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Abstract. Using high-resolution saturation spectroscopy, 
by means of both double heterostructure and multiple 
quantum-well A1GaAs diode lasers, we investigate the 
isotope shifts and the hyperfine structure in the 3 s - 3 p  
transitions of the triplet and quintet systems of atomic 
oxygen. From the analysis of the signals from 170 we can 
deduce precise values for the hyperfine structure magnet- 
ic dipole constants. A theoretical analysis allows us to 
bring into evidence core polarization effects in the hyper- 
fine structure. By heterodyning two frequency locked 
lasers, we perform a direct frequency measurement of the 
isotope effect on the  3S1-,~3P1,2, 0 transitions. From the 
comparison with similar accuracy data on the corre- 
sponding quintet transitions, an upper bound to the size 
of the nuclear volume effect is given, and precise values 
for the specific mass contributions are consequently ob- 
tained. 

PACS: 32.30.Jc; 35.10.Bg; 35.10.Fk 

Introduction 

The optical spectrum of atomic oxygen was the subject 
of several experimental and theoretical investigations in 
the pre-laser era [1-7]. The first work on isotope shift of 
oxygen was performed by Parker and Holmes [2] in 1953. 
They found a large specific mass shift between 160 and 
1so in many transitions. The hyperfine structure (hfs) of 
170 ( I =  5/2) was first investigated experimentally in 1964 
by Harvey and coworkers [7]. They could obtain very 
accurate values for the dipole and quadrupole hfs con- 
stants of the ground L S  term by means of a paramagnetic 
resonance technique. This work was followed by many 
theoretical studies, aiming to give a quantitative expla- 
nation of  Harvey's results [8-11]. 

* Present address: Max Planck Institut f/Jr Quantenoptik, Gar- 
ching, FRG 

Recently, high resolution measurements were per- 
formed by means of polarization and saturation spectro- 
scopy, using dye lasers. From the analysis of the results 
on the 3p SPz,3~5s SS z and 3p 3P2--*6s 3S 1 transitions, a 
possible effect of nuclear volume contribution in the iso- 
tope shift was tentatively suggested [ 12]. 

Since the volume shift is proportional to the square 
modulus of the total wavefunction in the origin, an en- 
hancement of the effect is expected for transitions in- 
volving S states with low principal quantum number. At 
this purpose, in oxygen it is particularly convenient to 
study the transitions 3sSS2-*3pSPl,2, 3 (777nm) and 
3s 3S 1--* 3p 3P1,2, 0 (845 nm). The first one originates from 
a metastable state allowing the production of high den- 
sities of absorbing atoms. Also for the second one the 
particular mechanism of production of atomic oxygen in 
a RF discharge is very efficient [13, 14]. The good sample 
density allows better signal to noise ratios than those 
previously [ 12] observed for transitions starting from the 
upper 3p levels. 

Also important, both transitions are accessible to 
A1GaAs diode lasers. These devices offer many advan- 
tages over dye lasers and in particular their much reduced 
amplitude fluctuations [ 15] allow to obtain better signal 
to noise ratios in both Doppler broadened and saturated 
absorption signals. This was emphasized in [ 16] and in 
[ 17], where an external grating configuration for a com- 
mercial double heterostructure diode laser was used. In 
both these works, we investigated the 3s 5S2-~3 p 5pI,z, 3 
transitions at 777 rim. In [16] we also reported measured 
values for the 160--170--180 isotope shift with an ac- 
curacy limited by the frequency scanning calibration. A 
significant improvement was then achieved [18] by di- 
rectly measuring the frequency difference between two 
lasers locked on transitions originating from different iso- 
topes. 

However, for an accurate and quantitative analysis 
aiming to possibly isolate the contribution of the volume 
effect, it is useful to compare the results for the two tran- 
sitions starting from the triplet and quintet S levels. In- 
deed, one can for instance apply the method proposed 
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by King (King plots) [ 19] on data with comparable good 
accuracy. In this work we meast~e the isotope effect on 
the 3s 3S 1~ 3p 3p transitions and we analyze it in con- 1,2,0 
junction with the results available on the correspondent 
quintet system. Measurements are performed both by re- 
cording the saturation signal during a calibrated laser 
scanning and by direct determination of the frequency 
difference between two independently locked lasers. 

We can give a final upper limit to the very small nu- 
clear volume effect, and so determine with good accuracy 
the specific mass contribution to the isotope shift. This 
value, depending from the correlation among the elec- 
tronic momenta, is an useful test for theoretical calcu- 
lations. 

