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Laser measurement of the 160-180 isotope shift at optical
frequencies
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We demonstrate the full resolution of isotope shifts in atomic 0 by means of sub-Doppler laser optogalvanic
spectroscopy of 180-enriched samples. The measurements are performed to within a few percent accuracy on four
transitions ranging from 605 to 646 nm and involving excited states. Previously published values from conventional
spectroscopy are either unavailable or are one order of magnitude less accurate and in marginal agreement with our
data.

The fundamental configuration, ls 22s 22p 4 , of atomic
oxygen generates levels coupled by forbidden transi-
tions in the visible, while the first level of the excited
configuration lies at more than 9 eV of energy. Pri-
marily for these reasons the optical spectrum of this
fundamental atom has been elusive to high-resolution
laser investigations until recently. In Ref. 1 it was
demonstrated that excited oxygen atoms could be con-
veniently produced in moderate-power radio-frequen-
cy discharges, and optogalvanic detection allowed the
first optical sub-Doppler laser spectroscopy to be per-
formed. As a consequence this fundamentally impor-
tant atom is now available for precise investigations of
its spectrum. Isotope-shift effects are among those
worth exploring, since the only available experimental
investigation of this effect on atomic oxygen dates
back to more than 35 years ago.2'3

It is well known4 that the isotope shift in an atomic
transition can be written as the sum of the mass and
the field components. The mass effect is the result of
a normal contribution, AVN, which is easily computed 2

and equivalent to that for hydrogenlike systems, and
of a specific contribution, which takes into account
electron cross interactions and is difficult to evaluate
accurately. The field contribution, which originates
from the change in the nuclear charge distribution, is
small for light elements, and its observation is more
likely to occur for a "magic number" nucleus. In fact,
the doubly closed shell isotopes of calcium are the
lightest elements for which deviations from the mass
effect have been unambigously detected.5 The nucle-
us of 160 is also doubly magic, making the investiga-
tion of the isotope effect stimulating. The purpose of
this Letter is to demonstrate the feasibility of accurate
isotope-shift measurements by using a 180-enriched
sample.

In our experimental apparatus, as discussed in Ref.
1, the atom is produced by dissociation of 02 molecules
in a radio-frequency discharge sustained by a noble
gas. The sample is contained in a sealed-off Pyrex
tube (6-mm internal diameter) and placed inside a set
of coils fed by a radio-frequency oscillator. Tunable
radiation from an actively stabilized ring dye laser
(Coherent 699-21) operating with Rhodamine 6G or

DCM is sent through the cell. At resonance the dis-
charge impedance is affected, and it is possible to
detect a change on the feedback signal to the current-
stabilized power supply that feeds the oscillator. This
sensitive optogalvanic scheme6 allows the detection of
excited oxygen atoms that can be produced from 02
only in trace amounts because of the quenching role
played by the molecules.7 Sub-Doppler recordings of
homogeneous line shapes are obtained by splitting the
laser radiation into two counterpropagating beams of
nearly equal intensity. The two beams are chopped at
two different frequencies by the same mechanical
chopper, which provides separate reference signals at
the two frequencies and at the sum frequency. The
latter frequency is used for spectroscopic recordings in
an intermodulated configuration.8

The oxygen transitions used for the present investi-
gation are shown in Fig. 1. They are transitions start-
ing from the first excited triplet or quintet P level,
which is more than 10 eV in energy above the ground
state. As a consequence, the upper levels of the opti-
cal transitions are close to the ionization limit (13.6
eV). Optogalvanic recordings could be performed
with a good signal-to-noise ratio for all the investigat-
ed transitions with neon or argon as gases sustaining
the discharge. The signals, in general stronger for the
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Fig. 1. Partial scheme of some of the lowest excited levels
of neutral atomic oxygen, and the transitions for which we
investigate the isotope shift. The ionization limit is 13.6 eV.
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Fig. 2. (a) Intermodulated optogalvanic recording of the

1601 3p5P3-5s5S2 transition at 645.6 nm as obtained in an 02/

Ar radio-frequency discharge (partial pressures of 0.04/2.3

Torr). (b) The line shape is given by the superposition of a

Lorentzian and a Gaussian showing the separate contribu-
tions of the two curves. (c) The difference between the

experimental curve and the fitted curve (note that the verti-
cal scale is amplified by a factor of 4).

transitions involving quintet states, were larger by
nearly a factor 4 with argon compared with those with
neon. The sensitivity was always high enough to per-

form sub-Doppler measurements in an intermodulat-
ed configuration.

A typical intermodulated spectroscopy recording is
shown in Fig. 2(a) for the 3 p5 P3-5s 5S2 transition at

645.6 nm. The Doppler-free signal is superimposed
onto a broader pedestal that is caused by the velocity-'
changing collisions. In the case of a homogeneous
width -y that is much smaller than the Doppler width
AVD (FWHM), the resulting line shape is given9 by the

sum of a Lorentzian and a Gaussian. The separate
contributions of the Lorentzian and the Gaussian are
plotted in Fig. 2(b), while the deviation of the comput-
ed line shape from the experimental line shape is

shown in Fig. 2(c). The weight of the collisional ped-

estal is given by a factor C = 2(ir log 2)'/ 2 rPy/AvD,

where 3 is the decay rate of the longer effective lifetime
level of the transition and r is its cross-relaxation rate.
In the present experiment the forced use of high no-
ble-gas pressures implies relatively large values of C.

