PHYSICAL REVIEW A 68, 032504 (2003
Isotope shift of the thallium (6s6p?) *P,,, state
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We have measured the hyperfine splitting and level isotope ghif§ of the (6s6p?) “P,, level of 2°5TI
and?°%T| using laser absorption spectroscopy in a thallium oven near 1373 K. We determine that the hyperfine
splitting between thé=1 and 0 levels of thé'P,,, state in?%Tl is 75.179-0.087 GHz. TheF=0 LIS is
—7.333:0.025 GHz and th& =1 LIS is —6.500+ 0.030 GHz, with the’*°TI level below the*Tl level in
both cases. We use our results together with other data to analyze the configuration mixing®f ttstate
with the nearby (8%10s) 2S,,, state. The mixing inferred from the hyperfine results is consistent with that
inferred from the isotope shift results.
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. INTRODUCTION by the nearby (6210s) S, level. The anomalously large
(6s210s) 2S,,, isotope shift and hyperfine splitting is due to
The ground-state configuration of Tlis 6s26p and the  mixing with the (66p?) *P,,, wave function. We quantita-
excited levels are typically $nl by promotion of the tively characterize the extent of this mixing.
ground-state p electron. In 1934, however, Buetler and The relevant electronic structure of thallium is depicted in
Demeter[1] first identified several terms of thes6p? con-  Fig. 1. In atoms with simiIarAeIectronic structure to 1
figuration, namely the*Py,, *Ps,, and 2Dy, where a namely Gal, Al I, and Ini, the *P,, state lies about 10 000
closed-shell & electron is promoted instead. Of the@p?2 cm ! below ionization and about 2000 crhfrom the near-

2 4 H
configuration terms, only*P,, lies below the ionization €St &Nl term. In Tl, howzever, ”;e Py state is barely
threshold of 49264 cm' and this state is the focus of our bound while the "Pgy 5, “Syz, “Paia and “Dsp g

measurement. The excited-state hyperfine splitting of th%fstgf\/:(;etoaﬁéogonq'Z';g'Crl%{ far‘gg]mt?]r;' (tgsgl'g)P%’é Sti;eu::’
(6s%6p) 2P9,— (6s6p?) *P, transition was first observed y 12

. ing a strong perturbation in both levels. Apparently this per-
by Reeves and Gartdi2] and estimated to be 84 GHz. Later turbation was first noted by Beutlest al. [1] and more

Gartonet al. were able to populate thezz upper fine—structurec|ose|y investigated by Hermart al. [6], who measured an
component of the ground state, £&p) _P_3,2, and observe anomalously large (€10s) 2S,, hyperfine splitting of
the (65°6p) Py—(6s6p?) Py, transition at 267.18 NM 20,9409 GHz9.9MHz in 2Tl and  21.0160 GHz
(37 427.9 cm*) [3,4], which is the same transition studied in +3 5 MHz in 2°°TI. This splitting exceeds by a factor of 12
this work. Additional ultraviolet Spectroscopy on Tlwas the expected hyperfine Sp||tt|ng trend of thezsl/Z terms
done by Koslov and Krylo\y5], who investigated many of [which normally goes asnf*) 3, wheren* is the effective
the 6s6pnl levels which lie well above the ionization limit. guantum numbeér This large splitting is due to configuration
In 1993, Hermanret al.[6] thoroughly studied the hyperfine
splittings and isotope shifts of 2S;;, with n=7-12 and the
n 2D3,2,5,2 levels forn=6-10 using an atomic beam and a , I € P
frequency-doubled dye laser. The isotope shifts and hyper F=1 o
fine splittings of the (8) 2S,, were again measured as re- : :
cently as 200Q7] and now it is reasonable to say that the (6s6p2)°P, , @ :
low-lying atomic level structure of Tilis known to 25 MHz,
and many measurements are better than 3 MHz. : L L F=0
However, the 86p? terms have not been measured as I@ :
precisely. These terms are interesting in part because the
make a major contribution to the amplitude of parity noncon-
servation in Tl transitiong8]. Here we describe our measure-
ment of the hyperfine structure and isotope shift of the bound

term, the*P,, state, using the techniques of laser spectros-6s26p)?p,, ® Pl py ©u  F22 P :* ®
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copy. We also examine the interesting perturbation generate: = T 1 F=1
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*Present address: Graduate School of Advanced Sciences of Mat- F|G. 1. Details of the §%6p 2p,,,—6s6p? *Py, transition in
ter, Hiroshima University, 1-3-1 Kagami-Yama, Higashi- the stable isotopes of thallium. The measurements reported in this