We report also the analysis of the sub-Doppler satu- 
ration signals obtained by laser scannings, both for the 
3s3S1--*3p3Pl~ o transitions at 845nm and for the 
3sSS2--*3pSP 1' °he at 777nm, with the aim of investi- 
gating the hyperfine structure of excited levels of 170. We 
give our final and most refined numerical results for the 
hfs magnetic dipole constants of the considered levels. 

A theoretical analysis allows us to distinguish core 
polarization effects in the hfs and to valuate the electron 
density at the nucleus for the single excited electron. From 
this value, we can estimate the size of the nuclear volume 
effect in the isotope shift. 

Experimental 

Apparatus 

We used two different laser diodes: a double hetero- 
structure laser Sharp LT024, working at 780 nm in nor- 
mal conditions, and a multiple quatum-well laser 
STC LT50A-03u, working at 854 nm. The temperature- 
stabilized diode was frequency stabilized by a pseudo- 
external cavity. This cavity was formed by a diffraction 
grating, mounted in the Littrow configuration, and a 30% 
beam-splitter as output-coupler. In addition to a reduc- 

lOdB I 

Frequency 5 MHz / division 
Fig. 1. Beat note between two free running multiple quantum well 
lasers (STC LT50A-03u) at 845 nm. Feedback fi'om a grating is 
used for line narrowing. The resolution bandwidth is 100 KHz and 
the sweep time is 50 ms 

tion of the linewidth to about 200 KHz (measured for the 
STC lasers; see Fig. 1), the feedback from the grating 
allowed us to change the emission wavelength over a 
range of 20 nm, at fixed temperature, by rotating the 
grating. Continuous frequency scans up to 10 GHz were 
accomplished by synchronously changing the laser injec- 
tion current and the length of the external cavity by means 
of a piezoelectric transducer. 

The excited atomic oxygen was produced by a weak 
radiofrequency discharge in a cell containing a mixture 
of enriched oxygen (5 to 20%) and argon, with a total 
pressure ranging from 5 to 330 Pa. The maximum ab- 
sorption was about 10%. 

Sub-Doppler spectra were obtained by saturation 
spectroscopy [20]: two counterpropagating focused laser 
beams were superimposed in the discharge region. The 
pump beam had a power of about 5 mW and a spot size 
in the center of the cell of 0.2 × 0.4 rnm 2. The probe beam 
power was about 0.2 roW. 

For the scanning operation, the pump beam was 
amplitude modulated by a chopper and the saturation 
dip in the probe absorption profile was observed by 
phase-sensitive detection. The signal was acquired by 
means of a digital oscilloscope (Tektronix 2430A). The 
calibration of the laser scan was provided by the trans- 
mission peaks of a confocal Fabry-Perot interferometer 
(FSR = 74.835(5) MHz). 

Hyperfine structure of the 5S2--.5P 1 transition 

The 5p 5/, atomic oxygen term is split into three fine struc- 
ture levels, with J =  1,2, 3. We analyzed only the J =  2 ~  1 
transition, for which the structure due to the hyperfine 
splitting of the upper level is less complex. In fact, as it 
can be seen in Fig. 2a, the transitions starting from the 
F =  9/2 and F =  1/2 sublevels are "single line ", that is 
not affected by the hfs of the P level. Moreover, the F =  
7 /2~7 /2 ,  5/2 transition, that embraces only two lines, 
could be used to determine the dipole hfs constant A' of 
the 5P 1 level. In Fig. 3 we show the recording of the sub- 
Doppler signal for a large frequency sweep, including the 
whole hfs of 170 and the 160 and 180 lines, together with 
an enlarged view of the F =  7 /2~7 /2 ,  5/2 transition. The 
signal profile of each component is given by a Lorentzian, 
pressure and power broadened, and a gaussian collisional 
pedestal. As it can be seen in Fig. 3, also the cross-over 
signals must be considered in the interpretation of the 
experimental results. 

