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In this paper we discuss the hyperfine structure and isotope shift of the xenon atom. The study was per-
formed using a semiconductor diode laser mounted in an extended-cavity configuration and emitting in the
near-infrared range of spectrum. Doppler-free spectra of four transitions between 820 and 830 nm were
obtained by using either a saturation spectroscopy technique in a cell or a laser-induced fluorescence technique
on a collimated atomic metastable beam. The hyperfine coupling constdAtg@find'*Xe were determined
for the levels ks, 1s,, 1S5, 2p,, 2p4, and g (Paschen notation Moreover, a systematic study of the
isotope shift was performed for thesg—2p, (A=820.8 nm) and 45— 2pg (A=823.3 nm transitions for
which all the stable isotope€®-13Xe, 1%2Xe, 134Xe, and'3®Xe were fully resolved[S1050-29479)02712-2

PACS numbsd(s): 32.30.Jc

[. INTRODUCTION ing classical interferometry with a full width at half maxi-
mum around 1 GHz. In particular, in R¢8] they provide an
Accurate measurements of isotope stif) and hyperfine interpretation of the IS based on a parametric model and
structure(HFS) in atoms allow us to obtain precious infor- obtain reasonable agreement wath initio Hartree-Fock cal-
mation about the coupling of the nucleus with its electronicculations. Similar interferometric analysis of IS and HFS was
environment and thus to test quantum-mechanical calculaalso performed by Fischat al. in Ref.[6].
tions based on Hartree-Fock methods. In particular, the in- Very precise determinations of the hyperfine splittings of
vestigation of nuclear effects on the optical electrons allowshe metastable’P, state were achieved by Faust and Der-
us to estimate changes in mean-square radii from isotope tmott [7] by using the atomic beam nuclear magnetic reso-
isotope, nuclear deformations, nuclear magnetic-dipole andance methodNMR).
electric-quadrupole interaction constants. Alternatively, if High-resolution studies of optical IS and HFS have been
nuclear parameters are available they can provide informdacilitated by well consolidated Doppler-free laser spectros-
tion about electronic properties, such as screening factors @opy techniques and by the use of atomic beam technology.
electronic correlation effects. The IS and HFS constants of many xenon isotopes far
The spectra of rare-gas atoms are characterizedshyp  from stability were investigated for the s&/2[3/2],
series in the visible and near-infrared spectral regions. These:6p 3/2[3/2], (pair coupling notation:nl J¢oel K= Jcore
transitions connect the metastabl®, and 3P, states and +1];) transition . =823.3 nm) by collisional ionization la-
the radiative®P, and P, states with energetically higher ser spectroscop}g] at the ISOLDE facility at CERN.
levels. On the other hand, the transitions starting from the Geisen etal. [9] investigated the transitions

ground state'S, are in the vacuum ultraviolet range where 6s 1/2[1/2],—8p1/21/2], (A=626.5nm) and
tunable laser sources of high spectral purity are not yet availeés 3/2[ 3/2],—5d 3/2[ P]; (650.7nm) by means of the
able. laser-induced fluorescence technique on a beam of meta-

The xenon atom Z=54) is of particular interest for a stable XefP,) and XefP,) atoms.
systematic study of IS and HFS because it has nine stable Doppler-free two-photon laser spectroscopy was used by
isotopes in natural abundance accessible to high sensitivitplimmer et al. [10] in order to investigate the IS in two-
laser spectroscopy techniques 1?%e:0.0096%, photon transition at 249 nm from the@% S, ground state to
126xe:0.0090%, 18Xe:1.92%, 1%°Xe:26.4%), 1°%e:4.1%, aJ=0 level of the ° 6p configuration(the 2ps level in
131%e:21.1%, 132Xe:26.9%), 1**Xe:10.4% and**Xe:8.9%). Paschen notationfor which the HFS was absent at both
In addition, two of these nuclei have a nuclear spinlevels.

