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Observation of ground-state Ramsey fringes
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We have used trappeRb atoms to demonstrate an atom interferometric measurement of atomic recoil in
the frequency domain. The measurement uses echo techniques to generate a Ramsey fringe pattern. The pattern
exhibits recoil components consistent with theoretical predictions. We find the measurement to be insensitive
to magnetic field gradients and discuss the prospects for a precision measurement of the recoil frequency.
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[. INTRODUCTION state but works in the frequency domain was proposed in
Ref. [20]. In this work, we have utilized this scheme to ob-
During the past 15 years, there have been rapid advancésin a preliminary measurement ef using laser cooled Rb

in the field of precision measurements in atomic physicsatoms[21]. As in Ref.[3,8,11], the degree of precision is
These developments have been stimulated by the ability tbmited mainly by the transit time of ground-state atoms
obtain ultracold samples of trapped atoms using laser coolinfirough the region of interaction.
techniqueg1,2]. The robust nature of these traps has led to
atomic fountain clocks that now serve as time standg8d§ Il. SINGLE-STATE AI'S

f':md improved mef:lsurements of atomic struc{ﬁre?_]. Alom For the Al in Ref[18], atoms in a single hyperfine ground
interferometergAl's) using cold atoms have achieved stategiata are diffracted into a superposition of momentum states
of the arF measurements of gravitational acceleraﬁ&@] separated by multiples ofi using a standing-wave pulse
and rotation10]. Al's ha_lve_also been used for precise mea-detuned from the excited state and appliedta®. The
surements of the atomic fine-structure const@nfll]. This  standing-wave interaction produces a spatially periodic den-
constitutes a particularly interesting test of fundamentalsity (grating in the sample. This grating has a period\d®,
physics[12]. Al's are sensitive to the momentum transkk  where, A is the wavelength of light. Although the grating
from laser fields to the atom, and can be used to obtain decays due to the velocity distribution of the sample, it can
precise value for the atomic recoil frequencw, be rephased by a second off-resonant standing-wave pulse
=7 (AK)?/2m,om. Recently, it has become possible to mea-(applied att=T) in a manner reminiscent of a photon echo.
sure the wave vector of the laser fidldas well as the Ryd- The Al thus relies on the discrete nature of atomic re(hile
berg constant, the proton-electron mass ratio, and atomf@® absorption and stimulated emission of photons between
mass with unprecedented accurét$—16. It has, therefore the traveling wave components of the standing vyaaed
[12], become feasible to obtain an improved value doat matter wave mterferenc_e between different center_-of-ma_ss
the level of~1 part per 18, which can surpass the precision Momentum states. In this case, the rephased density grating
of the measurement based on the electydactor[17]. (echg is produced in the vicinity oft=2T. The echo is
The best atom interferometric measurement$i/ohsq ., detecte;d using a heterodyne technique by coherently back-
have involved Raman transitions between hyperfine groungcattering a traveling-waveeadout pulse from the sample.
states of cesium atorrfd1]. However, the sensitivity to a " this case, the shape of the echo signal is given by
number of systematic effects such as frequency stability be-
tween the two lasers used to couple the ground states, differ-
ential ac-Stark shifts associated with the ground states, arw
dependence on stray electric and magnetic fields, must bm
studied in detail as in Ref9] before a final measurement can
be reported. A measurement of the recoil frequency using
time d_oma_in Al was demonstrated in R¢i.g|, Whigh is S;~J,(26,5iN @, T)). 2)
potentially insensitive to several of these systematic effects.
Here, the cold atoms are manipulated in the same interndlhe argument of the Bessel function contains the pulse area
ground state using off-resonant standing-wave pulses. Heref the second standing-wave pulge= [;Q(t)dt, where(Q)
only a single laser is required to produce the excitation ands the light shift due to the atom field interaction integrated
detection pulses. There is no necessity to optically pump thever the pulse widthr. In Ref.[18], the predicted depen-
sample or use magnetic shielding. These features reduce edence of the signal off was verified. A precise+ 1/10%)
perimental complexity. There has also been a continued inmeasurement ofy, was obtained by measuring the ampli-
terest in using such single-state Al's for a measurement ofude of the signal as a function @fand measuring the time
h/mg, following recent experiments in Bose condensedbetween well-displaced zeros. An important advantage of
sampleq19] using a technique similar to R€f18]. this method is that the phase of the scattered signal is not
A new scheme that also uses atoms in the same internaksential for the recoil measurement.

