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Abstract 

We present a laser system which in a simple way generates two Raman beams for a velocity selection or cooling 
experiment. A narrow-band diode laser is frequency modulated by an electro-optical device. Two slave diodes are injection 
locked to the carrier and sideband frequencies, providing two powerful (130 mW) beams offset by 9.2 GHz. The stability of 
the frequency offset (limited by the rf source) has been demonstrated in a Raman velocity selection experiment. By changing 
the operating conditions of the slave laser we can switch its output frequency (< 20 p,s) to any of several discrete 
frequencies of the injected master laser. This switching applied to Raman frequencies would significantly simplify The 
optical set-up in a cooling experiment. 0 1997 Elsevier Science B.V. 
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1. Introduction 

During the last decade narrow band diode lasers have 
become a very popular and versatile tool in many areas of 

modern physics such as spectroscopy. metrology and quan- 
tum optics. The use of diode lasers has significantly sim- 
plified laser cooling experiments. Great achievements have 
been made with the exclusive use of diode lasers. An 
example could be the operation of a caesium fountain 
clock [I], which is at present the most accurate frequency 
standard, with a fractional accuracy of 3 X JO- 15. Various 
methods have been used to reduce the diode laser linewidth. 
The most common use the optical feedback from an 
external cavity [2] or a diffraction grating [3] (extended 
cavity laser, ECL). The diode is then self’ injected by a 
(spectrally) selected part of the light it is emitting. An 
alternative method is to USG a weak beam originating from 
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an external. narrow-band master laser (e.g. another diode 
laser) to inject to a powerful slave diode [4]. The slave 
diode reproduces the frequency and phase characteristics 
of the master. It can be regarded as an optical amplifier 
working in the saturation regime with a gain of typically 

30-40 dB. 
The original motivation of this work was to improve 

the present Cs fountain performance, which is limited in 
particular by collisions between cold atoms [5]. The colli- 
sion frequency shift can be significantly reduced by reject- 
ing from the fountain atoms which increase the shift but do 
not contribute to the detection signal: that is. those with 

large horizontal velocities [6]. This can be achieved by 
applying Raman velocity selection [7], or Raman cooling 
[8] techniques. To stimulate the velocity selective Raman 
transitions between the ground state hyperfine levels. one 
needs two counter-propagating laser beams tuned to the 
vicinity of an optical resonance and offset by the hyperfine 
splitting frequency (9.2 GHz in the case of caesium). 
While the absolute linewidth of the lasers is not important, 
the relative linewidth must be smaller than the atomic 
recoil frequency vn = hX’/2aM (4.1 kHz for Cs; M ih 

the atomic mass of “’ Cs. k is the wave number of the D, 
line). Two techniques for generating Raman beams for 



caesmm experiments have been reported in the literature. 

One uses heterodyne optical phase locking of two ECLs 

[9] and the other employs a unique. high frequency 

acousto-optical modulator [IO]. Here we present a novel 

sol&on which seems to be simpler. more robust, and may 

find broader application. In our system a beam from an 

ECL is externally phase modulated by an electro-optical 

cry\ral. The resulting sidehand frequencies. as wjell as the 

carrier, efficiently in,jection lock two slave diodes. provid- 

ing powerful Raman beams. 

In the followins section a detailed description of our 

cxpcrimental setup is given. In Section 3 we show our 

Iresults and demonstrate an application of the system to the 

Ruman velocity kelection experiment. Section 4 presents 

an extension of the method where all the frequencies 

resulting t’rom the t‘requency modulation are injected ji- 

multaneouzly to the slave diodes. 

2. Experimental system 

OLII. experimental set-up is shown in Fig. I. As a master 

la\er (ML) we use an SDL 5412 diode coupled to an 

extended cavity formed by the rear facet of the diode and a 

ditfraction grating. The power of the master laser is 20 

mM and the spectral linewidth is less than 100 kH7. An 

optical isolator (isolation 105s = 35 dB) protects the diode 

from optical feedbach. 

