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High-resolution laser-rf double-resonance spectroscopy has been performed in the 4f%6s27F, (4020.66
cm™Y), 465d6s°H,(11044.90 cm™'), 4f%5d6s°H; (11406.50 cm™'), and 4f%5d6s H, (13542.80 cm™")
metastable levels of Samarium 1. Hyperfine parameters have been deduced with an absolute accuracy of ~ 2
kHz. By means of laser-induced fluorescence, hyperfine constants have been determined in excited levels up
to ~ 30560 cm™!, and isotope shifts measured for 11 lines.

1. INTRODUCTION

The spectrum of SmI has been intensively
studied using classical spectroscopy, the main
reason being the interesting isotope shifts (IS).
Striganov et al.' studied many levels in the even
isotopes, showing specific- mass shift contribu -
tions, as analyzed by King.? This initial work
has been followed by several other experimental
studies® * that obtained still higher resolution,
the Doppler -free laser — atomic-beam technique
of Brand ef al.* being a recent example thereof.
Theoretically, Bauche ef al.® have analyzed the
IS in the "F,, ground multiplet. The hyperfine
structure (hfs) of this ’F, ground term has been
determined® in atomic-beam magnetic resonance
experiments by Woodgate, by Robertson et al.,
and by Childs and Goodman, with very high pre-
cision.

The classification of energy levels has been
performed by Blaise et al.,” thus establishing to
a precision of 0.02 cm™? the energy of several
hundred levels below ~ 35000 cm™2,

In this work we report high-resolution measure-
ments of hfs in highly excited, metastable, even-
parity states in SmI using the laser-rf double-res-
onance technique on atoms of a SmI atomic beam.
We also report hfs results for odd-parity states
up to ~30, 500 cm™ in excitation energy, obtained
with sub-Doppler resolution. Finally, precise

IS values have been obtained for several SmI lines.

II. TECHNIQUE

The hyperfine structure (hfs) and isotope shift
(IS) data have been obtained using a combination of
(i) laser-induced fluorescence and (ii)-a laser-rf
double-resonance technique. .

(i) Laser-induced fluovescence: High-resolution
spectra were obtained by scattering the light from
a cw tunable dye laser from a metastable samar-
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ium atomic beam, collimated to yield a Doppler
width less than 2 MHz. The dye-laser spectral
width was ~ 2 MHz thus giving a minimum fre-
quency resolution of ~3-4 MHz. Hence, the funda-
mental limit in the present experiment is the
natural radiation width for lifetimes shorter than
~ 50 ns. ' -
(ii) Laser-rf double-resonance spectroscopy:
In order to obtain high quality hfs measurements
in the discharge-populated, metastable, even-
parity Sm I levels, the laser-rf double-resonance
technique was applied. This technique is analog-
ous to the classical Rabi magnetic-resonance
scheme, but with (monocromatic) laser-atomic-
beam interaction regions replacing the inhomo-
geneons magnetic deflecting fields, as shown in
Fig. 1(a). This technique was first used by Ros-
ner et al.® on a single molecular vibration-rota-
tion level in Na,. Also Ertmer and Hofer® have
applied the technique to study atomic hfs in scan- -
dium. Recently Rosner et al.!® applied this dou-
ble-resonance technique to his in singly ionized
Xe, thus further demonstrating the potential of
the method. The basic scheme in this technique
is to empty a particular initial hfs level aSLJF
by burning a population hole in its Doppler pro-
file by laser pumpinrg (at the optical frequency v)
to an upper level o’S’L'J'F’, as shown in Fig.
1(b). When this upper level mainly decays back
to the initial multiplet, the optical pumping (with
laser power ~5 W/cm?) typically produces a
20%-50% depletion of the aSLJF level. For dis-
charge-populated, highly excited initial levels
the main emission channel is often through decay
to different lower multiplets, thus making pos-
sible almost complete depletion of a particular
hfs level in the initial state even at relatively low
laser power. If one now probes the atoms further
along their trajectory with light of the same fre-
quency v, the fluorescence observed will be very
weak because of the very small population re-
maining in the state oaSLJF.. With a 100% deple-
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FIG. 1. Experimental setup showing (a) oven séction
with discharge to populate metastable levels, the laser-
pump region, rf section, and finally laser-probe region
with PMT to detect the laser-induced fluorescence. (b)
Shows the basic scheme in laser-rf double resonance
with the pump laser depopulating F; and the rf, when
tuned to resonance, repopulating F by inducing rf trans-
itions AF=+1, resulting in increased fluorescence in

. the proble-laser region.

tion, no fluorescence would be detected at all.

