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Abstract

We describe our system for frequency calibrating high resolution laser induced fluorescence spectra. The system

utilizes two diode lasers that are spectrally narrowed with optical feedback from external resonators. One laser acts as a

reference and is locked to a cesium transition with an external resonator containing a vapor cell in a Faraday filter

configuration. Additional electronic feedback fixes the length of the resonator. The second laser receives its feedback

from a confocal optical cavity and has the capability of scanning over several hundred megahertz. A portion of the

scanning-laser output excites cesium atoms in a thermal atomic beam producing a fluorescence signal. Portions of each

laser output are combined on a fast photo diode that produces a heterodyne signal. A counter reads the RF beat note

between the laser frequencies and provides the frequency calibration.

� 2002 Elsevier Science B.V. All rights reserved.

PACS: 42.55.)f; 42.55.Px; 42.60.)v; 42.62.Fi; 32.70.Cs

Keywords: High resolution spectroscopy; Diode lasers; Optical feedback; Heterodyne; Laser stabilization

1. Introduction

Our motivations for constructing this la-

ser system involve two types of spectro-
scopy experiments presently underway in our

laboratory. These experiments involve the low-

lying electronic states of Cs which are shown in

Fig. 1 along with the corresponding hyperfine

splittings.

The first experiment is the precise measurement

of the 133Cs6p2P3=2 state hyperfine splittings. With

the laser system described here, we can acquire

well-calibrated fluorescence spectra from which we
can determine the splittings to a precision of a few

kilohertz. This is about an order of magnitude

better that the most accurate previous results [1].

From measurements of these hyperfine splittings,

one can determine the strength of the magnetic

dipole, electric quadrupole, and magnetic octupole

interactions between the nucleus and the orbital

electrons [2]. When our measurements are com-
pleted, we expect the results will provide tests for

theories of atomic and nuclear structure.
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The second type of experiment involves preci-

sion absorption spectroscopy in a cesium vapor

cell. The 6s 2S1=2 ! 6p2P3=2 transition amplitude is

well known from precision lifetime measurements

of the excited state [3,4]. Therefore, an absorption

spectrum of this transition can be used to calibrate
the number density of cesium atoms in a cell of

known length. With known density, absolute ab-

sorption measurements of other transitions can be

used to determine the corresponding transition

amplitudes. The laser system described here can

produce absorption spectra with greater frequency

resolution and less acquisition time than in our

previous absorption measurements [5].

2. Reference laser

The central component of the reference laser is

a model STC LT50A-03U diode laser from Spec-

tra Diode Labs, however other diode lasers may be

used in a similar manner. These particular lasers

produce a linearly polarized output of 50 mW at

852 nm in a single longitudinal mode. The tuning

characteristics are typically )19.6 GHz/K and

)2.69 GHz/mA. Ref. [6] describes our methods of

controlling the wavelength through temperature
and current along with details of the free-running

behavior of these lasers. The free-running line-

width is about 15 MHz as determined by hetero-

dyning the laser output with that of the narrowed

scanning laser described below and is larger than

the 2.3(1) MHz of inhomogeneous broadening due

to the transverse velocity spread of our collimated

thermal beam. Because we desire to calibrate laser
frequency scans with a resolution of better than

25 kHz, we chose to narrow the reference-laser

spectrum with optical feedback from an external

resonator.

2.1. Reference-laser optical feedback

A schematic diagram of the reference laser and
external cavity is shown in Fig. 2. A similar system

is described by Lee et al. [7] using a rubidium va-

por cell, and by Shevy et al. [8] using a cesium

vapor cell. In our system, the diode laser output is

roughly collimated with a short focal length lens.

The external cavity is formed between the diode

laser output facet, a 50% nonpolarizing beam

splitter, and a concave 99.5% reflective mirror with
a 500 cm radius of curvature. The beam splitter

allows 50% of the light to exit the external cavity

Fig. 1. Shown are the low-lying electronic states of atomic ce-

sium with hyperfine intervals [1,14,15] and rest frame transition

wavelengths.

