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PHYSICAL REVIEW A

High-resolution optical spectroscopy of atomic oxyges

M. Inguscio, P. Minutolo, A. Sasso, and G. M. Tino
Dipariimenio di Sciente Fisiche, Universita i Napoli, 30133 Napoli, lialy

VOLUME 37, NUMBER 10

MAY 15, 198

.

Y

{Received § December 1987}

Woe report sub-Doppler laser spectroscopy of stomic oxygen. The stom is detecied ns & Lrace in
& noble-gas radio-frequency discharge by means of oplogalvanic effect. The fina structure of the

200l 12— 29454 Do i e

ioas is fully

ived and preliminary values for the

uppes level spliltings are: A3 =1382(20) MHz, Ay1=1594(20) MHZ, A5, =1360(20) MHz, and
A10™=735(20) MHz The best valucs 30 far derived from coaventional spectrascopy arc one order
of magnitude less sccurate and in marginal sgrocmeal with our dats.

Modern laser techniques, such as saturation or inter-
modulated spectroscopy, have proved to be very cfficient
in ¢liminating Doppler broadening. A multitude of atom-
ic species and transitions have been carefully investigated,
especially after the demonstration of possible combination
with unconventional schemes like optogalvanic detection. !

Atomic oxygen has 3o far been clusive o any high-
tesolution investigation, which on the contrary would be
highly desirable. Indecd, this atom is an important inter-
mediste in fundamenlal physical and chemical processes;
it is the third abundant clement after hydrogen and heli-
wrn, Its spectral feawures, of fundamental interest in the
wpper atmosphere, arc relatively faint in the solar spec-
trum, in part masked by HyQ absorptions, and accurate
Jaboratory measurements could expedite identification.

The lack of high-resolution investigations of oxygen is
caused by the fact that, like for many other light atoms,
the resonance lincs arc in the vacusm ultraviplet (VUIV)
region, where tunable radiation of high intensity and spec-
tral purily is hard 1o produce. The usc of pulsed sources,
which arc well suitable for lifetime measurements? or
time-resolved spectrascopy, is often necessary. However,
the pulsed linewidths limit the precision of the determina-
tion of spectral features.™ The ground-state fine-
structure splittings are the only high-accuracy data avail-
able for oxygen since they could be directly measured at
far infrared frequencics™* where Doppler cffect is negligi-
ble. The very low probability transitions in the red from
the ground state were detected by cw laser intracavity
configuration’ but with no high resolution. Rydberg tran-
silions were observed in the infrared.

In this Rapid Communication, we describe the first
Doppler-free investigation of atomic oxygen. It is per~
formed in the visible and it promises to be a powerful tool
for studying optical Lransitions in oxygen, including those

k13

involving high-lying siates. .

We produce atomic oxygen by dissociation of O moly,
cule in & modcrate power radio-frequency discharg
(about 50 W &1 60 MHz2). The discharge is substained b .
a buffer noblc gas {Ne or Ar) at rather high pressure {4- . |
mbar} with the addition of O3 at low partial pressure |
few parts in 10%), As we shall discuss later, the hig
buffer gas pressure causes significant inhomogeneous v
locily changing effects, but does not prevent sub-Doppli .
resolution with homogeneous linewidths at least one ord™*
of magnitude narrower than the Doppler ones. Tt
discharge sample configuration naturally leads to a dete
tion scheme bused on the change of impedance under res
nant absorption of photons (optogalvanic spectroscopy’
We have studicd the 3p °Py 35— 4d 3Dy 32,10 muitipl
transitions at 616 nm. Nine finc-structure componen
are originated, as shown schematically in Fig. 1.
Doppler-limited spectroscopical investigations, only 1
spiittings of the lower *P state arc sufficicntly large to
tesolved and only three separatcd lines can be cbserved i+ -
6158.19, 6156.78, and 6155.99 A. Indecd, the *P scpari -
tions are known'? with the typical uncertainty of & fe:
hundred MHz.