So(t):(t_2T)e—[(t—2T)Aku/2]2' (1)

hereu is the most probable speed. For a two-level atom,
e periodic dependence of the backscattered signal on the
gulse separatioil is given by
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done in the Raman-Nath regime, with pulseq us. Nev-
=0 ‘ ertheless, there is an uncertainty about the definitiom of

Eqg. (2). This uncertainty is avoided in this work since we

average over a range dfin Eq. (3). However, the ultimate

precision of both experiments is determined by the stability
t=T . of a frequency standard. In the time domain experiment, the
frequency standard would control the time base of the ex-

periment. In the frequency domain, the frequency standard

controls the oscillators used to generate the frequency differ-
T il ence.
Signal

In previous Ramsey experimeris,22—24, the precision
o ) ] that can be achieved depends on a precise determination of
FIG. 1. Schematic diagram of pulsed laser fields used in thgne getuning between the laser and the excited state and is
experiment. limited by the lifetime of the excited state and the laser line-
] i . width. In contrast, our experiment involves excitation to a
In this work, we have followed the proposal outlined in y;rya] transition and stimulated emission back to the ground
Ref. [20] and measured, in the frequency domain. TWO giate In this case, the detunim= w,— w, can be easily
off-resonant, counterpropagating traveling-wave pulses withontrolled with a precision determined by a frequency stan-
optical frequencieso, an.d w, are used to drive transitions 4ard. Since our beams are generated from a single laser,
between the same atomic hyperfine ground state-8t The  ayiations in laser frequency are common to both beams and
sample is excited after a timeby a second set of traveling- 4 |aser with an ultranarrow line width is not required as in

wave pulses. However, the directions of the second set Oftomic clock experiment,22—24. The precision is limited

pulses are reversed as shown in Fig. 1. . only by the transit time of ground-state atoms rather than the
The grating is detected ne&=2T by scattering an off-  excited-state lifetimein practice, the effective transit time is
resonant(readout traveling wave with frequency; from  |imijted by collisions and stray light fieldsWe also note that

the sample and measuring the amplitude and phase of thg this case the range of (~10 MHz) is limited by the
scattered light at frequency,. This excitation scheme is e bandwidth.

similar to a Ramsey fringe experimg, 11,22—24in which
the population or coherence associated with an atomic level
acquires an oscillatory phase that depends on the detuning, IIl. EXPERIMENTAL DETAILS

o= w1~ Wy In our case, the ground-gtate population grating  \we have used a sample 8fRb atoms trapped in a
acquires a Ramsey phage=44T and is used as a probe of magneto-optical trapMOT). Our sample contains 10° at-
th|s phase. Reversing 'the dlrectlon§ of the second set of %15 at a temperature ef 200 wK. The trapping beams and
citation pulses results in a cancellation of the Doppler phasgyitation beams are derived from the same cw laser. The
assomate_d with the momentum states at the echo point andaﬁ’nplitude and frequency of these beams are controlled by a
preservation of the Ramsey phase. We can express the badkyain of acousto-optic modulatofaOMs). The pulses used
scattered signal 820 for atom interferometry are tuned¢ 90 MHz above theF
=3—F=4' transition. The AOMs are driven by oscillators
S(6,T)=exp(4i5T)I;[ 26, sin(w, T)]. (3)  that are phase locked to a commercially available Rb fre-
quency standard with a short term stability of 0.5 mHz. The
The complex exponential in Eq3) makes it necessary to oscillators operate near 250 MHz and the frequency differ-
measure the phase of the signal in order to observe the effeehcef = (w; — w,)/27 can be adjusted to within 10 mHz. We
of recoil. measure and correct the phase of the rf oscillators so that it is
In atomic beam experimenf&5], the oscillatory fields are constant at the time of the readout pulse. Since the atomic
separated spatially. The longitudinal velocity distributionwave function picks up a spatial and temporal phase from
causes each velocity class to interact with laser fields with @ach of the interaction pulses, the signal can be predicted to
different time separatioff. In such an experiment, the ob- vary as el~'%t*22*01 [27] For our conditions,t;
served signal represents an average over the entire velocity —2T,t,=—T, andt=0 define the pulse sequence. The
distribution and this causes the Ramsey fringes to be ohtime separatio between pulses can be controlled to within
served. In experiments involving cold atoms, the fields ar& ps by delay generators. The time base of the generators is
provided by laser pulses. As a consequence, the time separaso slaved to the Rb standard.
tion experienced by the entire sample is the same. It is, there- The experiment is typically carried out at a repetition rate
fore, necessary to repeat the experiment for a range of values 10 Hz. The measurement is done with the trapping beam
T, and average the results to obtain the Ramsey line shagand magnetic-field gradient turned off. The first excitation

[26]. pulse is applied~1 ms after the turnoff of the trapping laser
Equation(3) predicts a characteristic Ramsey fringe pat-and magnetic-field gradient. The repetition rate is limited by

tern with recoil components a6=0,=0.50,,*w,, ....  the time required to turn on the magnetic-field gradient.

