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Continuous loading of a magneto-optical trap of Rb using a narrow transition
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We report continuous loading of 8’Rb atoms in a magneto-optical trap (MOT) at narrow linewidth, 420-nm
5812, F =2 — 6P, F = 3 blue transition (blue MOT). Continuous loading of the blue MOT is achieved by
superimposing the blue laser beam inside a hollow core of infrared (IR) laser beam driving the broad 55 »,
F =2 — 5P;;, F =3 transition at 780 nm. We typically load ~10® atoms in the blue MOT in 2.5 s. We
characterize the continuous loading of the blue MOT with various parameters such as magnetic-field gradient,
detuning, power and diameter of the blue MOT beam, and diameter of the hollow core (spot) inside the IR MOT
beam. We observe that the blue laser beam should overfill the spot of the IR laser beam. This is because the blue
laser cools the atoms to a lower temperature even in the presence of the broad IR laser, i.e., in the overlapped
region, and hence helps in loading. To support the experimental result, we also present the theoretical framework
for cooling atoms in the presence of two lasers driving two different transitions simultaneously. This method of
continuous loading of the blue MOT can be useful to produce a continuous atomic beam of cold Rb atoms.

DOI: 10.1103/PhysRevA.109.063107

I. INTRODUCTION

Magneto-optical trapping (MOT) is the workhorse for all
cold-atom experiments and is the basis of modern areas of
research in quantum science and technology such as quantum
computation and simulation, and quantum sensors. For MOT,
the linewidth of the transition plays an important role. MOT
at broader linewidth compared to narrow linewidth transition
provides faster loading with higher capture velocity, but the
final temperature happens to be higher. In order to achieve
a higher number of atoms in MOT with low temperature,
a two-step MOT is utilized [1-10]. In the first step, atoms
are loaded in a MOT at a broad linewidth transition, and
in the second step, atoms are transferred to the MOT at
a narrow linewidth transition to achieve lower temperature,
which means these two steps are separated in time. Instead
of separating these two steps in time, one can also separate
them in space, which results in the continuous loading of
atoms in the MOT and is the key process for producing
continuous Bose-Einstein condensate of Sr [11]. Continu-
ous loading of the atoms in the MOT at narrow transition
can enable us to generate a continuous beam of the cold
atoms at lower temperatures, which offers a great advan-
tage for atomic-based quantum sensors as it eliminates dead
time.

The two-step MOT has been realized in Yb [1,2], Sr [3,11],
Dy [4,5,12,13], Er [14-16], and Cd [17] (where the ratio of the
linewidth of broad to narrow transition is in orders of mag-
nitude) and also in alkali-metal elements [6-9,18] (where the
ratio is 4-5 times). The continuous loading of the MOT at nar-
row transition precooled by broad transition has been realized
for certain elements: Yb [1], Sr [11], and Dy [5]. In the case
of Yb, continuous loading of the MOT at narrow transition
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is superior in terms of the number of atoms and of course
temperature [1,19,20]. The Yb MOT at broader transition has
a lower number of atoms (even in the presence of repumper
lasers [21]) as compared to the narrow transition. The MOT
for alkali-metal atoms at narrow transitions in Li [6], K [7],
and Rb [9,18,22] has been realized but continuous loading
has not been reported yet. We use a core-shell MOT similar
to that of the Yb [19], where a huge advantage was reported.
In the scheme, a hole is created in the core of the laser beam
driving the broad transition which is filled by the laser beam at
a narrow transition. The relative dimension of the core and the
filling beam is very important and depends upon the ratio of
broad and narrow linewidth transitions. In the case of YD, the
ratio of the linewidth of broad to narrow transition is around
150 and the core should be just filled, as in the presence
of the broad linewidth laser the weak transition laser (with
intensity comparable to the saturation intensity) does not play
a significant role in reducing the temperature. The case can
be different in alkali-metal atoms where the linewidths of the
broad and narrow transitions are only 4-5 times. In this case,
the filling area should be bigger than the core area as in the
overlapped region the narrow transition linewidth plays a role
in reducing the temperature even in the presence of the broad
transition.

