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Optical double-resonance cooled-atom spectroscopy

T. Loftus, J. R. Bochinski, and T. W. Mossberg
Oregon Center for Optics and Department of Physics, University of Oregon, Eugene, Oregon 97403
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We demonstrate that laser cooling, combined withV-scheme optical double-resonance spectroscopy, pro-
vides a sensitive means to measure isotope shifts and hyperfine splittings. Our technique is illustrated using the
398.8-nm (6s2)1S0-(6s6p)1P1 and 555.6-nm (6s2)1S0-(6s6p)3P1 transitions in a neutral ytterbium atomic
beam having natural isotopic composition. With a precision comparable to existing approaches, our unique
method has enabled the most complete single-technique survey to date of the1S0-1P1 isotope shifts and
hyperfine splittings.
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Merging laser cooling and high-resolution spectroscop
rapidly becoming a powerful strategy for a variety of ne
spectroscopic experiments. The Doppler-free environm
afforded by magneto-optical traps~MOT’s! has, for example,
recently enabled absorption measurements directly link
quantum interference to optical gain without population
version in driven three-levelV-scheme systems@1#. Addi-
tionally, the most accurate determination ofany visible
single photon atomic transition frequency@2# was recently
realized using phase coherent measurements of the cal
1S0-3P1 transition in a1S0-1P1 MOT. Moreover, laser cool-
ing has opened new avenues for hyperfine structure and
width measurements of one- and two-photon transitions
alkali metals@3#.

V-scheme optical double-resonance spectroscopy
been used to simplify complex molecular fluorescence
absorption spectra and explore state-changing inelastic
lecular collisions@4#. In the simplest rendition of this tech
nique, selective manipulation of ground-state populatio
with a pump laser and observations of modulated pro
induced fluorescence allows identification of transitions t
share common ground states. We present an alternative
mulation of this technique that utilizes a fixed frequen
cooling laser on the pump transition to selectively depo
late velocity classesin an atomic beam. This enable
through weak probe fluorescence spectra from acoupled
transition, measurements of the pump transition isoto
shifts and hyperfine splittings. Specifically, longitudinal las
cooling is applied to an atomic beam composed of two
more isotopes whose Doppler-broadened resonance freq
cies~Doppler profiles! overlap on the cooling transition. Fo
a fixed laser frequency, this step generatesholes in the ve-
locity profiles of several isotopes~the atoms are decelerate!
whose spectral locations are proportional to the pump tr
sition isotope shifts and hyperfine splittings. These ho
and thus the pump transition frequency shifts, are meas
by observing probe-induced fluorescence spectra from
coupled transition on which Doppler profiles for the differe
isotopes are well resolved. This novel approach elimina
the need for Doppler-free measurements inherent to o
experimental methods@5–9#.

Figure 1~a! depicts the two transitions used to demo
strate our technique. The 398.8-nm (6s2)1S0-(6s6p)1P1
and 555.6-nm (6s2)1S0-(6s6p)3P1 ytterbium ~Yb! transi-
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tions shown have enabled laser cooling of Yb atomic bea
@10#, magneto-optical trapping of single Yb isotopes@11–
13#, simultaneous trapping of Yb isotope pairs@14#, new
methods for probing the static and dynamic properties
magneto-optical traps@12#, and are ideally suited to the ex
periment described here. Specifically, on the1S0-1P1 transi-
tion longitudinal atomic beam Doppler profiles for the va
ous isotopes significantly overlap@see Fig. 1~b!# while on the
1S0-3P1 transition these profiles are well resolved@see Fig.
1~c!#. Additionally, the 1S0-3P1 isotope shifts and hyperfine
splittings have been measured extensively@6# and Yb can be
efficiently laser cooled using the1S0-1P1 transition. Signifi-
cantly, these properties have allowed us to perform the m
complete single-technique survey to date of the1S0-1P1 iso-
tope shifts and hyperfine splittings and, in addition, to p