(***¢e:l=% and**Xe:I1=2) which brings about a hyperfine ~ The development of laser cooling and trapping techniques
splitting of the levels. Finally, this series of Xe isotopes has recently{11] allowed precise IS measurements on cold
crosses the closed neutron shidi=82 (1*®Xe is a magic atoms of the 63/2[3/2],—6p3/45/2]; transition @
nucleus and this can result in interesting anomalies in the 1IS.=882.2 nm) by using a titanium:sapphire laser.

Isotope shifts and hyperfine structure in xenon have been The advent of semiconductor diode lasers has made it
measured in many transitions by using different experimentatasier to extend Doppler-free laser investigations in the near-
approaches. Jackson and co-workers have measured the isafrared spectral region. In particular, saturated absorption
tope shifts[1-3] and the hyperfine structure splitting$,5]  spectroscopy of Xe has been performed recently by Beverini
in isotopically enriched samples for a wide variety of transi-et al. [12] by using a diode laser emitting at 830 nm. How-
tions in the visible and near-infrared spectral regions by usever, the aim of that paper was mainly to demonstrate the use
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TABLE I. Transitions investigated in this work.

Transition
Ai(1076 sh
Pair coupling Paschen N A) (Ref.[14])
6s3/2[3/2],—6p 3/2[3/2], 1s5—2pg 8233.893 23
6s 1/2[1/2],—6p 1/2[3/2], 1s;3—2p, 8208.593 9
6s 1/2[1/2],—6p 1/2[1/2], 1s,—2p, 8268.786 9
6s3/2[3/2],—6p 3/2[1/2], 1s,—2ps 8282.389 33

of near-infrared diode lasers for the Doppler-free technigueliode temperature by means of a thermoelectric cooler, while

since their laser operated within a broadband regime and nfine and fast tuning was achieved by varying the injection

laser frequency calibration was employed. current. Frequency scans of about 3 GHz were accomplished
In our work we have used a diode laser for Doppler-freeby changing the injection current and the cavity length syn-

spectroscopic measurements of four transitions between 82hronously, the latter by moving the grating by means of a

and 830 nm for the first time listed in _Tableﬁfbr the sake of  piezoelectric crystalPZT).

simplicity Paschen notation is also introduced and will be 16 avoid undesirable optical feedback interfering with the

used throughout the present papen light of the work of |56, an optical isolator was inserted between the laser and

Ref. [12] the spectral purity of our laser was increased byiha rest of the experimental setup.

using an optical feedback stabilization technique; the laser The laser wavelength was measured with a traveling

bandwidth was reduced below 1 MHz, i.e., to a value Sma"e'f\/lichelson interferometer with an accuracy of one part ih 10

than the homogeneous width of the investigated Iines\'/vhile the frequency scans were calibrated by using the mark-
Doppler-free resolution was achieved by using either satura- q y y 9

tion spectroscopy in the cell or laser-induced fluorescencg(lri| frohm a 150d0 fMHz(Cohereint M0d§| 24)0an 3;00.31)
(LIF) on a collimated metastable xenon beam, depending off '~ (homemadgfree-spectral rangé=SR confocal Fabry-

the particular investigated transition as will be explained in" €70t(FP) interferometers. The firsEP) interferometer was

the next section. That allowed us to measure the HFS spli€Ssentially used to check the laser mode quality while the
tings for all the investigated lines and their relative nuclearransmission peaks of the second one were recorded simul-
magnetic dipole and electric quadrupole coupling constanti@neously to the investigated spectra for frequency calibra-
with an accuracy less than 1 MHz. In particular, for trg,1  tion. The homemade FP interferometer was made out of
1s,, 2p,, and 2, levels these are the first data obtained onduartz tube and its free-spectral range was determined by
the basis of Doppler-free techniques, to the best of ouitroducing on the laser beam sidebands with an electro-
knowledge. optic modulator. The fluctuations of the free-spectral range