In this paper, we present a method to load atoms con-
tinuously in the narrow-line MOT by superimposing the
narrow-line beam inside the core of the broad transition beam.
Using ¥’Rb atoms, we demonstrate the loading of 1.2 x 108
atoms continuously in the blue MOT at 420 nm using the
5812, F =2 — 6P3p5, F =3 transition. We study the be-
havior of the blue MOT with various parameters such as
magnetic-field gradient, detuning, power and diameter of the
blue MOT beam, and diameter of the spot inside the infrared
(IR) MOT beam.

The paper is organized as follows. In Sec. II, we describe
the experimental setup. In Sec. III, we describe the theoretical
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FIG. 1. The relevant energy levels of ¥Rb with the hyperfine
splitting and various decay paths of the 6P, state. Decay rates, the
linewidth of the excited state, and the hyperfine splittings are shown
in MHz. The figure is adapted from Ref. [9].

model for the calculation of force, diffusion, and temperature
in the presence of the two transitions at 780 and 420 nm. In
Sec. IV, we study the various effects due to magnetic-field
gradient, detuning, power and diameter of the blue MOT laser,
and diameter of the spot on the IR MOT laser. In Sec. V, we
summarize our findings.

II. EXPERIMENTAL SETUP

The relevant energy-level diagram and corresponding tran-
sitions utilized in this study are shown in Fig. 1. The
laser system comprises one commercially (Toptica) available
420-nm (blue) external cavity diode laser (ECDL) and two
home-assembled 780-nm (IR) ECDLs. The blue laser is di-
vided into two parts: one for its frequency stabilization using
saturation absorption spectroscopy (as described in Ref. [23])
and the second for cooling and trapping the atoms in the blue
MOT. The probe beam in the spectroscopy setup is passed
through one Rb vapor cell and detected on a high-speed and
blue-color-sensitive photodetector (make: Thorlabs, model:
APD430A2/M). The vapor cell is kept inside an oven at
85°C. The other part of the blue laser beam is sent through
an acousto-optic modulator (AOM) in a double-pass configu-
ration. It is up-shifted by around 42 x 49.75 MHz and is sent
through the cell as a control beam with counterpropagating to
the probe beam. This central frequency is adjusted to vary the
detuning (Ap) of the blue MOT beam. The AOM frequency
is modulated at 10 kHz to generate the error signal. Note
that the probe beam is not modulated and thus gives a better
signal-to-noise ratio than when it is modulated. The laser is
locked corresponding to the 58,5, FF =2 — 6P, F =3
peak. A portion of the leaked beam is used for monitoring the
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FIG. 2. (a) Mixing scheme of the three lasers. (b) Top view of
the MOT setup. Figure abbreviations: A, anti-Helmholtz coil; D, Rb
dispenser; DM, dichroic mirror; F, electric feedthrough; FWC, four-
way cross; G, glass chamber; GV, all metal gate valve; H, 1/2 wave-
plate; I, iris; M, mirror; MA, mask; PBS, polarizing beam splitter; Q,
dual A/4 wave-plate. The 780-nm and 420-nm beams are shown in
red and blue, respectively.

single-mode operation and the wavelength of the 420-nm laser
using a wavelength meter (make: Highfinesse GmbH, model:
WS7-60).

The second part of the blue beam is passed through another
AOM at +46.75 MHz and its first-order beam is sent to the
mixing scheme as shown in Fig. 2(a) after expanding it by
10 times. This AOM is used for switching the blue beam on
and off and varying its power. An iris is used for changing the
diameter of the blue beam (¢p).

Polarization spectroscopy is employed for the two IR
laser’s frequency stabilization, as described in Ref. [9]. The
IR MOT laser is locked to the 551/, FF =2 — 5P3p, F =
(2, 3) crossover peak and the IR repumper laser is locked to
the 581, F =1 — 5P, F =1 peak. Other parts of the
IR MOT and repumper lasers are sent through two different
AOMs at +123.5 MHz and 4150 MHz, respectively, to ad-
dress the 551,2, F =2 — 5P;pp, F =3 and 5810, F =1 —
5P3), F =2 transitions. The first-order diffracted beams are
then expanded 10 times individually and sent to the mixing
scheme, as shown in Fig. 2(a).