FIG. 1. ~a! Partial Yb energy level diagram showing transitio
relevant to the experiment. Note that the1S0-1P1 transition is not
radiatively closed@11#. ~b! Trace i ~trace ii ! is 1S0-1P1 probe-
induced atomic beam fluorescence~gas cell saturation spectra!. ~c!
Trace i ~trace ii ! is 1S0-3P1 probe-induced atomic beam fluore
cence~gas cell saturation spectra!. nb (np) 398.8-nm~555.6-nm!
probe beam frequency; SST, saturation spectrometer transmis
CO, crossover resonance. Note that for~b! and~c!, tracei, the probe
lasers intersect the atomic beam at 45°. The inverted CO obse
in ~b! is due to optical pumping in the173Yb 1S0 (F55/2) ground
state@15#. In ~c!, velocity profiles for a given isotope appear to th
left of the corresponding Lamb dip.
©2001 The American Physical Society02-1
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form the first spectral position measurement of the173Yb
1S0(F55/2) –1P1(F57/2) transition.

The Yb atomic beam used for the experiment~see Fig. 2!
is generated with an effusion oven~5-mm-diam nozzle! and
collimated with a skimmer~6 mm diameter, located 70 cm
from the nozzle!. A single heater maintains the oven bod
and nozzle at 470 °C. Fluorescence from the observation
gion ~1-cm2 cross section, 90 cm downstream from t
nozzle! is orthogonality imaged onto a photomultiplier tub
~PMT! sampled by a digital oscilloscope~500-ms overall
system response time!. A 555-nm bandpass filter~;10-nm
bandpass width! placed in front of the PMT allows selectiv
detection of the 555.6-nm fluorescence. Vacuum levels d
ing the experiment are,1028 Torr.

The collimated 398.8-nm cooling laser, generated

FIG. 3. ~a! Simplified energy-level diagrams for two isotopesA
andB whose cooling~pump! rest frame transition frequencies~nA

b

and nB
b , respectively! are separated by a frequency shiftdAB

b

5nA
b-nB

b . ug&, ground state;ueA& (ueB&), excited state for isotope
A(B). ~b! Due to overlapping Doppler-broadened resonance
quencies,A and B are simultaneously decelerated by a fixe
frequency cooling laser, frequencynL . Here uA5lb(nA

b-nL) @uB

5lb(nB
b-nL)# is the initially resonant velocity class for isotop

A @B# wherelb5c/nA
b.c/nB

b is the wavelength of the cooling tran
sition and the length of the arrows aboveuA anduB represent their
relative magnitude.~c! Dashed~solid! lines are the velocity profiles
for isotopeA andB before~after! they traverse the slowing region

FIG. 2. Schematic diagram of the experiment. RDL, ring d
laser; Ti:S, Ti:sapphire laser; FD, resonant frequency doubler;
mirror; DBS, dichroic beamsplitter; PMT, photomultiplier tub
BPF, bandpass filter; A, aperture; L, lens.
02340
e-

r-

y

resonantly frequency doubling the output of a Ti:sapph
~Ti:S! laser in an external buildup cavity~FD! has a 1/e2

intensity diameter of 4 mm, contains 15 mW of power, a
travels antiparallel to the atomic beam. The weak, collima
555.6-nm probe beam is produced by a ring dye laser~RDL!,
has a 1/e2 intensity diameter of 3 mm, and is adjusted, usi
a dichroic beam splitter~DBS!, to nearly copropagate with
the cooling laser. Separate saturation spectrometers pro
frequency markers for the1S0-1P1 and 1S0-3P1 transitions.

In Fig. 3~a!, we depict simplified energy-level diagram
for two isotopesA and B, whose cooling~pump! transition
rest frame frequencies~nA

b and nB
b , respectively! are sepa-

rated by a frequency shiftdAB
b 5nA

b2nB
b . Assuming overlap-

ping longitudinal Doppler profiles, velocity classuA

5lb(nA
b2nL) for isotopeA @uB5lb(nB

b2nL) for isotopeB#
will initially be resonant with, and hence slowed by, a fixe
frequency, counterpropagating cooling laser, wherenL is the
cooling laser frequency,lb5c/nA