In addition, a complete analysis of the IS was done for thedbserved over a period of a few hours were of the order of
transitions Bs— 2pg and 1s;— 2p, for which the even iso- 100 kHz.
topes were fully resolved. Combining our optical IS mea- Moreover, particular care was put in the calibration of the
surements with the nuclear charge radii available fromlaser frequency. Indeed, especially for diode laser sources,
muonic transitions it was possible to obtain the specific masthe frequency scan was not perfectly linear due to the piezoc-
shift and the field shift contributions. Finally, using the semi-rystal of the extended cavity. This was taken into account by
empirical Goudsmit-Fermi-Segiermula we estimated the recording the FP peaks and using a fit procedure where the
screening factorg for the 1s; and 1s; levels. nonlinear frequency behavior versus the free-spectral range
steps was assumed by a quadratic function. The found best fit
parameters were then used to convert the recosrdedis
(pixels) into the linear frequency axigviHz).

The laser source used in this experiment was an extended In order to study the IS and HFS in Xe we used two
cavity semiconductor diode lasgiAlGaAs/GaAs, Sharp different experimental techniques depending on the transi-
model LTO15MDQ emitting at\ =826 nm at room tempera- tion being investigated. In particular, the transitions starting
ture. Typical output power was about 4 mW with an injec-from the metastabléP, and P, states were, in principle,
tion current of 100 mA, while the laser bandwidth was foundsuitable to be investigated with higher resolution by means
to be several tens of MHz. A narrower bandwidth less than Df an atomic beam where perturbations due to collisions and
MHz was achieved instead by using a frequency stabilizatiomlischarge electric fields are practically eliminated.
scheme based on optical feedbaldd3]. The diode was A metastable beam was produced by striking a 0.4 A dc
placed inside a pseudocavity consisting of a 1200 lines/mndischarge directly through a gas jet coming from a nozzle 1
diffraction grating mounted in Littrow configuration. The mm in diametersee Fig. 1 The beam was collimated with
first-order diffracted beam was fed back into the diode cavitya rectangular 1 mei5 mm aperture placed downstream
whose output facet had a reduced reflectivity. A 30% reflecfrom the excitation region. The spot of the laser beam, ap-
tivity beam splitter was placed between the laser and th@roximately circularized by means of a pair of anamorphic
grating in order to extract the two laser beams used in th@risms @~2 mm), crossed the atomic beam perpendicu-
experiment. larly at a distance of 40 cm from the excitation region. The

Coarse wavelength tuning was obtained by changing thé&aser beam was then re-reflected so that it crossed again the

II. EXPERIMENTAL METHODS
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fluorescence light from the crossing region was collected

with an optical system consisting of a spherical mii®cm

in focal length and a convergent lens of the same focal |

length; the crossing point was in the focal plane of both , . . i . { . i .

mirror and lengsee Fig. L Fluorescence photons were de- 0 2000 4000 6000 8000

tected by a photomultiplieThorn EMI model 9203QB Frequency (MHz)

while the scattered light was essentially suppressed by plac-

ing shields along the laser beam path. FIG. 2. _D_oppler-limited and Doppler-free spectra of the; 1
We investigated transitions arising from botssand 1s; ﬁZPe transﬂpn:(a) represents the_ pure absorption §|gnal recorded

metastable levels. Nevertheless, the fluorescence signal Bfthe cell:(b) is the fluorescence signal Onltshle atomic begnare

the 1s,—2p, transition resulted in about three orders of e expected hyperfine patterns'fxe and**xe.

magnitude smaller than that of the:t-2pg line. This result Ignses As a modulation system we used an acousto-optic
is apparently strange because the intensities of the two line odulator (AOM) instead of a mechanical chopper to in-

are comparable, as shown in Table I. Howeyer, the lifetime rease the modulation frequenitiius reducing the 1/noise

of tr;elst\(/)v(; ;%ta‘c’tibg% L(qa\s/c[ellséﬂa[rehi;agr}?f;rggfféeirslt,ngalrir_]el of the laser and to eliminate acoustic noise introduced by

