Eﬃcient population transfer in a multi-level system using diverging laser beams
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with a divergence matching that of the atomic beam. In
this situation, atoms experience a frequency chirp across
resonance as they pass through the laser beam (Fig. 1).
Furthermore, for suﬃciently large light intensities, this
leads to an eﬃcient and robust population inversion analogous to adiabatic passage used in magnetic resonance
[7]. Adiabatic passage for optical transitions (for a review
see e.g. Ref. [8]) has been previously implemented either
by sweeping the transition frequency via the DC Stark
eﬀect [9] or by directly changing the light frequency [10].
Diverging laser beams have also been used [11–14], but
only to interact with well-collimated atomic or molecular
beams (collimation ratio much less than 1:10).

We investigate a three-step population scheme to eﬃciently
transfer atoms to a particular metastable state of atomic dysprosium, and present evidence of adiabatic passage in the ﬁrst
step. This scheme will be employed in an ongoing search for
parity nonconservation (PNC) in dysprosium. In order to excite a large fraction of the transverse velocity distribution,
laser beams with divergences matched to the atomic beam
are applied in the ﬁrst and second step. The total eﬃciency
of the population transfer is analyzed and the implications for
the PNC work are discussed.
PACS. 32.80.Qk, 32.80.Ys

I. INTRODUCTION

II. POPULATION TECHNIQUE

Recently we conducted a search [1] for atomic parity
nonconservation (PNC) in a pair of nearly-degenerate
opposite parity states in atomic dysprosium (Dy) (relevant spectroscopic properties have been investigated in
Ref. [2]). In addition to the Z 3 enhancement [3] of PNC
eﬀects in neutral heavy atoms (where Z is the atomic
number), this search was motivated by theoretical estimates [4] predicting a substantial enhancement due to
the small energy separation of the opposite parity levels. Unfortunately, despite the fact that the experimental
sensitivity to the PNC matrix element (Hw ) considerably
exceeds that of all other PNC experiments performed to
date (see, e.g., Ref. [5] for a review), no PNC eﬀect was
detected, and an upper limit of |Hw | < 5 Hz (68% C.L.)
was established.
This statistics-limited experiment used pulsed lasers
with repetition rate of 10 Hz, which led to a low eﬀective
duty cycle (∼ 10−4 ). Thus, the goal of the current work
is to increase the counting rate by developing an eﬃcient
population method of the nearly-degenerate states using
cw lasers [6]. Using this method we plan to perform a
PNC measurement with signiﬁcantly improved sensitivity. A detailed discussion of the motivation for such a
measurement was given in Refs. [1,6].
In the PNC experiment, we use a weakly collimated
atomic beam which has a transverse Doppler width
∼ 100 MHz. Thus, light from a collimated, narrow-band
cw laser only interacts with a small fraction of the transverse velocity distribution. One method to increase the
fraction of atoms with which light interacts would be to
broaden the laser spectrum, e.g. using an electro-optic
modulator. Another solution relies upon a laser beam

Three transitions are required to reach the long-lived
(> 200 µs) odd parity state of interest (B) in the current
population scheme (Fig. 2). In the ﬁrst transition, 833nm light excites atoms from the ground state G to state
e. 669-nm light is then used to connect state e to the high
lying state f. The ﬁnal step involves spontaneous decay
from state f to B at 1397 nm, with a measured branching
ratio of .30(9) [6]. The lifetimes of states e and f [6] are
16.5(2.6) µs and 432(5) ns, respectively.
A. Collimated Laser Beam