b.c/nB
b is the cooling tran-

sition wavelength,c is the speed of light, andnL,nB
b,nA

b

@see Fig. 3~b!#. Figure 3~c! depicts the resulting velocity dis
tributions after the atoms have traversed the slowing reg
Due to the slowing process, ahole at velocity uA (uB) is
generated in the velocity distribution for isotopeA ~B!. These
distributions are measured using probe-induced fluoresce
spectra from a coupled transition, wavelengthlg5c/nA

g

.c/nB
g , where the velocity profiles are well resolved and t

rest frame transition frequencies forA and B ~nA
g and nB

g ,
respectively! are separated by a shiftdAB

g 5nA
g2nB

g . Due to
the depletion of atoms atuA anduB , dips will appear in the
fluorescence profiles at frequenciesnA

d andnB
d , respectively.

Taking the frequency differenceDAB
d 5nA

d2nB
d ,

DAB
d 5dAB

g 2~1/lg!~uA2uB!5dAB
g 2~lb /lg!dAB

b . ~1!

-

FIG. 4. Typical 555.6-nm fluorescence spectra observed for
different cooling laser detunings. For~a! @(b)#, DL5n174

b -nL , is
130 MHz @1100 MHz# wheren174

b is the 174Yb 1S0-1P1 resonance
frequency. In each, tracei ~traceii ! is the spectra observed when th
cooling laser is on~off!. np (n174

g ) is the probe~174Yb 1S0-3P1 rest
frame transition! frequency. Slowed-atom peaks are labeled by
corresponding isotope. For171Yb and173Yb, the numbers in paren
theses are the total angular momentum quantum numberF of the
relevant1P1 excited state.
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TABLE I. Summary of the measured1S021P1 isotope shifts and hyperfine splittings. For
comparison, we include previously reported values.

Isotope

Shift relative to174Yb ~MHz!

This work Ref.@7# Ref. @8# Ref. @9#

168 1870.2~5.2!
170 1175.7~8.1! 1172.5~5.7! 1195.0~10.8! 1158.9~8.1!
171 (F51/2) 1151.4~5.6! 1136.2~5.8!
171 (F53/2) 832.5~5.6! 834.4~4.0!
171 ~centroid! 938.8~4.2! 935.0~3.3! 943.7~6.4! 923.4~3.0!
172 527.8~2.8! 530~4.0! 530.2~5.6!
173 (F57/2) 578.1~5.8!
174 0 0 0 0
176 2507.2~2.5! 2509.4~4.0! 2469.2~2.7!
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Solving for dAB
b ,

dAB
b 5~lg /lb!~dAB

g 2DAB
d !. ~2!

Thus, varyingnL , measuringDAB
d , and using previously re

ported values fordAB
g determinesdAB

b for two, or more gen-
erally, several isotopes. Note that for a significant range
cooling laser intensities, the width of the holes in the veloc
distributions decreases as the cooling laser intensity
creases while thehole visibility ~number of slowed atoms!
does not@15,16#. Consequently, the precision with whic
dAB is determined from single measurements ofDAB

d , set in
part by the hole width and visibility,increasesas the cooling
laser intensity decreases.

In Fig. 4~a! @Fig. 4~b!#, we plot typical 555.6-nm fluores
cence spectra observed when the 398.8-nm cooling lase
tuningDL5n174

b 2nL is 130 MHz@1100 MHz# wheren174
b is

the 174Yb 1S0-1P1 resonance frequency. In the figure,np

@n174
g # is the probe@ 174Yb, 1S0-3P1 resonance# frequency.

Trace i @trace ii # is 555.6-nm fluorescence spectra collect
with the cooling laser on@off#. Scans are individually cali-
brated using observed1S0-3P1 saturation spectra and th
most accurate values available for the1S0-3P1 isotope shifts
and hyperfine splittings@6#. Slowed-atom peaks are labele
by the corresponding isotope. For171Yb and 173Yb the total
angular momentum quantum numberF of the relevant1P1
excited state is given in the parentheses. Note that for
171Yb @173Yb# 1S0 ground state,F51/2 @F55/2#. In Fig.
4~a!, simultaneous cooling of five isotopes is demonstra
and the 171Yb F51/2– 3/2 hyperfine splitting is observe
directly. Additionally, 1S0-1P1 shifts and splittings that are
difficult to resolve on this transition, for example
170Yb-171Yb @F51/2# and 172Yb-173Yb @F57/2# @see Fig.
1~b!#, are observed without the complication of overlappi
emission or absorption profiles.

