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Measurement of the bichromatic optical force on Rb atoms
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The limit of 2ky/2 imposed on the magnitude of radiative forces by the spontaneous decay ohtbe
excited state can be overcome by coherent control of the momentum exchange between atoms and the light
field. This can be implemented with two light beams, each containing two frequencies whose phases, ampli-
tudes, and frequency difference are carefully chosen. We have made precise measurements of the extremely
large magnitude and velocity range of this bichromatic force, and have shown that its velocity dependence near
the edge of its range is suitable for atomic beam slowing and laser cooling. Our measurements have corrobo-
rated various models and calculations of this bichromatic fqi8&050-294{09)51009-3

PACS numbes): 32.80.Pj, 42.50.Vk

This paper reports careful measurements of the velocityso that it can cool. Thus it is a valuable tool for fast, short-
dependent bichromatic force that is usable for slowingdistance deceleration of thermal atoms, thereby minimizing
atomic beams and cooling atoms. It is distinguished from thextom loss.
radiative forces used for laser cooling for the past 20 years Recently the bichromatic force was used for atomic beam
by both its huge magnitudg,, and velocity ranger,. We  slowing [2]. With only modest laser power and no Doppler
have measure#, to be= five times larger than the maxi- compensation, these authors decelerated a thermal beam of
mum possible values of the radiative force. Furthermore, thes to ~20 m/s in just a few centimeters. Their intuitive
factor of 5 is imposed only by our laser power: this bichro- _pyise model of the force considers atomic motion along
matic force has no simple, fundamental limit to eitigror  he axis of the light beams. Each beam contains the two
Vb frequenciesw = 8, detuned from atomic resonance hys

We have made extensive measurementsFgfv) 10 (gifference=25). As an amplitude-modulated single carrier
+5%. We deflected Rb atoms from a thermal beam using frequency at the atomic resonaneg, the modulation pe-
wide range of laser parameters, and our results show that the, 1= /s "4 5 satisfies/ s< . Their equal intensities
bichromatic force is a most useful and important tool for the ' |

production of cold, dense atomic samples for traps, Iithogra‘—”lre chosen so that one “pulse™ of the beat envelope 15 a

phy, and other uses. Our measurements support caIcuIatioR’,s"Sde: ground(;st_ate atoms z;\]r_e cohde_r_er;;lly drlv/en t?\ the ex-
that include thew-pulse model1,2], dressed atom pictures cited state and vice versa. This conditio}s- /4, where

[3,4], and direct numerical integration of the optical Bloch 1= ¥V1/2l is the on-resonance Rabi frequency of each fre-
equationg OBE’s) [5]. quency component of each beam and the saturation intensity
In the early days of laser cooling, the view of two-level |s=mhc/(3\°7).
atoms moving in a monochromatic laser beam provided the Since atoms are subject to these coherergulses alter-
fundamental picture. In such Doppler cooling, both the slow-nately from one side and then the other, the force on them
ing forceand the dissipation are provided by the incoherentcan become very large. This is because the firspulse
sequence of absorption followed by spontaneous emissiogauses excitation and momentum trangférin one direc-
and are thus limited by the natural linewidih=1/7. Sub-  tion, and the secondr pulse, in the opposite direction,
Doppler cooling forces are similarly limited to a magnitude causes stimulated emission with a momentum transfer along
of #iky/2, wherek=27/\ and\ is the wavelength of the the same direction as the first pulse. Similar forces have been
transition. In contrast to this radiative force, the dipole forcedemonstrated using picosecondoulses on C$7]. Thus the
arises from absorption from one light beam, followed byoptimum total force is given by 72ké/, much larger than
stimulated emission into another, and does not suffer fronthe maximum radiative forc&kvy/2, because it is a con-
such limits, but its spatial average usually vanishes. In 198®&olled, rapid momentum exchange. The result of spontane-
there were two independent proposals that used two frequeus emission and its concomitant decoherence yields an av-
cies to provide spatial rectification of the dipole fofdg6]. erage force that i8k 6/ 7, half the optimum estimated above,
Unlike the limited velocity range of the rectified dipole and this is borne out by the numerical calculations of Refs.
force, the bichromatic force described here has both a verf2,5,8]. Our measurements corroborate the magnitude of the
large vy, and F,. It arises from the coherent control of the force from both this estimate and the numerical calculations.
momentum exchange between the atom and the laser fields The numerically calculated,(v) plotted in Fig. 1 for
associated with a long sequence of rapid absorption—various values of the ratid)/§ is characteristic of the
stimulated emission cycles. This is interrupted by relativelybichromatic force. The general progression shown in the
infrequent spontaneous emissions at the natural decayyate various panels of Fig. 1 is unchanged even with variations of
which act to enable the dissipative aspect. The bichromatié/y and Q)/y. These calculations were done by direct nu-
force Fy(v) not only covers a broad velocity rangg, but ~ merical integration of the OBE’s using the program kindly
also has a strong velocity dependence at its range boundaripsovided by the authors of Reff2,5]. Figure 1 also shows
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FIG. 2. Atoms emerge from the oven at the left, are vertically
collimated by the wide horizontal slit, and then well collimated by

o
Calculated Force (units of zky)

