonic
oscillator with a time constant of tens of secondhis is also true of the linear polarizers.

IV.D. LINEAR POLARIZER IN ROTATABLE MOUNT

The linear polarizers have been marked such thanwhe tick mark is at 0° the light
transmitted by the polarizer has a vertically pakat electric field. The mark should be
accurate to £5°. Figure 19 shows the amountgbit iransmitted by the polarizer. The linear
polarizers work well at laser powers of 2mW andhbel At powers between 2 mW and 30
mW, they show transient behavior. With laser p@nadyove 30mW, they can be permanently
damaged
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Figure 19: Percent Transmittance of Linear Polariers
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IV.E. QUARTER WAVELENGTH PLATE IN ROTATABLE MOUNT

Diameter 50 mm, “optical thickness” 200 £ 5 nm:h&d properly oriented, the quarter
wave plate allows linearly polarized light to bengerted to circularly polarized light. The
plate has two optical axes (at 90 degrees to etwr)owith different indices of refraction
along each axis. Light travels at different spealdfig each axis. The axes are called the
“fast axis” and “slow axis”. To produce circulanpplarized light, monochromatic, linearly
polarized light is placed incident to the platetat to each axis. If the plate is of the correct
thickness, then the phase lag along the slow aaiseas the light exiting the plate to be
circularly polarized. The “optical thickness” ¢fet plate may not be the desired value.

Tuning the optical thickness (retardation) carabeomplished by rotating the plate about
the vertical axis. Rotation about the slow axisréases the retardation, and about the fast
axis decreases it. See Figure 20. This tunintpoderequires either the fast or slow axis to
be aligned vertically.

180
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TITAROUND e f/
g 1o [— SLOWAXS T
E | "]
£ 10 —
E [ ——
=
TILT AROUND —" \
FAST XIS "
130 e
120 1
4] 10 0 30 40
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Figure 20: Tilt Tuning of Quarter WavePlate

IV.F. ASSEMBLY AND CARE OF OPTICAL COMPONENTS

Loading optical elements into mirror mounts: Yeill have to place the various optical
components into the mirror mounts. It is best ¢otlis without touching the components
with your fingers. If you must touch the comporsemear protective gloves and touch the
components only at the edges.
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V. TV Monitor and CCD Camera

V.A. THE TV M ONITOR

The TV monitor was shipped with its wall mounte@ Ao DC power supply in the box.
The TV requires 12 V DC at 850 mA. The CCD canmwaer supply (12 V DC at 250 mA)
plugs into the red plug on the cable attached ¢obtlck of the camera. The yellow plug on
the same cable is the video output, which plugs the back of the TV monitor. We have
included an extension video cable for the camedatla@re may be an adapter plug attached to
the extension cable, to make the cable compatilitetive video input on the back of the TV.

VB Camera focus

V.B. CAMERA Focus

The CCD camera focus may be adjusted by turniedehs on the front of the camera.
You may have to loosen a small setscrew to do thHike camera has an automatic gain
control so that it adjusts to low and high lightdés. To get a nice image on the TV monitor,
it is often necessary to adjust either (or botte) lackground room light and laser intensity.
Use the neutral density filters to adjust the lastansity. This is particularly true if you are
trying to image the laser beam profile or when woel looking for fringes while lining up an
interferometer.
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VI. Addendum

VI.A. CONDENSING RUBIDIUM IN THE TIP

When operating the cell at elevated temperatuabeve the “normal” 40 — 50 °C.) it is
possible that excess rubidium may move out of thaed tip and condense on the windows.
The following procedure may be used to evaporateRh off the windows and condense it
back in to the tip.

1. Place the foam inserts into the open ends otéfieneater as shown in the figure below.
(The smaller foam plug was only included in Diodesér’'s with serial numbers DL154
and greater. If you have an earlier model Diodsekajust use a piece of foam or
insulation to block the opening in the cell heater.

2. Increase the cell temperature set point to abd0t°’C. The exact value is not important.
See section A8-5 and A8-6 for details on cell terapse controller.

3. Let the cell heat up and stay hot for about irho(You can remove the foam plugs
quickly and check to see if all the Rb has movddra windows.)

4. After the Rb has been evaporated off the windaetsirn the cell temperature set point to
its usual operating point (40 — 50 °C). Leave fitean plugs in place as the cell cools!
This is critical. The windows must be kept warmassure that the Rb will now condense
in the tip.

5. Once the cell cools, the plugs may be removetitha cell heater returned to normal
operation. If you are doing high-temperature eixpents, it is always advisable to put the
plugs into the open ends of the cell before turroffghe power to the heater. This will
prevent Rb from condensing onto the end windowbeasell cools.

Figure 21: Cell assembly showing placement of foaplugs
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A Brief Introduction to Diode-Laser Spectroscopy

The ideal spectroscopic experiment would involdaninating a free and unperturbed

atomic system with perfectly monochromatic lightdahen seeing what happens, to the
light and to the atom, as a function of the freaquyeof the light. And nowadays it's feasible

for undergraduates to get hands-on experiencei®ivéry scenario in a tabletop, real-time
experiment.

The nearly-ideal monochromatic light comes mostveoirently from solid-state diode
lasers, mass-produced for the needs of the opte#h-storage industry. The first
technology to be commercialized, using aluminum ligal arsenide (AlGaAs)
semiconductors, led to the establishment of the-imdé@ared 785 nm standard for CD
readout. Such laser diodes are physically small, meed only a DC power supply to
produce useful{10-mW level) optical output. But astute physicigalized that the output
wavelength could be varied by changing the lagengperature, and further fine-tuned by
changing the DC current operating the laser. Twas born a wonderfully convenient
spectroscopic light source.

To what atomic system might it be applied? Photwdngavelength 785 nm each convey an
energy of only 1.58 eV, insufficient to excite masbms from their ground states even to
their lowest excited states. The exceptions &@iahetals, particularly rubidium (Rb) and
cesium (Cs). In fact, rubidium's lowest excitegtes are split (by the spin-orbit interaction)
into states accessible from the ground state byoplsaf wavelengths 780 and 795 nm.

Now these alkali metals are fiercely reactive to @i water, but compatible with glass,
which brings up another convenience. A simple glesll, evacuated and permanently
sealed, with a bit of the solid metal inside, oesad great environment for spectroscopy.
Light can get in and out through the glass, andt@mperatures in the range 20 -°&) the
metal will co-exist with its own vapor, in the forofi a gas of freely-flying atoms of just the
range of densities convenient for spectroscopieexents.

Now it's time to imagine such an experiment -- wivalt happen when 785 nm light shines
into such a cell? Answer: nothing at all; the tigles right through, because its wavelength
is not resonant with rubidium atoms' allowed transiti@ts/80 and 795 nm. So the laser
needs to beuned to reach the resonant condition. In practices thiorks through a
hierarchy of mechanisms:

0) is to pick the right semiconductor;
1) isto hold the laser at the right temperature;
2) isto vary the current driving the diode-laserission;

3) is to use a diffraction grating to create optfeadback into the laser,
selectively for the desired wavelength;

4) is to use a piezoelectric element to tilt thatigg ever so slightly.

In fact, mechanisms 2) and 4) are both electricaltyjuated, so it's possible to treat a
working diode-laser system as a black box, wittaaable control voltage going in, and a
voltage-dependent optical wavelength coming out.

Diode Laser Spectroscopy David Van Baak, July 2009



The application of a sawtooth waveform to thiscklaox' will give an output beam whose
optical frequency also undergoes a sawtooth in,tinee it scans up and down in optical
frequency. And it's easy to accomplish the whalansevery 10 - 100 ms, so the laser's
frequency is agile as well as variable.

Now it's rarely possible to get a diode-laser syste scan over any very long interval in
wavelength -- even a scan from 780 to 795 nm fbrdium spectroscopy would be asking
too much. In fact, it's time to think in terms @ptical frequency instead -- such a scan
would extend from 384,000 GHz down to 377,000 GRecall 1 GHz = 1000 MHz = 10
optical cycles per second.) In the simplest dilader systems, it's feasible to sawtooth-scan
over only about 10 (not 7,000) GHz of optical freqay, which is only about a 30 part-per-
million variation in frequency. Clearly, you waittis relatively narrow scan to include the
780-nm target wavelength -- but once it does, whatealth of spectroscopic information
waits to be revealed!

How will it show up? The two mechanisms most gaslisplayed are absorption and
fluorescence.

Absorption: that's the removal of energy from tearn of laser light as it passes through the
cell. The exiting beam's power is easily measubgdconversion to an electrical
current in a 'solar-cell' sort of photodiode, atd easy to arrange a real-time
oscilloscope display which shows transmitted po@r a vertical scale) as a
function of the diode-laser's frequency-controltagé (a surrogate for its frequency,
on a horizontal scale). Absorption will be indedtby a locatirop in the amount of
transmitted power. The process is easy to seee s$mctional absorptions of 10 -
50% are easily achieved -- but only at the rightslength!

Fluorescence: that's the production of light fravside the cell. For, if absorption happens,
then assuredly energy is being removed from the bgam, transferred to the atoms
as they are elevated to excited states. Since #itesns are in free flight in vacuum,
there's no way for them to give up that energy pibg 'radiative decay' -- they emit
(in about 25 ns, on average) a photon of lighewerting to the ground state. These
photons emerge in directions random with respetit@éancident laser beam; in fact,
a whole thread of atoms inside the cell, lyinghe tolume of the laser beagipws
as it emits into all directions this 'resonancef@scence’. You can't see it by eye,
only because your eyeball's sensitivity is so patathese wavelengths. But simple
solid-state CCD cameras have full sensitivity ie tiear infrared, so a monitor's
display of the camera's view of the cell will imatips fluorescence for you in real
time.

One of the instructional pleasures of the diodedasystem is that the correlation of
absorption and fluorescence can be seen in real #imall that's needed is a slow scan in
frequency over the resonance region, which willvghbat it's when (and only when) the
transmitted power diminishes that the atoms am@dscing.
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But the next thing that appears in such scans, slofast, is that there are, as a function of
frequency,four occurrences of absorption and fluorescence, &t gme. This can be
attributed to two causes:

1. There are two isotopes in natural rubidium, Bba®d Rb-87, and they have separate
transitions frequencies.

2. Each isotope's atoms have 'two ground stagggrated in energy by the tiny hyperfine
interaction (the effect, on the valence electrdrihe magnetic moment of the nucleus).

And, in fact, these ground-state hyperfine spligimre well known -- commercial rubidium
atomic-frequency standards operate at the 6.834f@dqaency corresponding to the energy
difference between the two Rb-87 ground states.th&oknowledge provides one way to
calibrate the frequency scale along which the diader is being scanned. (There are direct
optical methods for checking this calibration, su@s unequal-arm Michelson
interferometry, or the use of a Fabry-Perot resmmat

Page 5 shows a detailed energy level diagram ®i780 nm, or D2, lines for both Rb-85
and RDb-87. The screen capture below it shows rdresmitted power as a function of
wavelength. You can match the “dips” to the traoss which caused them. (Our energy
level diagram does not include the D1 transitiovisich take place at 795 nm. They are the
key to the phenomenon of Optical Pumping, anotleachSpin experiment.)

With a calibrated frequency scale, it also becontear that the four optical transitions you
see aranot infinitely narrow -- rather, they each have a &pd width' of about 0.5 GHz. In
ordinary spectroscopy, such 'widths' are nearlyagbrdue to the imperfect resolving power
of the spectrometer in question, but here it's smt-- the laser can be shown to be
monochromatic to better than 0.01 GHz. So whatissing this width? It comes from the
fact that the atoms being illuminated ai@ at rest, but instead are free-flying in vacuum.
The relevant velocity is that componentof the atom's velocity along the direction of the
light beam, because that motion causes a Doppitrogtthe laser light's frequency. In the
rest frame of the atom, the laser frequency isteghifrom is lab value fto a received
frequency of:

fR:fL(l'Vz/C).

