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Abstract. We demonstrate the possibility of performing 
high resolution laser spectroscopy of iridium atoms pro- 
duced by sputtering in a hollow cathode discharge. By 
resolving the hyperfine structure of ultraviolet transitions 
from the ground state, we measure the magnetic dipole 
and electric quadrupole constants of the 5d76s 6p 6Gll/2 
and 5 d 7 6S 6p 6F7/2 excited levels and we obtain accurate 
values for the isotope shifts. Iridium is also discussed as 
possibly providing reference spectra in the 243 nm re- 
gion, close to the wavelength of the l s - 2 s  two-photon 
transition of hydrogen. 

PACS: 32.30.Jc; 35.10.F; 31.30.G 

Introduction 

Iridium is a refractory element with two stable isotopes, 
~9~Ir (natural abundance 38.5%) and I93Ir (61.5%), which 
have the same nuclear spin I =  3/2. Because of the very 
high evaporation temperature (boiling point = 4130 °C), 
iridium is extremely difficult to produce in the atomic 
form; for this reason, only a few experimental investi- 
gations on this atom have been performed [1-3]. In par- 
ticular, no high-resolution optical spectroscopy has been 
performed; this is also due to the fact that the most in- 
tense lines of the iridium spectrum are in the ultraviolet 
region, where tunable radiation of high intensity and 
spectral purity was hard to produce until a few years ago. 
Indeed, very accurate hyperfine structure measurements 
were performed only for the ground level and low-lying 
fine structure levels by Bfittgenbach et al. [1, 2], using 
the atomic-beam magnetic-resonance method. Only re- 
cently, the results of a Doppler-limited investigation of 
optical transitions were reported by Sawatzky and Wink- 
ler [3]. They measured the isotope shift of several lines 
in the UV region. They also obtained the magnetic dipole 
constant for some excited levels of 191Ir, but they could 
not estimate the electric quadrupole B constant. 

The investigation of the iridium spectrum is very in- 
teresting for several reasons. Isotope shift data can be 
used in order to prove the parametric description sug- 
gested for osmium by Bauche [4], while hyperfine struc- 
ture constants give information on effective radial inte- 
grals. Furthermore, the transition at 243.198 nm, indi- 
cated in Fig. 1 by a dashed line, is very close to the 
1 s-2s two-photon transition in atomic hydrogen. The 
sub-Doppler spectra of this transition can then represent 
an accurate frequency reference in this spectral region. 

In the present work, we report a high-resolution 
spectroscopic investigation of iridium, performed in the 
ultraviolet region by means of saturated absorption 
spectroscopy. We resolved the hyperfine structure of 
two transitions from the ground state (5d76sZ4Fg/2 
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Fig. 1. Partial energy level scheme of iridium. The transitions in- 
vestigated in this work are indicated by arrows 
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- -~5d76s6p6Gl i /2  at 292nm and 5d76s24F9/2 
-+5 d76 s 6 p  6F7/2 at 295 nm), so that a direct measure- 
ment of the hyperfine splittings was possible. The hyper- 
fine structure constants A and B of  the upper levels were 
determined. From the centroid of the observed hyperfine 
pattern, we determined the ~91Ir-193Ir isotope shift for 
the investigated transitions. We estimated the nuclear vol- 
ume contribution and we calculated the change of the 
electron charge density at the nucleus. 

Experimental set-up 

Iridium in the atomic form was produced by sputtering 
using an argon-sustained hollow cathode discharge, sim- 
ilar to that already used for the investigation of other 
refractory elements, such as titanium [5] and strontium 
[6]; it was constructed following the scheme given in [7]. 
In this case, however, the construction of  the cathode 
required a particular care. In fact, because of  the brittle- 
ness and hardness of  iridium, it was impossible to make 
a cathode with the cylindrical shape which we used for 
the other refractory elements. Therefore, we fitted three 
identical plates of  iridium in a stainless-steel hollow 
holder, with a diameter of 8 mm; in this way we obtained 
a triangular hollow cathode. The discharge was operated 
with 1 Torr  of noble gas (Ar), at a current of about 
100 mA. 

Ultraviolet radiation was generated in a KDP crystal 
placed inside the cavity of a cw ring dye laser, operating 
with R h 6 G  dye, pumped by an Ar + laser. The typical 
UV output power obtained was 3 mW with a pump power 
of 7 W. UV radiation was entirely used for saturated 
absorption spectroscopy, while the residual output in the 
visible region was splitted into two parts: a first beam 
was sent into a travelling Michelson interferometer, for 
a wavelength measurement with an accuracy of one part 
in 107; the second beam was used for the  accurate cali- 
bration of the frequency scans, by means of a 1-m-long 
Fabry-Perot interferometer. 