Measured Force (units of zky)

5 (c) TN ] the 190xm vertical slit. In the interaction region they cross the
; o3 . 12 laser beams that exert the bichromatic force in the direction shown
1] by the arrow for about 6 mm, and then they fly freely to the detec-
tion region.
] +
P dody wnits vl & velocy its oyl © ° longitudinal velocity and the laser beam width. We measured

the displacement and the time of flight of the atoms, from

FIG. 1. Each panel shows the velocity dependence of the bichrowhich we calculated their deflection angle and thus the av-
matic force calculated for a relative phase of 95° by direct numeri-erage force on them. The competition between readily mea-
cal integration of the OBE'¢dotted ling, the calculated value con- surable deflection and suitable resolution of the force led to
volved with the experimental resolutiofsolid ling), and the  the choicey=0.25, but we have varied it from 0.04 to 0.4.
measured value¢data points For these data we used=2m An overall top view of our apparatus is shown in Fig. 2.
X55 MHz=9.1y. The ratios of the different values €@ were  The peam from an oven aperture of diameter 330 is
chosen by a half-wave plate and polarizer combination, Starting/ertically collimated by an Lbtcooled, 800xm high hori-
with the ma>.(imum valge ina of :.LO.8y, and .decreasing by .the zontal slit 70.5 mm away, and then by a 1@é-wide ver-
factors 0.95 in(b), 0.90 in(c), 0.83 in(d), 0.74 in(e), and 0.64In 5| )it that is 3 mm from this horizontal slit. This vertical
(f) from Q2. The calculation and experiment have vertical scalesslit can be moved by 20 mm to choose various transverse
different by the factor 0.83 in all panels. Note that paffigkorre- - . : . : .
sponds to ther-pulse condition()= 7 5/4. directions, resulting in a transverse velocity resolution of

=+0.5 m/s. About 8 mm beyond the vertical slit the atoms

enter an interaction region where the Earth’s field is can-
that Fp(v) spans approximately- 6/2k. It is sometimes de- celled to +3 uT, and can be varied ta- 300 uT in any
sirable to arrange for the force to act from= 6/k=vy, to  direction. The length of this interaction regiaiis typically
v=0, and this is readily implemented by upshifting both of limited to the central 6 mm of the expanded bichromatic
the frequencies in one of the counterpropagating beams ardser beams where their intensities are quite unif@ex
downshifting those in the other beaf]. If the shifts are (beam waist=18 mm.
+ 612, the picture given above is correct in a frame moving The light field is produced by a Ti:sapphire laser detuned
at speedv,,/2 in the laboratory, which shifts the horizontal to drive the £,Mg)=(2,2)—(3,3) transition in®Rb and
axis of Fig. 1 by the desired amount. However, this results irthe (3,3)}-(4,4) transition in ®Rb. (For 8Rb, the beam
the requirement for four distinct laboratory frequencies.  passes through a 2.9-GHz electro-optic modul &&®M) to

Within the framework of the model abové&, andv, impose a weak hfs repumping frequency on it. The other
scale together, and thus the time required to change atomiEOM sideband is ignoredThe beam is then incident on an
velocities byvy, is independent of5. More generally, the acousto-optic modulatofAOM), as shown in Fig. 3. The
time t, required to change velocities by a fixed fractign  incoming laser beam at frequeney, is 50% diffracted into

<1 of vy is ty=9p(Mv,/Fp)=m7nl20w,, where o, an outgoing beam ab,+ &, while the rest is at,. Both

=#k?/2M is the recoil frequency. For the Rb transition at

AN=780 nm, wherav,~27X3.8 kHzt,~607n us. Thus a R w4 Polarizing Output

typical thermal Rb atomic beam at 300 m/s can be broughtto .« Lh o gzg:w splitting  Beams

rest in less than 1 cm. UDran o, ©+23
The required light intensity can be estimated froma, @ i

using Q=45. Then 1=2(Q/y)?l=2(5/y)%ls, where I 5 : ~—~—

=1.67 mWi/cni for the Rb transition we use. Thus the re- o+

Sound

Wave o

quired power can be determined frorg appropriate to an
experiment and the geometrical conditions that determine the