It is only when the received frequency matches the atomic energy-level difference,
according tdh fgr = AE,i0m that a transition will occur.

So a laser of fixed frequency in the lab frame pitlk out only one 'velocity class' of atoms,
namely the atoms having the needed according to the equation above, and liintdract
only with that class of atoms. Kinetic theory $alis how many atoms should have various
vz-values. In fact, there'll be a Gaussian distrdwutn v, with mean yvalue of zero, but
with mean-square value given by equipatrtition, adicg to:

A2)m<y>=(1/12) kT

And that's why there's a Gaussian distributionr@gdiency, too, in the curve that gives the
intensity of the fluorescence as a function of ldssguency.
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Even here, the list of things to be observed spectipically is not nearly complete. Using
the methods of laser spectroscopy, it is even ples$o surpass the limits of Doppler
broadening, and to achieve spectroscopic resoldtorbetter than the 0.5-GHz Doppler
width. The method involves splitting the lasereato a strong 'pump beam' and a weaker
‘probe beam’, arranged to cross each other, atga af nearly 189 at a location occupied
by rubidium atoms. Now with milliWatt levels of bpal power available, the pump beam is
intense enough to cause a non-trivial depletiothefnumber of ground-state atoms in the
particular velocity class with which it's in resoica. And the probe beam can sense this
population depletion, as a decrease in the amdusibsorption that would ordinarily occur.
But that effect occursnly if the pump beam and the probe beam are integagtith the
same sample of atoms; and because of the Doppgémt,efhat can only occur for atoms
having ¢ = 0. By this 'saturated absorption' effect,ptissible to resolve below the Doppler
limit, and to see quantum transitions with a s@attidth Af < 0.01 GHz. This is occurring
at a laser frequency+ 384,000 GHz, and so we can form a ‘figure of rmeritquotient
called the spectral resolving power, findinfff® 4 x 10.

Even at this superb resolution, ig8ll not the laser which limits the frequency width.
Rather, the 'natural width' of the quantum traossgi related to the finite lifetime of the
upper states, provides the next limit on resoluttddf = 0.006 GHz. But at this higher
level of resolution, there's yet more to be learakdut atomic structure. With the Doppler
limit surpassed, it becomes clear that the atosréted states also display hyperfine
splittings, formerly invisible because of the Dogapbroadening, but now cleanly resolved.

Lots more can be done on a tabletop scale. Givsruttrahigh resolution, for example, it's
very easy to see the Zeeman effect of even modegheatic fields further splitting the
atomic energy levels. And beyond these simple mxats, very glamorous things have
been done with diode-laser spectroscopy, incluthegr cooling, magneto-optical trapping,
and even Bose-Einstein condensation. What's tenyarkable is how far along this path
one can proceed oa tabletop scale and with real-time accessibility of the optical
phenomena. And it is all made possible by theriegles of diode-laser spectroscopy.
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Rubidium Atomic Energy Level Diagrams
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Lower Trace: Sawtooth ramp voltage which is crepan‘sweep” of both the laser current and
the grating angle. This, in turn, creates the gkan the laser frequency.
Falling sawtooth indicates increasing frequency.

Upper Trace: Transmitted light received by theedtr. In the section of the trace shown,
frequency increases with time.
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Optical Plan for Saturated Absorption
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Thinking about Saturated Absorption and Crossover Transitions
Barbara Wolff-Reichert — Rev 2.0 11/09

Any discussion of saturated absorption spectroscopgt begin with a reprise of the
source of the Doppler broadening of absorptionuiest In absorption spectroscopy, a
beam of laser light, which we will call@obe beam, is sent through a gas sample, in our
case a mixture dPRb and®’Rb vapor, into a photodiode detector. The frequeriche
light emitted by the diode laser is then modulai&sl.the frequency of the laser/probe
beam sweeps through the frequency equivalent toette#gy needed for a particular
transition of the gas, photons from the beam welldbsorbed and the atoms excited to a
higher energy state. Of course, this energy iskiypreradiated as the atoms return to the
ground state. The energy, however, is reradiatedali directions. This three-
dimensional re-radiation creates a dual phenomenanline of fluorescence appears
along the path of the photon beam and the interfitijght reaching the photodiode
detector decreases significantly. For the TeaghSpturated Absorption experiment, the
central frequency of the laser sweep is selectestimaulate a transition from the,sto
P32 energy state.

Were all the atoms at rest with respect to the ha@agnaph of light intensity reaching the
detector vs. the frequency of the laser would steowingle sharp dip at the exact
transition frequencyof The axes of an oscilloscope trace of photoditetector voltage
vs. time would be proportional to received lightemsity vs. frequency and so would
have the same shape. Because, however, atoms @r@tion, atoms with a component
of velocity toward the laser beam which we shall 65,4 will “see” the photons with a
frequency £, which is actually an amoundf below the transition frequency, as having a
frequency §. These atoms will therefore absorb photons frobenlieam. In the same
fashion, atoms moving away from the laser beanpaed +yg will “see” photons of
frequency §, (an equal amount abovg &s being at the transition frequency. As a tesul
of this phenomenon, the oscilloscope trace we seewide, smooth, curve, a Doppler
broadening rather than a sharp dip.

Figure 1 offers a way to visualize this Doppler gass. In the upper section of the
Figure, the vertical axis of the “graph” indicatee magnitude of a particle’s velocity in
the direction of the laser beam. The horizonta$ & the frequency of the laser. The
plotted line shows the velocity that a particlefatmust have in order to absorb the laser
photons at that particular laser frequency withim $weep.

The lower section represents an oscilloscope toadbe detector signal vs. time as the
frequency of the laser is swept from below to abthes t transition frequency of our
imaginary gas. The vertical axis thus indicates @éimount of laser light reaching the
detector while the horizontal axis indicates fragtye On an actual oscilloscope trace,
the transition frequency would be hard to determitth much accuracy.
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When using saturated absorption spectroscopy (SA®)ever, the oscilloscope trace for
atoms with a single transition shows a sharp spiitkein the Doppler dip when the laser
frequency matches.f The process of SAS, like many great insightsjr&e obvious in
retrospect. The laser beam is split into two uaéguortions. The weaker portion, the
probe beam, with only 10% of the initial intensity, is direst through the gas cell to the
detector. The stronger pump beam is directed around the cell and sent back thraotjgh
in the opposite direction of but collinear to thelpe beam. The upper section of Figure
2 shows the z-velocity vs. frequency plot for pdes that will absorb pump photons as a
heavy line while the plot for atoms that will ablsqrobe photons is thinner. Notice that
the two lines cross at ¥ 0O, f = §.

For most frequencies within the Doppler range,ghmp and probe beams interact with
groups of atoms moving in opposite directions. Woliee laser frequency is,ffor
instance, atoms moving toward the probe beam a&lacity we can caltv, absorb the
probe beam photons. However, for the pump beais tlite atoms moving atv,a which
“see” the pump beam frequency as elevated.tdAt this frequency, the presence of the
pump beam has no effect on the amount of lighthieacthe detector. As the laser
frequency sweeps through thowever, atoms with a,\= 0 can absorb photons from
either of the beams. The stronger pump beam gasutle transition, leaving far fewer
atoms to interact with the probe beam. As a retudtintensity of the probe beam light
reaching the detector increases significantly, toxgehe sharp spike shown in the lower
section of Figure 2.

But what happens if there are two or more closphced transitions, transitions so close
that the oscilloscope signal appears as single Wimgpler dip? As Figure 3 indicates,
for a case of two closely spaced transitiopsahd b, the oscilloscope trace will show
not two but three spikes within the Doppler cunhile two spikes are at the expected
frequencies, the frequency of the third spike iactly halfway between the two actual
transition frequencies. At this “halfway” frequendi,, two groups of particles have
velocities which allow them to absorb photons freither beam. Because of their
motion, atoms with velocity +y. “see” the frequency of pump beam photons as eddvat
to fo, while the probe beam photons appear to have aidrery of §;. For atoms of
velocity —\12, the opposite effect occurs. For both sets ahatdhe absorption of probe
beam photons decreases creating a spike in thel&appve.
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Doppler Broadened Signal
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Doppler broadening occurs when the frequency ofaber is swept
on either side of the “true” absorption frequengy f

When the sweep frequency is belgwds #) probe photons are
absorbed by gas particles moving towards the poelen at a velocity
which Doppler shiftsfto f,, When the sweep frequency is abaye f
probe photons are absorbed by particles moving aivaglocities that
“see” f; reduced tof When the laser frequency is particles at rest
or moving perpendicular to the beam absorb photons.
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At frequency £, (below true absorption frequengy probe and pump

photons are absorbed by particles moving towarglg#th beam.
These are completely different sets of particlegheqrobe signal is
unchanged. With the laser frequencygathich is abovef photons
are absorbed by particles moving away from eachmbea

When, however, the laser frequency passes thrqughrticles at rest

or moving perpendicular to the beams can absortbphdrom either

beam. The PUMP beam ‘saturates’ the transitianceSfewer particles

are available to absorb probe photons, the intensithe probe beam

reaching the detector is increased and the sigpées”.



Crossover Transition
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When a transition can be made from the ground statgo upper
levels, adding the pump beam creates three “spikéhin the
Doppler curve. Increases in transmission occuexagected at the
two actual absorption frequencieg, dnd §,. The third spike,
called the “crossover” transition, occurs exactyfilvay between
the two. At this frequency, an atom moving witke ffroper
velocity in the +ydirection can either Doppler shift the probe
beam photons down te;for the pump beam photons up ¢g f
Thus at this crossover frequengythe atoms available for
absorbing probe beam photons is reduced. Moresdrehm
photons pass through the vapor and the detectedsity rises.
Similar reasoning describes the fate of atoms ngpairthe proper
velocity in the —ydirection.

When three possible transition frequencies falhinita Doppler
curve, as in our rubidium vapor experiment, sixspiare
produced. In addition to spikes atfh, and §, there will be
crossover spikes at,f f3 and fs.
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Instruction Manual for TeachSpin’s Fabry-Perot Cavity

Introduction

The Fabry-Perot Interferometer is a “resonant gaWr light which has many uses in the
world of optics. TeachSpin’s Fabry-Perot Cavigsmesigned specifically to calibrate the
frequency scale of a tunable laser. It can be usgdany tunable laser operating in a
wavelength range of 740 - 820 nm.

As an appendix, we have included a manual writie@&lifornia Institute of Technology
Professors Kenneth Libbrecht and Eric Black of@adifornia Institute of Technology, with
whom TeachSpin collaborated in building both ound® Laser Spectroscopy apparatus and
this Fabry-Perot cavity. In it, you will find a@ded discussion of the physics of this
instrument, as well as descriptions of a varietgtatient experiments.

Here we offer a brieDverview of the Physics of a Fabry-Perot Cavity, instructions for
Unpacking the Instrument and detailed instructions f&etting Up the Fabry-Perot Cavity for
the First Time.

Overview of the Physics

A Fabry-Perot cavity is created by mounting a meadicpair of highly reflective mirrors at
either end of a tube. As seems logical, light @imethe back of the near end mirror is,
generally, reflected immediately and not transrditteough its length and out the other end.
However, as the analysis in the appendix explaihsertain “resonant” frequencies,
monochromatic laser light is actually transmitted.

—_—

The distance between the mirrors mounted at
two ends of a Fabry-Perot cavity determine its
resonant frequencies. A detector just past the
end monitors the transmission. Non-resonant
light is scarcely transmitted. As the frequenc
of a tunable laser is swept through the resona
frequencies of the cavity, distinct maxima in ‘ L
transmission occur.

Input_ Output

=<

For a properly adjusted cavity, the resonant fragigs are given by:
f = < 1-1
anL
In this equation, j is an integer, c is the vacwgpeed of light, L is the distance between the

two mirrors defining the cavity, and n is the indd@xefraction of the air inside the cavity.