Hiroshima 739-8526, Japan. paper are labeledl), (2), and (3). Their values are presented in
TElectronic address: fortson@phys.washington.edu; URL: http:/Table |. Previous measurements are labék (B), (C), and (D)
www.phys.washington.edtfortson/ and can also be found in Table I.
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mixing with the nearby (66p?) “P,, state, which has a Ill. MEASUREMENTS AND RESULTS

very large hyperfine splitting(Configuration mixing be-
tween a’S,, state and &P, state with different nominal
values ofL and Sis not surprising in a heavy element like
thallium due to the breakdown &fS coupling[8].) The ex-
tent of (6s%10s) 2S,,,—(6s6p?) *P,,, mixing may be calcu-
lated from measurements of the state hyperfine splitfiggys
as we do below, and this mixing can be used to interpret ou
isotope shift measurements.

In addition, the best calculations of parity nonconserva
tion in thallium[10,11 are validated by predicting fine and
hyperfine splittings, term energies, and transition amplitude
for various levels. Better measurements of the,,, level
hyperfine splitting and isotope shift may help reduce the er
ror bars on future calculations.

The data on the (§6p) 2Ps,— (6s6p?) *P,, transition
are presented in Fig. 2. Two pairs of Doppler-broadened
peaks are evident. The pair on the left is assigned ol
—F'=0 and the set on the right is assigned to e 1,2
—F’=1. Here the prime indicates tH#®,,, hyperfine states.
he larger peak of each pair is associated WHHTI
70.476% abundangend the smaller peak®3Tl (20.524%
‘abundance The hyperfine splitting of (§26p) 2P, is 530
MHz (?°°Tl) and 524 MHz ¢°3Tl) and is not resolved in the
ightmost pair. There is no lower-state hyperfine splitting em-
edded in the leftmost pair and therefore we require two
separate line-shape models. In thé=1 model theF=2
—F'=1 transition rate is five times greater than the 1
—F'=1. The adjustable parameters in the model are the
Doppler width, two transition isotope shifts, the hyperfine
splitting, the absorption depth, and a cubic fit for the line-
Aring dye laserCoherent 699running with PM 556 dye ~ shape baseline.

provides 150—300 mW of output power at 534 nm. This light Errors come from two sources: the scan calibration and
is passed through a nonlinear crystBBO-cut for 486.28 the line-shape model. These two sources make roughly equal
nm) yielding about 0.6uW of frequency-doubled laser light contributions to the total error of both the hyperfine splitting
at 267 nm. This ultraviolet light is routed to a ceramic thal-and the isotope shift measurements. Our absorption scan is
lium oven operated between 1073 and 1373 K. The ultraviocalibrated against the 300.8-MHz reference cavity. The free
let light transmitted through the oven is detected on a solagpectral range of the cavity is calibrated against the known
blind photomultiplier tube which rejects the glow of the oven hyperfine splitting of theHge210s %Sy, and we estimate the
wall. The phototube signal is normalized against a sample ogrror of this calibration to be 0.11%. Our final measurement
the probe light that does not pass through the oven. No atesults and error estimates are presented in Table I.
tempt is made to achieve a Doppler free signal.

Il. EXPERIMENTAL METHOD

. . . . 2
The 2trarsmon we investigate is 1§€6p)2 P IV. DISCUSSION
—(6s6p?) *Py,. The Tli ground state, (§6p) 2Py, is
7792.7 cm? below 2P, and the relative proportion of at-  We are now in a position to calculate the mixing between

oms in the 2P, state is 74.X107% at 1100 K and 671 the P, and the nearby (€10s) S/, caused by the per-
X 10" at 1400 K. The vapor pressure is expected to be 48urbation mentioned in the Introduction. This was first done
Torr at 1400 K implying a 2P3, number density of by Flambaum and Sushkd®] using the measurements of
10'¥cm®. Most of our data are taken under these conditionsGartonet al. [4]. The level energy, hyperfine splitting, and
The laser is initially positioned near the resonance using ésotope shift for the 6°ns states do not show a significant
wavemeter(Burleigh WA-20 DL) and the laser is scanned departure from expected trends except in the casess.
until the absorption signal is observed. Due to the limited 30A detailed analysis of these trends shows that the off-
GHz scanning range of the laser it was not possible to condiagonal matrix element mixing theséns and 66p? con-
tinuously scan over both hyperfine components of the tranfigurations must be much less than all relevant energy inter-
sition. Therefore, one sample of the undoubled 534-nm beamvials except the one anomalously small interval between the
is routed to a 300.8-MHz FSR reference cavity and anothe¢6s?10s) °S,, and *P,,, states. We therefore assume, as was
to an iodine cell. The cavity fringes and the molecular iodinedone in[9], a coupled system of just two states,sé®?)
absorption signal provide redundant markers that allow us t§P;/, and (6210s) 2S,,.
blend the scans togethgt2,13. We define the mixing parameterby
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TABLE |. Our measurements of the $8p) 2Ps,— (6s6p?) *Py,, hyperfine spliting and (§6p?)
4Py, LIS. Also included are some additional splittings relevant to Fig. 1.