To distinguish the contribution of the single F =  7/2 
7/2 and F =  7/2--+ 5/2 transitions to the detected line- 

shape, we performed a least-square fit to the experimental 
signal. We had to take into account the large background 
formed by the gaussian pedestal of all the hfs transitions 
and by the 160 and 180 lines. Fortunately, we could notice 
from computer simulation of the spectra that the shape 
generated by the sum of all contributions is very smooth 
in the considered frequency range. So, we could use as 
fitting function the sum of a linear pedestal (we tested a 
quadratic contribution, but it was always negligible) and 
three lorentzian fineshapes. 
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Fig. 2a-c.  Level scheme for the transitions investigated in this work. 
The reported values for the hyperfine splittings are derived from 
the constants given in this work (Table 1). For the triplet transition, 
both possibilities for the constant A (3S1) are considered (see text). 
a 3 s 5S 2 ~ 3 p 5P1,2,3 transition at 777 nm. b 3 s 3S t ~ 3 p 3P1,2,0 tran- 
sition at 845 nm in case o fA  (3S~) < 0. c 3s 3S~-.3p 3P1,2, o transition 
in case of A (3S 0 > 0 
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Fig. 3. Recording of the saturation signal for the 3s~S2--,3pSP1 
transition at 777 nm, clearly showing the five components of hy- 
perfine structure of the S level of 170 and the lines of 160 and 180. 
In the enlarged view of the F= 7/2~F'= 7/2, 5/2 transition the 
experimental signal together with the fitting function can be ob- 
served; the three lorentzian profiles (two hyperfine components and 
the cross-over) and the linear background which compose the the- 
oretical signal are also shown. From the analysis of this line profile 
we can deduce a value for the hyperfine structure constants of the 
P level 

We kept as free parameters of ' the fitting procedure: 

- the width of the lorentzian profile. (We used the same 
width for the three lines; even if this is not completely 
correct, the fit was not very sensitive to changes in this 
parameter); 
- the amplitude of the two transition lineshapes; 
- the frequency distance between them; 
- the parameters of  the pedestal. 

The cross over parameters were completely fixed: the 
amplitude was the geometric average of  the two transition 
amplitudes and the position was fixed in the middle of 
the two transition frequencies [21]. 

We used to have an acquisition rate of  about 1000 
data points per second, and a frequency scanning rate of 
about 2 GHz  per second. The lock-in integration time 
was 1 ms. For  every acquisition, we considered two fre- 
quency scans, one in each direction, in order to compen- 

sate for the effect of  the signal integration accomplished 
by the lock-in. 

We recorded data from 16 frequency scans, at different 
pressure values. The correspondence between the experi- 
mental data and our chosen fitting function was very 
precise: the mean difference between experimental and 
function value was less then 1% of the sub-Doppler signal 
amplitude, at the limit of  the resolution of our acquisition 
system (8 bits for the amplitude). This is consistent with 
what we would expect for the low amplitude noise of the 
SDL ( < 10-6/l/H-Z-). 

The results for the line intensities were the following: 
the ratio between the F=7/2~7/2 and the F = 7 / 2  

5/2 line intensities, calculated from the final fit param- 
eters, was 0.587__+0.016 (one  standard deviation). The 
theoretical value for the ratio of the intensities of the two 
transitions, calculated from LS coupling approximation, 
is 0.556 [22], in good agreement with our value. For  the 
difference between the two transition frequencies we ob- 
tained: 

(V F = 7 / 2 _ , 7 / 2  - -  V F = 7 / 2 ~ 5 / 2 )  = 92.67(44)(20) MHz,  

while for the distance from the F =  9/2--*7/2 transition 
we had: 

( V F = 9 / 2 - ~ 7 / 2  - -  I I F = 7 / 2 ~ 7 / 2 )  = 350.5(16)(2) MHz,  

( V F = 9 / 2 . ~ 7 / 2  - -  V F = 7 / 2 ~ 5 / 2 )  = 443.2(16)(2) M H z .  

The first given error is statistical and corresponds to one 
standard deviation. We performed a computer simulation 
of the experimental spectra, in order to test possible sys- 
tematic errors due to: 

- misunderstanding of  the background; 
- broadening due to the laser finite linewidth and to a 
slight misalignment of  the pump and probe beams (cal- 
culated to be less then 2 MHz);  
- residual contribution of  the finite integration time of  
the lock-in amplifier. 

None of these effects seemed to be so large to invalidate 
our measurements. The error we estimated was about 
0.2 MHz. 

As reported in [18], from the frequency distance be- 
tween the F=9/2~7/2 and F=1/2--.3/2 transitions, 
which are single-line signals, it is possible to deduce a 
value for the quantity (A-A'/2) ,  where A and A' are 
the dipole hfs constants of  the 5S 2 and 5P 1 levels re- 
spectively, if the quadrupole contribution is neglected: 

( V F = 9 / 2 . . , 7 / 2  - -  VF= 1 / 2 ~ 3 / 2 )  = - -  ( A  - -  A " / 2 ) / 1 2 .  