When the frequency of a tunable laser is scannédchim a series of peaks in the transmitted
light's intensity occur at

cC . cC c
fo=...(1) —, j—, (+1) —, ... 1-2
J { )4nL J4nL { )4nL
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As the series in equation 1-2 indicates, for atggar j, the transmission maxima will be
equally spaced in frequency. The difference betvasBacent maxima is defined as tree
spectral range or FSR.

FSR=Af =_°_ 1-3
4nL

For the TeachSpin cavity, the adjusted length, ill,ne near 20 cm, which will give a free
spectral range of about 0.38 GHz or 380 MHz.

The transmission maxima, of course, will not befgurspikes. The narrowness of a peak is
described in terms of its full width, in frequenanits, at half the peak height of the signal.
For a properly adjusted Fabry-Perot cavity, thetivid frequency of the maxima peaks) (

will be much smaller than the spacing between thgima (\f). The ratioAf/df is called the
finesse of the cavity, and you should be able to achiefiresse of over 100.

To have an idea of the sensitivity of this instrump@ve can look at the three different
frequency ranges involved. Writing them all in MiA#l make them easier to compare.
First, there is the frequency equivalent of theipalar light we are investigating. For light of
wavelength near 780 nm, the optical frequency @1aB84,000 GHz or 384 x iMHz. We
have calculated thdtf, the free spectral range, of our cavity is al®88@ MHz. This means
that, as we sweep the laser frequency, whenevdrafeency of the transmitted light
changes byne part in a million, you'll get another transmission maximum. Nowsl®ok

at the transmission peaks themselves. Sincerteede of our cavity is around 100, having a
FSR (f) of 380 MHz means that the frequency width of pleak itselfdf, will be on the

order of 4 MHz. Sincéf is measured half way up the peak, we can easdychanges % as
great. Thus a Fabry-Perot interferometer can bsitbee to frequency changes on the order
of 1 MHz, out of an optical frequency of 469llion MHz.

The optical cavity of a Fabry-Perot interferomesecreated by the pair of high reflectivity
concave mirrors mounted at the two ends. The T&aiohmirrors have a (power) reflection
coefficient of R > 0.995 or 99.5%. The experimemist adjust the distance between the
mirrors so that the focal points of the two mirrocéncide in space at the center of the cavity
— in other words, the mirrors must be arrangedetacobnfocal’. When properly aligned, these
mirrors define a cavity mode that is stable agaimstotherwise inevitable transverse
spreading of a beam that bounces back and fortieleetthe mirrors for hundreds of round
trips. The mirrors used in the TeachSpin cavityehadii of curvature 20 cm, so as concave
mirrors they have focal lengths of 10 cm. Therefevhen properly adjusted, the mirrors are
20 cm apart. Part of your task will be to find tbenfocal condition’ experimentally.
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The 'ray diagram' for a confocal cavity is quil
simple: any ray leaving either mirror, at ar
(paraxial) angle, and reaching the other mirfc
will return to its original point of departure aft — — |
two round trips, for a total distance traveled ‘th [ >< \)
very near 4*L. If the incident light reaches th _— . .
cavity parallel to, but laterally displaced frorhgt -~

common axis of the mirrors, then the rays insi
the cavity follow a 'bow-tie' pattern.

Emerging from the far end of the cavity are twasraitted rays, either of which will show
the ‘transmission maxima' you'll be studying. Ftbeamirror at the input end of the cavity,
there is also an immediateflection from the cavity, which can be used in advanced
applications of a Fabry-Perot interferometer. jadh-resonant frequencies, almost all of the
light is reflected. At resonant frequencies, tmsediate reflection reaches a minimum.)

Unpacking the Instrument

TeachSpin’s Fabry-Perot Cavity comes with an oisaligning the beam and a brass spanner
wrench which can be used to remove the retainmgyifiyou wish to change or replace the
mirrors.

The Fabry-Perot Cavity itself consists of an alwmintube with a 0.5” ID. The tube is
threaded at each end (0.535” by 40 threads pe}.indhese threads accept Thor Labs
adjustable lens tubes (model SM0O5VO05). High reéflég curved cavity mirrors have been
placed into each lens tube and are held in plateavihreaded retaining ring. Both the lens
tubes and the retaining rings have been shippddthat threads fully engaged and tightened.
You will find removable plastic caps covering thels of the lens tubes.

When you first unpack your cavity, remove the eapscand inspect the mirrors. Make sure
the retaining ring has not become loose duringmhgp (CAUTION: Do not scratch the
mirrors with the retaining ring tool!) The lendtishould also be fully threaded in. The end
caps should be used to protect the mirrors any tiv@énstrument is not in use. You may
want to keep them in place for the first part & get up.
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Setting Up the Fabry-Perot Cavity for the First Time

To set up the cavity, you will need to use the Biddser, the rubidium absorption cell and
two photodiode detectors along with the Fabry-Pgystem. Figure 1 shows a convenient
layout. You are welcome to devise your own, bigrathent will be simplified if you put the
Fabry-Perot's input mirror close to the secondrstgemirror.

Before starting, be sure that the lens tubes diretfueaded in. This will mean that the cavity
is set for its minimum length. The oscilloscopects included in this manual were taken
while a cavity was being set up for the first tinl®ecause the photodiodes (PD) put out a
negative voltage, both oscilloscope channels haea mverted. The transmission through
the Fabry-Perot cavity (FP) is shown on Channel. O@&annel Two, when displayed,
indicates the light intensity of a beam passingulgh a rubidium absorption cell. This means
that dips the trace on Channel Two show the rumd-line's absorption signals.

Select area on the optical table for the caviteftdly. The cavity should be placed away
from other beams and located so that there cawdsteering mirrors before the cavity. (At
this point, remove the vinyl end caps)

Fabry-Perot Cavity
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diode
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Figure 1  This is a schematic of the setup used fatigning Fabry Perot cavity. The
linear polarizer and quarter-wave plate which wereplaced between the two
steering mirrors are not shown.
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FP Photodiode
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One of Many Possible Configurations for Using the &bry-Perot Cavity

This photograph shows only one possible arrangenfasdmponents for using TeachSpin’s
Fabry-Perot Cavity. We have shown a very compeargion so that we could photograph it
easily. Depending upon the space you have avajlabd the kinds of experiments you wish
to do, other configurations may be far more useful.

The photograph shows the location of the lineaapzér and %2 wave plate which were not
included in the schematic. These are not useldeimitial set up and are added somewhat
into the process of tuning the cavity. As you san, %2 wave plate is tilted around its vertical
axis. This is one of the degrees of freedom youuse when adjusting this “poor man’s
optical isolator” to prevent the light reflected tfe Fabry-Perot surfaces from returning to
the laser. (See page 9 of this discussion.)
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Now it is time to turn on the laser and get therh@gar center of two steering mirrors. Use
the mirrors to make the beam parallel with thedbfhe breadboard and at a height of about 4
inches. The iris provided will make this task easi

Tune the laser to the Rb spectrum and use one ¢ibd®to monitor the absorption. This is
not necessary to run the FP, but the cleannes$® @flisorption spectra will be used a
diagnostic to tell you when reflections for the & getting back into the laser and changing
its wavelength. The upper trace in Figure 2 imanal spectrum; below is one corrupted by
feedback. (Well-stocked optics labs may have dicalgsolator that can be used to eliminate
the back reflections.) We will also describ@tdtow the linear polarizer and quarter-wave
plate may be set up as a “poor man’s” optical molaOther techniques that can reduce the
feedback are putting an attenuating filter in tkarh path and keeping the optical path length
between the laser and Fabry-Perot cavity as lompssible. (The distance helps because the
beam reflecting from the FP is diverging due todhesature of the mirrors.)

2 IIIIEIIIIEIIIIiIIIIEIIIIEIIIIEIIIIEIIII!IIIIEIIII

Figure 2 The upper trace shows a normal absorption signalThe trace below is
the same signal in the presence of optical feedbafibm the Fabry-Perot
cavity to the diode laser

We now need to place the FP cavity in the beam ghatithe beam goes approximately down
the center of the cavity. This is not a simpldtascause the highly reflecting mirrors mean
that only a very small fraction of the light wilaps through the cavity. (The mirrors are
specified to be 99.5% reflective and we will mak@osver measurement to put an upper limit
on this number.) You can use the iris as amaient aid.
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Place the FP in its approximate position. Plaedrib at a location on the table so that it will
be just after the FP. Now remove the FP and posttie iris so that the beam goes through
the center. Reduce the iris size and use thediRing card or a photodiode detector (PD) to
help in correct positioning. Even if you don’t ube PD to help center the iris it's a good
idea to place it on the table now and center thoRihe beam. Keep the PD reasonably
close to the iris and cavity. You will be makingal changes in the position of the beam
through the cavity; you don’t want the beam to moffeof the active area of the PD as you
do this.

Now place the FP back in the beam path. Use ithé&icenter the downstream section of the
FP on the beam and use the IR viewing card toipagite upstream (input mirror) of the FP
centered on the beam path.

Open up the iris so that the hole is at its largesning and monitor the PD voltage on an
oscilloscope as the diode is swept through theli®brption. Set the gain of the PD near its
maximum value (1 to 10 Mohm). You should see dg signal on the ‘scope. (See Figure 3
below -- note the evidence, in the Rb absorptignadi of feedback from the FP to the diode
laser)

Tek  .JL Trig'd M Post 43.20ms  SAVE/REC

2+E||||i||||i||||i||||i||||£||||i||||i||||i||||i||||5 Sa'\\.'mg
z : : : : 1 Images
....................... E T select
,,,,,,,,,,,,,,,,,,, Folder
T T Do) Save
: : : : : : : : 1 TEKOOO0.ERP
CHIvZO0Y  CHz+i00veg M 100ms Ext ™ 200107

24-Jan-07 0433 «10Hz

Figure 3 First view of F-P with no attenuation or isolator in beam path.
Upper Trace is Rb detector. Lower trace shows trasmission through F-P cavity.
Gain in FP PD detector is 3.3M ohm. Gain Rb absption detector is 10k ohm.

Now, place the glass neutral density filter in frohthe laser. Adjust the photodiode and
‘scope gains to display the signals again. Therfdoes a good job of reducing the back
reflection because it attenuates the light botmg@iom and returning to the laser. Figure 4
shows the ‘scope trace with the feedback redu@ée PD gain of the FP PD has been
increased to 10 KA and the room lights have been turned off. (If gaanot reduce the room
lights you can also try putting a black cloth opea“roof” over the gap between the end of
the cavity and the snout of the photodiode detdctoeduce the amount of stray light
entering the PD.)
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We can see from Figure 4 that the attenuator hthscesl feedback to the laser. The
rubidium absorption spectrum now shows that teerlés tuning smoothly and
continuously in frequency.
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Figure 4  FP with a glass neutral density filter inbeam path.
FP PD gain = 10 M2, Rb abs PD gain = 100®, Room lights off.

Tweak the two steering mirrors to maximize the sraission signal through the cavity. Your
oscilloscope traces should begin to look like Fegbr We can now see some structure in the
FP transmission signal. Each peak representsttimgon, by the laser, of a different
resonant mode of the FP cavity. The transmissiaximma occur in repetitions of a cluster of
modes. Successive ‘clusters’ are spaced by titg'sdree spectral range, and differ in the
'longitudinal mode number' of the cavity mode. Mviteach cluster is a collection of modes,
which occur because you are exciting varivaasver se modes of the cavity.
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Figure 5 Same signal as Figure 4, but steering miors have been tweaked for maximum signal

1
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In Figure 5, we can see that these transverse nasdexccurring at distinct frequencies. This
is because the cavity length is not set to theammaifcondition (where all the transverse
modes become degenerate, and occur at the samerfsg.

When tweaking the steering mirrors, you may natiee there is still some light feeding back
into the laser. Now is a good time to use thedinmlarizer and quarter wave plate to
construct a “poor man's” optical isolator. Seeequjix A for one technique of adjusting these

components.