The experimental arrangement we used for observing 
saturated absorption signals was the typical one [8]. Two 
gently focused beams were sent into the cell in opposite 
directions and crossed in the cathode region. A photo- 
diode detected the transmitted intensity of the weaker 
(probe) beam. Because of  the small intensity of  the sig- 
nals, the pump beam was mechanically modulated at a 
frequency of  1 kHz; the output of  the photodiode was 
sent to a lock-in amplifier for phase-sensitive detection. 
The signals were recorded and analysed with the help of  
a computer. 

Results and discussion 

In Fig. 1, a partial energy levels scheme of irdidium is 
shown; the lines investigated in this work are evidenced 
by arrows. The high resolution achievable with our ex- 
perimental apparatus allowed us to observe the hyperfine 
structure (hfs) and the isotope shift (IS) of these transi- 
tions. 

Figure 2 shows indeed a sub-Doppler recording of the 
transition at 292 nm; six hyperfine components for each 
isotope, named a, b .. . . .  f for I93Ir and a' ,  b ' , . . . ,  f "  for 
191Ir, were resolved. The peaks which are not indicated 
in the figure, instead, correspond to cross-over reso- 
nances. Their intensity was observed to depend on the 
buffer gas pressure in the cell. However, we did not ob- 
serve any appreciable shift of the relevant resonances po- 
sition within the accuracy of  the present measurements. 
The expected relative intensities of the hyperfine com- 
ponents, reported in the lower part of the figure, were 
calculted by means of  the equations derived from the sum 
rule, as reported in [9]. Slight discrepancies between cal- 
culated and observed intensities are due to optical satu- 
ration effects [ 10]. The comparison of  the experimental 
relative intensities with the calculated ones, helped in 
identifying the observed peaks. In particular, the peaks 
identified with a, b, c, d, e, f correspond respectively to 
F =  3 ~ F '  = 4, 5 ~ 5 ,  4 4 5 ,  6--*6, 5 ~ 6 ,  6--+7. The knowl- 
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Fig. 2. Sub-Doppler spectra of the transition 
5 d v 6 s 24F9/2 ~ 5 d 76 s 6p 6GI1/2 at 292 nm. 
The lines were assigned by comparing the 
experimental relative intensities with the 
calculated ones also shown for 193Ir in the 
lower part of the figure. Not indicated peaks 
correspond to cross-over resonances 
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Fig. 3. Saturation profile of the 
F =  6 ~ F '  = 7 hyperfine component f '  of 
the 5 d 7 6 s 2 4F9/2 ~ 5 d 7 6 s 6 p  6G~ ~/2 transition 
of 19tIr. The linewidth is 30 MHz (FWHM) 

Table 1. Measured hyperfine separations 
Z]F_  F, for the 5d76s6p6G1u2 and 
5 d 76 s 6p 667/2 excited levels of the two 
stable isotopes of iridium 

Level zI2 3 A 3 - 4  A4-5 A5-6 z16-7 

6 s 6 p 6 G l l / 2 ( 1 9 t I r )  - - 460(10) 1177(10) 2177(12) 
6s6p6G~u2(193I r )  - - 630(8) 1310(9) 2320(10) 

6s6p6Fv/2(a91Ir )  345(12) 483(12) 659(12) - 
6s6p6FT/2(193Ir)  387(10) 530(10) 709(10) - 

edge of  the ground state hyperfine separations, which we 
derived from the values reported by Biittgenbach et al. 
in [2], provided a test for the validity of such assignment. 
The measured hyperfine separations A (F, F -  1) for the 
5 d 7 6S 6p 6G11/2  level  are reported in the first two lines 
of  Table 1. 

We fitted these separations with the following func- 
tion: 

A (F,F-- I ) = A F  

3 BF[F2 + 1 / 2 - J ( J +  1 ) - I ( I +  1)l 
q (1) 

2 I ( 2 I - -  1) J ( 2 J - -  1) 

where A and B are, respectively, the magnetic dipole and 
the electric quadrupole coupling constants. 

The A and B values obtained in this way, for the 
5 d 7 6 s 6p 6G 1 ~/2 level, are: 

A (t93Ir) = 243(4) MHz B (193Ir) = 924(10) MHz 

A (19~Ir) =221(5)  MHz B(191ir) =999(12) MHz.  

A similar procedure was followed for the analysis of the 
295nm transition. The hyperfine separations of  the 
5 d 7 6 s 6p 6F7/2 level are also reported in Table 1. The A 
and B values for this level are: 

A (193Ir) = 136(5) MHz B(193Ir) = 36(10) MHz 

A (191Ir) = 125(6) MHz B(t91Ir) = 46(11) MHz.  

