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Frequency stabilization of an extended cavity semiconductor diode laser
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We present a technique to stabilize in an atomic transition the chirping frequency of a narrow-band
semiconductor diode laser. The technique is demonstrated to chirf®Btohtoms used for loading

a magneto-optical trap. The stabilization process eliminates long-term fluctuations and drifts in the
number of atoms caught in the trap. This is a simple, easy-to-implement, and robust method for wide
range of laser cooling experiments employing frequency chirping.2002 American Institute of
Physics. [DOI: 10.1063/1.1502443

I. INTRODUCTION This problem can be overcome by using, for example, an

Cooling and trapping of atorhss of considerable cur- acoustol-opti(_: modulatdAOM). Briefly, the diode laser fre- .
rent interest. In laser cooling experiments atoms scatter resGHENCY 1S shifted by the AOM, and then locked to an atomic

nant photons from a laser beam directed against the velocifanSItlon using standard methods. The AOM driving

of the atomic beam. The transfer of photon momentum to th fequency is then scanned in order to produce the required

atom eventually brings the atom to rest. The primary eXperi_chirping. One drawback of this approach is that the direction

mental difficulty in such atom-slowing techniques is theOf the output of an AOM_ s correlatec_i with the driying fre-
varying Doppler shift experienced by the atom as it slowsauency, so that the scan is accompanied by undesired angular

down. The change in the Doppler shift takes the atom out Oyanatlons. One can overcome this problem by using a com-

resonance with the laser field. Therefore, to keep the atom oRensating, scanning mirror. However, in order for this pro-

resonance with the applied field as it slows down, either th&©SS to work well, the scan range should be a smgll frqctlon
atomic or the laser frequency needs to be smoothly and a<9—f the base frequency. Given that the scan range is typically

curately varied. The technique based on varying the atomi hfeV\I/dhrl]JndredbMHz,f this impligs tLhat(;Ee AOM tzb;gsl\;:dt
frequency is called Zeeman coolifgyhile the correspond- should have a base frequency in the LHz range. An a

ina techniaue based on varving the laser frequency is Calleauch a high frequency is generally expensive, and not very
nd 1au varying quency | efficient. As such, only a small fraction of the total diode

chirp cooling®=®In both techniques the laser is detuned to be _ . . . . .
aser power is available for chirp cooling. In this article, we

below the zero-velocity resonance frequency of the movin . .
atom. The detuning is chosen to be such that the atoms mo lemonstrate an alternative method that does not require an

ing with the most probable velocity), in the Maxwell—-

Boltzmann distribution are on resonance with the laser at the

start of the slowing process. As these atoms slow down, the CHIRP LASER

Doppler shifts decrease, and therefore, to keep the atom i M
; DIODE LASER

resonance, the laser frequency must increase. In the case \

chirp cooling, this is achieved by sweeping the laser fre-

guency as a function of time at a rate equal to the ratio of the

Doppler shift at the most probable velocity of the atoms to
the total time needed for stopping the atoms. For this pro-

AOM, and makes most of the diode laser power available for

cess, diode lasers are often used, partly because of their con PRl | |3 M
pactness and low co§t’ and because chirp is easier to

achieve with diode lasers. Diode lasers, however, suffer from UHV

the frequency drift caused by changes in the junction tem- CHAMBER

perature, by current noise, and by the perturbation of the REPUMP LASER
external cavity length used for narrowing the laser spectrum. <<:
The irregular frequency results in inefficient cooling, as well C%ﬂsi%%ﬁ7§£99

as changes in the final velocity profile of the atomic beam.

FIG. 1. Experimental apparatus employed for the chirp cooling. UHV: ul-
trahigh vacuumij/4: quarter-wave plate; P: polarizer; BS: beam splitter; L1,
@E|ectronic mail: shahriar@ece.nwu.edu L2 lenses; and M: turning mirror.
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FIG. 2. Energy-level splitting of°Rb. Chirp and repump lasers are tuned to
the transitions with labels 1 and 2, respectively. A
V()
cooling. It is simple, robust, and requires only inexpensive
electronics. (C)
Il. EXPERIMENTAL CONFIGURATION
In our experimental setup, shown in Fig. 1, the beam
consists of rubidium atoms, which effuse from a small hole to
about 100um in diameter in an oven operating 250 °C. > t

The atomic beam is collimated by a second aperture with a

diameter of about 30@m, and directed into a vacuum cham- FIG. 4. () Absorption signal(b) differentiated signal, ancc) pulse from

ber evacuated to about 18 Torr. The most probable veloc- pulse generatot, is the zero-crossing point of the differentiated signal.

ity, u[ = V(2KgT/M), whereKp is the Boltzmann constant,

T is the oven temperature in kelvin, afd is the atomic feedback to the laser diode provided by a grating in the Lit-
masg of the 8°Rb atoms in the atomic beam #8320 m/s, trow configuration forces the laser to operate in single mode
which corresponds to the Doppler shift of about 420 MHz.with a linewidth of about 1 MHZ.The course tuning of the

