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LASER SPECTROSCOPY OF ATOMIC SAMARIUM

L.M EBarkou, D.A.Mel ik-Pashayeyv and M. 5. Zolotorev
Instifute of Nuclear Physics, Novosibirsk 630090, USSR

Absfract

Samarium spectrum was sfudied with a purpose to find tran-
sitions to be used in experiments on parity nonconservation. Ma-
caluso-Corbino effect - Faraday rotation near resonance was used
for the search and study of speciral Lines. We have identified
previousty unknown enerqy Levels belonging to the 4f%6s? SD
term: +© 15914.55(3) eM-4 (J=1), 17864.29(3) cM~* (J=2J,
20195 76(2Y cm-* (J=3). Mi-transitions to these Levels from tThe
Levels of the ground 415652 °F term were observed. There are se-
veral peculiarities of these fransitions which are due to the
fact that they occur within an inner 4f5-shell, particularly, a
very small pressure broadening by inert gases.

In the course of transifion identification the pressure
broadenina, isotope <hifts, ratio of the Faraday rotation and
absorption, Line intensity dependences on temperature, Zeeman
splitiing patterns and saturation spectroscopy Lineshapes were
studied for & number of samarium Lines. Most of these Lines cor-
respanded to Ef-transitions from highly excited states.



1. Introduction

During the Llast decade atomic spectroscrpy has suffici-
ently contributed to the study of fundamental interactions bet-
ween elementary particles. The existence of Parlty nonconserva-
tion (PNC) in atoms was unambiguously established in several ex-
periments carried out in bismuth, thallium, lead and cesium (for
reviews see e.g. [1-51). Still, many important aspecis of PNC
are to be studied in detail. Among them is the nuclear spin de-
pendence of PNC-effects, which arises due to the anapole moment
of nucleus [6,71 and the coupling of the eLectron vector current
with axzial nuclLeon current. This dependence can be studied by
comparing the PNC-effects on different hyperfine components of a
transition. It would also be interesting to determine weak char-
ges of proton and neutron separately. A possible way to do That
is to measure the difference of PNC-effects for different isotfo-
pes of the same elLement [81. Since the discussed effects Typi-
cally constitute contributions toc the overall PNC-effects at a
Level of several percent, -in order to study them one should suf-
ficiently increase the sensitivity of existing experimental
techniques. Another trend is a search for substances where
PNC-effects are significantly enhanced.

: In [8]1 attention was drawn to the rare- EﬁrTh atoms and in
particular to samarium where PNC-effects can be enhanced due to
the anomalous proximity of opposite parity Levels.

Samarium (Z=62) has 7 stable isotopes with mass numbers
144, 147, 148, 149, 150, 152 and 154. The two odd isotopes have
nuclear spin I1=2/2. They can be used for nuclear spin-dependent
PNC measurements. The even isofopes with Large differences of
neutron numbers can be used for the nucleon weak charge measure-
ments. By such measurements one can evaluate an important para-
meter of the standard model of the eleciroweak interactions -
the s5in?3w with a hiah accuracy, practtcaLly independently of
dtomic calculation errors [8].

One of the PNC-effects is the natural optical activity of
agtomic wvapor. This effect is most pronounced in the vicinity of
magnetic dipole (Mi) transitions. To have significant optical
rotation angles one dgenerally requires normal (rather than
strongly suppressed) Mi-transitions.

The ground 4f56s® ?F term of samarium (figure 1) consists
of closelyu Lying Levels with total angular momentum J=0,1,....,6
[91. Mi-transitions between tThese Leuvels can in principle be
used in the PNC-experiments, however a certiain inconuenience is
that they Lie in a8 far infrared region. Besides, there are no
Leyels of opposite parity in their vicinity.

According to calculations [101 and experimental data [111]
on the spectrum of doubly ionized samarium, one could have ex-
pected that there were seyeral terms of 4f%6s5®, based on the ex-
cited 4ff-shell in SmlI, begining from about 14000 cm-*. MNone of
these terms had been identified. The Lowest excited 4fE6s® term
is SD. According to the selection rules, Mi-transitions between
the Levels of the ground ?F term and the 5D Levels should be
suppressed. However, according to estimations by I.B.KhriplLovich
based on the eigenfuncticns from [10] and the calculation (121,
the term miging Lifts this suppression and for some of the iran-
sitions the reduced matrix elemenis are of the order of a Bohr
magneton. The 7F->%D transition wavelength estimates based on
the ion data and calculated reduced Mi-matrix elements [12] are
Listed in table 1. The accuracy of the wavelength estimates 1is
believed to be of the order of a dozen nm. Note that E2-mafrix
elements have also been calculated in [12]1. According to this
calculation, the relative E2-confributions to transition proba-
bilities are very small: they do not exceed several percent even
for the diogonal in J transitions, where the Mi-amplitudes are
suppressed.