We want to specify here that the error reported in [18] 
for the value of the ( V F = 9 / 2 ~ 7 / 2 - - 1 ] f i ' = l / 2 ~ 3 / 2 )  shift is 
only in part statistical (0.08 MHz), from 24 different 
measurements. Another contribution (0.26 MHz) is due 
to the uncertainty in the estimation of the line centers 
caused by the nearby transitions, above all the 160 one 
whose amplitude can vary much among different dis- 
charges. This contribution was estimated from computer 
simulation. 
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Table 1. Hyperfine structure constants obtained in this work. The 
errors correspond to one standard deviation for the constants be- 
longing to the quintet system, while for the triplet states the quoted 
errors have been enlarged to take into account the uncertainty in 
the transitions and cross-overs amplitudes. The present data do not 
allow to determine the sign of A (3S~), and consequently the size of 
A (3P2) (see text) 

A (~S:) 
a (~/~) 

B(~p3 

A (3S~) 

A (~P9 

- 98.59(43) MHz 

- 26.39(57) MHz 

- 0.3 (18) MHz 

__. 12.3 (10) MHz 

-41(1) MHz ifA(3Sl) < 0 
- 28(1) MHz if A (3S1) > 0 

Neglecting the quadrupole interaction, one can derive 
for the two hfs dipole constants the values: 

A (Sp~) = _ 26.477(93) M H z ,  

A (5S2) = - 98.65(34) M H z .  

However, with the present precision, the quadrupole con- 
tribution should be considered at least in the 5P t level 
(see, for example, [7]). We could do it using the meas- 
urements of  the distance between the F =  9 / 2 ~ 7 / 2  and 
the F =  7/2--*7/2, 5/2 transitions. We obtained: 

B (SP1) = - 0.3(18) M H z ,  A (5S2) = - 98.59(43) M H z ,  

A (Sp1) = _ 26.39(57) M H z ,  

where all errors correspond to one standard deviation. 
It can be noticed that for the quadrupole constants 

only an upper limit can be derived; the dipole constants 
remain about  the same as in the previous calculation, but 
the errors are much larger. 

The results are summarized in Table 1. 

Hyperfine structure of  the 381---).3P1,2, 0 transitions 

The frequency scannings for the two  fine structure tran- 
sitions 3S 1 ~ 3 P  0 and 3S 1-~3P 2 are shown in Fig. 4. The 
transitions to the 3P 1 level are too far ( -  16.8 GHz)  from 
the 3S 1--*3P 2 to be recorded in the same scanning. 

The structure of  the 170 spectrum originating from the 
triplet transitions is easier to be analyzed than the one 
owing to the quintet system, because of  the larger isotope 
shift, that brings the influence of  the signals f rom 160 
and 1So to the 170 hfs profile to be negligible, and for 
the absence of  gaussian collisional pedestal due to the 
fact that the starting level of  the transitions (3S1) is not 
metastable. 

We report in Fig. 5 the recorded spectra f rom the three 
transitions 3St-+3P1,2, o. I t  can be observed that the hfs 
of  the 3S level is not distinguishable : the 3S 1 ~  3P 0 tran- 
sition signal has the shape of  a single line. By fitting this 
shape to a sum of  three lorentzian lines, with linewidth 
taken from the ISo or 160 corresponding transitions, one 
can deduce a value for the hfs constant A of the S level. 

160 

3S1-3P 2 3SI-3P 0 

~O 

/1ot 
1 GHz 

Fig. 4. Recording of the saturated absorption of atomic oxygen 
around 845 nm. 3SI~3P 2 and 3S1-~3P o fine structure components 
are shown together with the fully resolved isotope effect 
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Fig. 5. Observed profiles of the three fine structure transitions 
3s 3SI~3 p 3PI.2. o of 170 at 845 nm, with the same frequency scale. 
The hyperfine structure of the P level can be seen in the 3S1-~3P 2 
and 3S 1 ~ 3P 1 transitions, while for the S level the hyperfine splitting 
is smaller and can be deduced only by comparison of the 3S 1 ~ 3P 0 
transition signal of 170 with that of t60 or ~80 

Indeed, only the absolute value of  A can be easily esti- 
mated, while the knowledge of  the sign, which causes only 
a small asymmetry of  the lineshape, is difficult to be de- 
termined with our data accuracy. We used the theoretical 
values for the intensities, but we took account of  the 
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possible errors arising from a fluctuation up to 20% of  
these amplitudes. As for the sign of  A, we could notice 
that the X 2 of  the fit for negative values of  the hfs constant 
was always about 10% lower than the correspondent )¢2 
value for a positive A. We can infer that the negative sign 
is more probable. 