4 system of lenses focuses the master beam to a wlaist 

of 100 mm diameter on the input of the electro-optical 

modulator (EOM). Thr modulator (New Focus 4861 M) is 

driven h) ? W of’ a 9.3 GHz rt’ power signal. The rf signal 

is derived from a hicrh stability (fractional frequency stabil- 

it> better than IO h’ ) multiplied quartz oscillator and am- 

plitied. The optical spectrum of the light emerging from 

the EOM can be analyzed using a spherical Fabry-Perot 

C;I\ ity (FP). The efficiency of our EOM is rather poor and 

the heights of the first order sidebands are less than 10% 

01’ Ihe carrier (inset in Fig. I ). 
B> locking the FP cavity CFSR - IXHz) to one of the 

zidrhaind peahs ( + I or - I order) we can filter the chosen 

frequency and amplify it by injection locking in one of the 

slave lasers (S I), (SDL 5-12). Taking into account all the 

Io\\c’\ in the system the injected beam power is still 0.3 

mW. which is far above the optimum for stable operation 

[I 11. 
The other stave diode (SZ) is injected directly hy a 

small part of the master laser beam (not modulated). In 

order to analyst the microwave spectrum of the beat-note 

hctwren the two slave lasers we mix their outputs on a fast 

photodiode (New Focus 133 I ). Similarly, we can observe 

the optical spectrum of each slave using a second FP 

cavit). 

It should he mentioned here that the sidebands can be 

generated in a simpler way. by direct high frequency 

modulation of the master diode current [I?]. The modula- 

tion index is resonantly enhanced when the driving tre- 

quency approaches the free spectral range OF the ker 

extended cavity ( - I.5 GHr). Higher order %idehand\ are 

generated and one could inject the slave Iaser’r. for exan- 

ple. by + 3 and ~ 3 order sideband. We \uccezsfully tried 

thi\ technique. however a more detailed study i\ required 

to di~ovcr whether the ahsorption of the rf power hy the 

diode does not at’t’e~l its long term hchaviour. 

3. Results 

The system described above produces ICLO powerful 

beams ( I30 mW each) which differ in trequency by ex- 

actlv the Cs fround st;Lte hyprrfine splitting frequency. 

The beat-note hetwren the two slave laser\ is shown in 

Fi?. 2. The 3 dB linewidth (< 3) HI) is limited hy the 

spectrum analyscr resolution. The two sidebands appearing 

at I’ ,,,, t 60 hHc arise from the modulation IrequIred for 

lochinp the FP cavity. and are 30 dB helo% the cat-riel 

beat-note level and so do not affect our cxperimrnt. The 

injection locking range was measured using the second FP 

cavitv hv varying the current of the slave taxer diode. In , _ 
this way we can evaluate the quality of the injection ~WII 

for large detunings (tens of GHI) from the ahkorption line. 

We observed a 3 CHr bandwidth for 50-60 pW injected 

power. 

To demonstrate the stability of our Easel- ystcm WC 

performed a one dimensional Raman \cIoCity sekction 
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Fig. 2. Beat-note spectrum of the two slave diodes. The horizontal scale is shified by 9192631770 Hz. (a) At large span (200 kHz) the 60 

kHz sidebands due to the modulation of FPl are visible. (b) The central feature measured at 500 Hz span. The 3 dB linewidth (< 20 Ha) is 

limited by the spectrum analyzer filter. The 80 HI. sidebands are mainly due to the acoustic noise produced by a vacuum pump. 

experiment. Some IO’ caesium atoms were captured and counter-propagating Raman beams (detuned 15 GHz be- 
cooled down to 3 pK in a standard magneto-optical trap low the resonance) were orthogonally linearly polarised 
(MOT). After switching off the magnetic field gradient of and had a maximum intensity of 70 mW/cm’ each. In 
the trap and the cooling lasers, the atoms prepared in one Fig. 3 we show a ID velocity distribution of an atomic 
of the ground hyperfine sublevels (usually F = 4) were group selected by a 50 p,s square Raman pulse. The 
exposed to the Raman pulses. Those atoms that due to the distribution wab measured by applying a second. 7.5 ms 

