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Dynamics in a two-level atom magneto-optical trap
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Alkaline-earth-metal atoms present an ideal platform for exploring magneto-opti¢M@d) dynamics,
enabling unique and definitive tests of laser cooling and trapping mechanisms. We have measured the trapping
beam intensity, detuning, magnetic-field gradient, trap density, and lifetime dependence of the spring constant
« and damping coefficient for a *Sy-1P; 8Sr MOT by fitting the oscillatory response of the atom cloud to
a step-function force. We find that the observed behaviot ahd a provide a unified and consistent picture
of trap dynamics that agrees with Doppler cooling theory at the level of 10%. Additionally, we demonstrate
that the trapped atom temperature can be determined directly from measured vala@dthe trap size, in
excellent agreement with free-expansion temperature measurements. However, the experimentally determined
temperature is much higher than Doppler cooling theory, implying significant additional heating mechanisms.
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Doppler cooling theory, which explores the force experi-[ 6=A/(27) = (wjaser— wo)/(27)], is controlled by a
enced by two-level atoms excited by single and/or multipledouble-passed acousto-optic modulatdOM). The inten-
near-resonant light fields, has historically formed the basisity of the trapping light is stabilized via feedback control of
for descriptions of both laser cooling and magneto-opticah second AOM.
trapping(MOT) [1-6]. To date, however, experimental stud-  To measure trap dynamics, we explored several different
ies of laser cooling have focused nearly exclusively on systechniques including modulation of the magnetic field or a
tems such as alkali-metal atoms, wherein the transition’s hypushing beam. The following approach is finally adopted for
perfine structure ultimately dominates observed cooling anthis work due to its measurement efficiency and lack of sys-
trapping dynamicg7-11]. While a one-dimensionallD)  tematic effects. Cold atom center-of-mass oscillation is in-
study of Doppler cooling dynamics has been perforifried], duced with a weak, on-resonance, collimated pushing beam
fundamental Doppler cooling theory predictions, particularlythat is chopped with a switching time of Ls. The pushing
those related to the dynamics of two-level atoms in a 3Dbeam exerts a forcE,,, on the atoms, translating the atom
MOT, remain untested. sample along one horizontal direction &éxis). The resulting

In this paper, using Sy-'P; #Sr MOT, we present mea- trap oscillations are observed as changes in the absorption of
surements of the spring constantand damping coefficient an on-resonance probe beam that propagates iy thieec-

a, as they are affected by the trapping beam intensity, deturtion through the cloud and is off-center in tRelirection. As

ing, magnetic-field gradient, trap density, and lifetime. Weshown below, the center-of-mass oscillation of the trapped
monitor directly the time-dependent center-of-mass trap osatoms is described by

cillations induced by a chopped pushing beam. Unlike pre-

vious experiments with alkali-metal atoni8—11], where

sub-Doppler cooling mechanisms dominate over Doppler d?x

cooling, we observe center-of-mass cloud oscillations under M— + @ —= + kX=F¢y,
both underdamped and overdamped conditions and find that dt? dt

the measured and « are consistent with Doppler theory at

the 10% level. Furthermore, we have determined the cloud

temperature directly from the measured spring constant anherem is the mass of &°Sr atom,« is a damping coeffi-
trap size, just as in the case of magnetic traps. The results agéent, andx is a spring constant. When the weak pushing
in a good agreement with temperature measurements basedam is on, forced oscillations are observed, d&hg;
upon free expansion of the cloud. However, both temperatures 3%kl (1,/15) =F,. Herek=2/\, |, is the pushing beam
measurements disagree significantly with Doppler theory, inntensity, |s=hcl'/(3\%)=43 mWi/cnf, and T'/(2m)
showing a faster heating rate with the trapping beam inten=32 MHz wherelg andI" are the saturation intensity and
sity. Our measurements represent a detailed and conclusivetural width of 1S,-1P, transition, respectively. When the
study of trapped two-level atom dynamics in a MOT and anpushing beam is switched off,.,;=0, and free-oscillations
essential test of Doppler cooling theory. occur. To quantify these dynamics, we define a dimension-

The experiment consists of a standard six-beam vapor-celéss quantityé= a/(2mw), where w= 'x/m is the charac-