The precision of the measurementwf depends on the pre- We use a balanced heterodyne detection system similar to

cision to whiché is known. Both this work and Refl18] are  Ref.[18] for detecting the echo, as shown in Fig. 2.
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FIG. 4. Oscillation of a component of the echo signal as a func-
tion of detuningé for T=100 us; data are fit to the form cos¢®)
and shown as the solid line; the fit gives a period of 2.50 kHz.
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note that the slope is in agreement with Eg). The Ramsey
fringe pattern is then obtained by averaging a particular com-
gonent(real or imaginary of the oscillatory signal over a
range ofT. The amplitude of the echo as a functionTofn

Eq. (2) is fit to a decaying exponential. The amplitudes of the

The undiffracted beam from AOM1 is used as a local©Scillatory signals are then weighted to compensate for the
oscillator. When the readout pulse is applied just before decay. Figure 5 shows the Ramsey frin_ge pattem observed
— 2T, the backscattered echo signal is observed on botRVer the rangd =12-164us by varyingT in steps of 4us.

channels of the detection system. We treat these signals Ieas_t-scllquares fit to quﬁ’) (‘le'th @r ?:r)d 652 as free param-
the real and imaginary components of the scattered light angters 1S shown as a dashed line in Fig. 5.

. . _ _1 . . . .
use them to obtain the amplitude and phase of the signal. The f|t2y|eld5wr—97.0>< 10° s™*. This is consistent with
w,=hAk*/2mg,, where Ak=2k. The data show peaks at

+0.50, and + w, , which is consistent with Eq3). We also

FIG. 2. Experimental setup; 1/4 wave plates are used to produc
circularly polarized excitation pulses.

IV. RESULTS AND DISCUSSION note that the fit give®,=1.8 which is in reasonable agree-
Figure 3 shows a component of the echo signal as a fundnent with experimental parameters. Ar_1a|ysis of the_ residuals
tion of time. currently allows us to determine, with a precision of
The shape of the signal is consistent with Eg). We ~1/10°. The relative amplitudes of the observed recoil com-

integrate the first half of the eche-800 ns before the zero PONents and their signs are consistent with predictions for
crossing and subtract the integral of the second half to ob-thiS pulse areg20]. An interesting feature of this experiment
tain the amplitude of a component. This amplitude is meaiS that the center of the fringe pattern has to occui-ad as
sured as a function of detuning for a fixed T. Figure 4 shown in Fig. 5. Th|s peak corresponds to the undiffracted
shows the amplitude as a function of the detuniéor T component of tht_e_s!gnal. We have also been able to c_iemon-
=100 us. strate the insensitivity of our measurement to magnetic-field

The amplitude of the signal has an oscillatory dependencgradients. When the measurement is conducted with or with-
on & given by Sy=cos(45T) as seen from the fit in Fig. 4. out the magnetic-field gradient associated with the MOT,

For a fixed value off, we obtain the average values of the there is no apparent difference in the observed signal. This
frequencies of the real and imaginary components of thé\d_ds to expe_rlmental convenience, since it is pOSS|_bIe to ac-
echo signal. This measurement is repeated for different tim8Uiré data without pulsing the magnetic-field gradient. We
separations]. A linear fit of the measured period as a func-

tion of T gives a slope of 4.004 and an offset of (u8. We 230
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FIG. 5. Observed Ramsey fringe pattern; solid line is data;
FIG. 3. Echo as a function of time. dashed line is fit which yields),=97.0x 10° s"* and 6,=1.8.
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have also measured the Ramsey phase in the time domain By this level, we expect to do more extensive tests of sys-
using a fixeds and varyingT. We find that the signal has the tematic effects associated with ac-Stark shifts, magnetic
same dependence on the Ramsey phase as in the frequerigfds and field gradients, the quality of laser beam profiles,

domain experiment. and vibrations. For small echo amplitudes, it is possible that
the frequency domain technique may result in better signal-
V. CONCLUSIONS to-noise than the time domain measurement. This is because

) N _ the amplitude and phase of each frequency component can

Since we rely on the stability of a commonly available he accurately determined by fitting several periods of the
frequency standard, our precision is expected to be limite@scillatory signal. Another desirable feature of this technique
only by the transit time of the atoms. In this work, the transitis that the shift in the position of the central Ramsey fringe
scattered ||ght Since we can contrélto <10 mHz, we accurate measurement of gravﬁao]
estimate the resolution, /A w, to be~8X 10°. By modify-
ing our vacuum system and employing mechanical shutters
we have achieved a transit time ef5 ms (the theoretical
value of the transit time depends on the beam diameter and We acknowledge the contributions of Alexander An-
cloud temperature and is estimated to 45 ms for our dreyuk and Andrejs Vorozcovs, and York University’s tech-
conditions[28]). Analysis of the width of the Ramsey fringes nical services. We would like to thank Boris Dubetsky, Paul
shows that the fringe width should scalea&/T. Itis also Berman, and Tycho Sleator for helpful discussions. We
possible to achieve a substantial increase in the measurememould also like to thank Wayne Cannon for the loan of
accuracy by measuring the separation between widely spacedjuipment. This work was supported by Canada Foundation
higher-order recoil components. This would require using &or Innovation, Ontario Innovation Trust, York University,
higher pulse area, as suggested by Re¢20]. We, therefore, Natural Science and Engineering Research Council of
estimate the precision to be1/1® at the transit-time limit. ~ Canada, and Photonics Research Ontario.
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