Doppler shift were resonant with the Raman pulses could long Blackman pulse, for which the driving microwave 
be transferred to the other hyperfine sublevel, acquiring a frequency was changed each cycle. The un-selected atoms 
momentum “kick” of 2fik. To control the temporal shape were removed by a radiation pressure pulse applied after 
and duration of the pulses the two Raman beams were the first Raman pulse. The atoms were detected 14 cm 
overlapped in a polarising cube and sent through an 80 below the MOT. In this region the background Cs pressure 
MHz acousto-optical modulator (AOM, Fig. I). The first was 2 orders of magnitude below than in the trapping 
diffraction order beam was then decomposed in another region. Our detection system [ 131 enabled an exact mea- 
cube and coupled to a pair of polarising fibres (FI and F2. surement of the normalised ratio of the F = 3 and F = 4 

Fig. I). After spatial filtering by the fibres, the light was populations II(3,4)/(17(3) + n(4)) to be made. By re- 
collimated at the output by doublet lenses. The two moving the srlrctrd atoms we obtained the initial velocity 



Fis. 3. One dimensional velocity distribution of the atomic clan 

WICCMJ hv ;L sin$e XI pv Raman pulse. The distribution was 

mca<ured hy 3 xcond tuneahle pulse of I kHz resolution. The ID 

“tcmp~aturr” of the sample depends only on the duration of the 

>clrctlng pulse and in this cahe ib around 100 nK (I,~,,,, = I‘~: 

where I’ K- - /IL /?%A4 is the recoil velocity). The inset shows the 

initial celocity distribution (3.2 FK: I’,,,,, = 41, ) with a “hole”. K 
:I\ the v?lected atoms were removed. The data represent a single 

scorn (no averagingI. The efficiency of the Raman transfer ia 60% 

CL =-1~~‘=3)and70~~;/r(=3-,F=J). 

di\trihution with a “hole” (inset of Fig. 3). The conditions 

for optimum Raman transfer (intensity of the laser beams. 

pulse duration) were determined in a co-propagating con- 

figuration. i.e. when the two Raman beams were mixed on 

a polariGng cube before entering the MOT cell. In thig 

configuration. as all the atoms contribute to the signal 

(Doppler shift of the Raman t’requenciex is cancelled). we 

al\o compensated the stray magnetic field to 50 nT by 

narrowins the residual resonance width (down to I.7 kH/ 

FWHM) 

4. Multifrequency injection 

In the Raman cooling experiment it is necessary to 

alternate the propagation directions of the two Raman 

hcamz. This ih usually done using Pockels cells. which can 

quickly (in few KS) rotate the light polarisation by 90” and. 

in combination with a polarising cube. change the direction 

of prl,pa_ration. However. this solution would not be con- 

\ enicnt in our system because we use polarising fibres. We 

propose to alternate not the direction of propagation but 

the frequencies of the Ruman beams. This can be done by 

injecting to the sluvc la\ers all the frequencie< arising at 

the outpul of the EOM simultaneously [ 141. The slave laser 

frcquencieh can he selected by a proper matching of the 

injection current. Simply by changing the latter. one can 

\witch between discrete values of the laser frequency. 

Modificationh of the laser system are shown in Fip. -L. 

WC do not abandon the FP cavity that is now loched to the 

9 19.. GHr 

carrier peak and wc inject to the slave cl~~des the ~qfI~c,ret/ 

beam. The FP cavity serves as a “selective absorber“ and. 

in our case of poor EOM efficiency. it is necessur! to 

improve the carrier/sideband ratio by 70 to 30 dB. 

Fig. 5 presents the transmission signal of the analyzing 

FP (i.e. the slave frequency) as a function of the clavc’ 

diode current. The flat regions represent lockin ranges 

corresponding to the injection by the carrier and + I and 

- I sideband. respectively. The distance of 6 mA between 

them is equivalent to 9.2 GHz detuning ot’ a free running 

diode. Fig. 6 displays the time response of the slave 

frequency to a square wave applied to the modulation 

input of the diode current supply. The current was toggled 

between one stable region (“0”. Fig. 5a) and the orhe 

(” + I”). The time needed for the supply and the diode to 

establish the new steady state is less than 20 ps. ‘l‘hi\ is 

not ;I limitation in our case. because after each Raman 



Fig. 6. Time response of the slave optical spectrum to 3 square 

wave applied to the modulation input of the diode current supply. 

