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Precision Stark spectroscopy of sodium2P and 2D states
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We report precision measurements of the energies of the Na 102P, 112P, and 102D states and their
fine-structure intervals. TheP-state results bridge the gap between earlier high- and low-n measurements from
other laboratories, thus facilitating calculation of quantum-defect parameters. Quantum-defect theory fits to all
available data on Na are critically examined. Using the most reliable values at low, intermediate, and highn
leads to a single set of four quantum-defect parameters that is useful over the entire range ofn. Also, using the
presentP-state measurements, we extract a value of the ionization potential that is in exact agreement with our
earlier determination.@S1050-2947~98!08308-5#

PACS number~s!: 32.30.Bv, 32.60.1i, 32.80.Rm, 32.10.Hq
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Although the principal series of sodium has been stud
for many years, precision measurements of the2P energies
have been made only forn&7 and 22*n*32. Quantum
defects deduced from these two sets of measurements sh
agree, but this was not the case. Our earlier attempt@1# to
combine all then available data@2–11# to fit quantum defects
for this manifold revealed that, on the stated levels of exp
mental accuracy, these low-n and high-n measurements wer
incompatible.

In an effort to resolve the discrepancy we performed
periments using constant energy Stark spectroscopy, the
from which lead to precision determinations of the bindi
energies and fine-structure splittings in the crucial range
n;8212 that bridges the gap between the high- and lown
measurements. Our measurements of the 102P and 112P
energies and fine-structure intervals indicate that cer
high-n measurements, acquired from microwave~mw! ex-
periments prior to 1995@4#, suffered from small but signifi-
cant Stark shifts that account for the incompatibility. Mo
recent mw data@12,13# are, however, in substantial agre
ment with our conclusion.

Our previous study@1# showed the usefulness of accura
intermediate energy-level binding energies when fitting co
bined mw and optical data. Normally, spectroscopic tran
tion frequencies give only energy differences and thus
quire a fit of many such data to obtain the quantum defec
a single level. Using constant energy Stark spectrosco
however, we determine the binding energy. Thus the qu
tum defect of a level can be obtained from a single meas
ment. Moreover, from the binding energies the ionizat
potential of the ground state atom can also be calculated@1#.

The essence of our method is to excite a high-lying st
say, n*20, by stepwise transitions, the last transition
which is effected with a very accurately known laser line
CO2 line @14# in this work. The upper-level energy of the la
transition can be accurately deduced by comparison with
culated Stark sublevel energies. The binding energy of
lower level is then found by adding the energy of the C2
laser line. Most sublevels of the high-n state are hydrogenic
so existing quantum-defect parameters suffice, possibly w
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rapidly converging iterative refinement. We combine o
measured energies with all available sodium spectrosc
data in a general fit of quantum-defect parameters.

The apparatus@1# provided a beam of sodium atoms, de
sity '107 cm23, that was irradiated by two or three las
beams at the center of a pair of Stark plates to which a
electric field F was applied. The intermediate 102P and
11 2P states were excited by ultraviolet laser light obtain
by frequency doubling the output of a grazing incidence d
laser pumped by a 10-Hz Nd:YAG laser~where YAG de-
notes yttrium aluminum garnet!. The intermediate 102D
state was excited in two steps through the 32P. The atoms
were also irradiated by a CO2 laser beam tuned to a specifi
CO2 line. The gain curve of the CO2 laser is'100 MHz
wide, so that, although tuned manually to the maximum
the gain curve, there was roughly a 15-MHz uncertainty
the photon energy of the CO2 laser beam.

The Stark fieldF was applied to the plates prior to th
laser pulses and increased about 1msec after the laser puls
to a value sufficient to ionize highly excited atoms, but n
atoms in intermediate states. These ions were detected aF
spectra acquired by scanningF stepwise over symmetric val
ues, minus to plus, and recording the ion signal at each
ting. This technique requires no absolute field calibration a
assumes only that the electric-field scan is linear.

From theF spectra, the resonance fields were obtained
fitting each peak with a Gaussian line shape, using mult
overlapping peaks where appropriate. Peaks at positive
negative fields were averaged to eliminate the effect of
voltage offsets~maximum 80 mV/cm! and then the reso
nance voltages fit to calculated Stark sublevel energies a
Ref. @1# to obtain two upper-level energies and a field ca
bration parameter~effective plate spacing!. For blended
lines, an unweighted average was used. Figure 1 displays
F spectrum used to obtain the binding energy of 112P. The
linewidth of the ultraviolet laser produced excitation fro
both fine-structure levels of the lower2P states and accord
ingly two sets of peaks are identifiable in the spectra.