Fig. 2. Schematic of reference laser.
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for use in the experiment. In the external cavity, a

filter based upon the Faraday effect restricts the

optical feedback to a narrow bandwidth near the

cesium resonances. The Faraday filter is based on

a cesium vapor cell between crossed polarizers. A

pair of 10 cm diameter coils, separated by 10 cm,
are placed outside the cell to produce a longitu-

dinal magnetic field of up to 1.5 Gauss along the

axis of the laser beam. Magnetic Shielding outside

the coils eliminates the influence of stray fields on

the cesium atoms. As the incident 20 mW laser

beam propagates through the external cavity, it

encounters beam expanding optics and an iris di-

aphragm reducing its diameter to 5 mm. After
that, it passes through a linear polarizer with its

axis parallel to the laser polarization, a cesium cell,

a linear polarizer perpendicular to the first, and a

concave retro-reflecting mirror. With a small

magnetic field and the laser light tuned near reso-

nance, the cesium vapor rotates the linear polari-

zation. The strength of the magnetic field controls

the amount of rotation and effectively the trans-
mission of the polarizer–cell–polarizer combina-

tion. The transmission is also affected by the

detuning of the laser from resonance with the

greatest transmission occurring in a narrow

bandwidth near each resonance. The longitudinal

magnetic field and temperature are found to

strongly affect the amount of rotation and the

resonance bandwidth. The retro-reflecting mirror
sends the transmitted light back through the nar-

row bandwidth filter. The returning light reaches

the laser mode matched and with the same polar-

ization as the original output. One port of the

beam splitter also allows us to monitor the inten-

sity of the optical feedback to the laser as a func-

tion of free-running laser frequency detuning. The

optical feedback spectrum with the reference-laser
excitation starting from F ¼ 4 ground state com-

ponent is shown in Fig. 3. The retro-reflecting

mirror is slightly misaligned in this case, and the

light transmitted through the 50% beam splitter is

monitored with an avalanche photodiode (APD).

One can see that the Faraday filter is open when

the free-running laser frequency is in the vicinity of

the cycling transition (F ¼ 4 ground state com-
ponent and F 0 ¼ 5 upper state component) or one

of the cross-over resonances between F 0 ¼ 5 and

F 0 ¼ 3; 4 upper state components. As can be seen

from Fig. 3, the temperature changes significantly
the amplitude of the reflected light without affect-

ing the linewidth. The amplitude does not increase

exponentially with the vapor density due to the

fact that the Cs vapor in the cell becomes optically

thick. On the other hand, stronger magnetic fields

can alter the spectrum significantly and make

F 0 ¼ 5 ! F 0 ¼ 4 cross-over resonance comparable

in amplitude with the cycling transition. Addi-
tional increase of the magnetic field can even re-

duce the amount of reflected light. When optical

locking, the magnetic field for F ¼ 4 ! F 0 ¼ 5

transition is kept around 300 mG, and the tem-

perature of the cell about 20 �C. Under these

conditions the amount of light returning to the

laser is less than or about 1 lW. Qualitatively, the

same behavior is found when the laser starts from
the other ground state component, F ¼ 3, as can

be seen in Fig. 4. The magnetic field required to

produce the same amount of optical feedback is

larger in this case due to the fact that F ¼
3 ! F 0 ¼ 2 cycling transition has 5/11 times

smaller transition amplitude than that of F ¼
4 ! F 0 ¼ 5. The optical locking is performed at

magnetic field of 800 mG. The effect of the optical
feedback on the laser frequency scan when the

retro-reflecting mirror is aligned can also be seen

in Fig. 5. The 15 MHz wide optical feedback

Fig. 3. Plot of reference-laser optical feedback versus laser

tuning. The laser excitation starts from F ¼ 4 ground state

component. On the left, magnetic field dependence at room

temperature (20 �C). On the right, temperature dependence at

0.45 G magnetic field. The traces are offset for convenience.
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(combination of the natural transition width and
the free-running laser linewidth) provides a locking

region of almost 150 MHz when the laser is tuned

to F ¼ 3 ground state component, and 280 MHz

when tuned to F ¼ 4 component. The strongest

locking is around the cycling transitions where we

usually work. With the free-running laser fre-

quency within these regions, the diode laser locks

itself to the external cavity resonance resulting in a
linewidth of 50 kHz as determined by heterodyn-

ing the laser output with that of the narrowed

scanning laser described below. A single electronic

feedback loop keeps the external cavity length

constant and provides an hour of operation with a

drift of less than 30 kHz. For longer times, a sec-

ond loop would be required to keep the laser

current from drifting.