Several sources for error were considered when us
these spectra to determine1S0-1P1 isotope shifts and hyper
fine splittings. The1S0-3P1 shifts, having uncertainties o
approximately 1 part in 1000@6#, produce error both through
the absolute scan calibration and through their use in Eq.~2!,
contributing 1–4 MHz to our error budget. Asymmetries
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the observed velocity distribution holes, caused primarily
spectral proximity to slowed-atom peaks, limits the determ
nation ofDAB

d to ;5 MHz or ;1/10 of the full-width-at-half-
maximum hole width observed here. Note this contributi
to the error could potentially be reduced by using a low
intensity cooling laser, a step that would reduce the h
width to ;20 MHz @16#. Finally, nonlinearity of the probe
laser scan contributes an error equal to a fixed percentag
the frequency separation between a given velocity distri
tion hole and the corresponding1S0-3P1 saturation spectra
feature. This percentage,;0.6%, was determined by direc
ing the probe laser through a Fabry-Perot e´talon and plotting
the frequency marker position versus marker number as
probe laser was scanned.

Table I summarizes our measurements of the1S0-1P1
isotope shifts and hyperfine splittings. Each value, giv
relative to the174Yb 1S0-1P1 rest frame resonance, is th
average of 10–20 independent measurements. The
lg /lb was obtained using experimental values for the t
transition wavelengths@17#. The centroid is defined a
((wF)21(wFDnF where wF5(2F11) and DnF is the
splitting of the state with total angular momentumF. The
uncertainties assigned to each value are standard deviat

TABLE II. Magnetic dipole hyperfine interaction constantA171

for the171Yb 1P1 excited state derived from direct measurements
the 171Yb 1S021P1 (F51/2– 3/2) splitting. For comparison, w
include previously reported values.

A171 ~MHz!

This work Previous work

2211.9~3.1! 2201.2~2.8!a

2213.0~10!b

2211.0~1.0!c

2213.4~3.0!d

2216.3~4.4!e

aReference@7#.
bReference@18#.
cReference@19#.

dReference@8#.
eReference@20#.
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Note that the1S0-1P1 isotope shift for168Yb could not be
measured in the present experiment due to the low nat
isotopic abundance~0.13%! and spectral overlap between th
168Yb, 171Yb, and 173Yb 1S0-3P1 Doppler-broadened reso
nances. We find good agreement with the most recently p
lished work@7,8# except for171Yb (F51/2), which is larger
than the value given in Ref.@7# by 0.7 standard uncertaintie
Additional measurements are required to resolve this
crepancy, although we point out that Ref.@7# achieved higher
frequency resolution~17 MHz compared to the;50-MHz
hole width observed here! and used a laser sideband tec
nique that eliminates scan nonlinearity as a source of er

Table II gives the magnetic dipole hyperfine interacti
constantA171 for the 171Yb 1P1 excited state extracted from
direct measurements of the171Yb 1S0-1P1 (F51/2– 3/2)
splitting @see Fig. 3~a!#. With the exception of the anoma
in
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lously small value given by Ref.@7#, there is good agreemen
between our result and those reported elsewhere@8,18–20#.

Advances in studies of light-matter interactions a
atomic structure can be expected as laser cooling contin
to be incorporated into established high-resolution spec
scopic methods. We have presented a sensitive techniqu
measuring isotope shifts and hyperfine splittings that co
bines laser cooling andV-scheme optical double-resonan
spectroscopy. This method has enabled, with an accu
exceeding 1%, a nearly complete survey of the Yb1S0-1P1
isotope shifts and hyperfine splittings and is well suited
measurements of small frequency shifts.
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