In our experiment, tunable radiation is provided by 4
actively stabilized rhodamine 6-G ring dyc law
(Cohcrent 699-21). The lascr beam is split into tw.
beams of roughly equal intensity. One beam is chopped *
a frequency of 350 Hz and the other at 490 Hz by ti
same mechanical chopper which provides scparate refc
ence signals al cach of the two frequencics and at the su |
frequency of 840 Hz. The two beams counlerpropaga
through the discharge cell. This is a Pyrex wube 150 m:
long containing the oxygen-noble-gas mixture and place
inside two sets of coils of the same diameter of the cell |
mm). The discharge is maintained by an oscillator fed b

Y

i
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FIG. |. Partial oxygen-atom lcvel scheme with the transitions
:d t demonsirste sub-Doppler sesolution. In the lower part,
: relative oscillator strengths are shown,

current stabilized power supply. At the resonance, the
ange in the impedance of the discharge is recorded with
gh sensitivity by monitoring the change of the feedback
wnal on the stabilized power supply. The laser wave-
1gth is determined by recording the absorption from a I
Ii, while the frequency scan is calibrated by means of
¢ markers from a 300-MHz free spectral range confocal
\bry-Perot interferometer.
A Doppler-broadened recording, obtained blocking one
the two counterpropagating beams, is shown in Fig.
a) for the unresolved triplet 3Py 3Dyy 7 a1 6158.2 A,
~Ne mixture in the ratio of $x 107 for a total pressure
9 mbar was used. The recording signal to noise ratio is
good as 100:1 with a time constant of 1 3.
The fine-structure muitiplets are directly resolved by

FIG. 2. Doppler-broadencd line shape of the *Py— Dy )3
overlapping transitions. In (a) the experimentsl oplogalvanic
recording is reportied. In (b) the experimental recording is fitied
to the existing data from conventional speciroscopy (dashed
line). A better At (solid Yine) is obtained using for the parame-
ters of the three averlapping Gavssians the values directly ob-
tained from the present sub-Doppler investigation.

using the intermodulated scheme of detection' and the re-
suhts are shown in Fig. 3 [or all the components originat-
ing from the P levels. These meusurements were per-
formed using a Oz-Ar {1:45; total pressure 4.6 mbar) mix-
ture. Total signals with Ar were comparable with those
with Ne, but the contrast beiween he Doppler-free con-
tribution and the broad pedestzi was higher. The ob-
served homogeneous linewidth of about 250 MH2 is due
primarily to pressure broadening, while a power broaden-
ing cannot be excluded since the laser intensity could not
be reduced to less than 10 W/em?®. In addition to the

o
3p!\-ld'ﬂ,§ , PR-MY, = IpW—ddm 2
£ 18 . 5
? 0 = g .
1
™ L E ™

FIG. 1. Doppler-ree recording of the oxygen *P—« *.; 1 ¢ transitions at 6155.99, 6156.78, and 6158.19 A using intermodulated

dio-freq pt

¥ OpPRog 4
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fine-structure components, also the associated crossovers
are recorded with comparable intensity. This last festure
seems to be commeon lo measurements in relatively high-
pressure discharge' and it is poasibly suggestive of a con-
tribution of the velocity changing collisions also to the
crossover signals.

A quantitative analysis of the line shapes has been per-
formed fotlowing the model introduced carlier in Ref. 11
and then extended in Ref. 12 to take into account the case
of “wenk” collisions. In the hypothesis of a homogencous
width y much smallcr than the Dappler one Avp, cach in-
termodulated component line shape can be assumed to &
good approximation as the superposition of a Lorenizian
L{v) (Doppler-free signal) and a Gaussian pedestal G{v)
caused by velocity changing collisions:

S=AWL)+CG(W] ()

where S denotes signal, L has the width y and G the width
Avp/v/2, A is a normalization constant, and C represents
the weight of the collisional pedesial. Under our experi-
mental conditions, involving rather high gas pressures, C
is found to range from 0.1 10 0.5.