laser beam size. FIG. 3. The laser beam enters the AOM and is Bragg diffracted

The relative phase of the “pulses” of the counterpropa-ith 509 efficiency into an outgoing beam. The emerging beams
gating light beams is determined by the distance from th@aye equal power and frequencies+ & andw, . Both are retrore-
atomic beam to the retroreflecting mirror resultingdp, as  flected back to the AOM, and it splits each of them again, produc-
shown in Fig. 2. The atoms are subject to the bichromatigng beams as showfthe quarter-wave plate and polarizing beam
force whose magnitude is determined by their transverse vesplitter serve to extract the two final beamswith §=2
locity (see Fig. 1 for a time interval dependent on their X55 MHz, @ is ~12 mrad.
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SIDE pumper modulator /d oct ~ Atoms experience a transverse bichromatic force over a
VIEW etector distanced fixed by apertures on the laser beathgically

d=6 mm). We have accounted for the diffraction of these
s apertures, but it is quite small. The longitudinal velocity
=m=s========z=ZZ3ZC _——— group selected by the detection laser determines the interac-
SEEZEZZZEzzzoc=3=E oIy tion time, and the absolute longitudinal velocity is calibrated
atomic == by an optical pumping—time-of-flight method to about
beam ) +0.7%. The transverse velocity change caused by the
\ bichromatic force is determined from the physical shitin

the horizontal position of the absorption peak that is mea-
N . . sured by the spatially scanned detection laser. The velocity
FIG. 4. The three lasers used for longitudinal velocity-selective . . -
detection of'Rb (®Rb). The pumper is used only f6FRb and is change is used to infer the force whose velocity dependence

tuned from theF =2—F.=3 transition to optically pump all the is plotted in Fig. 1(points. AI.SO plotted(ling) is the theory.
atoms into thé=g=3 hfs ground state. The modulator is modulated that has been convolved with the experimental resolution.

at 3 kHz by >100 MHz and is tuned near the,=2(3)—F, The solid lines and the measurements are shifted to the right
=1(2) transition to empty the=;=2(3) state. The detector is and show a small asymmetry because the results are plotted
tuned to theFy=2(3)—F.=3(4) cycling transition. The inconse- Versus the initial velocity, and each single measurement nec-
quential distance varies linearly between 2 and 12 mgue to the ~ €Ssarily spans a range of a few m/s to achieve sufficient
three-dimensional detection geometrgs the detector beam is displacement(),,, is the only free parameter in the theory,
transversely scanned. and it is chosen to best match the shape and magnitude
trends of the data. This agrees within a few percent of the

beams are retroreflected and thus split again by the AOMmneasured intensity.
producing beams as shown. We have used each pair of these The measured force is consistently smaller than the cal-
beams as the bichromatic bedosing the retroreflectpror  culated one, so a scaling factor has been used between the
both pairs in a counterpropagating configuratigrhese four  vertical axes on each side of Fig. 1 for the best match. We
laboratory-frame frequencies exactly satisfy the criteria for #ound this factor to be 0.880.02 for 8°Rb (plotted in Fig. 2
bichromatic force in a frame moving at=(w,— w,)/k. For ~ and 0.7%0.02 for 8’Rb. An isotopic difference could be
our choice ofw,— w = 8/2, the force ranges from=v, to  caused by variations in the optical pumping among the Zee-
v=0, precisely what is needed for beam slowing or collima-man and hfs levels of the two isotopes. For t#Bb data we
tion.] do no hfs optical pumping because its larger hfs allows ad-

After the interaction region the atoms fly freely f&r  equate spectroscopic resolution. Thus tH&b measure-
=26.3 cm, and then their horizontal positions are measurethents were done on only those atoms that emerged from the
by optical absorption in the detection region. Here thesource in the E,Mg)=(2,2) sublevel, or were optically
8’Rb (®°Rb) atoms are subject to twithre® separate laser pumped very quickly in the circularly polarized bichromatic
beams as shown in Fig. 4. The first beam, the “pumper,” islight, and remained there throughout the interaction region.
used only for®Rb. It is vertical and is tuned to they=2 By contrast, the®®Rb measurements were done in the pres-
—F.=3 transition to optically pump the atoms into thg ence of the continuous repumping light produced by one of
=3 hfs ground-state sublevel. The second one, the “moduthe sidebands of the EOMs discussed above.
lator,” is tuned near thé;=2(3)—F.=1(2) transition to Figure 1 shows detailed agreement between the data and
empty theF,=2(3) state, and its frequency is modulated by the characteristic progression of the calculated force curves
>100 MHz at 3 kHz to temporally modulate the populationas {1 is varied, confirming that the intensity measurements
of the F,=2(3) state to enable lock-in detection. The third are correct. That is, the frequenéyis known, so the plots of
one, the “detector,” is directed at 98.3° to the atomic-beamFig. 1 provide a direct comparison betwe@nand é that is
axis for velocity selection. A large lens directs the detectionconsistent with our measurements. The measurements have
laser beam onto a photocell from any position in its scarcovered a wide range of parameters, and constitute many
range. All three laser beams are spatially scanned across thdependent checks to test our calculations of the force.
atomic beam by an oscillating mirror to map out the atomicSome of these are:
beam'’s spatial profilésee Fig. 4. (i) The measured force is calculated froMfcas