Consider the interaction of two-level atoms with collimated light, i.e. light whose divergence is much less than
that of the atomic beam. Let Γ0 be the upper state decay
rate back to the ground state. By solving the steady-state
rate equations, the fraction of atoms, n2 , in the excited
state can be found to be (see e.g. Ref. [15]):
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Here P is the time-averaged light power, E is the corresponding electric ﬁeld amplitude, Ps is the saturation
power; d is the transition dipole matrix element, ΓL is
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the laser line width, Γt is the reciprocal of the transit
time across the light beam, and ∆ is the frequency detuning. Here and throughout, h̄ ≡ 1. In the high light
power limit, n2 → 1/2.
For a laser beam propagating perpendicular to the
atomic beam axis, due to the Doppler eﬀect, the detuning a particular atom sees depends upon its transverse
velocity component. To account for this, one takes the
convolution of n2 with the transverse velocity distribution. If this distribution is assumed to be a normalized
Gaussian, D(v):
D(v)dv =
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Here E0 is the amplitude at the origin, w(x) is the
spot size [18], w0 is the spot size at the waist, and
Φ(x, y) is a position dependent phase. These quantities
are related to the Rayleigh range x0 = kw02 /2, the farﬁeld full-divergence angle θ, and the radius of curvature
R(x) = x + x20 /x through the following expressions:
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Let an atom, traveling in the y-direction with a velocity
v, intersect the laser beam axis at x = a ( x0 ) and
t = 0. For light tuned to the transition frequency, the
atom experiences a frequency detuning given by:

where v0 is some characteristic transverse velocity, then
the overall fraction of excited atoms can be approximated
by:
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ñ2 = n2 (κ0 )
ΓD 2

√
Γ0 + ΓL
1
κ0
π −∆2 /Γ2D
= √
e
,
(5)
2 1 + κ0
ΓD
2

∆(t) = −

kv 2 t
dΦ
≈−
.
dt
a

(12)

One can verify that for this geometry, ξ (Eq. 6) is maximal at the center of the beam (t = 0). Thus, for matched
divergences (θ ≈ φ):
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the saturation parameter on
resonance, Γ = (Γ0 + ΓL ) 1 + κ0 is the power broadened line width, and ΓD = kv0 is the Doppler width (k is
the wavenumber). Note that the Doppler width deﬁned
as the full-width at half-maximum
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the literature: ΓD (FWHM)= 2 ln 2 ΓD . For small divergences (φ  1), v0 ≈ vp φ/2 where vp is the most
probable velocity of the atomic beam.
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B. Diverging Laser Beam

(dE0

(13)

where 1/Γt = aθ/v is the the transit time through the
atomic beam. Notice that, as a consequence of using a
cylindrical lens, this expression does not depend upon a.
The power needed to satisfy the adiabatic criterion can
be estimated by setting ξmax = 1. For example, about
30 mW of 833-nm light is required if we take typical
parameters for d = .1 MHz/V/cm, v = 5 × 104 cm/s,
θ = .13 rad, and H = .3 cm for the beam height. These
estimates are conﬁrmed by numerical density matrix calculations [24] and experimental observations described
below.
The ﬁnite lifetime of the excited state imposes an additional constraint upon adiabatic passage: the lifetime
τ must be longer than the time T that it takes for the
inversion process to occur [7]:
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The situation is quite diﬀerent for a diverging laser
beam. If the divergence is larger than that of the atomic
beam, each atom will experience a sweep in light detuning ∆ (Fig. 1) and, thus, almost all atoms will encounter
resonant light at some point as they pass through the
laser beam. Assuming for now, that the excited state
lifetime is inﬁnite, adiabatic passage occurs if the electric ﬁeld amplitude E of the light satisﬁes the following
criterion [16]:
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where Ω = dE and Ω
In our experiment, we use a cylindrical lens to diverge
the beam in the direction along the atomic beam axis (yaxis; see Fig. 1). The electric ﬁeld for such a beam (with
a waist at x = 0 and propagating along the x-direction)
is given by (see, e.g., Ref. [17]):
E(x, y, t) = E(x, y) cos(kx − ωt + Φ(x, y)),

w0 −y2 /2w(x)2
where E(x, y) = E0
.
e
w(x)

(9)

This constraint does depend upon a (through Γt ) and sets
an upper limit on the laser power. Using the parameters
above and a = 1 cm, the time T ≈ .1 µs, which is much
less than the 16 µs lifetime of state e.