8y Aiting the experimental data, we obtain values for
the relative pasitions of the maxima only stightly different
(less than 2%) ftom those directly inferred from the
recorded spectra. Moreover, no appreciable deviations
have boen found when the fits have been performed with
Vaigt profiles (7 comparable to Avp) insicad of Gaussian
functions. The *D sublevel scparations in some cases
(c.g., the AJ; ;) can be obtained in two independent ways
from the recordings, using transitions originating from
different *P sublevels. In this case, the internal consisten-
cy is of a few perceni for the individual measurements. By
repealing the measurements several times, also changing
the buffer gas, and fitting all the data we can give for the
fine-structuro splitting the values in Tabls I, with quoted
unceriaintisa of 1 slandard deviation. In genersl, the
present accuracy is belter than 1% except for the O-1 sepa-
ration which can be deduced from only one muitiplet
(6155.99 A) and in addition is the weakes! component of
that multiplet. In Ref. 10 the accuracy is given only for
levels directly measured {120 MHz), while it is not clearly
stated for unresolved fts. The 200-MHz estimaie in
Table | scems to us to be A reasonable assumption.

The comparison with the data from cunventional spec-
troscopy analysis s interesting not only for the improve-
ment in the accuracy but also in view of verifying the as-
sumptions made in that analysis." In order to fit the line
shape to the sum of three overlapping and unresolved
Doppler-broadened Gaussians in Ref. 10, it had to be as-
sumed ihe relative values between the fine-structure inter-
vals in the high *D terma to be the same as for the 3d D,
1he only ones directly observable. The present direct mea-
surements show, for the splitting ratics, a deviation rang-
ing from 2% to 25%. This is stimulating in view of ex-
tending similar mecasurements on even higher D multi-
plets with n =56, . . ., still accessible to dye lasers and in-

TABLE I. Finc-structure splittings in the stomic oxygen
1p(45®)4d ' Dy 214 bevels ns obtained from sub-Doppler spec-
troscopy. For comparison the daia deduced. in conventicnal
spectroscopy are reported. Ralios between sdjecent splittings
are also compared.

Our results . Ref 10
Ay {MHz) f {MHz)
L Y] 1350200 ‘v 720(200}
[.TH) 1360{20) 14691200}
81 1594(20) 1769(200}
Are 1382(20) 1229(200}
A /A1 0.54 ) 0.49
84,1/81) 0.85 ' 083
Az y/Aya 115 1.44

vestigating the actual dependence of the splittings at
present only postulated to be proportional to n =, Also,
the relative intensity of the resolved components is found
to follow the assumptions according to LS coupling'” only
within a few tens of & perceni. The better spectral
knowledge now available can be qualitatively evidenced
also in the Doppler limited measurements that in Fig.
2(b} are fitted using Voigt profile to the previous (dashed
line) nnd present parameters (solid line). The width of
the Gaussians obtained from the fit is about 2 GHz, corre-
sponding to the Doppler broadening at 520 K, and the
Lorentzian contribution to the linewidth results of 230
MHz

Our cxperiment could not improve the accuracy of the
splittings in the *P level because each component position
could only be evalusted relative to Doppler-broadened
iodime lines, used for laser wavelengih calibration.

The prescnt results demonstrate that a.omic oxygen can
be produced in enough amount even .n highly excited
states and still under environmental conditions well suit-
able for high-resolution speciroscopy. Intermodulated
radio-frequency optogalvanic spectroscoyy has been used
for the sub-Doppler recording of 3p°F— 4d*D transi-
tions. [mprovements in the sensitivity, for instance, using
heterodyne technique,’ could allow a narrowing of the
lincwidih. However, the present resolution is alrcady
sufficient to increase the knowledge of this fundamental
atom. Further developments can be made not only in the
direction of 8 systemalic investigation of the fine structure
for a light and theoretically siill tractable atom, but also
of the isotope shifts of the optical transitions, This last
possibility seems important because the '*Q nucleus is
doubly magic and the high resolution now accessible
should allow investigation of Lhe nuclear struclure via the
relatively small contribution of the velurae change to the
isotopic shilt,

The authors thank Professor F. T. Ar~ :chi for Lhe criti-
cal reading of the manuscript.
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Laser Measurement of the 160 - 180 Isotope Shift at Optical Frequencies
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Dipartimento di Scienze Fisiche dell'Universita'
Mostra d'Oltremare, pad. 20, I-80125 Napoti, Italy.