Sr MOT using the!Sy-1P, transition at\ =461 nm(reso- teristic frequency of the trap. Underdamped, critically
nance frequencw,) [13—15. The trapping light detuning, damped, and overdamped oscillations correspond<td,
&=1, and¢>1, respectively. Denoting, as the normalized
trap displacement during oscillation, the steady-state solu-
*Email address: xyxu@yjilaul.colorado.edu tions to Eq.(1) in response to a step-function force take the
"Email address: Ye@jila.colorado.edu following form for F,=0:
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. . . FIG. 1. Typical damped oscillation signals for tra r at-
whereu, is normalized to theé—c displacement of the trap oms during ay?)ushing bzam chopping cy%le for two diF;'fpfrsgnt detun-
and pyo=—{wtwyE—1. WhenFe,=Fp, the steady- g5 (3 5= —40 MHz and(b) 5=—55 MHz. Note the time scale
state solutions to Eq1) are 1-u;, whereu, is given by s expanded by a factor of 2 after the break. Fitting curves are
Egs.(2), (3), and(4). shown as solid lines. The intensity of the trapping beam is 25
Equation(1) and its solutions, Eqg2)—(4), describe the  mw/cm?, andoB/dx=26 Glcm.
motion of an atom initially at rest off center in a harmonic
potential, oscillating as it comes to rest at the center of thigyhereu, is the solution to Eq(1) and u/ =du,/dt. Thus at
potential. Here we verify that this situation describes they| times the velocity distribution is centered af and the
center-of-mass motion of the entire cloud of finite temperaxpatial distribution is centered an, with a constant size
ture atoms, and that the cloud shape does not vary during,, q temperature.
oscillation. The 1D Focker-Planck equation, which includes |, ihe experiment, the cloud’s displacement is monitored

phase-space distribution of the entire atom clpbili is probe beam that propagates perpendicular to the pushing
beam as it passes through the atom cloud. The probe beam is
located atxgy, which is about half a cloud radius from the
cloud center in thex direction atz=0. Thus, the normalized
probe beam absorption iSabs=1—exp[—\/Fan(x,t)rh],
Equation (5) governs the motion of the ensemble of the whereo=3\?/(27) is the absorption cross sectiom(x,t)
trapped atoms, where=dx/dt, a=dx/dt?=F,,/m, due :noe—(xo-%—xmut)z/rﬁ’ wheren, is the peak trap density,, is

to 2th2e app|I€‘2d conservatlve2 fgrcgs in the tral  the 16 radius of the trap along theandy axis, and,, is the
=hKT1/[6m7(1+1/1s+4A°/T%) ] is the velocity dif-  4t0m cloud displacement when the pushing beam is on. The
fusion coefficient, andl; is the total intensity of the six trap- absorption is<10% for a typical trap density of 20cne. If

ping beams. The steady-state solution to €&.is X, /rh<1, the absorption signal is given by

U& Jdv

m Jv

©)

r?P_ P JP Jd [ av JP
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, (6) Sabs= Sabs(xo)[l_ Eut]: (10

K
2+ —x?
m

P(X,v)=eX[{—A
where S,,(Xg) is the probe beam absorption =& with

where A= «a/(2Dm). Equation(6) also gives the canonical pushing beam off an@=2xqxn,/rz. Equation(10) shows
distribution at temperaturesT=m?D/«. Based on Doppler the absorption is proportional tg when the amplitude, is
cooling theory, the one-dimensional spring constant andgnuch smaller than the trap size. Hence, the time-dependent

damping coefficient can be described [dy-6,14, probe beam absorption represents center-of-mass trap oscil-
lations.
4 aB(|A[\ (1, I, A2 -2 Figure 1 shows oscillation signals foy=25 mWicn¥,
K= §,uBgJ&< T) (I_ 1+ |—+4—2 , (7)  oB/dx=26 Glcm, and laser detunings @ 6= —40 MHz
s s and(b) 6=—55 MHz. In the absence of the pushing beam,

this trap oscillation is driven purely by the trap fields. Note

4 . [A]\ [ 1 l, A2 -2 that, from EqQ.(2), the number of observable oscillations is
a= §ﬁk TN A (8)  proportional to¢. Equations(7) and (8) thus predict that
s S large detunings or low intensities correspond to a large num-

o ) _ ber of observable oscillations. In both cases the trap oscilla-
where the relevant magnetic-field gradient #8/JX  ions are underdamped, which is quite different from alkali
=0.59B/dz, with 9B/dx (9B/dz) being the radial@xia)  \oTs where the oscillation is strongly overdamped due to
MOT magngn_c_-fleld gra_dlents. The solutl_on of_ E(5_) sgb- sub-Doppler cooling mechanisri—11].
ject to the initial conditions of a Gaussian distribution of  gynarimentally, observation of high-contrast oscillation
velocity and position with a displaced center is signals requirestl) Balancing the six-beam intensities and

aligning the trapping beams such that the cloud does not
) 9) move when the trap intensity changd®) Ensuring the
' probe beam intersects the cloud midway between the center
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FIG. 2. Dependence df) « and(b) « on the trapping beam FIG. 3. Dependence dfa) k and (b) « on the trapping light
intensity for various magnetic-field gradients and a trapping lightdetuning for a trapping beam intensity of 25 mWfcand dB/dx
detuning of6=—40 MHz. Fits are shown as solid and dotted lines =26 G/cm. Fits are shown as solid lines.
in (a). The solid line in(b) is a theoretical curve based on Doppler
theory.