7_135 ) T1sg . s g the mechanical chopper on the diode laser. The AOM de-
gible with respect to thg time pf flight that metas-table atoMSjacted the laser beam at a frequency of 50 kHz while the
take to reach the crossing regioryfe~1ms), butitplays a |aser frequency was swept at frequencies of a few Hz. The
crucial role in the metastable production mechanisms. If Wexq also introduces a frequency shift of 20 Mhz, although

consider a simple rate equations model, the steady-stajfie saturation dip was not produced at the center of the in-
metastable densitias; andns can be written as vestigated line this was trivial for isotope shift measure-

ments. The analysis beam was detected by means of a fast

¢) Calculated spectra
L I i I [}

— Neo3sNo 1) photodiode and the electrical signal was amplified and phase
35 1rystKss' sensitively rectified by a lock-in amplifigintegration time
=1ms).

wheren, is the electron density in the excitation regier,s
are the electron impact cross sections, dfgls are the lll. RESULTS AND DISCUSSION
guenching rates for the two metastable levels. Since it is
reasonable to considers~ o5 [15] and, as a first approxi-
mation, to neglect the role of collisional quenching in the Figure Za) shows a typical Doppler-limited absorption
expansion region of the atomic bearys=0), we have spectrum for the 45— 2p¢ transition; the recording was ob-
ns/ny=75/73=1875, a figure whose order of magnitude is tained in a cell at a pressure of 0.5 Torr. As can be seen, the
in agreement with the observed ratio. Doppler broadeningX vp~500 MHz) masks completely the
Since the signal-to-noise ratio for thesl-2p, line was  HFS which, for the transition being considered, should give
too poor, this line was then investigated in a cell where atplace to 14 HFS components as well as the five peaks of the
oms were excited by means of a radio-frequency dischargeven isotopes.
that has already been shown to be a very efficient system for A Doppler-free recording of the same transition obtained
the metastable production of noble gaf&s]. on an atomic beam with the LIF technique is reported in Fig.
The experimental setup for saturation spectroscopy i2(b). The expected natural linewidth of this transition is 3.9
briefly described in the following: The laser beam was splitMHz while the observed width was about 10 MHz. This
into pump and probe beams with a power of 1 and 0.15 mW(discrepancy can be ascribed to the residual Doppler broad-
respectively. The counter-propagating beams were weaklgning due to the collimation degree of our atomic beam since
focused onto the discharge cell with 500 mm focal lengthtime-of-flight broadening and saturation broadening were

A. Hyperfine structure
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TABLE II. HFS coupling constants of?Xe and**'Xe (in MHz). The uncertaintities are one standard
error obtained over a set of 20 recordings.

HFS
Level constant Present work Ré2] Other measurements
1sg Al20 —2384.41.2 23861.5) —2384.50314)% 23841.5°
A3t 705.44) 706.47477)2
B3t 255.76) 252.52586)%, 2522)°
1s, A0 —959.17) —971(3)
ALl 284.36) 287(9)
B3t 89.98) 87(9)
1s, A2 —58042) —58064) —57999)°
A3t 1709.37) 17106) 17163)°
B3 30.39) 16(3) 24(6)°
2p, Al20 19771) 19794)
A3l —581.06) —5836)
st —6.2(4) —5(6)
2p, A0 —44241) —44273) —44349)°
ALt —1321.89) —1321(6) —13149)°
B3t 16.55) 16(3) 15(9)°
2pPs AL —889.64) —893(6) —8883)°, —886.18)"
A3t 262.14) 263.16)
B3t 23.84) 29(2)
aReferencd7].
bReferencd9].
‘Referencd6].
YReferencd8].
negligible in our experimental conditions. 1
As can be seen from Fig(1®), the HFS pattern is spread 3 F2+ > I+ -1(+1)
over a relatively large frequency randebout 10 GHx AEEr-1=AF+ EBF 13(20-D)2-1)

Since the maximum frequency scan of our laser system was
only 3 GHz the spectra of Fig.(B) were obtained through
five separate narrower scans so that at least one common line

in each consecutive scanning was present. A similar proce: . . . .
dure was followed for the other lines investigated in thiserheA andB constants measured in this work are !|sted n
Table Il and, where possible, they are compared with previ-

work except the §,—2ps line whose spectrum was re- . . o .
corded with a single frequency scanning. ous measurements reported in the literature. It is interesting