In Fig. 2, C = 0.39, -y = 386 MHz (FWHM), and AVD =

2 GHz (FWHM). The observed homogeneous
linewidth is due primarily to pressure broadening and
power broadening, while the Doppler width, also di-

rectly obtained from the Voigt profile in a single laser

beam interaction, corresponds to a temperature of ap-
proximately 570 K. This value is a little larger than
that obtained' for other transitions sharing a common
lower level but recorded with the use of neon instead of
argon. Below we discuss how for the corresponding

triplet-level transition the Doppler width comes out to
be anomalously larger. However, the Doppler width
of 2 GHz is large enough to mask any isotope effect.
This is illustrated in Fig. 3 for measurements per-
formed with a 180-enriched (-50%) sample. Figures
3(a) and 3(b) refer to the corresponding transition in
Fig. 2, while Fig. 3(c) is from a weaker fine-structure
component. The isotope shift is resolved for both
transitions, and the measured values and those of oth-
er transitions investigated here are given in Table 1.
Within our present experimental accuracy we are not
able to estimate any difference in the isotope shift of
the two fine-structure components originating from
the 5P3 and 5P2 levels. The difference should be of the
order of 10 MHz or less and could possibly be obtained
directly by measuring the fine-structure transition.
This has been done'0 for the ground-state 3P1 _3P2fine-
structure transition at far-infrared frequencies.

For the other quintet transitions, which are multi-
plet at 615.8 nm, the shift could be measured only for
the 5P3- 5D4 component because of the overlap with the
fine-structure states in the 5D level, which is compara-
ble to the isotope effect.' This overlap also reflects on
the worse accuracy of the obtained value.

In Table 1, in addition to the experimental values
and to the much less accurate previously reported
data, we also give the normal mass isotope shift. The
residual effect is determined mostly by the specific
mass effect. To deduce a possible contribution of the
field effect, a further investigation will be necessary
with 170.

To demonstrate the feasibility of a broad spectral
investigation of the isotope effect in oxygen, we per-
formed measurements on the weaker triplet transi-
tions. In particular, we investigated the 3p3Po,2 ,1-
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Fig. 3. Measurements performed using an 18 02-enriched

sample in an 0 2/Ar mixture (0.05/2.3 Torr) with a total laser
power of -400 mW. (a) The Doppler-limited and (b) the

Doppler-free 16,1801 3p5P 3-5s5 S2 transitions at 645.6 nm.
(c) The Doppler-free recording of the other fine-structure
5P2-5S2 component at 645.5 nm.
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Table 1. Measured v18-rI6 Isotope Shift (I.S.) for Various Transitions of Atomic
Oxygena

Wavelength I.S. APN I.S. - AYN I.S.
Transition (nm) (MHz) (MHz) (MHz) (MHz)b

3p 5P3-4d 5D4 615.8 1310 (40) 1844 -534 <900
3p5P3-5s 5S 2 645.6 1160 (20) 1759 -599 <600
3p5P2.-5s 5S 2 645.4 1160 (20) 1760 -600
3p 3P 2-6s 3S1 604.6 1350 (30) 1878 -528

a The values in parentheses are error limits (one standard deviation).
b Ref. 2.
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Fig. 4. (a) Doppler-broadened optogalvanic recording of
the 3p3Po,1,2-6s 3S, multiplet at 604.6 nm. Oxygen in natural
abundance was mixed with argon (partial pressure of 0 2/Ar
= 0.05/3.7 Torr). Intermodulated sub-Doppler recordings
of the 3P2 -3S1 component with (b) oxygen in natural abun-
dance and (a) in an 180-enriched condition (partial pressure
of 0 2/Ar = 0.07/3.7 Torr).

6s3S, multiplet at 604.6 nm. One result, which was at
first surprising, was the observation of an extremely
large Doppler effect when argon was used to substain
the discharge. A Doppler-broadened recording of the
entire multiplet is shown in Fig. 4(a). The large width
prevents observation of three separated components
despite fine-structure splittings in the 3PO,2,1 level of
4.8 (0-*2) and 16.2 (2-1) GHz. In contrast to the
case of quintet transitions, here the line shapes are not
accurately fitted by a Voigt profile. This is probably
due to the superposition of more than one Gaussian,
although a much higher signal-to-noise ratio should be
necessary for a careful investigation of the actual
shape. However, by fitting the isolated 3Pl-3S, com-
ponent to a Voigt profile we obtain a Doppler width of
5.7 GHz, corresponding to a temperature of approxi-
mately 4500 K, i.e., nearly one order of magnitude
larger than that observed for the other quintet transi-
tions investigated in this Letter. This anomalous
temperature can be understood according to the mod-
el discussed in Ref. 11, which explains the peculiar
effects observed in the oxygen laser emission at 844.6
nm (Ref. 12) that shares the 3 P excited level with the

transition at 604.6 nm, as shown in Fig. 1. Our present
technique seems suitable for a wider investigation of
the phenomenon. A study over different oxygen tran-
sitions in which collisional partners are changed could
be performed, and a deeper understanding of the ener-
gy-transfer processes, which are particularly complex
in this case, could be achieved. However, the present
research is devoted to the measurement of isotope
shifts, and this is actually done in the case of anoma-
lously broadened lines. Figure 4(b) shows an inter-
modulated spectroscopy measurement of the 3 P2_3S 1
component for oxygen in natural abundance. In Fig.
4(c) the same measurement is repeated with the 180-
enriched sample. Sub-Doppler signals are recorded
with a large enough signal-to-noise ratio and resolu-
tion to measure the isotope shift, as given in Table 1.

In conclusion, we have demonstrated that it is possi-
ble to investigate systematically the isotope effect in
atomic oxygen over a large variety of transition
strengths and widths. The accuracy of the measure-
ments seems good enough possibly to observe field
effects. For this purpose the extension to 170 will be
necessary in order to separate the specific mass contri-
bution.
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