2.2. Reference-laser electronic feedback

The laser and the external cavity act as coupled

resonators with the laser tending to follow the

resonance of the longer high finesse cavity. To

prevent the laser from drifting in response to

variations in length of the external cavity, we
supply position feedback to retro-reflecting mirror

with a tube-shaped piezo-electric transducer

(PZT). The electronic feedback system is opti-

mized for our needs of a narrow laser linewidth

and a spectrally pure experimental beam. There-

fore this error signal is derived from a small por-

tion of main experimental beam using a beam

splitter, leaving the main output frequency spec-
trum unaltered. This beam is split again into pump

and probe beams before entering a saturated ab-

sorption spectrometer as shown in Fig. 2. The

feedback signal is generated by adding RF side-

bands to the probe beam with an electro-optic

modulator (EOM) similar to the scheme intro-

duced in [9]. An RF oscillator (not shown in Fig.

2) drives the EOM at 70 MHz. The sideband
amplitude is kept around 10%. The pump beam

polarization is made circular to enhance the cy-

cling transition contrast. The probe beam is de-

tected with a battery powered avalanche photo

diode, followed by an RF operational amplifier,

and the schematic is shown in Fig. 6. The high

voltage required by the APD is also supplied by a

100 V battery. The high gain of the avalanche
photo diode allows us to keep the power in the

saturated absorption set up low to minimize line

broadening effects. The RF operational amplifier

allows the amplification of the signal at the EOM

modulation frequency. The signal is mixed with a

portion of the RF oscillator providing a laser

frequency dependent error signal that is amplified

and feedback to the PZT to stabilize the length of
the external cavity. The saturated absorption sig-

nal and error signal are shown in Fig. 7. The 5 kHz

Fig. 4. Plot of reference-laser optical feedback versus laser

tuning. The laser excitation starts from F ¼ 3 ground state

component. On the left, magnetic field dependence at room

temperature. On the right, temperature dependence at 0.45 G

magnetic field. The traces are offset for convenience.

Fig. 5. Plot of reference-laser optical frequency locking versus

laser tuning. On the left, laser excitation from F ¼ 3 ground

state component. On the right, laser excitation from F ¼ 4

ground state component. The traces are offset for convenience.
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bandwidth of the electronic feedback is limited by

the PZT.

3. Scanning laser

The central component of the scanning laser is

also a model STC LT50A-03U diode laser from

Spectra Diode Labs, and it is possible that other

diode lasers may be used in a similar manner. The

diode laser temperature and current are controlled

in the same manner as the reference laser. The free-

running linewidth of the scanning laser is also

about 15 MHz as determined by heterodyning the
laser output with that of the narrowed reference

laser. Again, because we desire to achieve a high

resolution spectra, we chose to narrow the scan-

ning-laser spectrum with optical feedback from an

external confocal resonator.

3.1. Scanning-laser optical feedback

The optical feedback for the scanning laser

follows the scheme investigated by Dahmani et al.

[10]. A schematic diagram of our set up is shown in

Fig. 8. The free-running laser has a gap in its

tuning characteristics centered on the 133Cs6p2P3=2

transition. To eliminate this problem, a small

amount of optical feedback is applied to the laser

by mounting a thin microscope cover slip less than
a millimeter away from the laser output facet, as

done in [11]. The slip is glued to a piece of low-

voltage PZT. By applying a DC voltage on the

PZT to translate the slip, we are able to select up

to four longitudinal laser modes and to hit the Cs

resonance line. A portion of the laser output is

split from the main output with a 10% beam

sampler and steered into a 10-cm confocal optical
cavity with one mirror mounted on a PZT. The

Fig. 7. Plot of electronic error signal versus the laser frequency.

The laser is optically locked near F ¼ 4 ! F 0 ¼ 5 Cs transition

and its frequency is scanned by translating the retro-reflecting

mirror. The probe beam intensity in the saturated absorption

spectrometer is also shown.

Fig. 8. Schematic of scanning laser.

Fig. 6. Schematic of avalanche photo diode and RF opera-

tional amplifier circuit.
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initial collimating lens of the laser is positioned to

provide a beam waist at the center of the confocal

cavity. With the cavity tilted at small angle, reso-

nant light is reflected back to the diode laser pro-

viding narrow bandwidth optical feedback while

the specular reflection off of the input mirror is
reflected away. With a steering mirror on a PZT,

the phase of the optical feedback can be adjusted

by changing the path length between the cavity

and the laser. To keep the optical phase constant,

the diode laser current is modulated at 25 kHz.