Figure 6 shows a made trace after TMM SAYE/REC
the linear polarizer and quarter [ @ @ S Enctmn
wave plate were inserted and pave mage
adjusted to reduce feedback into File
the laser. The horizontal scale has Forat
been expanded from Figure 5. The - hout
scan has been shifted so that the Saving
turning point of the piezo scan, _Images
which is shown by the arrow on the % Select
upper margin, is near the center of Folder
the trace. In this section of the
scan, the grating first lengthens, 14 : St ITEKONOSEMP
then shortens, the wavelength of o &ssimmr trszivey HEtm -t 175

the laser. You might notice that
the long tails of cluster of modes
stretch towards  the long

wavelength side of the spectrum.
This tells us that the cavity length
is not at the confocal condition and
needs to be lengthened. (A tail to

Fi

24-Jan—07 22:45 «<10Hz

gure 6 Oscilloscope trace with optical isolatom
place. The turning point of piezo scan,
shown by the arrow on the upper margin, is
near the center of the ‘scope trace.

the short wavelength part of the Tek .M. ETnad  MPos Bal0ms  SAVE/REC
scan would indicate a cavity that T . . )
needed to be shortened.) L
When you have determined whethe [} : a: /20 A Ft
the cavity is too long or too short, | : Y AT
change the length by tuning one o ¢} ' Saving
the adjustable lens tubes on elthe : _mages
end of the cavity. Watch the ° scope j: : Select
display as you do this. Figure 7 S RN Folder
shows the scan for our cavity with RN\ s/ W AT L 1 s
one adjuster rotated 5 turns. (You'% : : © 01 JTEKDOO4BMP
can put small pieces of masking tach1+zn i CH 3 Ry 5 00ms et 17y
on the lens tubes to keep track o 24-Jan-07 2247 <10Hz

how far you have turned them.) Figure 7 Cavity length increased by five turns of e

lens tube
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Before the next traces were madeTek M. W Tigd M Pos: B.800ms ___ SAVE/REC
the other end mirror was turned ou ¢ : @ @ T n Dt 3 detion
four turns, making the cavity even [~ 7 i s
longer. Note the change inscale o f.........c...c.....z.co.0 1 Fie
the y axis for the FP signal. It has [\  a: /= . D] Ft
Changed from 20 to 200 mV per E ...... ........... : 1)
.o . E : : : . : : : ] About

division. Evidently, as the cluster of F.4.if...i%0 i, Do od o] Saving
modes coalesce, the intensity in the £ A [ ] N 0 ] Images
peaks increases dramatically. Herey 'l T 10T T 1TV ETETTTTT select
the highest peak has gone from abot Folder
85 to 360 mV.

e T TEKDOOG BMP
Now you ought to check that you are_buiiii i i it i g

i T e T AT AT Ext ™ 176mY

not sweeping too fast through the

Fabry-Perot transmission peaks. Al
a Gain of 10 M, the PD has a 3dB Figure 8 Cavity length increased by four turns at the

24-Jan-07 2250 <10Hz

bandwidth of about 5 kHz. We other end of the cavity
might estimate a resolvable pulse
width to be about one half the periOdTEk 11 . T”ng M Pos: 354 4IT|5 SAVESRED

or about 100 us. In practice, we F T
S :":"'M":"'I

observe the FP transmission peak
on the scope and watch the pea ¢
heights while changing the sweef [
speed. As the sweep speed i |
reduced the peak height will [

increase. Keep reducing the swee ['"'":|'"rrtir itz e g lfg:;”ﬁg
speed until no further increase ir, F= L T
peak height is observed. 00| IETRIOE SN SN OIS (O Foler
Figure 9 shows a scan through twc ... ] _J\_ Save
transmission peaks. The tails havqe— S ———————— L
moved to the other side of the peakscHi+iiimy  ErE+2 eyt Eiims Ext = 176mY
indicating that the cavity is now too 24-Jan—07 2313 <10Hz

long. You can convince yourself ofFigure 9 Scan for a slow sweep through two

this by increasing the cavity length transmission peaks. Note that the “tails” are
further. now to the short wavelength side indicating

that the cavity is too long

For the next screen captures, the cavity lengthredsced by 1/4 turn. This gives the near
optimal cavity length. See Figure 10 and 11.
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Figure 10 Near optimal cavity length Figure 11 Expanded view of single peak from

Figure 10.

Figure 11 shows an expanded view of one of thegperakigure 10. Traversing one free
spectral range (FSR) occupies about 40 ms of tifte full width at half maximum of the
peak shown in Figure 10 is about 300 us, givingeske slightly greater than 100. If you try
and reproduce this data, you will find that viboas in the air and room will distort the line
shape.

Now you are seeing 'markers' equally spaced opflieal frequency scale, and they can
serve to calibrate the frequency scale as soonwasan assign a numerical value to the free
spectral range. If you could measure L well enoygln could compute this FSR from the
equationAf = c¢/(4nL), but there is a better method. It ilmes modulating your diode laser,
to put 'sidebands’ on its heretofore monochronsagical.

The TeachSpin diode laser is equipped with a spelgetrical input, in the form of an SMA
connector right on the diode-laser head, at whiolodulating current can be injected. We
have used an RF signal generator which deliveraxamum RF power of 0.7 Volts peak to
peak (into 50 ohms) or about 0 dBm. (1 mW of pointy 50 ohms) It may be possible to
damagehe diode if more RF power than this is applied.

The laser current may be modulated at frequeno@s 100 kHz to over 150 MHz through
the SMA connector on the laser head. [Lower freagyenodulation, (DC to 500 kHz), is
possible via the current-modulation input on tlenfrpanel of the electronics box.] We have
also provided a SMA to BNC adapter. Though we hateexperienced any problems, you
should always use extreme caution when modulatiadetser via the direct SMA input. We
always worry about turn-on transients damagingiibde. Before applying AC power to the
RF signal generator we make sure that the output amplitude has been set to its smallest value.
Then, after AC power is applied, the output amplitude can be increased.
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Figure 12a Low Amplitude Current
Modulation

Modulation of diode-laser current at
low amplitude, and 5 MHz
frequency, has put sidebands on the
laser's optical frequency. These are
separated from the ‘carrier
frequency’ by+5 MHz, and are
revealed by their ability to excite the
FP cavity

Figure 12b Increased Amplitude

Modulation with larger amplitude.
Note that sidebands of ordet are
now dominant, and sidebands of
orders+2 and +3 are also visible.
For this 'magic’ choice of
modulation amplitude, the original
‘carrier frequency’ now has a
vanishing amplitude.

Figure 12c Maximum Amplitude

Maximum Amplitude trace shown
using expanded time scale.

Two successive traces of the Fabry-
Perot transmission over the
spectrum of the laser when it is
frequency modulated by a 5 MHz
wave form of maximum amplitude.

Figure 12 Modulation of diode-laser current at low medium, and maximum amplitude

and 5-Mhz frequency
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Thus far, you have seen the results of
exciting the ‘bow-tie modes’ of the
cavity which are spaced af = c/4L.
Figure 13 shows the scan for a well
tuned cavity.

If your isolation between laser and

cavity is good enough so that feedback is
minimal, you can try exciting the on-axis

modes. A ray-diagram for an on-axis

beam would show a round-trip distance
of 2L. In that case, the modes should
occur at frequency spacing c¢/2L which is
twice as big as what we have been
seeing.

By tweaking your steering mirrors, you
may be able to find this on-axis
condition. As the beam becomes closer
to on-axis, you will see @rop in the
intensity of every other mode of the c/4L
spacing. At the same time, as we can
see from Figure 14, the magnitude of the
alternate peaks increases. If you were
able to be exactly on-axis, you would be
exciting even, but not odd, transverse
modes, and you would get complete
suppression of every other peak in the
mode spectrum.

In addition to doubling the free spectral =120V EH2¥I00mYE:

range, exciting these on-axis modes also .
(Can Figure 14 On-axis input, FSR = c/2L

maximizes feedback to your laser.

you explain why?) This places the highest
demands on isolation of the laser from the

cavity.
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Appendix A - The “Poor Man’s Optical Isolator”

The “poor man’s optical isolator” is a means by ethspecular reflections may be reduced. It
consists of a linear polarizer followed by a 1l/4verglate. If the axis of the polarizer is

placed at 45 degrees with respect to the axesdi/fthwave plate, the light beam will emerge
from the 1/4 wave plate circularly polarized. Tiselator works because when light is

specularly reflected from a surface, there is anghan the momentum vector, but not the
angular momentum! Thus a light beam that is rlgdnid circularly polarized (RHCP) when

approaching a mirror is left hand circularly patad (LHCP) after a 180-degree reflection
from the mirror. (See Figure 1 below.)

When the reflected light passes through the 1/4ewdate in the reverse direction, the beam
again becomes polarized. Because of the charfpamtedness,” the plane of polarization of
the returning light is at a 90° angle to the LinPafarizer and so its passage is blocked. We
have optically “isolated” the source of the incomilight. In the case of a laser, this is
extremely important because light re-entering aerlasavity significantly disturbs its
performance.

polarization ; . Ir_]HtCP
axis a§t photons
axis
axis
incoming light
_—
—_—> 450
—_
— (),
Linear Polarizer 1/4 Wave Plate

linearly
polarized
photons

RHCP

photons Reflecting

Surface

Figure 1: Schematic showing the change in the diréon of circular polarization at reflection
and the resulting change in linear polarization whih prevents the light from passing
back through the Linear Polarizer.

The 1/4 wave plates that come with your diode |lasernot specified to be exactly a quarter
wavelength for 780 nm light. Fortunately, it isspible to tune the optical thickness
(retardation) of the wave plate by tilting the wadate about either its fast or its slow axis.
Rotation about the slow axis causes an increagheiretardation, and about the fast axis
causes a decrease. In practice, one does notWwhak axis is the fast or slow, or whether
the retardation needs to be increased or decreastspily, the optimal setting of the wave
plate can be found empirically.
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fast

GIo~axis
Set up the isolator near the source of the unwante X
reflection. Position the 1/4 wave plate so thaiit
mark is at the top, making one of its axes verti
Orient the linear polarizer so that its polarizatio Z
axis is at 45 degrees with respect to the vertigial.
is best to NOT have any mirrors between th Y
isolator and reflection optics because the mirror
will cause a change in the polarization state of
circularly polarized light.) You may observe that slow
did not follow this advice in the set-up shown in axis
the photograph on page 5 of the manual. The
reason for this was that | wanted to keep the stcon 1/4 Wave Plate
steering mirrc_)r close;' to the input of the F-P QaVilt:igure 2. Diagram of 1/4 wave plate
for ease of alignment. showing reference axes.

Alignment of the isolator involves two separateatmns: first, rotation of the wave plate in
its own plane in the 360-degree mount that is pledj and secondly, rotation of the wave
plate about the vertical axis using the optical mathat holds the wave plate to the table.
The diagnostic you will use for alignment will b minimize the intensity of the unwanted
reflection. Punch a hole in one of the viewingdsaand place it upstream of the isolator.
Position the viewing card so that the incoming tligbhes through the hole. Use the CCD
camera to observe the reflection. Warning: theiteb& several reflections! You should be
able to see additional reflections for the lineatapzer and wave plate. By tilting the
elements in their optical mounts you can identityich reflection belongs to which element.
It is the reflection from the Fabry-Perot mirroathwe wish to reduce. The other elements
can be angled such that their reflections do roelrback into the laser.

Now that you have identified the reflection you lwi® reduce, rotate the wave plate in its
own plane to minimize this reflection. (You wié rotating around the Z-axis in the figure
above.) By this process you will have adjusted ridative angles of the wave plate and
polarizer to be 45 degrees. Now, try twisting Wigole wave plate about the vertical axis
using the optical mount that holds the optic tottidde. (You will be rotating around the X-
axis in the figure above.) If you find a point wehe reflection becomes a minimum then you
are done. You may however observe that the refliespot only gets brighter as the wave
plate is rotated. You have the “wrong” axis in tegtical direction. Rotate the wave plate in
its own plane by 90 degrees, bringing the otheoaisl axis into the vertical position. Once
again, try to minimize the reflected beam’s intgnbly adjusting both the X and Z rotations.
This time you should find a nice minimum. The ahgent of your “poor man’s optical
isolator” is now optimized. The isolation is faoin perfect, but it is good enough to perform
all the measurements that have been outlined in #ha&bry-Perot manual.