If, however, a radio-frequency transition is in-
duced between @SLJF - F+1 (AF=+1) in the re-
gion between the two laser fields (pump and probe)
the rf transition repopulates the @SZLJF hfs level
and an increase in induced fluorescence will re-
sult in the laser probe region [Fig. 1(a)]. This
effect is resonant in both the laser and rf fields,
with the observed rf linewidth determined only by
the transit time of the atoms through the rf region
and by residual Zeeman splitting. The widths of the
rf signals are independent of laser linewidth and
laser power shifts, since the rf transitions are
induced in the region between the pump and probe
laser fields. Typically, widths full width at half-
maximum (FWHM) of 15 KHz were obtained.
Aside from the requirement that the laser pump
beam produce a usable population depletion of the
hyperfine substate of interest, the only limit on
this technique is that the atomic state must live
long enough to traverse the apparatus, the lower
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lifetime-limit being around 0.5 ms for a compact
atomic-beam apparatus. One may even have the
pump, probe, and rf field regions coincide phy-
sically, as shown by Dubke ef al.!! in their mea-
surements of the ' *”Mo quadrupole moments,
although possible shifts of the rf resonance fre-
quency due to the laser field must be taken into
account with this arrangement.

III. APPARATUS

The experimental setup [Fig. 1(a)] consists of a
conventional atomic-beam apparatus with an oven
section, provision for two laser—atomic-beam in-
teraction regions (pump and probe), a rf section
between the two laser interactions, and a Peltier-
cooled PMT to monitor the laser-induced fluor-
escence from the probe-laser interaction. In or-
der to sustain a discharge into the orifice of the
Ta oven, the cathodes were placed almost direct-
ly over the oven orifice. Initially, heat was pro-
duced by electron bombardment. With a sufficient-
ly dense Sm beam effusing from the oven, a dis-
charge was easily initiated. Very stable metastable-
state populations and oven-temperature conditions
were obtained for discharge conditions of 50 V and
300 mA.

The rf re\gion is shielded from the earth’s mag-
netic field by an outer soft iron shield and an in-
ner heat-treated hypernom shield; the actual
residual field is on the order of 0.5 mG. The rf
field is produced by a 3-cm long wire parallel to
the atomic beam, thus limiting the transit-time
broadening contribution to the width of the rf
transitions to ~10 kHz for thermal atomic beams.

The laser used was a Coherent-Radiation model
599 cw dye laser actively stabilized on a reference
cavity. The linewidth was ~2 MHz; the continuous
tuning range 30 GHz. The laser wavelength was
initially set using a 0.5-m monochromator and for
higher resolution, continuously monitored with
75- and 1.5-GHz interferometers. A stable 300-
MHz confocal Fabry-Perot was used to produce
markers to calibrate the laser frequency scan.
This calibration was subsequently refined by using -
the measured rf intervals of the initial levels. The
drift of the 300-MHz Fabry-Perot was monitored
with a frequency stabilized He-Ne laser.

IV. MEASUREMENTS

A. Laser-induced fluorescence

The classification of the Sm I spectrum has been
based primarily on infrared spectra.” Observed
visible transitions have been published by Meggers
et al.** The incomplete nature of these visible-
wavelength observations was established immedi-
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ately with the high resolution of the laser-induced
fluorescence technique. Tuning the dye laser in the
region around 5874.21 R, to observe the line from
the "F, member of the 4f%6s® ground multiplet to a
J* =3 level at 17830.80 cm™, several lines were
observed even though no other transitions had been
reported within +1 A (Ref. 12) from it. Figure
2(a) illustrates this situation. The "F,~J'=3
transition is clearly seen together with another
transition which is easily identified using the en-
ergy level classification of Blaise et al.” to be a

J =3-J" =4 transition (11 406.5 cm™! -~ 28 925.30
cm™!). The contribution of the even-A Sm isotopes
to the spectrum are indicated by mass numbers

in large type for the J =2 ~J’ =3 transition, and by
smaller type for the J =3 ~J’ =4 transition.

The spectrum was obtained with a single laser
scan, with the pump beam blocked and 1073 -W /cm?
probe-laser power, taken in about 4 min, directly
on a strip chart recorder. The 3 -4 transition is
solely discharge populated. The numbers at the
top of the figure give the values of F for the init-
ial and final states in the transition. Figure 2(b)
shows the 3~ 4 part of the spectrum obtained after
optimizing the discharge. The linewidth in the
"F,~J' =3 multiplet is ~5 MHz, which is the in-
strumental limit. The components of the 3~ 4
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FIG. 3. Typical rf resonance observed in 4'Sm1 in a
discharge-populated level . Recording time was 20 s.
The rf level was 0.1 V, which was far below the level
needed to give rise to power broadenings or shifts. This
was verified experimentally.
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each component above the spectrum.