On the path of the IR MOT beam, a circular mask (MA)
is introduced so that a hollow core of diameter ¢gp,; can be
created inside the IR MOT beam. IR beams are then mixed on
a polarizing beam splitter (PBS) and made the same polarized
using another PBS and a half-plate. The vertical polarized
beam from the PBS is mixed with the vertical polarized blue
MOT beam using a dichroic mirror and made co-propagated,
as shown in Fig. 2(a). The other two arms of the MOT
beams with the same polarization are generated from the
horizontally polarized beams from the PBS using two half
wave-plates, two PBSs, and two dichroic mirrors (not shown
in the schematics for simplification). All the beam’s maximum
diameter is limited to 16 mm due to the limitation set by
the maximum diameter of the half wave-plates used in this
experiment.

Three arms are then made circularly polarized using
dual quarter wave-plates, sent to the rectangular glass MOT
chamber, and retroreflected back using a combination of
dual quarter wave-plates and mirrors [as shown in Fig. 2(b)].
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The configuration of the MOT setup is the same as that in
Ref. [9]. Atomic Rb vapors are introduced into the chamber
by passing 2.15-A electric current to a dispenser (AlfaSource
AS-Rb-0090-2C) inside the glass chamber.

The absorption imaging technique is used to capture the
image of the atomic cloud on a CMOS camera (Thorlabs,
CS135MUN) using an imaging beam. The imaging beam is
5 MHz red detuned from the 58, F =2 — 5P, F =3
transition. It is generated using a double-pass AOM and is
coupled to a single-mode fiber. The camera’s exposure time
is 100 ps, and the imaging beam is turned on for 52 us during
the imaging cycle. The temperature of the cloud is determined
from the time-of-flight method [18].

III. THEORY

We have observed in the experiment (described in Sec. V)
that the size of the blue MOT beam should be bigger than
the size of the hollow core (spot) in the IR MOT beam for
loading a higher number of atoms. This implies that there
is an overlapped region for the two lasers and hence both
transitions are driven simultaneously in this region. In order
to analyze the cooling mechanism in the presence of both
transitions, we use the density matrix approach in one dimen-
sion. We consider that two (counterpropagating) laser beams
are driving the transition [1) (5812, F =2) — [2) (5P3,
F = 3) at 780 nm and two (counterpropagating) laser beams
are driving the transition [1) (5812, F =2) — [3) (6P3,
F =3) at 420 nm.

The Hamiltonian (H) for the three-level system can be
written as

H = — 155]2)(2] — 15513) (3
QL RQL st s
+[ {752 + el

+ {hQTz + %eiwgﬂsg)z

> > }ll)(3| +H.c.i|. (1)

Here 877 and 8 are the detuning of the 780- and
420-nm laser beams propagating in the positive (negative)
direction, respectively. For the atoms moving in the positive
direction with velocity v, 8}, = 812 — kiov, 85 = 813 — ki3,
5;2 = 812 + kv, and 5;3 = 813 + ki3v. Here, k1 = 27 /780
nm and k3 = 27 /420 nm, and §;, and §;3 are detuning of the
780- and 420-nm lasers for stationary atoms. Q, = Qp, =
Q> and Qfg = Q; = Q3 are the Rabi frequencies of the
780- and 420-nm lasers.

The atom-field interaction is described by writing the
Liouville-von Neumann equation for the density matrix [24]
as follows:

P Lt 1+ L(p) @
F7E > P P)s

where p is the density matrix and L(p) accounts for the
spontaneous decay. The equations of motion of the density
matrix are obtained by solving Egs. (1) and (2). Since the
Hamiltonian has harmonically oscillating terms at two dif-
ferent frequencies, Floquet expansion for the density matrix

elements is used as follows (similar to Refs. [24,25]),

00 00
;Oij(t) — Z Z i(‘;n,n)(t)ei(mA1+nA2)t’ (3)

m=—0o0 n=—00

where Ay = —2kj213)v. The Floquet expansion is truncated
up to second order and substituted in the density matrix
equations, and coefficients of the same power in (mAj, nA,)
are compared to obtain the simultaneous differential equa-
tions and then numerically solved to find all the coefficients.