Abstract
We demonstrate the full resolution of isotope shifts. in atomic oxygen by means
of sub-Doppler laser spectroscopy of 180 enriched samples. Measurements are
performed with a few percent accuracy on four transitions ranging from 605 to 646 nm,
Previous values from conventional spectroscopy are either not available or one order
magnitude less accurate and in marginal agreement with our data.

PACS:
* Permanent address: Institute of Experimental Physics, University of Warsaw,
Poland. '

The fundamental configuration 152252 2p? of atomic oxygen, gencrates levels
coupled by highly forbidden transitions in the visible, while the first levet of the excited
configuration lies at more than nine electronvolts in energy. Mainly for these reasons,
until very recently the optical spectrum of this fundamental atom has been elusive to
high resolution laser investigations. In ref, [ 1], excited oxygen atoms could be
conveniently produced in moderate power radiofrequency discharges and optogalvanic
detection allowed the first optical sub-Doppler lascr spectroscopy to be perfor. ted.
As a consequence, this fundamental importance atom is now available for precise
investigations of its spectrum. Isotope shift cffects are among those it is worth
exploring, aiso considered that the only existing experimental investigation of this effect
on atomic oxygen dates back to more than tirthy-five years ago [2].

The interest in isotope shift of optical transitions of atoms originates from both
practical purposes and possible comparisons between theory and experiments, Thc latter
aspect relies on the cross-relations between nuclear structure and electronic
configuration and is particularly interesting for a light and still theoretically tractable
atom. As is well known [3], the isotope shift in an atomic transition can be written as
the sum of mass and field components. The mass effect is the result of a "normal”
contribution, Avy, easy to be computed and equivalent to that for hydrogen-like
systems, and of a "specific” contribution, which takes into account electron
cross-interactions and iy difficult to be accurately evaluated. The field contribution,
originated by the change in the nuclear charge distribution, is very smali for light
clements 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 mass effect have been unambigously detected [4]. Also the n'.ilcic‘:us of



160 is "doubly magic", hence making stimulating the investigation of the isotope cffect.
Purpose of the present work is to demonstrate the feasibility of accurate isotope shift
measurements by using & 180 enriched sample, while for possibly evidencing field
eff- ~ s a further investigation will be necessary using also 70, On the other hand, data
on 180 are also interesting by themselves: for instance in astrophysics 130 seems to
plav »n important role in the galactic nucleosynthesis of neutron-rich isotopes [5).

In our experimental apparatus, as discussed in (1], the atom is produced by
dissos:iation of O, molecules in a radiofrequency discharge substained by a noble gas.
Th semple is contained in a sealed-off pyrex tube (6mm internal diameter), placed
ins dc a set of coils fed by a radiofrequency oscillator. Tunable radiation from an
ac vey stabilized ring dye laser (Coherent 699-21), operating with rhodamine 6G or
DCM, is sent throught the cell. At resonance, the discharge impedance is affected and
it is possible to detect a change on the feedback signal to the current - stabilized power
supply which feeds the oscillator. This sensitive optogalvanic scheme [6] allows the
detection of excited oxygen atoms which can be produced only from O, in trace
amounts, because of the quenching role also plaied by the molecules {7]. Sub-Doppler
recording of homogencous lineshapes are obtained by splitting the laser radiation into
two counterpropagating beams of nearly equal intensity. The two beams are chopped at
1wo different frequencics by the same mechanical chopper which provides separate
reference signals at the two frequencies and at the sum one. The lacer is used for
spectroscopic recordings in intermodulated configuration [8].