The light transmitted through the cavity is de-

tected with a photodiode and sent to a lock-in

amplifier. The detuning of the phase of the optical
feedback produces a dispersion signal centered on

the resonance cavity transmission maximum. This

signal is used to keep the phase constant. The di-

ode laser and optical feedback system are all

contained in almost entirely sealed aluminum box

with a plexiglass cover to reduce acoustic vibra-

tions from room noise that can affect the length of

the external cavity. By scanning the laser current,
confocal cavity, and phase mirror together, we can

obtain long smooth laser frequency scans of sev-

eral hundred megahertz. Fig. 9 shows the trans-

mission of a saturation spectrometer without and

with resonant optical feedback from the confocal

cavity along with the cavity transmission as a

function of laser frequency.

3.2. Construction of confocal resonators

Our confocal cavities are assembled in a par-

ticular way. Each mirror has a reflectivity of

99.5%, a 10-cm radius of curvature, and a diameter

of 1/2 in. First a pair of wires are attached to a 1/2-

inch. diameter PZT tube. Then the PZT tube is

epoxied to the end of a 1/2-inch. diameter quartz

tube previously cut to the desired length and not-
ched to allow the wire attached to the inside sur-

face of the PZT to exit. The length of the quartz

tube is cut with a glass saw so that the combined

length provides the correct mirror spacing taking

into account the curved surface and diameter of

the mirrors. One mirror is glued to the PZT tube

and the combination is mounted on a tilt stage

with a single frequency tunable laser beam passing
through the center of the tube and exiting the PZT

mounted mirror into a photo diode. The second

mirror is mounted on a good quality stage with

XYZ translation and two axes of tilt and posi-

tioned at the input end of the quartz tube. While

scanning the laser frequency and monitoring the

cavity transmission with a photo diode, the 5 axis

tilt and translation stage is used to place the sec-
ond mirror in its final position relative to the

quartz tube. If the length of the tube is cut prop-

erly, the edges of the second mirror should be in

reasonably close contact with the end of the tube.

The second mirror is then glued in place with ep-

oxy. If the quartz tube is too long by a small

amount, its length can be reduced with emery pa-

per until a resonance condition is achieved. This
construction technique results in a very rigid

compact airtight cavity with a finesse of 200.

4. Heterodyning the output of two diode lasers

Our goal with this laser system is to obtain well-

calibrated frequency scans of Cs fluorescence and
absorption spectra. The approach we employ is

similar to that of Rong et al. [12] with several

Fig. 9. Saturation spectrometer and optical feedback cavity

transmission as a function of scan laser frequency. Top trace

shows the saturated absorption signal when both cavity length

and laser current are scanned synchronously. The second trace

is the saturated absorption signal when only the laser current is

scanned and not the cavity length. The bottom trace shows the

cavity transmission under the same conditions. The traces are

offset for convenience.
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additions. A diagram of our laser system is shown

in Fig. 10. A portion of scanning laser beam (90%)

is sent to the thermal beam apparatus to excite

Doppler-free fluorescence. Another portion of the

scanning-laser beam (10%) is frequency shifted

with an acousto-optical modulator. Depending on
the ground state component being excited, the

optical frequency is shifted up by 80 MHz ðF ¼ 3Þ
or down by 80 MHz (F ¼ 4) to allow nonzero

frequency beat note around the cycling transitions

where the reference laser is locked. This beam

(1 mW) is then combined with part of the output

from the reference laser (1 mW) on a beam splitter

and directed to a fast photo diode. The beat note
between the two lasers is monitored with an RF

spectrum analyzer and highly stable RF counter.

Because we desire high resolution spectra, we also

lock the value of the beat note to specific values by

mixing it with the output of a stable RF source

that can cover a range from 250 kHz to 1 GHz.

This RF source is computer-controlled to scan to

and hold at specific frequency values while the
computer reads the counter ðmScan Laser � mAOM �
mRef : LaserÞ and fluorescence signal until the desired

accuracy is achieved. To accomplish this offset

locking, we use a frequency discriminator similar

to that of Sch€uunemann et al. [13], constructed from

a band pass filter (70 MHz), RF splitter, 25 ft cable

delay, and an RF mixer. Fig. 10 shows a schematic

of the RF electronics. The discriminator has a
dispersion-shaped transfer function plotted in Fig.