The absorptions of the 780-nm laser beam propa% ting in
positive and negative directions are given by Im(plz’m ) and
Im(pg‘o)), respectively, and similarly for the blue beams the
absorptions are given by Im(,oig’o)) and Im(pfg’l) ). All other
coefficients denote the wave mixing. Here Im{.} denotes the
imaginary part. The damping force on the atoms in the pres-
ence of the two lasers can be given as

Faamp = R[k12Q12 Im(ﬂ)g'o) - Pg’o))
+ k13Q13 Im(pig”“) - Pg’l))]- “4)

The force, Fyamp/(fk12I712), vs velocity, kv /T, is plot-
ted in Fig. 3(a). The parameters used for this plot are
812/T12 =6813/T13=—1/2 and I/l =1/10 for both the
lasers. Here, I'1p(13 is the linewidth of the 780- (420-) nm
transition and I; is the saturation intensity. The red dashed
(blue dotted) line corresponds to the force in the presence of
only the 780- (420-) nm laser. The black solid line represents
the net force in the presence of both lasers. For very low
velocity, Fgamp = —Bv, where 8 is known as the damping
coefficient. From Fig. 3(a), it is clear that B¢ > B730 and
Bazo & Proth, Where Brgou20) is the B in the presence of only
the 780- (420-) nm laser and Bpom is the B in the presence of
both the lasers. This implies that once the atoms are cooled by
the IR laser in the outer region and enter into the overlapped
region of the IR and blue lasers, then the atoms are further
cooled down dominantly by the blue laser.

The diffusion coefficient in the presence of both the driving
lasers can be given as

D — [0 Im(p + p(L9)
+ k5 Qi Im(p3” + o3 ")]. )

The diffusion coefficient, D/ (lik12)* T2, VS velocity,
kiov/T'12, plot is shown in Fig. 3(b) for the same param-
eters as in Fig. 3(a). Two-dimensional color plot of force
vs position and velocity for two spot sizes of 3 mm and
9 mm at ¢ = 16 mm, Qi = ['12/v/2, Qi3 = ['13/3/2, 812 =
—10 MHz, and 8,3 = —7 MHz are shown in Figs. 3(c) and
3(d), respectively. The IR transition has a stronger damping
force as compared to the blue transition. The larger spot size
reduces the region/area of the stronger damping force and
hence reduces the number of atoms in the blue MOT.

Then the effective temperature is found using the Einstein
relation, T = D(0)/Bkg, where D(0) is the diffusion coeffi-
cient at zero velocity and kg is the Boltzmann constant [26].
The temperature vs intensity of the 420-nm laser (lspg) is
plotted in Fig. 4 for various intensities of the 780-nm laser
(I730) at 812/T'12 = 813/T13 = —1/2. In the absence of the
780-nm laser (dark blue line at the bottom), T decreases
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FIG. 3. (a) Force, F, and (b) diffusion coefficient, D, vs ve-
locity plot at 812/, = 813/I"13 = —1/2 and 1/I; = 1/10 for both
the lasers. The red dashed line, the blue dotted line, and the black
solid line correspond to F' [in panel (a)] and D [in panel (b)] in
the presence of only the 780-nm laser, only the 420-nm laser, and
both lasers, respectively. Two-dimensional color plot of force vs
position and velocity for two spot sizes of (¢) 3 mm and (d) 9 mm
at ¢p = 16 mm, Q1> = T'in/v2, Qi3 = T13/v/2, 81, = —10 MHz,
and §;3 = —7 MHz. ky, is the magnitude of the wave vector of the
780-nm laser and I'y, is the linewidth of the IR transition.
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FIG. 4. Temperature vs intensity of the 420-nm laser at various
intensities of the 780-nm laser.