Ns/m, respectively. From fits to the data, we fingd.

and edgej3) Aligning the push beam such that it induces =272(10)x10°*° N/m and y,=182(7)x10 22 Ns/m,
motion only in the horizontal plane4) Attenuating the in good agreement with the theoretical predictions. Beth
pushing beam such that the maximum cloud displacement ignd « increase rapidly with decreasing detuning, in agree-
<10% of the cloud diameter, with no noticeable heatingment with theory at small detunings. However, so far there is
effects. We find the oscillation signals are independent ofio clear explanation for the origin of the discrepancy be-
probe beam placement on either side of the cloud. The valuagieen the measured and fitted values at large detunings.
of x and @ are determined by fitting of the free-oscillation Based on the equipartition theorer%wxrsz%kBT, we
signals, as shown with the solid lines in Fig. 1. can determine the cloud temperature from the measured

Figure 2 shows the dependence(af x and(b) @ on the  spring constant and trap size. To determine the trap size, we
trapping beam intensityl,, for magnetic-field gradients, use images of trap fluorescence collected with a charge
dBldx, ranging from 18-42 G/cm and a trap detunifig ~ coupled device camera placed in telirection. The profile
—40 MHz. For comparison, Fig.(@) shows fitting curves  of the cloud is well fitted by a Gaussian distribution. The 1/
based on Eq(7) while Fig. 2b) shows theory predictions radius of the cloud along the oscillation direction is defined
based on Eq(8). For these experimental conditions, Ed) g5 Xe=2Xms; hence, the trap temperature is given By
predicts k= 7, coil |/[1s(7.25+ 11 /15)], whereico; is the = ,x2/(2kg). The dependence of the trap temperature on the
quadrupole magnetic-field coil current anB/dx=Byicoii-  trapping beam intensity for the data in FigaRis shown as

Using a best estimated value {=4.4(0.5) Gem*A™",  Fig 4, along with temperatures predicted by Doppler theory
the theoretical value for 5, is 92.0(18.4) [6],

x107° Nm *A~! where the uncertainty iny, is domi-
nated by uncertainties iB,, |I;, and é. Fitting the data to
this expression withy,. as the only fitting parameter yields
7,.=83(3), 802), 77(1), and 83(1x 10 Nm A1 for
icoii=4, 6, 8, and 9 A, owB/dx=18, 26, 35, and 40 G/m,
respectively. Here, the nearly equal values #qrshow that

A2
- 8kglA|

I, A2
1+ —+4—
ls T2

T . (11

x is proportional to the magnetic-field gradient, and the 7-Data d8, (G/om) Method - '

variation with1, shows the dependence expected from Eq. < 61 3 1o yiapose 1
.. . . . y trap osc.

(7). These coefficients are consistent with Doppler cooling E 5_‘ A 35 By trap osc. ]

theory predictions within experimental accuracy of 20%. For = “] ® 26 Byexpansion i

the conditions of Fig. @), Eq. (8) yields a= 5,l:/[1s(7.25 g 4 § § .

+1,/19)?] with 5,=326(65)< 10722 Ns/m. Usingz, as a B . . 1 I

single fitting parameter we findyp,=315(16), 34912), e 3'_ M i

3185), and 331(16X 10 22 N's/m fori,; =4, 6, 8, and 9 E ol i ¢ Dopoler Theory

A, respectively. The nearly equal values fgy demonstrate A= 1 i i

that « is independent o#B/dx, while the variation withl, 3 14 1

shows the expected dependence from @Y. The measured = 0' : : : :

values fory, agree with Doppler cooling theory predictions 0 10 20 30 40 50

within experimental uncertainty of 10%.
Figure 3 shows the detuning dependencéapfx and (b)
a for 1,=25 mWi/cnt anddB/dx=26 G/cm. Fitting curves