" It may also be the case that, by empirically ditjgsthe isolator, | was able to compensate
for the polarization change caused by the mirror.
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Ph 77 ADVANCED PHYSICS LABORATORY
— ATOMIC AND OPTICAL PHYSICS —

Expt. 71 — Fabry-Perot Cavities and FM Spectroscopy

I. BACKGROUND

Fabry-Perot cavities (also called Fabry-Perot etalons) are ubiquitous elements in optical physics, and
they are used for such applications as sensitive wavelength discriminators, as stable frequency references,
and for building up large field intensities with low input powers. Also, lasers are all made from optical
cavities. For our diode lasers, the cavity is made from a semiconductor material a few millimeters in length,
and the light propagates inside the semiconductor. Cavities are often made from two curved mirrors as
shown in Figure 1.

In this lab you will investigate some cavity properties, and you will see how a cavity can be used as an
“optical spectrum analyzer” to measure the spectral content of a laser. In this capacity, you will use the
cavity to observe radio-frequency (RF) sidebands on the laser output.

A basic Fabry-Perot cavity consists of two reflectors separated by a fixed distance L, as is shown in
Figure 1; curved reflectors are typically used because such a configuration can trap light in a stable mode.
(Two flat mirrors can also make a cavity of sorts, but it is not stable; the light “walks off” perpendicular
to the cavity axis.) An excellent detailed discussion of the properties of Fabry-Perot cavities is given by
Yariv (1991), and you may want to look through Chapter 4 of this text to better understand the details of
cavity physics. Another useful, although somewhat dated, reference is attached as an appendix at the end
of this hand-out.

Much of the physics of optical cavities can be understood by considering the flat-mirror case, which
reduces the problem to 1D. Physically, this case can be realized if the flat mirrors have effectively infinite
extent and the input light can be approximated by a perfect plane wave. For two identical mirrors, each
with reflectivity R and transmission T (R+T = 1), the amplitude of the transmitted and reflected electric

field amplitudes (which you will calculate as a prelab problem) are given by

Teié
26

B = (1—e ).\/REi
1— Re?

where E; is the amplitude of the incident light and § = 2w L/ is the phase shift of the light after propagating
through the cavity (we assume the index of refraction is unity inside the cavity). The transmitted light
intensity is then

L.z T
Iy E; 1 — Re2i
The cavity transmission peaks when €2 = 1, or equivalently at frequencies v,,, = mc/2L, where m

is an integer, c is the speed of light. At these frequencies the cavity length is an integer number of half-
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Figure 1. The basic Fabry-Perot cavity. The curved surfaces of the mirrors are coated for high reflectivity,
while the flat surfaces are anti-reflection coated and have negligible reflectivity. The curved lines inside the
cavity represent the shape of the resonance optical mode.

wavelengths of light. Note that the peak transmission is /Iy = 1, regardless of R.
The separation between adjacent peaks, called the free-spectral range, is given by
AVvpsr = Vmil —Vm
c
E.
If the mirror reflectivity is high (for our cavity mirrors it is approximately 99.5 percent) then the trans-

mission peaks will be narrow compared with Avpgr. The full-width-at-half-maximum, Av ¢ynm, (4. e. the

separation between two frequencies where the transmission is half the peak value) is written as
AV fhm = Avpsr/F,

where F' is called the cavity “finesse.” If T' < 1 the finesse can be shown from the above to be approximately

™R
1-R
0

T
The results so far describe an ideal cavity, in which there is no absorption or other loss of light inside

F

~

the cavity. The peak transmission of such an ideal Fabry-Perot cavity is unity, as can be seen above.
Introducing small losses in the cavity leads to the expression
Toe®
=————F,
1 — Ra2e?id

where « is a loss parameter (the fractional intensity loss from a single pass through the cavity is equal to

Ey

e =1—a?). This gives a peak cavity transmission
Lpear T?(1—¢) N T?
Iy~ (T+e? ~ (T+e)
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and a finesse

ma/R
1-a?R
Y
T+e¢
It is sometimes useful to think of the Fabry-Perot cavity as an interferometer, and it is also useful to

~

think of it as an optical resonator. If the input laser frequency is not near v,,, the beam effectively just
reflects off the first mirror surface (which after all does have a high reflectivity). If the input is equal to
Vm, however, then light leaking out from inside the cavity destructively interferes with the reflected beam.
Right after turning on the input beam, the power inside the cavity builds up until the light leaking out in
the backward direction exactly cancels the reflected input beam, and the beam leaking out in the forward
direction just equals the input beam (neglecting cavity losses). Thus at v, the total cavity transmission is

unity, and the light bouncing back and forth in the cavity is ~ 1/T" times as intense as the input beam.

Problem 1. Derive the above expressions for E,. and E; as a function of § when ¢ = 0. [Hint: write
down a series expression that describes the sums of all the transmitted and reflected beams. Use reflected
and transmitted amplitudes » and ¢, where 7> = R and ¢t> = T. Then sum the series. Use the fact that if
the reflected amplitude is r for light entering the cavity, then it is v’ = —r for light reflecting from inside
the cavity (why? in one case, light is going from in air into glass; in the other case, light is going from glass
into air).] Also derive the peak cavity transmission Ipeqr/Io, and finesse F, in the limit T',e < R. Plot the
transmitted and reflected intensities, Iirqn/lo and Ipegiect/lo, of a cavity as a function of ¢ for R = 0.9,
0.95, 0.99 and € = 0.

The Optical Spectrum Analyzer. If we can scan the cavity length, for example by attaching one
mirror to a piezo-electric transducer (PZT) tube, as shown in Figure 2, then we can make an interesting
gadget called an optical spectrum analyzer. Scanning the spacing L (which equivalently scans the phase §
you used in your calculations) then scans the cavity resonant frequencies v, . If the laser beam contains
frequencies in a range around some vg, then by scanning the PZT one can record the laser spectrum, as
is shown in Figure 2. Note that there is some ambiguity in the spectrum; a single laser frequency v pro-
duces peaks in the spectrum analyzer output at vg + jAvpgsg, where j is any integer. If a laser contains
two closely spaced modes, as in the example shown in Figure 2, then the output signal is obvious. But if
the laser modes are separated by more than Avgggr, then the output may be difficult to interpret.

In the lab, you will scan the laser frequency while keeping the cavity length fixed, but the resulting mea-

surements are basically the same as if you scanned the cavity length.

Laguerre-Gaussian Modes. The above analysis strictly holds only for the 1D plane-wave case, and
real cavities must have mirrors of finite extent. In this case, it’s best to thing of Fabry-Perot cavities as full
3D optical resonators, rather than simply a set of two mirrors. By curving the mirrors, the cavity supports
a set of trapped normal modes of the electromagnetic field, known as Laguerre-Gaussian modes. As long

as the cavity has cylindrical symmetry, the transverse mode patterns are described by a combination of a

Page 3



PZT

Input Output

> >

Laser vV Photo-
Power Current

Frequency v

Figure 2. Using a Fabry-Perot cavity as an optical spectrum analyzer. Here the input laser power as a
function of frequency P(f) is shown with a multi-mode structure. By scanning the cavity length with a
piezoelectric (PZT) tube, the laser’s mode structure can be seen in the photodiode output as a function of
PZT voltage I(V). Note the signal repeats with the period of the cavity free-spectral range.

Gaussian beam profile with a Laguerre polynomial. The modes are labeled by TEM,,, where p and ¢ are
integers labeling the radial and angular mode orders. The intensity at a point r, ¢ (in polar coordinates) is
given by

Lu(r.9) = Top" [L}(p)]” cos?(¢g)e
where p = 2r? /w? and Lﬁ is the associate Laguerre polynomial of order p and index ¢. The radial scale of
the mode is given by w, and modes preserve their general shape during propagation. A sample of some
Laguerre-Gaussian modes is shown in Figure 3.

This figure displays the transverse mode profiles; the longitudinal profile of the mode is that of a standing
wave inside the cavity, which has some number n of nodes. The various modes with different n, p, and ¢
in general all have different resonant frequencies. The TEMgy mode has a simple Gaussian beam profile,
and this is the mode one usually wants to excite inside the cavity. Lasers typically use this mode, and thus
generate Gaussian output beams. As you will see in the lab, however, it is not always trivial to excite just
the TEMgy mode inside a cavity.

Note that the mode shape shown in Figure 1 essentially shows w for a TEMy, mode as a function of
position inside the cavity. The mode has a narrow waist at the center of the cavity, and diffraction causes
the beam to expand away from the center. At the waist, the wavefronts of the electric field (or equivalently
the nodes of the standing wave) are flat and perpendicular to the cavity axis. At the mirrors, the wave-

fronts are curved and coincide with the mirror surfaces, so the wave reflects back upon itself.
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Figure 3. Several Laguerre-Gaussian modes, which are the electromagnetic normal modes inside a
Fabry-Perot cavity. The TEM§; mode, called a doughnut mode, is a superposition of two (degenerate)
TEMjp; modes rotated 90° with respect to one another.

Confocal Resonators. An interesting (and useful) degeneracy occurs if we choose the cavity length
to be equal to the radius of curvature of the Fabry-Perot mirrors, L = R,irror. In this case, the mode fre-
quencies of the various transverse modes all become degenerate with a separation of ¢/4L = Avpgr/2 (see
Yariv, Section 4.6, for a derivation of this). For this special case, called a “confocal” cavity, the spectrum
will look just like that shown in Figure 2, except the mode spacing will be Aveon focai = ¢/4L. The width
of the transmission peaks Av fynm stays roughly the same in principle, but in practice Avfypm depends
on how well the cavity is aligned, and how precisely we have L = R,irror-

Another nice feature of the confocal cavity is that the cavity transmission is insensitive to laser align-
ment. Figure 4 shows that each resonant mode in the confocal cavity can be thought of as a “bow-tie”
mode, which traverses the cavity twice before retracing its path — hence Avconfocar = ¢/4L. This is a crude
picture, but it can be helpful in understanding the confocal cavity. It shows you in a rough way how the
output spectrum might be insensitive to alignment, since the bow-tie modes are excited no matter where
the beam enters the cavity. You will work with a confocal and non-confocal cavity in the lab, and hope-

fully this will all make good sense once you see it all in action.
FM Spectroscopy. In the radio-frequency domain, there exists a substantial technology built up around

amplitude-modulation and frequency-modulation of an electromagnetic carrier wave (which gives us, for

example, AM and FM radio broadcasting). If one boosts the typical carrier wave frequency from 100 MHz
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Figure 4. Ray paths for a confocal Fabry-Perot cavity (the off-axis scale is exaggerated).

(FM radio) to 500 THz (optical), the same ideas apply to AM and FM modulation of lasers. The resulting
optical technology has many applications, the most dominant one being fiber-optic communications.

Modulating the injection current to the diode laser is a very simple way to modulate the laser output,
both in frequency and amplitude. (Using non-linear crystal modulators is another way to modulate a laser
beam.) The basic idea is that one drives the laser with an injection current which consists of a large DC
part and a small high-frequency AC part on top. The AC part produces both AM and FM modulation of
the laser, but we will ignore the smaller AM part for now.