Measurement Fig. 1 label Valu&Hz) Previous measurements
205T| 6s6p? “P,, hyperfine splitting 1 75.1790.087 75.2180.180[4]
6s6p? “P,, F=0LIS 2 —7.333+-0.025 7.49-0.45
6s6p? “P,, F=1LIS 3 —6.500+0.030 6.32-0.45
205T] 6s?6p 2P, hyperfine splitting A 0.530 (6]
2031] 6s?6p 2P, hyperfine splitting B 0.524 (6]
6s%6p %P5, F=2LIS C —1.354 (6]
6s%6p %P5, F=1LIS D —1.360 (6]
|(10s) 2S,)=N[|10s) 2S,.)+ €|(656p?) *Py)], 407.3 MHz forn=7 and, except fon= 10, it smoothly de-

clines to 11.7 MHz fom=12. However, Ref[6] reports the
6s%10s 2S;, LIS to be—1930.3+ 3.6 MHz (the LIS is nega-
|(6s6p?) “*Pi»=N[|(6S6p?) *Py.)—€|(10s) 2S;)]. tive when the?°°T| level lies below the?*3TI level), a clear
deviation from this trend and evidence of perturbation. Based
on the trend established by tHpresumably unperturbed
The unprimed states are central field states in intermediathZnS(n:7_12,n¢ 10) isotope shifts we expect the LIS of
coupling, designated by their nominalS values. (These the 65210s state to be+26+7 MHz. We assume that the
states are linear combinations of tru8 states of the same large observed (§10s) 2S,,, LIS is due mostly to théP,,
configuration; e.g., what is calletPy, is actually a mixture  admixing caused by the configuration interaction, just as
of *P1;2, ?P1j2, and?S,;,.) The primed states are the spec- with the large 8210s hyperfine structure, and that we can
troscopic states that include configuration mixing by noncengstimate the expected isotope shift using the valuefofind
tral electron-electron forces. The normalization factér by our measurement of hyperfine structure. Using the
=1/V1+e“ [14]. isotope-averaged value ef=0.522 we calculate an expected
To find the value ofe, we first use the known hyperfine isotope shift of—1.805 GHz. This differs by 6.5% from the

splittings (from [6]) of the (€s°ns) °S,, states fom#10,  measured LIS of the§10s 2S,, level of —1.9303 GHZ6].
scaled by 1/*)3, to find the unperturbed hyperfine splitting

of the (6s%10s) 2S,;, state. We obtain 0.8930.15 GHz for V. FUTURE DIRECTIONS
205T| and 0.885-0.15 GHz for2°%TI. The scatter about the
trend with n* contributes an uncertainty of 0.15 GHz to

these numbers. Next we use the measuresfi@) 2S,), bod e ohvsi lculations: futusd  initi
splitting (also from[6]) and our (@6p?) *Py, hyperfine Many-body atomic physics calculations; futuab initio

splitting measurement to calculate which yields |¢| work will be chall_enged tq achieve consiste_ncy with our
=0.530 for 2%T| and |e|=0.522 for 2%%TI. The previous measurement. This experiment was done in a Doppler-
treatmen(9] yields|e| = 0.53 for both isotopes. The errors in 2ro2dened environment, but the accuracy should be adequate
the hyperfine splittings and the #{()® trend contribute an for theoretical investigations in the_near futqre. If accuracy
uncertainty of less than 0.01 to the valueeofHowever, to ever dqes bgcome an Issue, t_here IS o partlcular obstacle to
place reliable overall error bars anwould require a better SX€CUting this measurement in an atomic beam with more

estimate of the accuracy of the quantum defect method thall €¢15€ calibration techniques.
we have made.

This mixing not only adds to the hyperfine splitting of the
(6s%10s) %S, state, but will boost the isotope shift as well.  This work was supported by NSF Grant No. PHY-
The measured isotope shift of the’d s 2S,,, series starts at  0099535.

In addition to its interest in connection with atomic parity
nonconservation, thallium is a common testing ground for
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