164 W. J. CHILDS, O. POULSEN, AND L. S. GOODMAN 19

transition have a linewidth of ~8 MHz, correspond-
ing to a lifetime of 19 +3 ns for the J' =4

(28425.30 cm™) level. In Fig. 2(b), the four com-
ponents that arise from the J =2 - 3 transition are
indicated by asterisks; all others are due to the
J=3-J'=4 transition. It is interesting to note
that the IS is of opposite sign for the two transi-
tions. No power broadening is observed at the
applied laser intensity, but was clearly observable
at powers 2 10" W/cm?2.

B. Laser-rf double-resonance spectroscopy

To perform laser-rf double-resonance spectro-
scopy, spectra like Fig. 2 were completely an-
alyzed for both hfs and IS, to classify and obtain
the energy-level splittings in the two odd iso-
topes %7 149%Sm1 to better than 1%. In Fig. 2 this
classification is indicated. Setting the laser on a
particular hfs transition, with the pump beam
allowed to intersect the atomic beam, a rf search
within 1 MHz easily revealed the resonant fre-
quency by a sharp increase in the fluorescence
induced by the probe laser. Figure 3 shows a
typical rf resonance. To test the accuracy of this
technique the transition from the ground config-
uration 4/%6s27F, to f®sp "F3 was observed (Fig.
4) by laser-induced fluorescence, making it pos-
sible to apply the laser-rf double-resonance
technique. InSec. Vthe rfresults for the 4f%6s%"F,
level, all obtained in a few hours, are compared
to previous high-precision atomic-beam magnetic-
resonance experiments® performed with great dif-
ficulty on a thermally populated atomic beam.
Laser-rf double-resonance data for highly excited
metastable levels as well as hfs of upper states,
deduced from laser-fluorescence spectra, and
isotope shift results are also discussed.

V. ANALYSIS AND RESULTS

Because of the extreme richness of the fine-
structure spectrum and our lack of a precision
means of measuring wavelength, the identification
of an observed line as due to a transition between
a particular pair of known levels was often diffi-
cult. The very large number of components for
each line (typically 40-60) usually precluded any
identification based on less than a detailed analy-
sis of all the components.

Identification of each line was normally achieved
by assuming values of J and J’ (the J values of the
lower and upper states, respectively) and then
carefully comparing the observed relative inten-
sities with the calculated values. For a given iden-
tification of the components, least-squares fits of
the magnetic-dipole hfs constants A and electric-
quadrupole constants B of the upper and lower

states to the observed spectrum were made.
Once the correct identification of the components
had been found, the fit was always of high quality.
For these fits, the ratios A (*’Sm)/A (*°Sm).and
B(**’Sm)/B(***Sm) were held equal to the ratios
previously determined by radio-frequency mea-
surements® in the ground multiplet 4/%6s2"F,_.
Analysis of the radio-frequency, double-reso-
nance data was somewhat more straightforward
than for the optical spectra. The standard expres-
sions for the hyperfine splittings of a level were
fitted to the observed AF =+1 intervals by varying
A and B for the lower state. Inclusion of a mag-
netic-octopole hfs interaction constant C yielded
very small values of C (several hundred Hz or
smaller) as expected for the nonpenetrating 4f
electrons. Furthermore, it is well known that
inclusion of magnetic-octopole or electric-hexade-
capole interactions is meaningless unless the

- shifts of the hyperfine levels due to second-order

hyperfine interactions with neighboring atomic
states are carefully taken into account. . Although
these effects could in principle be included in the
analysis, detailed knowledge of the eigenvectors
of all perturbing states up to and beyond 30000
em™! would be needed. The data presented here
do not include these very small corrections.

The hfs constants of the 4f%6s27F, level were
redetermined by measuring all hyperfine inter-
vals in both *’Sm and ***Sm. The observed inter-
vals, and the results of the least-squares, two-
parameter fit to each isotope are given in Table I.
It is seen that the self-consistency, even without
including the second-order corrections and the
octopole and hexadecapole interaction constants

TABLE I. Observed and calculated hfs intervals in the
f8s*"F¢ level. The observed frequencies are not cor-
rected for off-diagonal hfs interactions. Taking them in-
to account improves the fit and yields nuclear moment
ratios equal to those of the other J members of the
f8s2"F multiplet.