For pure frequency modulation, we can write the electric field of the laser beam at some fixed location
as:

E(t) = Egy exp(—iwot — id(t))

where ¢(t) is the modulated phase of the laser output. We always assume that ¢(t) is slowly varying
compared to the unmodulated phase change wyt, since wy is at optical frequencies, and our modulation will

be at radio frequencies. If we’re putting in a single sinusoidal phase modulation we have

¢(t) = Bsin(Q2t)
where € is the modulation frequency, and (3, called the modulation index, gives the peak phase excursion
induced by the modulation. If we note that the instantaneous optical frequency is given by the instantaneous
rate-of-change of the total phase, we have
Winstant = Wo + d¢/dt

= wo + BQcos(0)

= wp+ Awcos(Qt)
where Aw is the maximum frequency excursion. Note that 5 = Aw/Q is the dimensionless ratio of the

maximum frequency excursion to frequency modulation rate.

It is useful to expand the above expression for the electric field into a carrier wave and a series of
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sidebands

E(t) Ey exp[—iwot — ifsin(t)]

= E Z Jn(B) exp[—i(wo + nQ)t]

n=—oo

= EO{JO(B)eXp —iwot) + ZJ ) [exp[—i(wo + nQ)t] + (—1)" exp[—i(wo — Nt ]]}

This transformation shows that our orlglnal optlcal sine-wave has now developed a comb-like structure in
frequency space. The Jyp term at the original frequency wq is the optical “carrier” frequency (in analogy
with radio terminology), while the other terms at frequencies wg & n€) form sidebands around the carrier.
The sideband amplitudes are given by J,,(8), which rapidly becomes small for n > 8. Note that the total

power in the beam is given by
E-E*=EJ|J5(B)+2 Y Ju(B)

which is independent of 3, as it must be for pure frequency modulation. Often one wishes to add two
small sidebands around the carrier, for which one wants § << 1, and the sideband power is then given
by ~ J1(B)? ~ 52 /4. Evaluating the above sum, and convolving with a Lorentzian laser+cavity spectrum

gives an output power
I(w) = J3(B) L(w; wo) Z Jn(B)7[L(w; wo + 1Y) + L(w;wo — n )]

where L(w;wp) is a normalized Lorentzian functlon centered at wy.

Problem 2. Evaluate and plot the above optical spectrum, as you might expect to see it using your
Fabry-Perot optical spectrum analyzer (remember that a photodiode measures optical power, not electric
field amplitude). Plot versus frequency v = w/2w, which is what a frequency meter reads. Assume a
Lorentzian laser+cavity linewidth of Av = 10 MHz. Plot three curve with: 1) /27 = 120 MHz, 5 = 0.5;
2) Q/2r = 30 MHz, 8 = 1.5; and 3) Q/2r =1 MHz, 8 = 20. Note for the last plot you will have to eval-
uate the sum up to fairly high n, at least to n > 8. For 8 > 1, note that the spectrum looks much like

what you would expect for slowly scanning the laser frequency from wg — 82 to wg + B€2.

II. LABORATORY EXERCISES.

Your first task in this lab is to look at the light transmitted through a simple cavity using the set-up
shown in Figure 5. Use the ramp generator in the laser controller to scan the laser frequency (ask your TA
how), and monitor the photodiode output on the oscilloscope.

In order to get any light through the cavity, you need to align the incoming laser beam so that: 1) the
beam hits the center of the first mirror, and 2) the beam is pointed down the cavity axis. The mirrors M1
and M2 provide the necessary adjustments to align the incident beam, and note that the different degrees of
freedom are nicely decoupled — M1 mostly changes the laser position at the cavity, and M2 mostly changes

the angle of the entering beam.
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Figure 5. Optics set-up to view the light transmitted through the short cavity.

First adjust M1 so the beam is centered on the cavity, and then adjust M2 so the backreflected beam
coincides with the incident beam. Use a white card with a hole in it to see the position of the backreflected
beam. Iterate as necessary.

When this looks good, place a white card behind the cavity to view the transmitted beam. It will be
faint, but you should be able to see a pair of bright spots, or perhaps a bright ring, on the card. To bring
the transmitted beam to a single spot, you will probably need to “walk” the input beam, which is a way to
systematically sample the 4-dimensional alignment space defined by the four adjustments of M1 and M2.
Your TA can show you how. Once you have the transmitted beam down to a single, sharp spot, place the
photodiode to intercept the beam, and place the TV camera to view the shape of the beam.

With the sweep on, you should see a forest of peaks on the transmitted signal. Each peak corresponds to
a single cavity mode you are exciting with the laser. Each TEM,,;,; mode has a slightly different frequency,
so each gives a separate peak. In addition, the spectrum repeats with a period of Avpgg. If you tweak
the alignment of the incoming beam slightly, you will see the peaks all change height. This is because you
excite different modes with different alignments.

With the sweep off, you can examine the shapes of the different modes using the TV camera. Move the
piezo DC offset adjust to select different modes. Compare with Figure 3 above. Print out an oscillo-

scope trace showing a typical scan, and tape it into your notebook.
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Figure 6. The cavity transmission with fairly good mode matching. Note the dominant TEMgy modes
separated by Avpgr. The peaks heights are very sensitive to alignment and even to vibration.

Mode Matching. Now you should try to excite just the TEMgy mode of the cavity, which means you
have to mode match the incoming beam to the cavity mode. If you think about the mode inside the cav-
ity (see Figure 1), you can see that the beams leaking out of the cavity diverge in both directions. You can
see this if you use a white card with a hole in it placed far from the cavity. The reflected beam from the
cavity will make a large spot on the card, much larger than the incoming beam. Thus the input beam is
not well matched to the cavity modes.

To match the TEM mode, the incoming beam should be converging. You can achieve this by placing
a 500mm focal length lens about 11 inches in front of the cavity. Before aligning the cavity, note that the
size of the reflected beam is now about equal to the incoming laser size, so the mode match is better than
before.

Align the cavity with the lens in place and view the transmitted signal. You should see fewer large
modes. Turn the sweep down to identify the different modes on the TV. Find the TEMgy mode, and
tweak the mirror alignment to maximize this mode while minimizing the others. With some effort, you
can produce a transmitted signal that looks something like that shown in Figure 6, with dominant TEMg
peaks separated by Avpgr. You cannot do much better than this, even in theory, for two reasons: 1) the
mode-matching lens is actually not quite right to match to the cavity, so you are bound to excite some
other modes; and 2) the incoming laser beam is itself not a perfect TEMpg mode (expand the beam with a

lens and you can see that it doesn’t have a perfect Gaussian shape), which means it contains other modes
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at some level. Print out a trace showing your best TEM(, modes.

The Confocal Cavity. The next task is to set up the confocal Fabry-Perot cavity as shown in Fig-
ure 7 and to look at some of its properties. Unlike the previous cavity, the confocal cavity is insensitive to
the precise alignment and mode matching of the input beam, because the different transverse modes are
degenerate in frequency (see the discussion in Section I above). Nevertheless, you still have to align things

reasonably well, using the same procedures described above.

Observe the Mode Structure of the Cavity. Align the input beam and adjust the cavity length
until the transmitted signal shows a series of sharp peaks (much different than with the non-confocal
cavity!). Tweak the cavity length so the peaks are narrow and symmetrical, which should maximize the
transmitted peak intensity. Once that looks good, change the cavity length by a large amount (say 10 turns
of the mounting tube) and observed the transmitted spectrum. As the cavity length is changed away from
the confocal length, the transverse modes are no longer degenerate. At first, you see the peaks broaden
and become asymmetrical. Then, as you change the length more, you can see individual mode peaks show
up. Change the input beam alignment to see the different modes change in amplitude. Print out a few

spectra with different cavity lengths.

Measure the Transmitted and Reflected Intensities. Adjust the cavity length to its confocal value,
and align the input beam to maximize the height of the transmitted peaks. Tweak the length and alignment
with some care to produce sharp, symmetrical peaks with the highest possible amplitude. When that looks
good, insert a "pick-off" mirror somewhere in the beam and send it to the second photodiode. Use the mir-
ror to maximize the photodiode signal on the oscilloscope (so the beam is centered on the photodetector),
and measure the output voltage (and note the photodiode gain). It works well to use the “measure” fea-
ture on the oscilloscope to measure the average output voltage. With care, you could convert this voltage
to milliwatts of laser power, but you will be taking power ratios, so you don’t need this conversion.

Without changing the cavity alignment, set up the second lens and photodiode as shown in Figure 7.
Again make sure the beam is centered on the photodetector and measure the output signal. The value
should be about 25% of what you measured previously (because the beam intensity was diminished twice by
the 50:50 beamsplitter). If you don’t get within a few percent of that value, something is wrong (probably
the alignment).

Next send the first photodiode signal directly into the oscilloscope along with the second. Note that
the dips in reflected light correspond to the peaks in transmitted light, as you would expect. Measure the
peak widths and make sure they are greater than 20 usec, so that the photodiode is fast enough to record
the full peak. If not, use a slower scan. Measure the height of the transmitted peaks and com-
pare with the input beam intensity, to produce a peak transmitted fraction. Keep in mind the
photodiode gains, which may be different, and how many times the various beams went through the beam-
splitter. You should be able to produce a transmitted fraction between 5% and 10%. If your measurement

is above 10%, you probably made an error somewhere (or your cavity alignment is amazingly good). If
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Figure 7. Optics set-up for the confocal cavity.

your measurement gives you something below 5%, again check for simple errors. If that’s not it, tweak the
cavity length and alignment until the peak transmitted fraction is above 5%. When everything looks good,

print out the spectrum showing sharp peaks.

Measure the Cavity Finesse. Capture a single sweep on the oscilloscope and use the built-in cur-
sors to measure the effective finesse of the cavity. Measure the spacing between the peaks (the free spectral
range) and then change the time-base on the ’scope and measure the full-width at half-maximum of the
peaks. The effective finesse is then F' = Avpgr/Avpw . You should get F > 100 or even F > 200 if
the cavity is well aligned.

Why is the transmitted peak intensity only 5%, when in principle it could be 100%? Part of the reason
is losses inside the cavity, as described in the discussion in Section I, but that’s only a small part. Calculate
about how great the losses would have to be to produce a 5% transmitted intensity, assuming a mirror
transmission of 1%. The actual mirror losses are probably less than 0.1% per bounce (unless the mirrors
are very dirty, which they shouldn’t be).

The main reason for the low transmitted intensity is that the mode degeneracy is not perfect. If you
change the cavity length or input beam alignment only slightly, you can see the peak height drop quickly.
Since the input beam is not mode-matched to the cavity, the transmitted intensity of any given mode is
fairly low. And if the modes are not perfectly degenerate, they don’t overlap well, resulting in a low peak
intensity. With a non-confocal cavity and a well mode-matched beam, it is possible to achieve a peak trans-
mitted intensity close to 100%. However, for simply looking at the frequency structure of a laser (i.e., with
an optical spectrum analyzer), the confocal cavity is quite convenient to use, even with its lower transmit-

ted intensity.
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FM Spectroscopy. Next you should observe the FM spectra you calculated in the prelab exercises,
using the confocal Fabry-Perot cavity as an optical spectrum analyzer. With the transmitted signal show-
ing nice sharp peaks, reduce the sweep to zoom in on a single peak. Then take the RF function generator,
turn it on, and feed it into the RF Input BNC of the diode laser. (NOTE: Do not disconnect the cable from
its connection at the laser. The laser is sensitive to static discharge, which can easily burn out the diode.
Also turn the RF generator on first, and then feed the output into the laser. This helps avoid voltage spikes
that may occur when you turn the generator on.)

As you vary the oscillator frequency §2/27 and the amplitude (which changes Aw and thus (), you should
observe the range of behavior you calculated. Record several traces that correspond as closely as
you can achieve to your three calculated plots. You should get pretty good agreement (if not, check
with the TA). One significant difference between calculated and measured spectra is that the measured
spectra may be asymmetric. This is due to residual amplitude modulation of the laser, which we did not

include in our pure FM calculation.