For  the P triplet levels, the hfs is more significant. In 
particular, for the 3S 1 - 3 P  2 line, it is possible to distin- 
guish the strongest hyperfine transition ( F =  7 / 2 ~ 9 / 2 )  
and so to establish the negative sign of  the A constant 
(see the level schemes in Fig. 2b and Fig. 2c). We tried 
to fit the experimental lineshape to the envelope of dif- 
ferent hfs transitions. The hfs constant of  the S level was 
kept fixed to the value found from the investigation of 
the 3S 1 ~ 3P 0 transition, as described above. We obtained 
two different values for A (3P2), depending on the sign 
chosen for A (3S 1): 

A (3p2) = - 41(1) MHz,  if A (3S1) < 0; 

A (3p2) = - 28(1) MHz,  if A (3S1) > 0 .  

The errors of the two values take into account the un- 
certainty in the relative amplitudes of  different hfs com- 
ponents. In this case the cross over signals seem to be 
negligible. 

The values obtained for hfs dipole constants of  the 3S 1 
and 3P 2 levels are summarized in Table 1. 

Isotope sh~'t o f  the 3S~ ~ 3p transitions 

As can be seen in Fig. 4, the isotope shift of  the triplet 
transitions is fully resolved by saturation spectroscopy. 
The values measured from frequency calibrated scannings 
are reported in Table 2 together with the 3P o -  3P 2 fine 
structure splitting. The error reported is the statistical 
one, from the average of the measurements in different 
scannings. 

The lack of  overlapping among different lines, due to 
the large freqency distance and to the absence of  colli- 
sional pedestal, and the fact that the 3S 1 ~ 3 P  0 component 
for 170 does not show an hyperfine structure so large to 
modify much the lineshape (which has still the feature of  
a single line), permit to avoid much of the problems we 
had for locking the lasers to the quintet sS2--*~P 1 tran- 
sitions [ 18]. So, the 381 ~ 3/9 transitions are well suited for 

the laser frequency lock needed for precise isotope effect 
measurements. 

We indeed locked two lasers to different transitions 
of the triplet system. The samples were produced in in- 
dependent cells, containing the same gas mixture. Deriv- 
ative signals were obtained by applying a fast (,,~ 2 KHz) 
modulation to the PZT voltage and using phase sensitive 
detection. Measurements were performed using third de- 
rivative signal, to minimize the effect of  a DC offset in 
the demodulated signal, probably due to the coupling of  
FM and AM modulation in the lasers. A servo loop com- 
posed of  an integrator (10 Hz bandwidth) and a HV am- 
plifier as PZT driver assured the long term stabilization 
of the lasers. Using the beat note from the two lasers 
combined in a fast photodiode, recorded by a spectrum 
analyzer calibrated by a synthesizer we obtained the di- 
rect measurements of  the frequency differences up to 
,-~ 5 GHz (being limited by the bandwidth of  the photo- 
diode). 

We measured the frequency difference between all the 
possible couples of lines showed in Fig. 3 below 5 GHz 
(except for the 3S1--,3P 2 transition of 170, for which the 
shape originating from the hyperfine structure of the P 
level would not allow to estimate the exact position of  
the locking). The measurements were repeated many 
times, changing the pressure in the cells (without any 
appreciable effect) and exchanging the two lasers. A fit 
was carried out considering all measurements, varying 
only three parameters: 160 -170  and 170-180  isotope 
shift and the 3P 0 - 3P 2 fine structure splitting. In the case 
of  170, a systematic error can arise from the small dif- 
ference between the maximum of  the lineshape (where 
the laser is locked) and the "center of  gravity" of  the 
transition, because of  the three unresolved components 
arising from the 3S 1 hyperfine structure. From the fitting 
of the 170 signal, described above, we could estimate the 
value of this shift to be _+ 1.7(3) MHz, where the positive 
sign (leading to a correction toward higher frequencies 
of  the measured 170 line position) correspond to the more 
probable negative value of  the hfs constant A. 

The results are reported in Table 2. The agreement 
with the measurements obtained from laser frequency 
scanning is good, but the error is of course much lower. 
As for the 3P o - 3P 2 fine structure separation, a value two 
orders of magnitude more accurate than previously avail- 
able data is obtained. 