A  F~—F' vops(MHz) Vg, (MHz) obs.~ calc. (kHz)

147 9.5-8.5 675.4092 675.4123 -3.1
8.5-7.5 637.9913 637.9887 2.6
7.56-6.5 .589.3404 589.3372 3.2
6.5-5.5. 530.7844  530.7878 -3.4
5.5-4.5 463.6533 463.6531 0.2
4.5-3.5 389.2553  389.2528 2.5
3.56-2.56 308.9162  308.9178 -1.6

149 9.5-8.5 633.6144 633.6134 1.0
8.56-7.6 557.1804 557.1789 1.5
7.5-6.5 483.9897  483.9916 -1.9
6.5-5.5 413.666 413.6672 -1.2
5.56-4.5 345.825 345.8250 0.0
4.5-3.5 280.083 280.0845 -1.5
3.56-2.5 216.062 216.0603 1.7




19 LASER-rf DOUBLE-RESONANCE SPECTROSCOPY IN THE... 165

C and D, is within +4 kHz. This level of precision
is substantially higher than that achieved earlier®
by the atomic-beam magnetic-resonance tech-
nique, but is in good agreement with the earlier
work.

This level of self-consistency is also found in
the rf measurements on the discharge-populated
states. All of the hyperfine-structure results
are summarized in Table II. The first four lines
of the table give the high-precision results mea-
sured by the laser-rf double-resonance technique
and the last six lines give results of much lower
precision achieved simply by interpretation of
the fluorescence spectra. For each measurement
based only on optical data, however, the frequen-
cy scale was calibrated by many-lower-state hfs
intervals precisely measured by rf techniques.

The ratios (**’A/**°A) and (**"B/**°B) with A, B
values corrected for off-diagonal hyperfine inter-
actions has been obtained earlier by atomic-beam
magnetic-resonance® for the ground f%s? term.
The new improved values of the hyperfine inter-
vals in the f®s?"F, level, obtained in this work,
corrected for off-diagonal hyperfine interactions®
are consistent within the uncertainty limits with
the average values of (**7A /**°A) and (*"B/'*°B)
for the first five states of f®s%"F,,

The ratios for the f®ds "H, level at 13 542.80
em™!, not corrected for any off-diagonal hyper-
fine interactions, are very closely equal to the
ratio for the ground multiplet for (*7A/'%°4) in-
dicating that such second-order effects are very
small; the (**7B/**°B) ratio is also close to the
equivalent ground-configuration ratio, again in-
dicating small admixtures due to off-diagonal hfs
interaction.

This is not the case for the f®ds°H,, °H, levels

at 11 044,90 cm™ and 11406.50 cm™, respective-
ly, where the ratios differ from the corrected
values for the ground "F term by about 20 times
the uncertainty limits. As no eigenvectors exist
for these excited states, off-diagonal hfs cor-
rections can not be applied, but these results
clearly indicate that they are substantial, most
probably due to the presence of perturbing levels
near this excitation energy.

In addition to the effects of second-order hfs,
there is evidence of strong spin-orbit mixing for
the °H, , states. It is straightforward to show, for
example, that the B factor for a pure f°ds®H,
level is zero, including all relativistic contribu-
tions, while the observed value (for *’Sm) is
~-11.7 MHz. In addition, the value observed for

- the °H, level B (**'Sm, °H,)=~-20.8 MHz is much

larger than the value -2 MHz one would estimate
for a pure f®ds®H, state. Much less can be said
about the A values, however, since the two mea-
sured A values (for °H,, ;) both depend on the hfs
contributions of the th7ee electron shells 4f, 5d, and
6s. Nevertheless, when reasonable values are
chosen for these contributions, the lack of con-
sistency with the data again indicates strong ad-
mixture for the °H, , levels. It is planned to ex-
tend the present high~precision measurements to
additional levels, and to make a systematic an-
alysis of the results,

Isotope shifts were determined not only for the
lines listed in Table II, but also for a number of
other lines. No effort was made to achieve very
high precision for the IS measurements. Because
the components arising from three of the five
even-A isotopes (***Sm, !52Sm, and **Sm) lie well
outside of the hfs patterns of the odd-A isotopes
for virtually every line, the precisely known

TABLE II. Experimentally measured hfs interaction constants. The first four lines give laser-rf double-resonance
data not corrected for any off-diagonal hfs interaction, whereas the rest are deduced from laser-induced fluorescence

spectra. The f8sp "F¢ level has previously been measured (Ref. 4) in agreement with this work.