linearly with the decrease in Iy and reaches the Doppler
temperature (7p) corresponding to the blue transition, given
by hl'y3/2kg = 34 puK. Note that Tp at 780 nm is ~150 pK.
As the intensity of the IR laser increases in the absence of the
blue laser, the T also increases. However, T decreases in the
presence of the 420-nm laser, as shown by the light blue (dark
gray) curve in Fig. 4. For fixed IR laser intensity, T initially
decreases with an increase in I, reaches a minimum, and
then increases with a further increase in I4,9. We also observe
experimentally that the temperature of the IR MOT decreases
from ~1 mK (in the absence of the blue laser) to ~400 uK
(in the presence of the blue laser at Ay = —3 MHz). Thus, in
the overlapped region, the laser driving the narrow linewidth
transition further reduces the speed of the atoms (than the
outer region) before it reaches the core region where only
the laser driving the narrow linewidth transition is present.
This suggests that the overlapped region in the broad and
narrow linewidth transitions affects the continuous loading of
the atoms in the narrow-line MOT and eventually the number
of atoms in the blue MOT.

Note that for low intensities (in comparison to saturation
intensities) of 780- and 420-nm laser beams, the V systems
behave as two separate two-level systems (|]1) — |2) and
[1) — 13)). The T for very low intensity of the 780- and
420-nm lasers is given as

Tr = i Tiasikh+T skl . (6)

2kp S12k122+513k123

Here, s12(13) is the saturation parameter of the 780- (420-) nm
laser.

IV. RESULTS AND DISCUSSION

Initially, the diameter of all the beams is kept at a maxi-
mum, i.e., 16 mm. The diameter of the spot introduced in the
core of the IR MOT beam is ¢spor = 6 mm and superimposed
with the blue beam. The total power of the IR MOT, repumper,
and blue MOT beams is 50 mW, 13 mW, and 25 mW, re-
spectively. Detuning of the respective lasers is —10 MHz, —7
MHz, and —7 MHz, respectively. A magnetic-field gradient
(B') of 12.6 G/cm is produced using an anti-Helmholtz coil.
We observe that the number of atoms in the blue MOT (N)
saturates to 1.2 x 108, and its loading time is 2.5 s.

We study the effect of detuning of the blue laser (Ap) on
N at three different magnetic-field gradients. The blue laser’s
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FIG. 5. Number of atoms (V) vs (a) detuning (Ap) and (b) power
(Pg) of the blue laser at three different magnetic-field gradients:
9 G/cm (orange traingle), 12.6 G/cm (blue circle), and 18 G/cm
(green diamond). In panel (a), Pg =25 mW. In panel (b), Ay =
—7 MHz. In panels (a) and (b), ¢ = 16 mm and ¢, = 6 mm.

power (Pg) is 25 mW. As shown in Fig. 5(a), N increases
slightly to 1.2 x 10% at 12.6 G/cm when Ay is changed from
—10 MHz to —7 MHz. When Ap is further varied towards
resonance, N decreases, and the MOT disappears. When the
magnetic-field gradient is increased (decreased) to 18 G/cm
(9 G/cm), N decreases (increases).

Next, we vary the power of the blue laser (Pg) at Ap =
—7MHz (i.e., Ap = —5T"13) and study its effect on N at three
different magnetic-field gradients, as shown in Fig. 5(b). At
18 G/cm (green diamond), with the increase in Pg from 2.5
to 10 mW, N increases to 6 x 107 and saturates with further
increase in Pg. Similar trends are observed for 12.6 G/cm
(blue circle) and 9 G/cm (orange triangle). However, Py for
N to reach saturation increases with an increase in magnetic-
field gradients.

We then switch off the IR MOT beam and optimize the blue
MOT beam to decrease its temperature by lowering its power
to 5 mW and changing its detuning to —3 MHz. After a hold
time of 20 ms, the blue MOT beam and the magnetic field are
switched off. We measure the temperature of the blue MOT to
be around ~90 uK.