Table 2, Isotope shift of the 3S 1-, 3P2. o transitions and 3P 0 - 3p; fine structure separation of atomic oxygen, measured by calibrated frequency 
scannings (1) and by heterodyning two independently locked lasers (2). Errors correspond to one standard deviation. A is the hyperfine 
structure dipole constant of the 3S 1 level which affects the exact determination of the line center, as explained in the text 

Isotope shift Isotope shift Fine structure 
18 0 _ _  I7 0 18 0 __ 16 0 3po -- 3/°2 
(MHz) (MHz) (MHz) 

Frequency scanning with optical 1630 ___8 3472 ± 12 4800 ± 16 
calibration (1) 

Heterodyning two lasers A > 0 1629.8± 1.6 3458.5_+ 1.8 4789.6± 1.1 
(2) A < 0 1626.4___ 1.6 

Previous works 4200 ___300 [2] 4680 ± 60 [25] 
4770 ± 120 [26] 



Discussion 

Hyperf ine  structure 

As is well known, the magnetic-dipole hfs Hamiltonian 
is, in a non relativistic approximation: 

fz'-L [s, 3 (si-ri) r i ] 
/ 

(1) 

The first term in the right side gives the interaction be- 
tween the nuclear spin I and the electrons orbital angular 
momenta li, the second the interaction with the electrons 
spins si, and the third is the contact term which vanishes 
for the electrons whose density at the nucleus I q/(0)12 is 
zero. In the following, we will neglect the electric quad- 
rupole interaction term, which is usually small compared 
with the magnetic dipole interaction and identically 
vanishes for S terms. By making use of the Wigner-Eckart 
theorem, the magnetic dipole Hamiltonian can be written 
in the form 

H m = A j I .  3, (2) 

where 3 is the total electronic angular momentum and 
A s is called the hyperfine structure constant of the level 
J. This quantity is the one which is directly obtained from 
the measurement of the hyperfine splittings of a level. 
However, after having measured the A constant, it is of 
interest to determine from it the hyperfine structure con- 
stants of the relevant electrons. In the case of the 3s 3'5S 
levels which we have investigated, one could expect the 
A constant to be simply proportional to the G constant 
of the optical s-electron, because the contribution from 
the half-filled 2p 3 subshell vanishes if that subshell is (i) 
exactly coupled in 4S (pure L S  coupling), and (ii) not 
mixed with other subshells. In fact, this is not the case 
since, as the experiments have shown, the 3s 3S~ and 3s 5S 2 
levels have a completely different hyperfine structure. 
Such a discrepancy can be interpreted as an evidence of 
a core-polarization effect due to the 2p electrons; the 
electrons in the closed subshell are spin-polarized by ex- 
change interaction with the partly filled subshell, leading 
to a finite electron density at the nucleus. A large effect 
of this kind was already suggested to interpret the hfs 
observed in 2p 4 ground state of oxygen [7]. The data we 
obtained for the 3s 3S~ and 3s 5S 2 states allow to evaluate 
quantitatively the spin-core polarization for these states. 
If  we neglect the orbital and the spin-dipole terms in the 
Hamiltonian (1), we can write the magnetic coupling con- 
stants A of the two levels in terms of the constants a3~ (s) 
relative to the external 3s electron and a2p (s) which takes 
into account the spin core polarization produced by the 
valence 2p electrons: 

A (3s 3 S 1 )  = x 1 a3s (s) ~-Yl a2p (s), 
(3) 

A (3s sS2) = x 2 a3s (s) + Y2 a2p (s) .  

The x,. and y~ coefficients are given by: 

((2p 3 4S, 3s) SiLiJ~ II s~ ~ I1 (2P 3 4S, 3s) S~L i J~)) 

Xi - -  (Sll j<l)II J) 

1 9 7  

((2p 34S, 3s) SiZ iJ  i I1S~1~ II (2P 3 as, 3s) SiLiJ~) ) 
Y i -  (J[I j(1)l[ J )  

(4) 

where s(~ 1~ and S~ 1~ are spherical tensor operators of rank 
1 acting in the spin space of the 3s electron and of the 
2p 3 parent ion, respectively. By calculating the reduced 
matrix elements in (4), and using the values we found 
experimentally for the A constants given in Table 1, we 
obtain a simple system of two equations in the two un- 
knowns a3s and a2p: 

A (3s 3Sl) = - 1/4a3s(s ) + 5/4a2p(s)=O(12)(1 ), 

A (3s 5S2) = 1 /4  a3s (s) + 3 / 4  a2p (s) = - 98 .59(43) .  
(5) 

By solving this system we get a3s = -246(18)(3)MHz 
and a2p = - 49(6) (1) MHz. A phenomenological estimate 
by means of the Goudsmit-Fermi-Segr6 formula [23] gives 
a3s = - -  288 MHz. The agreement is rather good consid- 
ering the approximations made in the present approach: 
(i) the small mixing between the L S  terms of 2p 3 3s, due 
to the 2p spin-orbit interaction, is neglected (it would 
lead to small hyperfine contribution of the orbital and 
spin-dipole types); (ii) the relativistic effects are very small 
in oxygen (Z--8) ;  (iii) the Goudsmit-Fermi-Segr4 for- 
mula is not accurate to better than a few percent. 