(7) and (8) predict k= x,|A|/[T'(1.58+4A2%/T?)?], and

Total Trapping Intensity |, (mW/cm®)

A FIG. 4. Dependence of the trap temperature on the trapping
based on Eq<7) and(8) are shown as solid lines. Here, EQs. heam intensity as determined from the measukedalues. The

theoretical prediction is shown as a solid line. The trap temperature,

= Xo|Al/[T(1.58+4A%/T?)?], where theoretical values of determined from the expansion measurement der—40 MHz

X. and x, are 25952)x10 1° N/m and 15230)x10 22

011401-3

andgB/dx=26 G/cm, is shown as filled circles.
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The measured trap temperature is independent of thkeating[the D term in Eg.(5)]. Additional heating mecha-
magnetic-field gradient, in agreement with theoretical predichisms, such as that arising from standing-wave effects, are
tions. However, we observe important differences: while thenot described by current Doppler theory.

trap temperature at near zero intensity is correctly predicted The loss rate for a StSy-'P; MOT is ~10/s due to

by Doppler theory, the temperature rises with the trappinp*P1—4d'D,—5p3P, shelving. To verify that this loss
beam intensity much faster than the theoretical values. Ounechanism does not significantly influence trap oscillation
measured temperatures agree with previous measurementsdynamics, we also measured the spring constant and damp-
this Sr MOT based on direct observation of the cold atomN9 coegﬁuesnt in the presence of two repumping lasers, one
velocity distribution [14]. Similar temperature deviations fOr the “S;-"P, transition at 707 nm and a second for the

3 g .
from Doopler theory have also been observed for a Ca MOT S1™ Po transition at 679 nm, in order to prevefiP state
[16]. We have also found that the dependence of the tra helving. Even though the density and lifetime of the trap
ere both increased by more than six times, the measured

temperature on the trapping beam detuning is significantl alues fork and « did not change within our experimental

different from Doppler theory. For example, &tl’ 1.2, the uncertainty of 10%. This means that the spring constant and

measumd temperature IS about three times higher than pr8é1mping coefficient are independent of the density and the
dicted. At smaller detunings the disagreement becomes pr(ffap lifetime for densities of £3-10° cm-2 and lifetimes of

gressively larger. 10— 400 ms

To further verify these results, we have measured the trap |, summéry we have performed the measurement of the
temperature v$, for 6=—40 MHz anddB/dx=26 G/Itm  gping constank and damping coefficiend for two-level
with a conventional expansion technique. For these measurgioms in a MOT. Our results fok and a as functions of
ments, we shifted the probe beam to the center of the cloughser intensity and detuning, and of magnetic-field gradient
and observed the time dependence of the probe beam absogge in agreement with the Doppler cooling theory. In addi-
tion after the MOT is turned off.zTh% resulting decay curvestion, we have measured the trap temperature by using two
were then fit byf(t)=¢,e %2/(ot2md®) | where ¢;, ¢,,  Methods, first from the spring constant and trap size, and

Uims are three fitting parameters, amg:3/rexreyrez rer, Second from expansion of the cloud after switching off the

oy, andr, are the 1¢ radii of the cloud in three dimensions MOT. The temperatures measured by the two techniques

as determined from fits to images of the 461-nm trap fluo-29r€€ well with each other, but deviate severely from Dop-

rescence. Using the fitting parametgr,s, we obtain the pler th(.eory..At present, a mpd|f|eq sem|clas_,5|cal Doppler

trap temp.erature fronT = mo 2 Jk Remssu]ts are shown as theory is being developed to investigate heating effects that
- rms' "B -

. . L . > are not accounted for by standard Doppler theory. In future
filled circles in Fig. 4, and agree with values determ'nedexperiments, we will further study the dynamics of the

from the spring constant at the level of 10%. trapped atoms after second-stage Doppler cooling, using the
The trapped atom temperature is determined by a dynam'gpectrally narrow 689-nm'S,-3P, intercombination line

balance between heating and cooling rates. The damping ¢p14 15 Since the 689-nm photon recoil frequency shift is

efficient represents the cooling rate, and as shown in Figs. Elreater than the cooling transition linewidth, a full quantum-

and 3, measured values for the damping coefficients agregeqcnanical cooling theory will be necessary.

well with Doppler cooling theory. However, the measured

temperatures are much higher than the theoretical values, so We thank Dr. J. R. Bochinski for useful discussions. This
the heating rate must be much higher than the theoreticalork was funded by NSF and NIST. T.H.L. acknowledges
prediction, which is based on random direction photon recoifinancial support from the National Research Council.
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