The oxygen wansitions used for the present investigation are schematically shown
in Fig.1. They all are transitions starting from the first excited tmiplet or quinict P

levels, which however are at more than ten electronvolts in energy. As a consequence

the upper levels of the optical transitions are close (o the ionization limit (13.6 eV).
Optogalvanic recordings could be performed with good signal to noise ratio for all the
investigated transitions, using neon or argon as gases substaining the discharge.
Signals, in general stonger for the transitions involving quintet staies, were larger of
nearly a factor four with argon in comparison with neon. The sensitivity was always
high enough to perform sub-Doppler measurements in intermodulated configuration.
A typical intermodulated specroscopy recording is shown in Fig. 2 a) for the
3pSP;3 - 5555, transition at 645.6 nm. The Doppler-free signal is superimposed on a
broader pedestal caused by the velocity-changing collisions. In the case of a
homogeneous width y much smaller than the Doppler one Avp (FWHM), the resuling
lineshape is given [9] by the sum of a Lorentzian and a Gaussian, as shown in the
figure. The separated contribution of the Lorentzian and of the Gaussian is plotied in
Fig. 2 b), while the deviation of the computed from the experimental lineshape is
reported in Fig. 2 ¢). The "weight” of the collisional pedestal is given by a factor
C =2 (mlog2)2 I"y! 8 Avp , where 8 is the decay rute of the longer effective lifetime
levet of the mansition and I is its cross-relaxation rate. In the present experiment ,

the recording of Fig. 2 itis C = .39, we also obtain Y= 386 MHz (FWHM) and
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the forced use of rather high noble gas pressures implies relatively large values of C. For ..

o
-

Avp =2 GHz (FWHM), The observed homogencous linewidth is due primarly to pressun

broadening and power broadening, while the Doppler width, also directly obtained from
the Voige profile in single laser beam interaction, commesponds to a temperature of about
570K. This value is a little larger than that obtained {1] for other ransitions sharing a

common lower level but recorded using neon instead of argon. Later on we shall discuss

how for the comresponding triplet-levels transition the width comes out to be anomalously b

b



larger. However also the width of 2 GHz is large enough 1o mask any isotope effect.
This is illustrated in Fig.3, for measurements performed using a 180 enriched (~ 50%)
sample. Recordings a) and b) refer to the same transition of Fig.2, while recording c) is
from a weaker fine structure component. The isotope shift is resolved for both the
transitions and the measured values are reported in TABLE 1, together with those of ather
transitions investigated in the present work. 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 5P; and 5P; levels. The difference should be of the order of
10 MHz or less and could be possibly evidenced directly measuring the fine structure
transition. This has been done [10] for the ground state 3P - 3P, fine structure wransition
at far infrared frequencies.

As for the other quintet transitions, multiplet at 615.8nm, the shift could be measured
only for the P4 - 5D component, because of the overlap with the fine structure which in
the 5D level is comparable with the isotope effect [1]. This overlap also reflects on the
worse accuracy of obtained value.

In Table 1, in addition to the experimental values and to the previous, much less
accurate data, we report also the normal mass Isotope shift which is easy to be computed.
The residual effect is determined mostly by the specific mass effect and porsibly by the
volume effect. However a quantitative evaluation of these contributions will be possible
only when independent measurements on another isotope pair, say 160 - 170, will be
available,

In view of demonsmrating the feasibility of a broad spectral investigation of the isotope
effect in oxygen, we decided to perform measurements on the weaker triplet transitions. In

particular we investgaied the 3p 3P 5 | - 6s 35| multiplet at 604.6 nm. A result at first

surprising was given by the observation of an extremely large Doppler effect, when argon

was used to substain the discharge. A Doppler broadening recording of the entire multiplet

is shown in Fig.4 a ). The large width prevents from the observation of three separated

components in spite of a fine structure splittings in the 3P 2,1 level of 4.8 (0—2)and