To chirp cool the atoms in this atomic beam we use a comfaser output wavelength is achieved by changing the junction
mercially adopted versior{Tui Optics: DL 100 of the temperature and the injection current of the laser diode,
extended-cavity diode laser described earlier by Hansch anghile the fine tuning is achieved by changing the tilt angle of
co-workers® This system uses a solitary laser dig@eanu- the diffraction grating with a piezoactuator. This diode laser
factured by Hitachi, Part No. HL-7857 )Gwhich operates beam is overlapped with a second repump laser beam. The
near 780 nm. When free running, this laser operates in mulwo superimposed beams are circularly polarized and fo-
timode with a broad spectrum. In this laser system, externatused inside the vacuum chamber, where they overlap and
propagate counter to the atomic beam. Inside the vacuum
chamber there is about 10 mW of diode laser power with a

ABsoggLTONm beam diameter of 5 mm, and about 75 mW of repump laser
4 R power with a beam diameter of 1 cm, with different diver-
B8 gences. These beams are combined on a polarizing beam
EXPERIMENT vy DELAY splitter, and focused with a long focal length={1 m) lens
DIODE buLTiPLER] GEI\Tgéi‘IIgOF onto the first(100 um diam) hole at the origin of the atomic
LASER [* beam. The divergences of both beams are adjusted outside

the vacuum chamber in order to ensure that each beam has
an estimated beam diameter of about 108 at the beam
origin. As shown in Fig. 2, the diode laser is tuned to the
5S,(F=3)—5P5,(F'=4) transition of the®Rb atom.

| ADDER |« |NTEGRATOR
A

COMTEER ER The diode laser beam decelerates $Rb atoms, which are
W finally brought to rest. The total stopping distance in our
experiment is about 1 m. The function of the repump beam is
FIG. 3. Block diagram of the electronic circuit used to stabilize the chirp {0 Prevent the optical pumping of the atoms Into thgl?wer
laser. hyperfine level 5,,,(F=2) of the ground statérig. 2).™
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FIG. 5. Schematic of the electronic circuit.

The repump beam is generated from a Ti—sapphire lasethan adequate to power broaden the transition to cover effec-
and is locked to the zero-velocity transition corresponding taively the Doppler shift of~420 MHz of the most probable
5Sy)(F=2)—5P3,(F'=3), using a saturated absorption yelocity. Of course, as the atom moves away from the start-
cell. The saturation intensitjdefined as the intensity that j,g noint, the intensity becomes small@ince the beam is

produces a Rat?i _frequency equal?ng the_population decaMo longer focused This effect is largely compensated sig-
rate (~6 MH2) divided by 2] of this transition(averaged nificantly by the fact that the atoms also slow down, thus

over the magnetic sublevels about 6 mW/crh [as com- . .
pared to 1.59mW/cﬁ1for \t)he strongest cycling[transition: reducing the Doppler shift. However, we have observed that

(F=3, me=3)—(F'=4, mc=4).] With a beam of 75 increasing the repump pOV\_/ém[_) to 400 mW increases the
mW focused to a 10Qum spot, the resulting intensity is number of atoms trapped, indicated that the power (g86d
about 16 mw/cn?, which corresponds to roughly 1.6 mW) is suboptimal. Ideally, more efficient slowing would

X 10° times the saturation intensity. Given that the Rabi fre-result if one were to scan the repump laser as well. Instead,
quency is proportional to the square root of the intensity, thisvhenever it is necessary to maximize the number of atoms
produces a Rabi frequency of about 1.7 GHz, which is mor@rapped, we simply increase the repump power.
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FIG. 6. (a) Voltage sweep(h) absorption signal(c) differentiated signal, an¢td) pulse from pulse generator.

Ill. STABILIZATION MECHANISM tor. The integrated output is the feedback signal, which is

A block diagram of the locking circuit is shown in Fig. added to the ramp voltage that drives the grating to sweep

3. The diode laser frequency is swept by a voltage ramp frontlhe Iasclar flze%uency. ing | ¢ he time del f
the laser controller, which is also applied to the grating drive To lock the sweeping laser requency, t e time delay o
mechanism of the diode laser. The sweeps are very 6hért the pulse from the pulse generator is adjusted so that the

ms), compared to the duration over which the drift becomed?UlSe coincides with the zero-crossing point of the differen-
significant. Specifically, for slowing purposes, a drift of the tiated signalFig. 4). Under this condition the error signal is

order of the natural linewidtli~6 MHz) is considered sig- 2670 Any drift in the laser output frequency results in an
nificant. A drift of this amount takes about 3 s, which corre-Offset between the pulse from the pulse generator and the
sponds to a drift of about 12 kHz during the scan. As such, jgero-crossing point of the differentiated signal. This results
is adequate to apply the feedback signal only after eacH @ nonzero value of the error signal, whose magnitude and
sweep. The absorption spectrum was monitored with a phosign are determined by that of the offset. Figure 5 shows the
todiode through another vapor cell containing rubidium at-schematic of the actual circuit. The complete circuit consists
oms, using the process of saturated absorption. This speéf four essential parts viz1) differentiator, (2) timer, (3)
trum was recorded at room temperature at which the Dopplehtegrator, and4) adder.

width (full width half maximum is 2u~600 MHz. The sig- Figure 6 shows a typical signal as experimentally ob-
nal from the photodiode is differentiated electronically. Theserved through the absorption cell containf?g®b atoms.
differentiated signal is then multiplied by the output of the This signal was observed using the ramp voltage shown in
pulse generator, which generates transistor—transistor logfeig. 6(a). Figure &c) shows the output of the differentiator
pulses with adjustable time delay. The product of the differ-when the signal shown in Fig(& was supplied to its input.
entiated signal and the delay pulses is supplied to an integrdn Fig. 6 the peak position of the signal and the zero-crossing
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