The current “jump>” between the two stable regions. The tran- 

sient time k about 20 ~5. The initial 3 kh delay is due to delay in 

the current supply. 

pulse a repumper pulse lasting about 30 ps is required 

t151. 

5. Conclusions 

We have presented a laser system suitable for a Raman 
velocity selection and Raman cooling experiment. consist- 

ing of two slave diode lasers injected by a master laser 
beam phase modulated by an electro-optical crystal. The 
system provides two powerful beams frequency offset by 
exactly the Cs ground state hyperfine splitting. The stabil- 
ity of this frequency difference is very high - probably 
limited only by the noise of the rf source driving the EOM. 
We have demonstrated an application of our system to a 
velocity selection experiment aimed at ameliorating the Cs 
fountain clock performance. We have also shown that it is 
possible to inject a multifrequency beam and rapidly switch 
between the slave diode frequencies by controlling the 
diode current. This possibility can be an important simpli- 
fication of the Raman cooling experiment. 

A perspective for this work is to use a 3.6 GHz EOM 
instead of 9.2 GHz. At this frequency range a much more 
efficient generation of sidebands is expected (they can 
even be stronger than the carrier) and no filtering will be 
necessary. One can expect a further simplification with the 
advent of compact. fibre-coupled EOMs. Such systems 

with a low power EOM for 1.3 pm optical wavelength are 
already commercialised for optical communication. 

Acknowledgements 

We thank Ph. Laurent for his help with software prob- 
lems and S.N. Lea for critical reading of the manuscript. 
K.S. acknowledges support from the French Minis&e 

d’Enseignement Supe’rieur et de la Recherche and the 
Observatoire de Paris. 

References 

[I] A. Clairon. S. Ghexdi. G. Santarelli. Ph. Laurent. S.N. Lea. 

M. Bahoura. E. Simon. S. Weyers. K. Szymaniec. in: Proc. 

5th SFSM. Ed. J.C. Berquiat (World Scientific, 1996) p. 49: 

Bulletin du BNM IO4 (1996) 15. 

[2] L. Holberg, M. Ohtsu. Appl. Phys. Lat. 53 ( 1988) YS4. 

[3] C. Wieman. L. Holberg, Rev. Sci. Instrum. 67 (IYY I) I: K.C. 

Harvey. C.J. Myatt. Optics Lrtt. I6 ( I YY I ) 9 IO. 

[J] L. Golberg. H.F. Taylor. J.F. Weller, D.M. Bloom. Electron. 

Lett. 19 (198.3) 591. 

[S] S. Ghezali. Ph. Laurent, S.N. Lea. A. Clairon. Europhyh. 

Lett. 36 (19%) 2.5. 
[h] S.N. Lea. A. Clairon. C. Salomon. P. Laurent. B. Lounis. J. 

Reiohel. A. Nslir. G. Santarslli. Physica Scripta T5 I (IYW) 
7x. 

[7] M. Kascvich. D.S. We&. E. Riib. K. Moler. S. Kaaapi. S. 

Chu. Phys. Rev. La. 66 (1991) 3197. 

[8] M. Kasevich. S. Chu. Phys. Rev. Lrtt. 69 (iY97-) 1731. 

[Y] G. Santarelli. A. Clairon. S.N. Lea. G. Tino. Optics Comm. 

104 (199-t) 339. 

[IO] P. Bayer, T.L. Guavson, K.G. Hurito\. M.A. Kasevlch. 

Optics Lctt. 2 I ( 1996) 1501. 

[I I] J.P. Bayer. C. Brcant. P. Schnnnr. Proc. SPIE IX.37 (lYY2) 

321. 

[I?] C.J. Myatt. N.R. Ncwhury. C.E. Wicman. Optics Lett. IX 

(lW.7) 640. 
[I31 A. &iron. Ph. Laurent. G. Santarelli. S. Gherali. S.N. Lea. 

M. Bahoura. IEEE Trans. Instrum. Meas. 1-l (1995) IX. 

[IA] P. Kohns, W. Suptk, Meas. Sci. Technol. 6 (1995) 979. 

[15] J. Reichel. F. Bardou. M. Ben Dahan. E. Prik. S. Rand. C. 

Salomon. C. Cohen-Tannoudji. Phys. Rev. Lett. 7.5 (l9Y.5) 

4575. 