(7)
(8)
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C. Magnetic Sublevels

A. Atomic Beam

Although each level considered in this population
scheme has many magnetic sublevels, the adiabatic passage process can be simpliﬁed to the two-level analysis
described earlier. To see this, it is convenient to consider
a basis |Jm in which the direction of linear light polarization is taken as the quantization axis. In this basis,
light only couples sublevels with the same m. As a result, one has a set of two-level systems in which adiabatic
passage occurs independently. For each of the two-level
systems there may be diﬀerent adiabatic criteria, depending upon the dipole matrix element connecting the two
sublevels:

A detailed description of the atomic beam source was
given in [1]. Brieﬂy, the oven operated at about 1500 K
and produced an atomic beam with a density in the laseratomic beam interaction region of ∼ 1010 atoms/cm3 .
In order to maintain this high density over the interaction volume with a large transverse dimension (1.5 cm),
the oven multislit nozzle array and the external collimators were designed to provide only weak collimation.
The measured transverse Doppler width was ∼ 65 MHz
(FWHM) for the 833-nm transition. This corresponds to
a characteristic transverse velocity of 2.7 × 103 cm/s and,
thus, a corresponding divergence angle of ∼ .11 rad.

J  m|d|Jm =

Jm10|J  m
√
J  dJ ,
2J  + 1

(16)
B. Lasers

where Jm10|J  m denotes the appropriate ClebschGordan coeﬃcient and J  dJ is the reduced dipole
matrix element.

Approximately 80 mW of 833-nm light was generated
by a single-frequency diode laser (Sanyo DL8032) with
an external cavity in the Littrow conﬁguration. A fraction of the light output was sent to a wavemeter and
a Fabry-Perot interferometer to monitor the output frequency spectrum. Another portion of the light was sent
to an auxiliary laser-atomic beam interaction region (not
shown in Fig. 3) located ∼ 20 cm downstream from the
main interaction region. Here the ﬂuorescence signal
from a second PMT was used in a feedback loop to lock
the laser on resonance. The power at 833-nm available
in the main interaction region was ≈ 65 mW. The laser
beam had an elliptical cross section with dimensions of
.2 × .3 cm2 (1/e2 level).
To produce 669-nm light, we used a Coherent 599 dye
laser with DCM dye pumped by a 5 W Ar ion laser.
Typical stable output powers were ∼ 100 mW. Although
the laser was locked to a reference cavity, it suﬀered
from frequency instabilities, which eﬀectively broadened
the laser line width from the speciﬁed < 1 MHz to
≈ 8 MHz. Using an iodine absorption cell, the 669-nm
transition was referenced to lines in the vicinity of the
(ν = 6, J = 15) → (ν = 4, J = 14) transition con3 +
necting the ground (X 1 Σ+
g ) and ﬁrst excited (B Πou )
state of I2 [27], where ν is the vibrational and J is the
rotational quantum number. The light power in the interaction region was ≈ 35 mW. The beam was circular
with a diameter of .2 cm (1/e2 level).

D. Overlapping Laser Beams

For a three-level system, eﬃcient population of the
target level was demonstrated employing two collimated
and partially overlapping laser beams selected to excite
two adjacent transitions [19–22]. Full population of this
level occurs when an atom ﬁrst encounters the laser beam
needed to excite the second transition. Such a light pulse
sequence has been called “counterintuitive.” Using the
dressed-atom picture, this process can be explained using arguments similar to the case of two-level adiabatic
passage [23], but in this case the mechanism relies upon
changing light intensities rather than a frequency sweep.
Thus we do not employ the “counterintuitive” pulse sequence in this work.

III. EXPERIMENTAL SETUP

Fig. 3 shows the experimental setup. Two cylindrical lenses, with focal lengths 1.27 cm and 10.0 cm, were
used for each of the 833- and 669-nm beams. They were
mounted on translation stages, allowing the distance between the two light beam axes to be easily varied. Independent control of divergences and focal positions for
both lens systems was achieved by moving the lenses
along rigid tracks. These parameters were calibrated
prior to the experiment with a beam proﬁler placed at
the main laser-atomic beam interaction region. The two
beams perpendicularly intersected the atomic beam axis
and ﬂuorescence was detected by a photomultiplier tube
(PMT). A spherical mirror, placed opposite to the PMT,
was used to improve detection eﬃciency. The 833-nm
laser beam was chopped at 500 Hz and the ﬂuorescence
signal was detected via a lock-in technique.