11 and provides 20 MHz wide locking interval.

The output of the discriminator is sent to the

scanning laser to lock the difference between the

beat note and the RF oscillator at 70 MHz ¼
mRF Osc: � ðmScan Laser � mAOM� mRef : LaserÞ. Since the

reference laser is locked to a specific transition, the

scanning-laser frequency is changed as the RF
oscillator is being scanned.

5. Thermal atomic beam

The high resolution spectra presented here re-

quire a high current and well-collimated atomic

beam. The details of our design are to be published
else where, however we give a brief description and

the relevant experimental parameters here. The

cesium oven comprises a nozzle and reservoir. The

nozzle is constructed of a stainless steel vessel

surrounded by heaters. Atomic cesium vapor ef-

fuses from the nozzle through an array of closely

packed 21 gauge thin wall stainless steel tubes. The

array has dimensions 5� 15 mm, where the longer
side is parallel to the excitation laser direction of

propagation. The cesium reservoir is constructed

of commercial stainless steel vacuum components

with knife edge seals. A metal seal bellows valve

between the reservoir and the nozzle allows

the reservoir to be sealed off under vacuum be-

fore opening the chamber to air. The valve andFig. 10. Diagram of the heterodyning laser system.

Fig. 11. Plot of RF discriminator output as a function of the

applied RF frequency.
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reservoir are wrapped in heater tape with the valve

kept hotter than the cesium reservoir. During

normal operations, the entire nozzle region is kept

at a temperature of 170 �C while the cesium res-

ervoir is kept at 110 �C. Higher temperatures

produce a thermal Cs cloud which adds a nonlin-
ear background to the fluorescence and transmis-

sion spectra. External to the nozzle array, we place

a collimator constructed of #1 (0:170� 25� 25

mm) microscope cover slips with pieces of cover

slips as spacers. The collimator restricts the ve-

locity spread in the direction parallel to the laser

beam, while allowing a reasonable part of the

atomic beam to pass between the cover slips. The
collimator geometrically restricts the atomic beam

to a maximum possible full divergence angle of

13.6 mrad. Fitting the spectra indicates that the

Doppler broadening due to beam divergence is

2.3(1) MHz which is consistent with our expecta-

tions based on the geometrical constraints of

the collimator. Fig. 12 shows typical spectra of

the 133Cs6s 2S1=2 F ¼ 3 ! 6p2P3=2 F 0 ¼ 2; 3; 4 and
6s 2S1=2 F ¼ 4 ! 6p2P3=2 F 0 ¼ 5; 4; 3 transitions

(top graphs). The uncertainties in the fluorescence

signal for each data point are given below the

spectra. The frequency uncertainty for each data

point is between 5 and 25 kHz as shown on the

bottom graphs.

6. Conclusions

Using the frequency calibration technique de-

scribed in this paper, we were able to construct a

diode laser based system for precision laser fre-

quency measurements. The system uses hetero-

dyning of two spectrally narrowed diode lasers.

One laser serves as an optical frequency reference

with a frequency stability of 30 kHz/h. Its line-

width is reduced with the help of an external
Faraday filter cavity, and its frequency has been

stabilized to the saturated absorption transitions

in 133Cs. The other laser can be scanned over a 500

MHz interval and is optically narrowed with an

external confocal reflecting cavity. Both lasers

have linewidths of the order of 50 kHz. The laser

frequency difference is locked to a stable RF

oscillator, and is scanned by scanning the RF
frequency. The scanning laser excites a well-colli-

mated thermal beam of Cs atoms. A specially

constructed beam collimator reduces the thermal

beam divergence to less than 13.6 mrad and pro-

vides a residual Doppler broadening of the spectra

a factor of two less than the transition natural

widths. A computer controls the RF oscillator

frequency, and reads the corresponding laser fre-
quency difference and thermal beam fluorescence

signal. By keeping the RF oscillator frequency at

specific values and averaging the measured fluo-

rescence signal and the laser frequency difference,

frequency calibrated spectra with better than 25

kHz resolution in each point and S=N 	 500 are

obtained.
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