Such a simple quantitative check is not available for 
the value we obtained for the a2p constant, while a com- 
parison with the data relative to the 2p43p term is not 
straightforward because the radial functions are not the 
same for the 2p 4 and 2p 3 3s states. However, from the 
value of the constant called "G (J = 2)" in Harvey's work, 
one deduce immediately a2p = - 3 4 . 4  MHz, which is not 
far from the value we found. Calculations by Hartree- 
Fock methods could allow to better relate the data now 
available for different states. 

Interesting data could also be obtained from the hfs 
of the 3p 3,spj upper states of the transitions we inves- 
tigated. In this case, however, the orbital and spin-dipole 
terms for the 3p electron cannot be neglected a priori. 
Data relative to at least four transitions are then required 
to determine the four parameters. The data obtained in 
this work are not sufficient to provide reliable values for 
these parameters. 

The investigation of such elusive effects in oxygen is 
interesting because it can stimulate further theoretical 
calculations, and represent a stringent test for the models 
adopted. Furthermore, from the measured hyperfine con- 
stants, informations can be obtained about important 
physical quantities. For example, from the value of the 
G constant, the electron density at the nucleus can be 
calculated using (1). For the 3s electron, we obtain 
ha03[ ~//3s(0) 1 2 = 1.28(11). By combining this result with 
those obtained for the isotope shift of the lines, it is pos- 
sible to investigate other very small, but physically sig- 
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nificant, effects such as the nuclear volume shift of  the 
spectral lines, as discussed in the next section. 

Isotope shift 

As already mentioned, the presence of  a nuclear volume 
effect in the isotope shift of optical transitions of oxygen 
has been suggested in [12]. The isotope shift (IS) is usually 
considered as the sum of  three terms: normal mass shift 
(NMS), specific mass shift (SMS) and field shift (FS). 
NMS is obtained by scaling the transition frequency pro- 
portionally to the reduced mass of  the electon-nucleus 
system. SMS is due to the correlation among electronic 
momenta. FS depends on the nuclear charge distribution. 
The sum of NMS and SMS is referred as mass shift (MS); 
MS between two isotopes P and Q can be written as the 
product of a part pp, Q depending on the nuclear masses 
and a factor K depending on the transition but not on 
the isotope: MS = Kpp, Q 

 o-MQ 
Pc, e -  (M e + m) (M e + m ) '  

where M e and M e are the masses of the two nuclei and 
m is the electron mass. If  the data for the same transition 
from at least three isotopes are available, the contribu- 
tion of  FS can be brought into evidence: the quantities 
ISp, Q ~Pc, Q (called modified shift) must be constant when 
FS is negligible. The presence of a nuclear volume effect 
manifests itself as a deviation of  the observed isotope 
shifts from the simple mass behavior. The reults obtained 
in this work and in [18] are particularly significant in this 
sense because the investigated transitions involve the low- 
est excited s-electron. In addition, the present data are 
much more accurate than previous ones. 

Using the graphic method called King plot [19], the 
modified shifts from a transition "a" are plotted against 
the ones from a transition "b',  for different isotopes pairs. 
The points of  the graph lie on a straight line, with a slope 
given by the ratio of the FS of the two transitions con- 
sidered. If  there is no FS in either transition, the plotted 
points collapse. 
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modif ied isotope shift at 845nm (GHz  a.m.u.) 

Fig. 6. Analysis of the isotope shifts o n  5S2~-~5P  1 and 3S1---~3P2, 0 
transitions using "King plot" procedure. Error bars reflect one 
standard deviation, For 170 the two possibilities corresponding to 
different signs of the unresolved hyperfine structure of the 3Sa level 
are considered, No nuclear volume effect can be appreciated 

Table 3. Modified shift, normal mass shift and specific mass shift 
of the 5S2-~5P l and 3S1-~3P2, o transitions of atomic oxygen, calcu- 
lated from experimental data reported in this work for the triplet 
transitions, and in [18] for the quintet transitions. Erorrs reflect 
one standard deviation 

Modified shift 496.82 ± 0.25 279.23 ± 0.07 
180 _ 160 
(GHz a.m.u.) 