IV. RESULTS AND ANALYSIS
A. G → e (833-nm) Transition

We chose the 164 Dy line for this investigation because
of its large natural isotopic abundance (28.2%) and the
fact that it is relatively well-resolved in the 833-nm transition spectrum [6,25]. State e mostly decays back to the
ground state with a lifetime of 16.5(2.6) µs. From this,
3

the reduced dipole matrix element was estimated to be
edG = .55(4) ea0 .
Fluorescence at 833 nm was recorded as the 833-nm
laser frequency was scanned across resonance. Both collimated and diverging 833-nm light were used. Fig. 4
shows peak ﬂuorescence as a function of light power for
the two cases. A ﬁt of the collimated beam data to a
function of the form given in Eq. (5) yields an eﬀective
saturation power of P0 ∼ .3 mW. Using a dipole matrix
element averaged over the Zeeman sublevels [26] the laser
line width was determined to be 2.0(5) MHz. Finally, the
fraction of atoms in state e, for 65 mW of collimated light,
was found to be 15(5)%.
We diverged the laser beam by putting in the lenses.
The light power reaching the interaction region decreased
to 50 mW due to reﬂections oﬀ the lens surfaces. The
divergence was .06 rad (FWHM) and the atomic beam
crossed the laser beam at 1 cm from the focal spot. With
the lenses, the peak signal increased by about a factor of
5, which means that the fraction of atoms transferred
into state e was > 50%.
We further investigated this transition by using the
669-nm transition to probe the population of atoms in
state e. Collimated, low-power (∼ 5 mW, κ0 = .5) 669nm light interacted with atoms .1 cm downstream from
the 833-nm beam, whose frequency was locked on resonance. The 669-nm light frequency was scanned and
ﬂuorescence from state f in the 743-nm channel was detected (see Fig. 2).
The peak ﬂuorescence approximately doubles with the
introduction of the diverging laser beam. This is a clear
signature of adiabatic passage for atoms near the center of the transverse velocity distribution. The overall
fraction of atoms excited to state e is 50(20)%, which
is limited by the fact that atoms at the periphery of the
transverse velocity distribution are excited less eﬃciently:
the adiabatic criterion (Eq. (6)) is not fully satisﬁed for
atoms moving with large angles with respect to the beam
axis since they go through resonance where the light intensity is not maximal.
Fig. 6 shows the 743-nm peak ﬂuorescence as a function
of 833-nm light power. It clearly indicates that we are
currently limited by the 833-nm light power and suggests
that one would need to increase the 833-nm light power
by a factor of 2 (∼ 100 mW) in order to eﬃciently excite
atoms in all transverse velocity components.

30(9)%).
Fig. 7 shows 743-nm peak ﬂuorescence with lenses in
both beams as a function of the divergence angle of
the 669-nm beam. This signal is proportional to the
fraction of atoms excited from state e to f. The maximum of the curve is a factor of ∼2 larger than for
the case of zero divergence (without lenses). To understand this increase, we must consider the widths of the
excited distributions for each case. For the case without lenses, the width of atoms excited is determined
by the power broadened linewidth of the 669-nm transition (∼ 20 MHz (FWHM)). With lenses, the 669-nm
transition excites all of the atoms that had been excited by the 833-nm light. The corresponding width is
∼ 40 MHz (FWHM) (see Fig. 5). Thus, the factor of
∼ 2 increase in the signal is due only to the ratio of
these two widths. Using appropriate steady-state rate
equations, the fraction of atoms excited from state e to
state f, without lenses, was found to be > 40%. Thus,
with lenses, this fraction becomes > 80%.
If we had enough 833-nm power to excite the entire
transverse Doppler distribution in the ﬁrst step, as one
can see from the signal decrease (Fig. 7) for 669-nm beam
divergences > .05 rad (FWHM), a factor of 2-3 more 669nm power would be necessary to maintain high second
step excitation eﬃciency for all atoms.