The individual hyperfine components were identified ont© NOte that our measurements for the; level are in rea-
the basis of isotopic abundance, the intensity formulas foponable agreement with the very accurate NMR data. The
HFS multiplets[17] (see lower part in Fig. )2and, where @agreement with the results previously obtained using laser
previous spectroscopic data were available, expected splitechniquesisee Ref[8]) for the 2pg level is also pleasing
ting patterns. while some discrepancies are present with respect to the

The spectrum of the —2p, transition was a simpler Doppler-limited interferometric data reported in Refg]
matter because the lower level does not exhibit HBS ( and[6]. Moreover, it is worth noting the rather smallcon-
=0), making an estimation of the hyperfine splittings easierstant for the %, level in comparison to thé value of all
Experimental spectra were fitted using Lorentzian profilesother states of the® 6s electronic configuration.
for each peak taking as free parameters their centers, inten- The ratio between the magnetic dipole constafstfor
sities, and widthgthe latter was the same for all peaks 1?°Xe and '®Xe should scale as the ratio of their nuclear
Some of the hyperfine splittings were determined from themoments fu1,6=0.7768.5 and u3;=0.6908g) and
separation of different couples of HFS components. In suchuclear spins, and be equal +d.2964. The data of Table Il
cases we invariably found statistically consistent values andre in agreement with this value for all the investigated lev-
calculated the average among them to give the final result.els within 1%. However, since hyperfine anomalies are ex-

From the measured splittings the magnetic digéleand  pected to be<1% the accuracy of our measurements is too
electric quadrupolgB) coupling hyperfine constants were poor to explore so fine an effect.
determined. In particular, fot**Xe the constanA was cal- Another way to check the accuracy of our measurements
culated from the simple interval rul& g ,y=AF for B is the estimation of the nuclear electric moment quadrupole
=0 (I<1). For e the constant& andB were obtained Q from the measured constant. As is well known these
by fitting the hyperfine splittings to the well-known formula: quantities are connected by the relation

@
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B Q< azve> Even Isotopes
= — > ven 1sotope.
Jz -
3cogh-1 D ls,-2p 7
:—ch:—Q<J,mJ:JT \J,mJ:J>, (3) ° oo
AN
whereC, is the mean gradient of the electric field generated . ®Xe
by the electrons at the nucleus which can be easily calculated %

for anls electronic configuration, with=p,d (for xenon the
configuration H°6s gives place to four termsiL,, ;, 3L,,
3L,_4, and IL,). In this case it is possible to relate the
guantitiesC, with relativistic corrections and energy-level
separations between the terms of the electronic configuration
as described in more detail in R¢fL7]. These calculations
lead to the following values of,:

°°¢:>°°°
M By W QD"%ma

Signal (arb. units)

Co(3P,)=8.99820, C,(°P;)=3.30269,

Ce(®P)=0, C(*P;)=2.32124. (4)

600 700 800 900 1000 1100 1200 1300 1400

Frequency (MHz)
Co(3P,) =0 because théP, level does not have HFS. From auency

Eq. (3) the nuclear electric-quadrupole moment can be esti- FIG. 3. Doppler-free spectra of thesj—2ps (a) and Isg
mated for the three excited xenon level®,, 3P;, and —2pg (b) transitions. Both spectra concern only the even isotopes,

1P1_ The values obtained are corresponding to the central part of the spectrum(is).2a) repre-
sents the saturated absorption spectrum recorded in the cell while
3p,) Q=-0.121)%10 3fm? (b) is the fluorescence spectrum obtained on the atomic beam. As
explained in the text, only for beam measurement the resolution