The geometry fixes the width of the atomic beam at this= Mv/(Ax)/Dd wherev , is the selected longitudinal ve-
point at 1 mm, and the detection laser beam is a 510locity. ThusF.,sdepends only on three measured distances
wm-wide image of a slit. The accessible width of the detec-and v2, and does not depend on quantities that are more
tion region is 8 cm, making more than 50 spatial regions oifficult to determine such as the Rabi frequeriey
transverse velocity steps available, spanning a total angle of (ii) We used a single-frequency, high-intensity deflecting
==*0.1 rad. The longitudinal velocity is selectable by thelaser beam to produce a force/ofy/2 that provides a direct
frequency of the detection laser at an 8.3° angle; our experiatomic force calibration accurate t05%.
ments span the range of 250—400 m/s. The power broad- (iii) We found that the data were better fitted with phase
ened width from the detection laser is about 10 MHz. Includ-shifts 5° larger than those determined by the distance to the
ing the spread of vertical velocities, the resulting longitudinalretromirror. At least two factors act to shift the phase from
velocity resolution is=30 m/s. Thus the interaction time this value. The first is the additional path length through the
spread ranges frore 15% to=25%, with a central uncer- 1-cm-thick window, which adds=1° to the phase. The sec-
tainty <5%. ond arises from the dispersion of the residual Rb vapor in the
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atomic beam chamber that acts to reduce the phase. This Another beam intensity effect arises from the loss of light
dispersion effect was tested in two waya) Using a small  associated with the imperfect transmission of the window
Michelson interferometer with a Rb absorption cell in onetraversed twice by the retroreflected beam. This not only
arm, we scanned a diode laser through the Rb resonance apgbduces a loss of a few percent, but also exposes the atoms
measured the fringe shiftb) We calculated that & 4° shift  to light of a different phase shift than that of the main beam.
along the 20-cm round-trip path between the atomic beany, addition, absorption by the residual cloud of Rb vapor
and the exit window can be caused by a Rb vapor pressure @hentioned above further unbalances the counterpropagating

3.4x10 ® Torr (~1/10 of the room temperature vapor pres- heams. Each of these independently can reduce the measured
sure. This seems reasonable in our vacuum. force by a few percent.

(iv) Our measurements used various intensities, polariza- Still ‘another effect arises from optical pumping. In the

tions, applied ma}gnetic fields, AOM frequencies, and phaseéase of Rb, where we use no repumper and lose those
of the_blchrpmatlc beats. Z’Ve even Te"ersed the force byatoms that fall into thé==1 ground state, there is still an
changing this phase by 180°. The entire mass of data shows

the detailed features of the velocity dependence calculatelaIItIaI optical pumping among the Zeeman levels as the at-

numerically. We have also done extensive measuremengns enter the circularly polarized bichromatic laser beams.

5 . . ;
with four frequencies, and again have found agreement to the case'ois Rb’, where optical pumping occu@ere IS
comparable level of accuracy. almost no signal without the repumpgthe atoms still spend

(v) We have made measurements YRb (using no re- SOMe of their time in thé&=2 ground state where they ex-
pumpej to check the effects of optical pumping, and found Perience no force. _
essentially no difference from th®Rb data. The signal-to- ~ TO conclude, we have performed careful and detailed

noise ratio was worse because we used only that small fragneasurements of the bichromatic force. With our parameters,
tion of the oven output that was in th& (Mg)=(2,2) sub- We have found it to be more than five times the magnitude of

level of this less abundant isotope. the Doppler force and to have velocity-dependent details that
We feel that the discrepancy betweEp.,sand the cal- agree extremely well with calculations. Because of its poten-
culated forces of about 20% is caused by a number of smatlal for a huge magnitude and velocity range, along with the
contributions. Clearly one of these arises from the readilystrong velocity dependence at the range boundaries, this
visible effects of atmospheric turbulence on the laser bearforce will enable atomic-beam slowing and cooling in a new
that travels 15 m through a pipe from the laser table to thelomain of parameters. It is particularly well suited for decel-
AOM (a fiber is impractical because of the power Joss erating metastabléS; He atoms ah = 1083 nm, especially
When we choose the beft,, to fit the data, it represents \ith the advent of fiber amplifiers that generate more than 1

some average value. The turbulence causes fluctuations that of \ = 1083 nm light. He atoms with an initial velocity of
differ for the two frequencies of the bichromatic laser beam.1000 m/s can be brought to rest in less than 1 cm.

This creates an intensity mismatch of the beams that can
only lower the force. This research was supported by the U.S. ONR and ARO.
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