Level Energy (cm™}) A2 A) 1474 (MHz) 149 4 (MHz) 41 g (MHz) 19p (MHz)
PACHL N 4020.66 5868.60 ~78.3585(4) -64.5958(4)  203.3501(20)  —58.8107(20)
flds®H, 11 044.90 5898.96 —92.8699(4) —76.5683(4) —11.6586(20) 3.2192(20)
flds°H, 11406.50 5874.23 -122.1573(4) —100.6514(4) —20.8263(20) 5.9040(20)
feds H, 13542.80 5875.08 —101.4747(7) —83.6516(4) 17.7920(40) —5.2276(20)
f8sp 'S 17769.71 5895.34 —394.9(10) —325.5(10) —20.4(50) 5.9(50)
f8sp5G3 17 830.80 5874.21 -110.3(10) —90.9(10) -10(7) 3(7)
fesp'F2 21055.76 5868.60 —104.0(10) —85.8(10) 248.4(50) —72.7(50)
J’'=3 27992.35 5898.96 ~101.8(10) —83.9(10) —4.6(8) 1.3(8)
(redp + f°d?s)'HY 28425.30 5874.23 ' ~116.3(10) —95.9(10) 18.6(60) —5.3(60)
J'=3 30559.13 5875.08 ~176.2(10) —145.3(10) 13.9(7) —4.0(7)
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spacings between hfs components could not be
used to determine the isotope shifts. The shifts
were therefore determined primarily from the
300-MHz markers, but these were subject to a
small systematic error due to thermal drifts
(=10 MHz) in the étalin during a laser scan.

The isotope shifts involving the odd-A isotopes
were evaluated easily once the hfs components
had been identified and the center of gravity of the
pattern determined by application of the element-
ary hfs theory.

A convenient way of summarizing the isotope-
~ shift results is to display them in a King plot.!®
To do this, the modified isotope shifts'*'!® are
calculated by multiplying the observed shifts by
AA,/(A,—A)) to take account of the 1/A? de-
pendence of the mass effect; A, and A, are the
mass numbers of the isotopes involved. When
the modified shift is then plotted against that for a
reference line, a straight line must result if the
standard theory of the isotope shift is correct.'®
Figure 5 shows the present results. The transi-
tion A5874.21 from 4/%6s>"F, (811.92 cm™)~J’ =3
(17830.80 cm™') was chosen as .the reference line.
In order to keep the units convenient, all of the
modified shifts were divided by 154 X152 /(154
- 152) before plotting; this equivalent to selecting
the isotope pair (154,152) as a standard.

It can be seen in Fig. 5 that the points do indeed
fall on straight lines as required by the elementary
theory. No anomalies are found for the odd-A
isotopes in spite of the severe odd-even staggering
in the isotope shifts. This finding is in agreement
with the recent high-precision work of Brand
et al.®

VI. CONCLUSIONS

The laser-rf double-resonance technique may be
compared with high-precision, Doppler-free laser
spectroscopy and with the traditional atomic-beam
magnetic-resonance techniques as tools for ob-
taining precision hfs data. The double-resonance
scheme easily gives a precision about 2000 times
better than that from the best commercial dye
laser systems. The rf-laser technique appears
to enjoy most of the advantages of the conventional
atomic-beam magnetic-resonance technique, but
it is likely to be substantially more precise for
the same rf arrangement because (a) there is no
uncertainty in the magnetic field (a small field
broadens the line symmetrically rather than
shifts it), and (b) all the hyperfine intervals can
be measured instead of just those involving the
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FIG. 5. King plot of all observed transitions. All re-
duced isotope shifts are plotted against A5874.21 (J=2
—3), 15%1%4gm being taken as the reference pair. (A)

Not identified, A, 5875.1 A; (B) 292.58 em~! —17810.85
em™!; (C) 14563.98 cm™! —31597.53 cm™!; (D) 16 392.93
cm™!—33408.80 cm™!; (E) 11044.90 cm™1—+27992.35
em™!, 13542, 80 cm™1—30559.13 em™!, and 11406.50 cm™!
—28425,30 em™!, all with virtually identical King plot;
(F) 811.92 em™1—~17769.71 cm~!; (G) 2273.09 cm=~1!
—19210.09 em™!; (H) 4020.66 cm™!—21 055,76 cm™!,

The energies refer to Blaise et al.” Since line (A) can-
not be identified from any of the levels given by Blaise

et al., the lower level in the transition is presumed to
lie higher than 18160 cm-1,

large F values, since the observability of a given
transition is not dependent on the restrictive sel-
ection rules of magnetic-deflection machines.
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