In our Stark calculations, the energy is given b
E(n,L,J)5RNa/@n2d(n,L,J)#2. Here RNa5R`rNa, with
1585 © 1998 The American Physical Society
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R`5109 737.315 683 7(31) cm21 from recent spectros
copy of hydrogen @15,16# and rNa5M /(M1me)51
2me /MA @17#, where M5MNa2me is the mass of the
sodium ion core,MNa the mass of the neutral sodium
atom, and me the electron mass. This yieldsRNa
5109 734.6972 cm21. The quantum defect is represent
by the iterative expression

d~n,L,J!5a01a1t1a2t21a3t31•••, ~1!

wheret51/@n2d(n,L,J)#2 is the energy in rydbergs and th
coefficientsai depend onL andJ. With this form, theai are
most easily interpreted@18#.

Stark sublevel energies were computed by diagonalizin
matrix in a basis ofn, L, andJ states, following Zimmerman
et al. @19#, using wave functions computed withr 1/2 scaling
@20#. A sufficient number of basis states~Table I! were in-
cluded for convergence to 0.5 MHz up toF'20 V/cm. The
polarizability of the lower state, calculated by the sam
means, was included but had no significant affect. T
quantum-defect parameters needed for computing the u
level Stark energies were obtained from the fit to the sp

FIG. 1. F spectrum obtained by exciting the Na 112PJ states by
the CO2 10P(20) laser line~bottom!, together with a plot of cal-
culated energies of Stark sublevels fromn530 ~top!. umJu51/2
levels are shown as solid lines,umJu53/2 levels as dashed lines
The fitted upper-level energies corresponding to excitation fr
each of the two lower fine-structure levels are shown as horizo
lines. The locations of these lines together with the Stark ener
give the calculated positions of the resonances, as indicated by
tical lines.
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troscopic data forL<5 and from the dipole and quadrupo
polarizabilities and from the hydrogenic relativistic ma
correction and spin-orbit effects@21,7# for L.5. The experi-
mentally deduced parameters were updated using our res
but no significant change in the calculated energies resu

Two fitted energies correspond to excitation from the t
lower fine-structure components. The fitted energies for
n510 and 112P1/2 and 2P3/2 levels obtained from our
analysis are given in Table I. The 102P error limits are
larger because of line blending as shown in Fig. 1.

For the 102D state, theF spectra, shown in Fig. 2, ha
linewidths less than 20 MHz, yielding improved binding e
ergies. Since excitation was from 32P3/2, 102D5/2 is most
prominently excited, but there is one weak resolved re
nance at about 1.6 V/cm, from excitation of 102D3/2. From
this, the fine-structure interval is deduced to be 90~6! MHz,
in agreement with the quantum-beat spectroscopy value
91.561.5 MHz @22#. The 102D binding energies given in
Table I supersede those given in Cioccaet al. @1#.

The 102P and 112P energies were combined with a
published spectroscopic data on sodium to fit quantum-de
parameters for 0<L<5 for J5L61/2. Two fits were per-
formed. In the first, all published data were included. For
second, data with residuals greater than four times the e
mated experimental error were dropped, as were all the
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FIG. 2. F spectrum, as in Fig. 1, obtained by exciting the N
10 2DJ states by the CO2 10R(24) line ~bottom!, together with
Stark sublevel energies from then530 manifold ~top!. One very
small resolved peak from the 102D3/2 level occurs at 1.6 V/cm,
while all other peaks are predominantly from the 102D5/2 level.
tted
us two

rgy
TABLE I. Intermediate sodium atomic level that is the lower level for the CO2 laser transition, the CO2
laser wave number, then range of then, L, andJ basis states used in the Stark level calculation, the fi
upper-state binding energy, and the binding energy of the lower level, obtained by adding the previo
figures. All energies are in cm21.

Atomic CO2 Laser Basis states Fitted upper-level Lower-level Lower-level ene
level Line Energya n energy energy ~fit!

10 2P1/2 9R(32) 1085.7654 19–25 2226.8756~8! 21312.6410~8! 21312.6432
10 2P3/2 9R(32) 1085.7654 19–25 2226.6424~8! 21312.4078~8! 21312.4094
11 2P1/2 10P(20) 944.1940 26–34 2122.3323~5! 21066.5263~5! 21066.5262
11 2P3/2 10P(20) 944.1940 26–34 2122.1599~5! 21066.3539~5! 21066.3548
10 2D3/2 10R(24) 978.4723 26–34 2122.0599~5! 21100.5322~5! 21100.5326
10 2D5/2 10R(24) 978.4723 26–34 2122.0629~5! 21100.5352~5! 21100.5357

aReference@14#.
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TABLE II. Quantum-defect parameters for Na2P states from previous work and from our least-squa
fit to available Na spectroscopic data.