3P)) Q=-0.11(1)x10 3fm?, (5)  was enough to allow a reliable fit procedyg®ntinuous line in the

lower spectra
1 — —3 2
P1) Q=~0.0551)>10 “fm isotope abundance are quite different, the assignment of the
These results confirm the semiempirical analysis of Fausfotope centers is also difficult using a fit procedure. On the
and McDermott[7], which determine the value of as  contrary, the resolution offered by the atomic beam allowed
—0.12015) 10 3fm? and are also in agreement with more US t0 assign all the peaks through a fit proceduoomtinuous
recent measurements of the HFS muotixe, whereQ=  line in Fig. 3b)]. . o _ _
—0.116(4) 103 fm? [18]. The consistent displacement ob- For th|s_ reason, among the lines being mvestlgated, it was
served for the nuclear moment calculated through tRe only possible to completely solve all the xenon isotopes for
level could be ascribed to the influence of the perturbation of"®  155—2ps (A=820.8nm) and 45—2ps (A

— i 12
6p levels (y, level is only 84 cmi* above thelP, ong ~ —823.3nm) lines. The weak peaks of thiXe and **Xe
which was not included in the theory. (natural abundance=0.01% represents an exception be-

cause they are completely masked by the larger neighboring
isotope peaks. Nevertheless, it is worth noting that rare iso-
topic species with similar natural abundances were observed
As is well known, the isotope shift is given by two con- by using the same experimental apparatus. This was the case
tributions: mass shift and field shift. As a general rule, forwith argon which has two rare isotope®®4r:0.337% and
light atoms €< 30) mass shift is the dominant contribution 3Ar:0.063%) besides the most abundant isotofjAr.
while for heavy atoms 4>60) the volume shift plays the These, however, are separated by several hundreds of MHz
main role. For intermediate atoms the two contributions ar§19]. For odd isotopes, the IS was determined by calculating
comparable and, since they can also exhibit different signghe position of the center of gravity of the hyperfine multip-
they partially cancel each other. This is the case with xenoiet. The IS values for the two above cited transitions are
(Z="54) for which we observed a rather small IS for all the detailed in Table Ill. As we can see, there is a close agree-
investigated transitions. In addition, in spite of the high reso-ment with both Doppler-limited conventional spectroscopic
lution offered by Doppler-free techniques, the large numbedata(Ref. [3]) and data gained using a collinear beam laser
of isotopes and the rich hyperfine patterns caused a crowdadchnique(Ref.[8]), however our measurements increase the
spectra which limited the resolution. This can be easily seeaccuracy by about one order of magnitude.
from Fig. 3 where the central part of the spectrum concern- Since IS measurements reveal the nuclear shell very dis-
ing the even isotopes ofsi—2ps [part ()] and of Is; tinctly, the structure at magic numbers can cause striking
—2pg [part (b)] transitions are compared. The first transi- anomalies in the behavior of the IS itself. This is shown in
tion, as previously discussed, was investigated in a celFig. 4 where the IS values of Table Ill are plotted against the
where the homogeneous width was about 50 MHz. As can batomic numberA. The shifts between even isotopes are es-
seen from Fig. @), since the separation between the evensentially proportional toA except for the couple 136-134
isotopes is comparable with the homogeneous width and th@here theN=82 neutron shell is filled.

B. Isotope shift
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TABLE Ill. Isotope shifts of xenon stable isotopém MHz). The uncertainties are one standard error obtained over a set of 20
recordings.

Other results

Avep Avgys Avg
Transition Pair (this work) Ref. [3] Ref.[8] Av°M (this work) (this work)
185—2pg 136-134 —97.98) —96(9) -97(3) 21.930 =17(7) —98(10)
(823.3 nm
136-132 —150.34) —14709) —1504) 44.525 —40(7) —15916)
136-131 —2452) —228(15) —229115) 56.080 —51(7) —24424)
136-130 —2024) —201(9) —2036) 67.814 —63(7) —206(21)
136-129 —274(2) —27015) —27X7) 79.757 —75(7) —261(26)
136-128 —267.54) —264(9) —261(10) 91.831 —87(7) —271(27)
1s3—2p, 136-134 —80.38) —90(6) 21.998 —8(8) —91(10
(820.8 nm
136-132 —132.33) —1295) 44.662 —31(8) —14916)
136-131 —191(2) —192(8) 56.253 —42(8) —22826)
136-130 —183.04) —1835) 68.023 —54(8) —22822)
136-129 —2382) —234(5) 80.003 —66(8) —224(28)
136-128 —239.85) —2436) 92.114 —78(8) —25330)