V. DISCUSSION

A method of eﬃcient population of state B, the odd
parity state of interest for a PNC search in atomic dysprosium, has been developed. This method uses diverging cw laser beams to achieve population transfer over
a large fraction of the transverse atomic velocity distribution. The overall population eﬃciency of state B is
∼ 12% found by multiplying together the eﬃciencies in
all three transitions: 50% for the 833-nm transition, 80%
for the 669-nm transition, and 30% for the spontaneous
decay branching ratio from state f to state B. For the
833-nm transition, a substantial portion of the transverse
velocity distribution underwent adiabatic passage. Further improvements are possible by increasing the power
of the lasers used and by utilizing a laser at 1397-nm to
induce the f → B transition.
The achieved population eﬃciency translates into
∼ 103 times higher counting rate compared to the pulsed
PNC experiment [1]. With a similar technique and a total integration time of 20 hours, this should allow us to
reach a statistical sensitivity to the weak matrix element
of ∼10 mHz. Somewhat diﬀerent schemes for a PNC
measurement, which take advantage of the ﬁnite width
of the states, have been recently considered theoretically
in Ref. [29].
As a ﬁnal note, we point out that the unique physical situation available in dysprosium: a pair of longlived states of opposite parity, whose separation can be

B. e → f (669-nm) Transition

Although the 669-nm laser beam was also made to diverge, conditions for adiabatic passage are not fully satisﬁed because the lifetime of state f (432(5) ns) is comparable to the inversion time (T ≈ 100 ns; see expression (15)). Nevertheless, state B is still eﬃciently populated because atoms, once excited to f, decay to B with
high probability (the branching ratio from state f to B is

4

arbitrarily adjusted by applying a small magnetic ﬁeld,
can also be used in a variety of applications beyond
the PNC work. As demonstrated in the present work,
these levels can be eﬃciently populated by cw lasers.
One particular example, is the possibility of achieving
electromagnetically-induced transparency (EIT) [30] in a
dc-electric ﬁeld. EIT in adjacent radio-frequency transitions (which can be used to obtain an order of magnitude
narrower rf line widths than those in Ref. [2]) could also
be possible.
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FIG. 3. Experimental setup (shown not to scale): a) atomic
beam produced by an oven source at T=1500 K; b) atomic
beam collimators; c) cylindrical lenses to diverge laser beams;
d) spherical mirror to improve light collection eﬃciency; e)
interference ﬁlter(s).

FIG. 1. Atomic beam intersecting a diverging laser beam,
with divergence θ. R is the distance from the laser beam waist
to the axis of the atomic beam. As atoms traverse the laser
beam, they see a frequency sweep in laser detuning which, for
suﬃcient light power, leads to adiabatic passage.

FIG. 4. 833-nm ﬂuorescence dependence upon 833-nm
laser power. The laser is tuned to resonance. Circles: zero
beam divergence (without lenses); squares: a beam divergence
of .06 rad (FWHM). Dotted curve: ﬁt to a function of the form
given in Eq. (5)

FIG. 2. Partial level diagram showing the transitions in the
current population scheme. Solid arrows indicate excitation;
dashed arrows indicate spontaneous decay.
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FIG. 5. 743-nm ﬂuorescence curves obtained w/o lenses
(circles) and w/ lenses (squares) in the 833-nm beam. The
divergence was .05 rad (FWHM). Solid curve: transverse
Doppler distribution of atoms.

FIG. 6. Peak ﬂuorescence in the 743-nm channel as a function of 833-nm laser power for the case w/o (circles) and w/
(squares) divergence in the 833-nm laser beam. Fluorescence
is observed by probing with a low-power (≈ 5mW, κ0 = .5)
669-nm beam. For the case w/ lenses, the 833-nm laser divergence is .10 rad (FWHM). The dotted curve is a ﬁt to a
function of the form given by Eq. (1)

FIG. 7. Peak ﬂuorescence in the 743-nm channel as a
function of 669-nm laser divergence. 833-nm laser beam
divergences are .06 rad (FWHM) (circles) and .04 rad
(FWHM)(squares).
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