The A value we obtained agrees with that reported for 
191Ir in [3]: A = 123(3) MHz. As already mentioned, how- 
ever, the hyperfine structure data reported in [3] were 

obtained by a fit of  Doppler-broadened spectra; in this 
work, on the contrary, direct measurements of the hy- 
perfine separations were possible. This allowed us to 
estimate the smaller quadrupole contribution. Never- 
theless, the uncertainties are still too large to allow 
us to evidence any hyperfine anomaly effect. Indeed, 
if we derive the magnetic dipole anomaly 
191A 193 = [ f l / ( t93 i r  ) A (191Ir)]/[/~r(191Ir) A (193Ir)] - -  1 for 
the 5 d 7 6 s 6p 6G11/2 level, we obtain 191zl 193 = 

-0.01(0.03).  
The isotope shifts of the investigated transitions were 

obtained by determining the position of  the centroids of 
the hyperfine patterns. The values we obtained are: 

iSt91-193 ()~ = 292 nm) = - 2112(t2) MHz 

iS l91- /93 (/~. m 295 n m ) =  - 2788(15) MHz.  

Both the lines show a negative shift. This is due to a 
dominant nuclear-field shift (FS); as expected, this shift 
is negative because the lines arise from an electron tran- 
sition from a 6s to a 6p orbital. 

From IS measurements, the FS may be calculated by 
subtracting the normal mass shift (NMS) and the specific 
mass shift (SMS). Because of the heaviness of iridium, 
the SMS contribution is very small; an estimate for Ir of  
90(60) MHz, was given in [11]; the NMS may be easily 
calculated. Using these values, we obtain, for the field 
shift in the investigated transitions: 

FSI9, t93 (): = 292 n m ) =  - 2232(72) MHz 

FS191 193 ( ~  = 295 n m ) =  - 2908(75) MHz.  
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From the value of  the field shift, we can estimate the 
change in the electron density at the nucleus. In fact, the 
field contribution in a transition i is given by [ 11 ]: 

F S  A - A '  (i) = ~z a3Ail ~tt(O) 126(r2)A-A'f(Z)/Z (2) 

where a o is the Bohr radius, A il 7 ~ (0) 12 is the difference 
of the total non relativistic electron charge density at the 
nucleus between the initial and final states of the tran- 
sition, f (Z) taking into account relativistic corrections, 
and c~ ( r2)  A- A' is the change in the mean square nuclear 
charge radii. Equation (2) allows us to calculate 
A;[ ~ (0 ) t  2. Using the value of f ( Z )  given in [11], and 
taking ~ ( r2 )  A-A' from [3], we obtain: 

A I ~ (0) 12 ()~ = 295 n m ) =  - 29(3) a o  3 

A I ~ (0) 12 (A = 292 rim) = -- 22(3) % 3 .  

These results show that interesting informations on rel- 
evant physical parameters can be obtained from a high 
resolution investigation of  the iridium atom. However, 
for a better knowledge of the fine features of the spectrum 
of  this atom, accurate data are required for several tran- 
sitions. Work is actually in progress to investigate other 
UV lines using also different spectroscopic techniques, 
such as polarization spectroscopy, which can introduce 
a further improvement in our resolution. In particular, it 
is of interest to investigate the transition at 243.198 nm 
which is, to authors knowledge, the observed atomic tran- 
sition closest to the frequency of  the radiation used to 
excite the 1 s ~  2 s two-photon transition of  atomic hydro- 
gen. At present, a Doppler-free transition in molecular 
tellurium vapor (13°Te2) is used as frequency reference at 
the 486 nm wavelength of the fundamental radiation used 
to generate the UV light by frequency doubling. Its 
linewidth ( > 10 MHz) is much larger with respect to the 
linewidth achieved for the hydrogen transition [13]. This 
stimulated the search for a different reference line. The 
mentioned iridium transition has the advantage of being 
directly at the wavelength of the relevant radiation in the 
UV. The hyperfine components of this line in the two 
isotopes can then provide a calibration in this spectral 
region and one of them could be used as a frequency 
reference. In fact, from the linewidth of the sub-Doppler 
resonances observed in this work (Fig. 3) and taking the 
data for the relative lines intensities and branching ratios 

reported in [14], we can expect for this transition a ho- 
mogeneous linewidth of  less than 10 MHz. 

Conclusions 

We performed the first sub-Doppler spectroscopic inves- 
tigation of  Ir I, in the UV region, by means of saturated 
absorption spectroscopy. We reported A and B values for 
the 5 d 7 6 s 6p 6G 11/2 and 5 d 7 6 s 6p 6F7/2 levels. Accurate 
isotope shift values for the transitions at 292 and 295 nm 
were also obtained. These results open the possibility of  
investigating other lines, which are of interest for a better 
knowledge of  iridium spectra. Furthermore, the observed 
homogeneous linewidths suggest the possibility of using 
the spectra of the transition at 243 nm as an accurate 
frequency reference in this region. 

The authors thank Prof. M. Inguscio for valuable suggestions and 
for a critical reading of the manuscript. Work partially supported 
by Istituto Nazionale di Offica (INO) - Firenze. 
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