State Ref. a0 a1 a2 a3

2P1/2 @9# 0.8554092 0.112453 0.048139 0.03999
2P1/2 @4# 0.855424~6! 0.1222~2!
2P1/2 @12# 0.85544502~15! 0.112067~86! 0.0479~13! 0.0457~43!
2P1/2

a 0.85544502~51! 0.11200~13! 0.0489~19! 0.0426~59!
2P1/2

b 0.85544520~31! 0.11190~11! 0.0503~16! 0.0383~48!
2P3/2 @9# 0.8546296 0.111669 0.058813 0.01313
2P3/2 @4# 0.854608~3! 0.1220~2!
2P3/2 @12# 0.85462615~12! 0.112344~67! 0.0497~10! 0.0406~34!
2P3/2

a 0.85462614~51! 0.11232~13! 0.0496~19! 0.0417~61!
2P3/2

b 0.85462608~29! 0.112360~69! 0.0491~11! 0.0434~36!

aThis work. All published data are used. The variance is equal to 5.13.
bThis work. Outlying data are excluded. The variance is equal to 1.65.
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2S→2P data in Refs.@4,5,23#, in light of the finding in Refs.
@9,10#. Parameters for the2S manifold in each case wer
close to those published in Ref.@1# and those for 2<L<5
are close to those given in Ref.@24#. The results for the2P
parameters are given in Table II along with previous resu
The differences in the results between our fitsa and b are
indicative of the sensitivity to outlying data.

Table I gives energies calculated from the fitted quantu
defect parameters~fit b). We believe the relatively large re
siduals for 102P result from blending of resonances, show
in Fig. 1, which makes a precise determination difficult wit
out a detailed theory of the excitation process. For the o
two data sets, there was considerable blending, but a
unblended lines made the analysis more precise.

Figure 3 is a representation of the data for the2PJ mani-
folds. Plotted are the ‘‘experimental’’ values ofd(n,L,J)
minus the values ofd(n,L,J) obtained from the parameter
in Table II. In the fits to the quantum-defect paramete
experimental transition frequencies were used and the2P
quantum defects were obtained from both2S→2P and 2P
→2D transitions and ourF spectra. The2S→2P frequencies
were added or subtracted from the calculated2S term ener-
gies to obtaind(n,L,J)5ARNa/E(n,L,J). @For our data,
d(n,L,J) was obtained from the binding energy.# The error
bars representus(d)u5uds(E)/2Eu, wheres(E) is the un-
certainty in the frequency measurement. Thus the2S ener-
gies are assumed to be known exactly. In fact, the2S
quantum-defect parameters do have smaller uncertain
than the2P parameters~the two-photonn 2S→n8 2S obser-
vations of@6# are a factor!.

An extrapolation based on two quantum-defect para
eters for eachJ manifold given in @12# fits the data well
down to n;8, but deviates sharply for the lower states,
shown by the deviation of the solid lines from zero. Fou
parameter fits represent2P1/2 and 2P3/2 data~except the ear-
lier mw data! to within twice the quoted experimental unce
tainty or better.

The inset in Fig. 3 is a plot of quantum defect vers
binding energy~rather thann). It illustrates the value of
precision measurements in the rangen;8212 and thus ad-
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ditional motivation for the present study. The lowest-ener
‘‘point’’ ~highestn) actually representsall of the mw mea-
surements. Only the lowest two quantum-defect parame
(a0 anda1) can be obtained from these data@12,13#, princi-
pally because the energy range spanned is very small
illustrate, the energy range covered in the present wo
'190 cm21, is nearly twice that of the recent mw exper

FIG. 3. Survey of available data on Na2P states, together with
results of quantum defect parameter fits. For optical and microw
transition data, the experimental quantum defects are obtaine
adding observed transition energies to fitted2S state energies, as
discussed in the text. In each case, the plotted values are the d
ences between measured or calculated quantum-defect param
and the results of our least-squares fitb ~Table II!. The optical data
are from Refs.@5# and @6#. Several outlying points from Ref.@18#
have been omitted. The inset is a plot of the quantum defect ve
binding energy.
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1588 PRA 58BRIEF REPORTS
ments. The binding energies presented here, combined
other optical, laser, and interferometric data, make it poss
to fit two additional quantum-defect parameters for ea
fine-structure manifold and thereby estimate other ene
levels to a high degree of accuracy.

Using our binding energy measurements in conjunct
with accurately known intervals, we calculate the ionizati
potential of neutral ground-state sodium. This was done
our previous work@1#, but the calculation employs a differ
ent pathway to ionization. Using our2P data and those o
an
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Refs.@7,8,12# that were not included in Ref.@1# we obtain an
ionization energy of 41 449.451~2! cm21, in exact agreemen
with our previous value. Thus we have two different det
minations, both of which lead to identical ionization pote
tials. This is significant because it implies that the sets
quantum-defect parameters for each ofL50, 1, and 2 are
self-consistent.

The work at the University of Missouri–St. Louis wa
supported in part by a NSF grant. T.B. gratefully acknow
edges support from a UMSL research grant.
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