16.2 (2—1) GHz respectively. Differently from the quintet transitions case, here the
lineshapes are not very accurately fitted by a Voigt profile. This is probably due to the
superposition of more than one Gaussian, even though much higher signal to noise ratio
shoutd be necessary for a careful investigation of the actual shape. However, by fitting the
isolated 3P, - 351 component to a Voigt profile, we obtain a Doppler width of 5.7 GHz,
corresponding to a temperature of about 4500 K, i.e. nearly one order of magnitude larger
than that observed for the other quintet transitions investigated in the present work.  This
anomalous behaviour with the temperature can be understood according to the model
discussed in {11] to explain the peculiar effects observed in the O laser emission at 844.6
nm [12], sharing the 3P excited level with the transition at 604.6 nm, as shown in Fig.1.
The energy defect in the dissociation of O; + ions, produced by Penning collisions with
metastable Ar atoms, should be responsible for the production of excited atoms with a wide
velocity distribution. Our present technique seems suitable for a wider investigation of the
phenomenon, over different oxygen transitions and by changing collisional partners, which
could bring to a deeper understanding of the energy transfer processes, particularly complex
in this case [7). However, the present work is devoted to the measurement of isotope shifts
and this is actually done also In the case of this anomously broadened lines. Figure 4 b)
shows an intermodulated spectroscopy measurement of the 3P, - 3S) 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 enough signal to noise ratio and



resolution to measure the isotope shift, as reported in Table 1.

In conclusion, we have demonstrated that it is possible to sysiematically investgate
it olope effect in atomic oxygen, over a large varicty of transition strengths and widths. The

- a-curacy of the measurements, at present limited by the rather high noble gas pressure

i :cessary for a stable discharge operation, scems good enough to possibly evidence “field
effecls". At this purpose the extension to 170, when available, will be necessary in order
to separate the specific mass contribution. However it is worth noting that the
measurements on the 180 isotope itself are interesting also by themselves. At this purpose it
will be useful 10 extend present measurements at different wavelengths (288.4 and 423.3
nm) where from conventional investigation [2] shifts much larger than the Doppler
broadening are expected, making the data also of astrophysical interest.
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FIG.1

FIG. 2

FIG. 3

FIG. 4

FIGURE CAPTIONS

Partial scheme of some of lowest excited levels of neutral atomic oxygen. The
transitions for which we investigate the isotope shift are also shown. JTonization
limitis 13.6eV.

a) Intermodulated optogalvanic recording of the 1601 3p 3P;-5s 58, transition at
645.6 nm as obtained in a Oz / Ar radiofrequency discharge (partial pressures
0.1/5 Torr). The lineshape is given by the superposition of a Lorentzian and a
Gaussian {dashed lines) as explained in the text. The separated contribution of the
two curves is shown in b). The difference between the experimentat curve and the
fitted one is reported in ¢) (Note the vertical scale here is amplified by a factor of
four).

Measurements performed using a 180, enriched sample in a Oo/Ar mixture
(0.05/2.3 Torr), with a total laser power of about 400 mwatis.

a) and b) refer to the 161801 3p 5Py - 5g 35, transition at 645.6 nm, respectively
Doppler -limited and Doppler-free. c) refers to the Doppler-free recording of the
other fine structure 3P, - 35, component at 645.5 nm.

a)Doppler-broadened optogalvanic recording of the 3p3Pyp | 5 - 6538 multiplet at
604.6 nm, Natural abundance oxygen was mixed with Ar (partial pressures
Oy/Ar = 0.05/3.7 Torr).

b) and c) are intermodulated sub-Doppler recordings of the 3P, - 35, component.
Partial pressures: O5/Ar = 0.07/3.7 Torr. Natural abundance oxygen is used in b)
and '30 enriched in ).

TABLE 1 : Measured vyg—Vyg shifts for various transitions of atomic oxygen.

The computed Avyy normal mass shift value and the residual contribu.’ons are also
reported.

TRANSITION WAVELENGTH LS.  Avy 1S.-Avy LS[Ref2]

( nm ) (MHz) (MHz) (MHz)  (MHz)
3pSP3 - 445D, 615.8 1310(40) 1844  -534 <900
3pSPy - 5538, 645.6 1160(20) 1759  -599 < 600
3p5P, - 5555, 645.4 1160(20) 1760 - 600

3p3P; - 6838, 604.6 1350(30) 1878  -528
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