Another interesting phenomenon is so-called “odd-everficient which describes the contribution due to the correlation
staggering” which consists in the fact that the center of gravamong electrons. The IS related to this effect is named spe-
ity of the hyperfine splittings of an odd isotope does not liecific mass shift(SMS) and is given byAvgus=AvYy (K,
in midway between the frequency positions of the adjacent-1).
even isotopes but is shifted towards the lighter [i2@}. This While the calculation ofA »Y, simply follows from the
phenomenon is illustrated in Fig. 4 for both the odd isotopesnass of the isotopes and the wavelength of the transition, the
12%Xe and *'Xe sinceAr'****?and Av*** 1% are beneath determination of SMS is much more complicated befitg
the straight line passing through the even pairs. For a deepglependent on the electronic wave functions of the levels in-
and more quantitative analysis of the IS it is useful to followyglyved in the transition.
the formalism of Ref[21] We can denote the IS for a given S|m||ar|y, the field fac[o“:a appearing in Eq(?) depends

transitiona between two isotopes and g8 with mass number  on the wave functions as well and, for as-np transition, is
A% and A® as the sum of mass shif v, and field shift, given by

Avg, eg.,

ns-np

3
a @ a
AvEP=Avy+Avp=AvY K, +F,C*P, (6) Fnsnp:%mxp(o)ﬁ f(2), 7)

whereA vf\),, is the normal mass shifNMS) andK, a coef-
wherea, is the Bohr radiusf(Z) is a relativistic correction
(f(54)=11.37 GHz/frd [22]), and [AW¥(0)|3,,, is the
change in the total electron-charge density at the nucleus. As
a first approximatiod AW (0)| 3 ,,= B1W (0)|7s [23], where
the screening factog takes into account the change in the
screening of inner closed-shell electrons from the nuclear
charge by the valence electron as it changes fn@to np.
Finally, the parameteC®”? of Eq. (6) depends on the
change in the mean-square nuclear radius for the isotope pair
being considered, i.e.C*#=8(r?)®#. Nuclear radii are
known for a wide variety of nuclei; they vary in a very com-
plicated manner when protons or neutrons are added to the
nucleus as discussed in RE24].
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127 128 129 130 131 132 133 134 135 136 137 In order to obtain physical information on IS it is impor-
tant to extract the FS and the SMS contribution. King-plots
Mass number are essentially a basic approach to do that. Indeed, when the

FIG. 4. Behavior of the experimental IS versus the isotope masgS of tWQ transitionsa a”O,'b are pIOtt.ed against e_aCh Other_'n
number for both $,—2ps (&) and Iss— 2ps (b) transitions. The ~anx-y diagram for each isotope pair, the experimental points
dashed lines refer to linear fits concerning the even isotopes. Thae distributed around a straight line whose slope is the ratio
displacement from the straight line of th¥Xe is due to the closed Fa/Fyp, i.€., the ratio of the two field factors of the plotted
neutron shell of this nucleus while that &%e and**!Xe is as-  transitions. In our case, if we plot thesgt—2pg transition
cribed to the odd-even staggering. along thex axis (denoted ax) and the k;—2p, transition
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(denoted ay) we findF,/F,=0.684). If the SMS of one fine structure[24];, and is equal to 1.16 which is exactly
transition is known the absolute SMS and FS of the other camidway between th¢ factors of the %5 and 1sg levels.

easily be calculated. In particular, knowledge of FS allows

the estimation of nuclear radii. To the best of our knowledge, IV. CONCLUSIONS

there are, in the case of Xe, no data for the SMS or the FS of |, this paper we have performed a high-resolution spec-