To study the effect of the diameter of the blue beam (¢p),
we measure N at different ¢p. Figure 6(a) shows the N vs ¢p
data for the 6-mm diameter of the spot (¢spo). We observe
that, with an increase in ¢ from 4 mm to 8 mm, N increases
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FIG. 6. Number of atoms (/) in the blue MOT vs diameter of the
(a) blue beam (¢5) and (b) spot (Pspor). In panel (a), pgpoy = 6 mm. In
panel (b), ¢p = 16 mm.
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FIG. 7. (a) Number of atoms () in the blue MOT vs hold time
(ty) for different diameters of the blue beam. The solid lines in panel
(a) are exponential fits to the N vs t5 data. (b) Lifetime (7) of the
blue MOT vs diameter of the blue beam (¢5). In panels (a) and (b),
¢spor =6 mm and B’ = 12.6 G/cm.

from 4.5 x 107 to 1.1 x 10%. With further increases in bs,
there is no significant improvement in N. A similar trend is
observed for the spot size of 3 mm. We observe that for better
loading of the continuous blue MOT, the diameter of the blue
beam should be bigger than the diameter of the spot.

Next, we study N at three different diameters of the spot.
Figure 6(b) shows the variation of the N vs ¢ data for
the 16-mm diameter of the blue beam (¢p). When ¢gpoc is
increased from 3 mm to 6 mm, we observe a slight increase
in the number of atoms in the blue MOT to N = 1.2 x 108,
With a further increase in ¢gpo to 9 mm, N significantly drops
to 8 x 107. Although N corresponding to0 @gpor = 3 mm is
slightly lower than that with ¢ = 6 mm, the lifetime of the
blue MOT with ¢, = 3 mm is around 3 times lower than the
lifetime with ¢g,q = 6 mm. The number of atoms in the MOT
is decided by the loading rate and loss rate (lifetime). The IR
transition has a stronger damping force as compared to the
blue transition. The larger spot size reduces the region/area of
stronger damping force [as shown in Figs. 3(c) and 3(d)] and
hence reduces the number of atoms in the blue MOT. Smaller
spot size increases the stronger trapping region but reduces
the lifetime of the blue MOT and hence there is a slight
decrease in the number of atoms in the blue MOT as shown
in Fig. 6(b).

We further study the effect of the diameter of the blue beam
(¢) on the lifetime (7) of the blue MOT. First, we measure N
at different hold times (¢z) of the blue MOT and fit the N vs
ty data with the following equation: N = Ny x exp (—ty /7).
Figure 7(a) shows the variation of N with 7y at different ¢p
for the blue MOT with a spot size of 6 mm. The solid lines in
Fig. 7(a) are exponential fits to the N vs ty data. Figure 7(b)
shows the corresponding lifetime (t) with ¢5. We observe that
when ¢p is 4 mm, the lifetime of the blue MOT is around
180 ms. It increases to 550 ms when ¢ is increased to 8 mm
and then remains the same even after increasing ¢y to 16 mm.

V. CONCLUSIONS

In summary, we have demonstrated the continuous loading
of ¥Rb atoms in the blue MOT with a typical number of
1.2 x 10® atoms in 2.5 s. The continuous loading of the blue
MOT is achieved by superimposing the blue laser beam inside
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the hollow core (spot) of the IR laser beam driving the broad
transition. In order to achieve maximum loading, the spot size
should be 6 mm for the total diameter of 16 mm for the IR
laser beam and the size of the blue laser beam should be more
than 6 mm. This means that the blue laser beam should overfill
the spot of the IR laser beam. We have also measured the
lifetime of the blue MOT with various diameters of the blue
laser beam and found around 500 ms for a beam diameter
of more than 6 mm. Although we do not see an increased
number of atoms in the continuously loaded blue MOT in
comparison to the IR MOT (in contrast to the Yb core-shell

MOT experiment [19]), this method of continuous loading of
the blue MOT can be useful to produce continuous atomic
beams of cold Rb atoms.
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