Measure the Free-Spectral Range. Finally, put two high-frequency sidebands on your laser, print out
a spectrum, and use the known sideband frequency to measure the free-spectral-range of the Fabry-Perot
cavity. Compare with what you expect for a cavity length of 20 cm (equal to the radius of curvature of the

mirrors).
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Scanning Spherical-Mirror Interferometers
For The Analysis of Laser Mode Structure

l. Introduction

Scanning spherical-mirror interferometers! have
become common tools for the analysis of laser radi-
ation. They are very high-resolution spectrometers,
and can be used to provide information concerning
laser mode structure that is difficult to obtain using
any other instrument.

For a variety of practical reasons, scanning
spherical-mirror interferometers have been diffi-
cult to use. Recently, however, it has been found
that certain special types of these interferometers
are comparatively easy to use: these special types
of interferometers are “mode-degenerate” inter-
ferometers. Of the mode-degenerate interferome-
ters, the most useful is the confocal interferometer,
first described, in a somewhat different form than
is now common, by Connes?.

The principal reason for the interest in using
scanning spherical-mirror interferometers to study
laser radiation is, of course, that the light emitted
by most ordinary gas lasers is not perfectly mono-
chromatic. The beam from a typical gas laser con-
tains several discrete optical frequencies, separated
from each other by frequency differences of “radio-
frequency” magnitude (108 — 10? Hz). These dif-
ferent optical frequencies can be associated with
different modes of oscillation of the laser.

It is common practice to distinguish two types of
laser modes: “longitudinal” modes differ from one
another only in their oscillation frequency; “trans-
verse” modes differ from one another not only in
their oscillation frequency, but also in their field
distribution in a plane perpendicular to the direc-
tion of propagation. Corresponding to a given
transverse mode are a number of longitudinal
modes which have the same field distributions as
the given transverse mode but differ in frequency;
it is not customary, however, to associate different
transverse modes with a given longitudinal mode.

Copyright ©® 1968 by Spectra-Physics, Inc.

Most applications of gas lasers require that the
laser operate in a single transverse mode. More-
over, in most cases, the laser must operate in the
lowest order (TEM,,) transverse mode. The reason
for this concerns the amount of power that can be
focused in a diffraction-limited beam: more power
can be focused in such a beam when the laser oper-
ates in the lowest-order transverse mode than when
it operates in high-order transverse modes?.

In many applications of gas lasers, the longitudi-
nal mode structure of the laser beam is also impor-
tant. In holography, for example, the presence of
gseveral longitudinal modes limits the coherence
length of the emitted light, and hence the depth of
field of holograms made with it. In many commu-
nications experiments, the presence of several lon-
gitudinal modes may give rise to distortion effects.
In some spectroscopic applications, the resolution
ig limited by the number of oscillating longitudinal
modes.

As mentioned above, the scanning spherical-
mirror interferometer is a powerful tool for study-
ing the mode structure of gas lasers. There are,
however, other methods which are used to study
laser mode structure. The most common of these
employs a radio-frequency spectrum analyzer.
When a laser beam is detected by a photodetector,
the output current from the photodetector will con-
tain signals at the difference frequencies between
the various modes of the laser beam. By measuring
the frequencies and amplitudes of the various dif-
ference-frequency signals, some characteristics of
the optical spectra can be deduced.

Radio-frequency measurements have some advan-
tages and some disadvantages over direct optical-
frequency measurements, such as those obtained
from scanning spherical-mirror interferometers.
Radio-frequency measurements usually have high-
er resolution than optical-frequency measurements.




On the other hand, conventional radio-frequency
measurements do not give complete information
about the optical mode spectra.

Consider the case of a laser beam containing two
modes, one large in amplitude, and one small in am-
plitude. If such a beam is detected by a photode-
tector, the output current will contain a signal
which oscillates at a frequency equal to the differ-
ence frequency between the two modes. However,
there will be no way to determine whether the
strong mode is the higher-frequency mode or the
lower-frequency mode. Both situations will give
the same radio-frequency output signal. With direct
optical-frequency spectroscopy, this ambiguity does
not occur: the output signal gives complete infor-
mation regarding the spectrum.

Radio-frequency measurements are most useful
when it is only necessary to detect the presence
or absence of certain modes in a laser beam. In
general, direct optical-frequency measurements are
easier to interpret and easier to perform.

Il. The Fabry-Perot Interferometer

Scanning spherical-mirror interferometers be-
long to the general class of multiple-beam inter-
ferometers. The most common multiple-beam
interferometer is the Fabry-Perot etalon, which
consists of two plane mirrors which are placed par-
allel to one another, separated by a distance d. The
resonance condition for such an interferometer is
that the spacing between the mirrors be equal to
an integral number of half wavelengths of the in-
cident light. If the interferometer is illuminated at
normal incidence with a collimated beam of fre-
quency v,, the resonance condition is

me
Vo= (1)

where m is an integer and c is the velocity of light.

More generally, it can be shown that the trans-
mittance of the etalon is given by the famous Airy
formula

I 1 1
P A\? 4R . o
(1+,—T—) 14 (I_R): Sin*

(2)

where I, is the intensity of the beam incident on
the interferometer, I is the intensity of the beam
emerging from the interferometer, R is the reflec-
tance of the mirrors, T is the transmittance of the
mirrors, and A is the ‘“dissipative” loss of the
mirrors.

For high-reflectance mirrors (typical of modern
- Fabry-Perot etalons) the transmission “fringes”
are extremely sharp. Under these conditions, the
transmittance of the Fabry-Perot etalon will be

negligible unless the sine term is nearly zero. We
may thus use the approximations sin 6 ~ ¢ and R
=~ 1 to write the Airy formula as

I 1 1
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(3)
This formula is illustrated graphically in Figure 1.
We see that near a transmission fringe, the trans-
mittance of a Fabry-Perot etalon is a Lorentzian
function of frequency having a full-width at half
maximum of

c(1—-R)
Ay = “omd - 4)

The quantity Av is called the “instrumental band-
width” of the etalon.
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1. Transmittance of a Fabry-Perot etalon for various
mirror reflectances. The “dissipative” loss of the
mirrors is assumed to be 0.2%.

Note from (1) that the difference in frequency
between two transmission fringes, called the “free-
spectral-range” of the etalon, is given by

C
FSR._%.

The ratio of the freespectral-range to the instru-
mental bandwidth is called the “finesse” of the eta-
lon. Using (4) and (5), we find for the finesse

(5)

F=Hq"g- (6)

The ratio of the transmission frequency to the
instrumental bandwidth is known as the resolving
power, or “Q” (quality factor) of the etalon. We
thus have

2mvd

The Fabry-Perot etalon, although it is a versatile
tool for the high-resolution spectroscopy of ordi- O
nary light sources, is of limited usefulness in ana-
lyzing laser mode structure. The reason for this is
that an ordinary Fabry-Perot etalon does not have




sufficient resolving power to be very useful in ana-
lyzing laser beams.

A typical gas-laser transition has a Doppler line-
width of a few gigahertz. The various modes of the
laser are typically separated by a few tens of mega-
hertz. In order for an interferometer to be useful
in analyzing laser mode spectra, it should have
a free-spectral-range which is larger than the
Doppler linewidth and an instrumental bandwidth
which is small compared to the frequency differ-
ences between the various modes of the laser; in
short, it should have a high finesse. For analyzing
laser mode spectra, it is usually desirable to employ
an interferometer having a finesse of at least one
hundred.

It is very difficult to make Fabry-Perot etalons
which have a finesse of 100. A typical value for the
finesse of a Fabry-Perot etalon is =~ 30, although it
is possible to obtain somewhat higher values with
high-quality instruments.

Two principal factors limit the finesse of Fabry-
Perot etalons. The surface figure of the mirrors
must be flat to approximately the transmission
wavelength divided by the finesse of the interfer-
ometer. Thus, an interferometer having a finesse
of 100 must have mirrors which are flat to 1/100
wavelength over the useful aperture. If the aper-
ture of the interferometer is-small enough, the
mirrors may indeed appear flat to within 1/100

( 1 wavelength. However, if the aperture is made
*~’ small, diffraction effects which limit the finesse of

the interferometer become important.

The Airy formula given above neglects the
effects of diffraction. If the diameter of the inter-
ferometer mirrors is large compared to their sep-
aration, diffraction is not important. However, if
a small aperture is placed within the interferometer
in an attempt to improve the effective figure of the
mirrors, diffraction effects at the edges of the aper-
ture cause a “loss” in the interferometer which is
equivalent to a reduction in the reflectance of the
mirrors. This equivalent reduction in reflectance
limits the finesse of the interferometer.

Ill. Spherical-Mirror Interferometers

The diffraction effects which are characteristic
of Fabry-Perot etalons can, to a large extent, be
eliminated by using spherical mirrors in the inter-
ferometer. The radii of curvature of the mirrors
(which, for the sake of simplicity, we assume to
be equal) must be greater than one half their
separation.

The diffraction loss of a spherical-mirror inter-

"\ ferometer is orders of magnitude lower than that

of a Fabry-Perot interferometer, and is usually
small enough to be negligible. In addition, the sur-
face figure on the mirrors of a spherical-mirror

interferometer is considerably less critical than the
figure on the mirrors of a Fabry-Perot interferom-
eter. The reason for this comparatively large figure
tolerance is that only a small area (typically < 1
mm?2) of the spherical-mirror interferometer mir-
rors is useful. Thus, mirrors which are good to
within 1/10 wavelength over their entire area may
contain small areas having a figure of better than
1/100 wavelength.

The salient characteristic of a general spherical-
mirror interferometer is that it must be illumi-
nated with a narrow, diffraction-limited beam to
work properly. In laser terminology, it must be
“mode-matched” to the laser which is to be ana-
lyzed.

The various modes of a spherical-mirror cavity
resonate at frequencies given by

u‘,:% [q+%(1+m+n) cos! (1—%)],
(8)

where ¢ is the velocity of light, d is the separation
of the mirrors, R is the radius of curvature of the
mirrors, q is an integer denoting the longitudinal-
mode number, and m and n are integers denoting
the transverse-mode numbers.

A spherical-mirror interferometer will have a
high transmission for frequencies which satisfy
the resonance condition (8). The resonance fre-
quencies corresponding to different values of q
define the different longitudinal modes of the inter-
ferometer. The resonance frequencies correspond-
ing to different values of m and n define the differ-
ent tranverse modes of the interferometer. Note
that to any specific transverse mode there corre-
spond a number of longitudinal modes.

The frequency separation of any two interfer-
ometer resonances defines the free-spectral-range
of the interferometer. In order for the free-spec-
tral-range of the interferometer to be large enough
to be useful, it is necessary to restrict the excitation
of the interferometer to a single transverse mode.
The various longitudinal modes corresponding to
that transverse mode then determine the free-spec-
tral-range to be ¢/2d, as is the case for the Fabry-
Perot etalon. In practice, the only transverse mode
of the interferometer which is convenient to excite
is the lowest-order (TEM,,) mode.

The requirement that a general spherical-mirror
interferometer be excited in a single transverse
mode causes considerable complication in practical
applications of the device. In order to match the
laser beam into the TEM,, mode of the interfer-
ometer, the laser itself must operate in the TEM,,
mode. In addition, the interferometer must be care-
fully aligned so that its axis corresponds to the
propagation axis of the incoming laser beam. When
such alignment is accomplished, light reflected




from the interferometer travels back into the laser
and perturbs the modes of the laser. It is thus nec-
essary to use an optical isolator between the laser
and the interferometer. Finally, the beam diameter
and divergence of the incoming laser beam must be
matched to the beam diameter and divergence of
the TEM,, mode of the interferometer.

If the above conditions are not fulfilled, the inter-
ferometer will not work properly. The most serious
defect of general spherical-mirror interferometers
is that if they are not properly mode-matched to
the incoming laser beam, they will have “spurious”
transmission fringes. These fringes are caused by
the excitation of high-order transverse modes of
the interferometer, which generally resonate at
different frequencies than the TEM,, mode.

The above requirements make the general spher-
ical-mirror interferometer rather difficult to use.
Fortunately, by using special forms of spherical-
mirror interferometers, these requirements can be
considerably relaxed. These special forms of spher-
ical-mirror interferometers are called “mode-
degenerate” interferometers.