any transition. For instance, in R¢8] the authors assumed {roscopic analysis of the xenon atom in the spectral region of
a SMS of(56=10) MHz for the 467 nm, line of the 136—134 the near-infrared spectral region. Doppler-free spectroscopy
based on a through review of several empirical methods ofyas performed either by saturation spectroscopy in cell or by
determining mass shifsee also Ref22] for a wider discus-  light induced fluorescence spectroscopy on a metastable
sion of this matter atomic beam. The latter apparatus gave us a higher resolu-
In order to extract the absolute values of FS and SMS weion but its use was, of course, restricted to transitions start-
started from the values of nuclear charge radii available froning from the long-lived metastables] level. As a laser
muonic transitions as reported in RE23]. When the mea- source we used a frequency-stabilized semiconductor diode
sured IS for a given transition is plotted againét?)**®* for  laser.
all the isotope pairs, a straight line is obtained whose slope is The HFS and IS of four 4,—2p;: transitions were in-
the field factorF while the intercept is the SMSee Eq(6)].  vestigated in natural samples for all the stable xenon isotopes
The FS and SMS values so calculated for both the transitionsxcept*?*Xe and*?®Xe, which were not naturally abundant
are listed in the columns 7 and 8 of Table Ill. As we can seegnough for the resolution of our apparatus.
the NMS and SMS are of the same order of magnitude and For all the levels of the investigated transition the HFS
cancel each other meaning that the measured IS must lpattern of the two odd isotopes?®Xe and **Xe) was as-
particularly small. In addition, the ratio between the field signed with an appropriate fitting procedure and the relative
factors of the two above cited transitioRs /F, is equal to  magnetic dipole and electric quadrupole HFS constants were
0.91) and is in reasonable agreement with the value 0.6&stimated. The accuracy of our measurements varied be-
obtained from the King-plot analysis. It is worth noting that tween 0.5% and 7%. For the metastab$g level we found
the same result was obtained when different sets of nucleat rather close agreement with very accurate NMR measure-
radii were used as, for instance, the data of REF§.[24],  ments, while for most of the remaining levels studied the
and[25]. This test confirms, in any case, that the assume@nly available data in the relevant literature were based on
mean-square nuclear charge radii are, within the limits oDoppler-limited conventional spectroscopy.
experimental accuracy, consistent with our optical measure- The IS investigation was, on the other hand, limited to
ments. only two transitions, the 45— 2pg and 1s;—2p, lines for
The knowledge of the FS allowed us to estimate thewhich all the even isotopes were fully resolved. Our IS mea-
screening factor, the calculation of which is based on surements evidenced the simultaneous presence of two well-
Hartree-Fock approaches. The latter are quite difficult espeknown phenomena: the first concerns the anomalous behav-
cially for non-alkaline-like atoms where configuration mix- jor of the magic nucleus®Xe (N=82) while the second is
ing occurs and relativistic corrections have to be taken intahe odd-even staggering observed in the correspondence of
account. Using the semiempirical Goudsmit-Fermi-Segrehe two odd isotopes.
formula (Ref.[22]) and the magnetic dipole constants of the  In order to extract the two main contributions to the IS,
1s; and Iss levels reported in Table Il we calculated the the specific mass shift and the field shift, we started from the
electronic charge density at the point nucleussglectrons:  muonic nuclear radi{Ref.[23]). As expected, the IS in such

5 a relatively large nucleus as xenon was dominated by field

ag ) shift. From this analysis we estimated the field factor ratio of
7|‘P(O)|ns|129:0-15531); the two transitions and found a close agreement with the
value calculated from a full optical analysis based on King-
wag , plots. v th ot th .
7|q;(0)|ns|131=0_15491)_ (8) Finally, the screening factoyd of the two transitions were

calculated using the Goudsmit-Fermi-Sefganula with the
HFS measurements. The values found for tke-22pg and
1s;—2p, transitions were in agreement with the only theo-
retical data for the p° 6s electronic configuration.
Our results will hopefully stimulate a deeper theoretical
Bis,= 1.2055), Bis,= 1.124). ©) analysis of the SMS and FS of xenon. Indeed, such calcula-
tion, requiring accurate knowledge of electronic wave func-
The only relativistic Hartree-Fock calculation providega tion, could provide more accurate and complete information
factor for the $°6s configuration without distinguishing about the nuclear parameters of such an atom.

Combining these results with Eq&) and (3) we obtained
the following screening factors:
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