Modified shift A > 0 498.7 ±0.5 278.8±0.6 
180-170 A < 0  497.6 ±0.5 
(GHz a.m.u.) 

NMS 1355.90 1472.89 
18 0 - -  16 0 

(MHz) 

NM S 636.57 691.49 
18 0 _ 170 
(MHz) 

SMS 2102.6 ± 1.8 470.9 ± 0.5 
18 O _ t60 
(MHz) 

SMS A > 0  993.2 - t -1 .6  219.8___2.1 
180-170 A < 0  989.8 ±1.6 
(MHz) 

The modified shifts of  the transitions 3S1-~3P2, 0 and 
5S2~sP 1 are reported in Table 3 and plotted in Fig. 6. 
The error bars correspond to one standard deviation. The 
separation between the points corresponding to the two 
couples of  isotopes 1 8 0 -  160 and 180 - 170 is equivalent 
to 0.5 standard deviations for the 5S2---,5P 1 transition; for 
the 3S1--.3p2, o transition, the separation is equivalent to 
1.1 standard deviation, if we assume a negative value of 
the hyperfine constant A (3S1), and to 2.5 in the less prob- 
able opposite case. The analysis made possible in this 
work by the precise measurements shows no evidence for 
the FS contribution. An upper limit to the nuclear volume 
effect of  6 MHz can be given with 95% of confidence. 

In fact, the size of the expected field shift can now be 
calculated using the data obtained in this work from the 
hyperfine structure of the transitions. The shift of  the 
transition frequency ~vo AA" due to a change ~ ( r  2) = 
( r2)  A" - -~r2)  A of  the nuclear charge mean square radius, 
can be written as: 

OvAA" = na3A 1 ~ (0) [ 2 f ( Z )  a ( r 2 ) / Z ,  (7) 

where A [ q/(0)12 is the difference of the electronic den- 
sities at the nucleus for the two levels involved in the 
transition, a 0 is the Bohr radius and f (Z) is a screening 
factor which includes relativistic corrections. For  the 
3 s - 3 p  transitions, we can assume Z~ao3Algt(0)[ 2= 
na31qG, (0 )12= l .28 ( l l )  (see previous section). The 
change in the nuclear mean square radius can be taken, 
instead, from electron scattering data; for the 160 -170  
isotope pair, data reported in [24] give O(r2)  = 
- 0 . 4 ( 2 )  fm 2. Finally, from (6), we obtain the 1 6 0 -  170 
field shift: fiv~ 6-17 = 6(4) MHz. 

In absence of field effects, the IS is completely due to 
MS. Since NMS can be easily computed, we can deduce 
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from our measurements accurate values for the SMS. As 
the SMS is proport ional  to the mean value of  the cor- 
relation among electronic momenta,  it can be used as an 
useful test for the theoretical calculations on the elec- 
tronic structure of  atomic oxygen. In Table 3 we report 
the calculated values for NMS and SMS of the 5S2--.5P 1 
and 3S t-~ 3P2, 0 transitions. 

An improvement  of  one order of  magnitude in the 
experimental measurements of  the isotope shift, together 
with a precise theoretical calculation of  the specific mass 
contribution, could provide a more precise value for the 
change in the nuclear charge mean square radius between 
different oxygen isotopes. 

Conclusions 

We have investigated the hyperfine structure and isotope 
shift of  near-infrared transitions of  atomic oxygen in- 
volving the lowest excited levels. Sub-Doppler saturation 
spectroscopy line profiles have been analyzed and values 
for magnetic dipole hfs constants are derived. Combining 
the data obtained for the 3s3S1- 3p 3pj transition at 
845 nm with those of  the corresponding transitions in the 
quintet system at 777 nm, we found a significant contri- 
bution of  the core polarization effect to the observed 
hyperfine structure. 

Accurate values were also obtained for the 1 6 0 -  170 
and 1 6 0 - 5 8 0  isotope shifts using a heterodyne tech- 
nique. The specific mass shift could be obtained with 
good accuracy and an upper limit to the nuclear volume 
effect was given. 

The results of  this work allow a deeper understanding 
of  the hyperfine structure and isotope shift in the spec- 
trum of  atomic oxygen and can stimulate further exper- 
imental and theoretical work. 
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