IV. Mode-Degenerate Interferometers

For practical applications, mode-degenerate in-
terferometers are more useful devices than are
general spherical-mirror interferometers. The fun-
damental reason for this is that mode-degenerate
interferometers do not need to be mode-matched to
the incident laser beam. This fact permits consid-
erable simplification in the experimental use of
mode-degenerate interferometers. Specifically:

1. Since the transverse modes of the laser do not
need to be matched to the transverse modes of the
interferometer, it is not necessary that the laser
operate in a single transverse mode. '

2. There are no “spurious’” resonances in mode-
degenerate interferometers.

3. Since mode-matching is not required, the in-
terferometer need not be accurately located on the
axis of the incident laser beam; this reduces the re-
quired alignment tolerance of the interferometer.

4. When the axis of the interferometer does not
coincide with the axis of the incident laser beam,
the light reflected by the interferometer does not
travel back into the laser and perturb the laser os-
cillation. It is thus usually desirable to use the
interferometer with off-axis illumination.

A mode-degenerate interferometer is a spherical- _

mirror interferometer whose transverse modes are
degenerate in frequency. The operation of such in-
terferometers can be understood by considering
that, if the radii of curvature and separation of the
mirrors of a spherical-mirror interferometer sat-
isfy the equation

w(-d)=%.  ®

where [ is an integer, then the resonance equation
(8) can be written as

w=gglla+l+m+nl . (10)

Since increasing the sum (m+4n) by ! and de-
creasing q by one leaves the resonant frequency of
the interferometer unchanged, it follows that the
interferometer will have [ “sets” of degenerate
transverse modes. These | “sets” of modes will be
equally separated in frequency.

The best-known mode-degenerate interferometer
is the confocal interferometer, which corresponds
to I = 2. The confocal interferometer has “even-
symmetric’”’ modes corresponding to (m-}n) even,
and ‘“‘odd-symmetric”’ modes, corresponding to
(m+n) odd. The even-symmetric mode resonances
fall exactly halfway between the odd-symmetric
mode resonances. Thus the free-spectral-range of
a confocal interferometer, when it is illuminated
simultaneously in several transverse modes, is
c¢/44, rather than c¢/2d.

In general, the free-spectral-range of an I-fold
mode-degenerate interferometer is given by

c
FSR = 2 (11)

The transmittance of an [-fold mode-degenerate
interferometer is given by

l
T2 S R26-1
I__ j=l 1
I (1 —RH2 4R? .
14 1_RY? sin?

2mld *

(12)

Note that, if Il = 1, the above equation reduces to
the Airy formula (2). If the reflectance of the mir-
rors is close to unity, we find for the transmittance
of the interferometer near a resonant frequency:

1__ 1 1 _
SR 1 )
(13)

The instrumental bandwidth is thus given by

_c¢c(1—R) .
Av = 53 (14)
the resolving power by
27vd
Q= iRy (15)
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and the finesse by

™
F = Z(T_ﬁ)— . (16)
We thus see that the instrumental bandwidth and
Q of a mode-degenerate interferometer are the
same as for a general spherical-mirror interfer-
ometer or a Fabry-Perot etalon, but that the free-
spectral-range, finesse, and peak transmission are
reduced by a factor I. We can also see why the con-
focal interferometer is the most useful mode-de-
generate interferometer: it has the highest finesse
of any mode-degenerate interferometer. (The con-
centric interferometer, which corresponds tol =1,
is not mode-degenerate; the theory leading to equa-
tion (8) is not valid in the concentric limit.)
Mode-degenerate interferometers can also be an-
alyzed in terms of geometrical opticst. The condi-
tion expressed in equation (9) is equivalent to the
condition that a ray launched in the cavity retrace
its path after [ complete traversals of the cavity.
Thus, from the standpoint of geometrical optics,
an l-fold mode-degenerate interferometer appears
to have an effective length which is [ times the ac-
tual distance between the mirrors. A typical ray
path for a confocal interferometer is shown in Fig-
ure 2.

2. Ray paths in a confocal interferometer.

The factors which limit the performance of
mode-degenerate interferometers are the reflect-
ance of the mirrors, the surface figure of the mir-
rors, and the spherical aberration of the mirrors.

The limitation imposed by the reflectance of the
mirrors is not usually serious. It is now possible to
obtain mirrors having a reflectance of greater than
.998. In a confocal interferometer, this corresponds
to a finesse (c.f. equation 16) of more than 750.
Such values of finesse have been realized experi-
mentally.

The surface figure requirement on the interfer-
ometer mirrors presents a somewhat more serious

. problem. As is the case for a Fabry-Perot etalon,

the surface figure must be accurate to roughly the
transmission wavelength divided by the finesse. In
order to minimize the requirements on the surface

figure of the mirrors, the diameter of the incoming
laser beam should be approximately equal to the
diameter of the TEM,, mode of the interferometer.
Spherical aberration of the mirrors gives rise to
a fundamental limitation on the amount of mode-
mismatch that can be tolerated in a mode-degen-
erate interferometer. The theory of Hermite-
" Gaussian mode structure in spherical-mirror inter-
ferometers is based on the paraxial-opties approxi-
mation. If a mode-degenerate interferometer is
illuminated too far off-axis, the paraxial-optics
approximation cannot be used to describe its be-
havior. The dominant aberration which enters the
theory is spherical aberration. The amount of
spherical aberration in the interferometer depends
on the radius of curvature and separation of the
mirrors.
For a confocal interferometer, one can show that
the path-difference variation, caused by spherical
aberration, for rays entering the interferometer

~ parallel to the axis, but displaced from it by a dis-

tance h, is given by

h4
_5'

If we demand that this path-difference variation
be less than the transmission wavelength of the
interferometer divided by the finesse, we find that
the incoming beam must have a radius h given by
A3\ %
h< () (18)

A= (17

V. Experimental Properties of
Mode-Degenerate Interferometers

In this section, we consider some of the practical
aspects of mode-degenerate interferometers. As
discussed in the preceding section, the confocal in-
terferometer is the most useful of the mode-degen-
erate interferometers, because it has the highest
finesse. Most of the discussion in this section is spe-
cifically, but not inevitably, related to the confocal
interferometer.

PIEZOELECTRIC SPACER

RN S SN SN S SN OSSN ILLLL LA

INCIDENT

LASER T0
BEAM / DETECTOR
— ’ PR
¥/
4

ST SN TIE S S S S SNy 27

3. Scanning confocal interferometer.




Figure 3 shows a typical scanning confocal inter-
- ferometer. It comprises two spherical mirrors, sep-
arated by a distance equal to their radius of curva-
ture. The back surfaces of the mirrors are made
such that the mirrors are self-collimating: that is,
a plane wavefront incident on the interferometer
. will be transformed into a spherical wavefront
whose radius of curvature matches that of the
transverse modes of the interferometer. The con-
cave surfaces of the mirrors are coated with high-
reflectance multilayer films, and the convex sur-
faces are coated with anti-reflection films to
eliminate spurious interferometer resonances in-
volving the back surfaces of the mirrors.

The mirrors are mounted in cells which are sep-
arated by a piezoelectric spacer. By applying a po-
tential difference of a few hundred volts to the
piezoelectric spacer, the separation of the mirrors
can be varied by a few wavelengths. In practice, a
sawtooth or sinusoidal waveform is usually applied
to the piezoelectric spacer to scan the separation of
the interferometer mirrors. For a confocal inter-
ferometer, a change in separation of the mirrors of
one-fourth wavelength scans the interferometer
through one free-spectral-range.

An aperture is placed outside the entrance mir-
ror to limit the diameter of the incident beam. The
upper limit on the aperture size can be determined
using equation (18). If the beam entering the in-
terferometer is collimated, no further apertures
are required. However, if the interferometer is
used with non-collimated beams, it is also neces-
sary to use an aperture on the exit of the interfer-
ometer to eliminate the reduction in finesse caused
by spherical aberration in the mirrors. The use of
this second aperture will reduce the peak transmis-
sion of the interferometer, and it is generally more
desirable to focus the incoming beam properly,
rather than use a second aperture.

The light transmitted by the interferometer is
detected by a photecell or photomultiplier, and the
output signal of the photedetector is recorded on an
oscilloscope, as a function of the voltage applied to
the piezoelectric spacer. The oscilloscope thus dis-
plays a signal which is equivalent to the laser mode
intensity vs. optical frequency.

It is important that the mirror separation be
quite close to confocal. The tolerance on the mirror
spacing depends on the length of the interferom-
eter and its finesse. For very short, high-finesse
interferometers, the mirror spacing should be set
to within a few wavelengths. In practice, the ad-
justment of length is quite easy to make. The mir-
ror spacing should be set so that it is approximately
confoeal. By observing the mode structure of a la-
ser on an oscilloscope, the final adjustment of the
mirror spacing can then be made to maximize the

finesse of the interferometer. Once the separation.
of the interferometer mirrors is set, it needs no
further adjustment.

_The actual use of confocal interferometers is
quite simple: basically, they need only be placed in
a laser beam and adjusted so that the beam is re-
flected more or less back on itself. With a relatively
crude alignment, fringes will be.obtained. To
achieve the maximum finesse, the angle should be
adjusted fairly carefully to ensure that the inter-
ferometer axis is close to the axis of the incident
beam. To perform the fine-angle adjustment, it is
convenient to mount the interferometer on an ad-
justable-angle mirror mount.

It is usually desirable’to put an optical isolator,
such as a circular polarizer, in the beam between
the laser and the interferometer, even when the
interferometer is illuminated off-axis. The reason
for this is that there is usually a certain amount of
back-scatter from the interferometer mirrors. Al-
though the specular reflection from the interfer-
ometer mirrors does not retro-reflect into the laser,
the back-scatter can, in some cases, perturb the
modes of the laser.

VI. Applications of Scanning
Spherical-Mirror Interferometers

As stated in the introduction, secanning spherical-
mirror interferometers are useful for studying the
general mode structure of gas lasers. In this sec-
tion, we consider two specific applications.

The first application of scanning spherical-mir-
ror interferometers that we consider is their use in
adjusting a laser so that it operates in a single
transverse mode. The conventional method for
making such an adjustment consists of visually ob-
serving the intensity distribution in the output
beam of the laser while adjusting the mirrors.
When the output beam has an apparently Gaussian
intensity distribution, the laser is assumed to be
oscillating in the TEM,, transverse mode.

The above method for adjusting a laser is some-

what unreliable; often lasers which appear to be -

operating in a single transverse mode actually are
oscillating simultaneously in two transverse modes.
This double oscillation can be detected easily using
a scanning (mode-degenerate) spherical-mirror
interferometer. Figure 4 shows the mode spectra
obtained when a typical helium-neon laser is oper-
ating in (a) two transverse modes, and (b) a sin-
gle transverse mode.
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4. (a) Output spectrum of a helium-neon laser operating
simultaneously in two transverse modes.

(b) Output spectrum of a helium-neon laser operating
in a single transverse mode.

The vertical sensitivity and horizontal dispersion are
the same for both (a) and (b).

5. (a) Output spectrum from a free-running argon ion
laser.

(b) Output spectrum from a self-phase-locked argon
ion laser.

The vertical sensitivity and horizontal dispersion are
the same for both (a) and (b).

The other application of scanning spherical-mir-
ror interferometers that we consider is their use
in studying phase-locking phenomena. Figure 5
shows the output spectrum of a single transverse-
mode argon-ion laser when it is (a) free running,
and (b) self phase-locked. Note that the output
spectrum is quite different for the two cases. The
spectrum shown in Figure 6(a) is somewhat

blurred because of the erratic mode-hopping dur-
ing the exposure time. This mode-hopping is-char-
acteristic of lasers whose mode spacing is less than
the homogeneous linewidth. In Figure 6(b), the
output spectrum is constant in time.

Dolglas C. Sinclair
April, 1968
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