The aim of this work was to find and identify Mi-transiti-
ons of SmI in the spectral region accessible to cw dye Lasers in
view of the future PNC-experiments. As a result [13-151, we have
found a number of Mi-transitions and identified the 4f86s?
sD«,2,s Levels. In the present publication a detailed descripti-
on of the search and study of Mi-transitions is presented along
Wwith some subsidiary results on isotope shifts, pressure broade-
ning and saturation spectroscopy Lineshapes for a number of of-
her Sml transitions, including Ei-transtitions from highly exci-
ted states and some unidentified Lines.




Table 1. Wavelength estimates and calculated reduced mat-
riz elements for the 4f®6s5® ’F->4f%6s® =D Mi-transitions of Sml.
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A, nMIJi->IF] iMINE |1 A, omjdi->If] <ilmMine>

| . |Bohr magn.|] | |Bohr magn
4201 354 | -0.046 |1 600 | 222 | -0.026
450 | 4->4 | D.0572 ] 620 | 3-22 | -0.485
510 | 5->4 | -0.335 || 640 | 0->1 | D0.160
el e 2=25 005 |1 650 | 1->1 | -0.028
550 | 3->3 | 0.024 || 6720 | 2->1 | -0.467
S60 | 4-)3 | -0.454 |] 710 | 1->0 | -0.325
, 580 | 12 | 0.102 || | ;
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i qugda# rotation apparstus and procedure

. The experiment consisted in searching for weak Lines in
. the spectrum of Sml that could not be identified according to
the known energy Levels. For registration of spectral Lines we
used the Faraday rotation of the polarization plane in the wvici-
nity of a resonance (Macaluso-Corbino effect).

A traditional optical scheme of the spectropolarimeter
(see e.9. [161) was chosen. ThE'Laﬁuut of the device is shown in
figure 2. A cw single fregquency tunable due-Laser (Spectra
Physics model 380A) was used as a Light source. Typical output
power was a few milliwatts and the radiation Linewidth - Less
than 100 MHz. With & monomode fiber /1/ the Laser beam was
transmitted to an optical bench where other optical elements we-
re situated. At the exit of the fiber an objective ~2/ formed a
parallel beam with a diameter about 2 mm which passed through
crossed calcitum prism polarizer /37 and analyzer ~4/. Two heauy
flint Faraday cells /5,67 and the samarium cell 7/ were placed
‘between the polarizer and analyzer. Axial magnetic field up to
100 Oe was created with a coil /8/. Faraday ‘cell /5/ produced a
i kHz polarization plane escillation with an amplLitude 2.2-10-2
rad. AT the analyzer the Light beam was devided into twg COmpo-
nents with orthogonal polarizations - the dark and the bright

beam. A silicon photodiode /9 was used to measure the intensity -

of the dark beam. The first harmenic of the photodiode signal
was detected by a Phase-Sensitive Detector (PSD) and fed to the
Faraday cell /67, which completed the negative feedback Loop.

Value of the current through the coil of the Faraday cell -6/

was proportional to the angle of the polarization plane rotation
in the samarium cell and as Long as the feedback coefficient was
kept suftficiently high it did not depend on the Laser intensity.
The photodiode /107 was wused to measure the intensity of the
bright beam, which was almost all the Light transmitted through
the samarium cell. This signal was used to measure the absorpti-
on. of the wvapor. The Light intensity at the input of the cell
was stabilized. To do that, the Light reflected from one of the
surfaces of the polarizer was detected with another photodiode
7Y17. The signal from this photodiode was fed to one of the in-
puts of an ampLifier-comparator, a dc bias voltage was fed to
its other input. The output of the ampLifier-comparator was fed
to a Pockels cell-modutator 127 which kept the Light intensity
constant within the Level of 10-7 in the bandwidth of 1 kHz.

The Samarium cell was designed as follows. A metal samari-
um sample (in the present work samarium samples of natural iso-
tope mixture were wused) was heated in a molybdenum tube up to
about 1400 K. The inner diameter of the tube was 14 mm, the va-
por Length - L#30 cm. At 1400 K Sm vapor pressure is a few Torr
and all the states of Sm ground term are considerably populated.
The use of molybdenum was dictated by its resistance to extre-
mely chemically active samarium melt and vapor. The molybdenum
tube was inserted inside a ceramic ftube. An ohmic heater was wo-
und ouver the ceramic tube and covered with a thermoinsulator. 30
A S0 Hz current produced about 1 kil of heat which was sufficient
to maintain the required femperature inside the central part of
the cell. 1In order to reduce the magnetic field created by the
heating current, the heater was made in the form of a double he-
Lix with the two components with counter-directed currents com-
pensating each other: A system of diaphragms and buffer gas he-
Lium (p=10-100 Torr) were used to prevent samarium from deposi-
ting on the opficel windows Located at the cold ends of the tu-
be. Two grams of samarium metal was enough for about 40 hours of
operation. Note that a heat-pipe tupe oven could hardly be used
here bhecause of a high vapor pressure ouver the solid samarium:
about 2 Torr at the melting point 1347 K [12?1. The cold ends of



the ceramic tube were sealed with thin (160 uym) glass optical
windows. The windows were made thin to make the period of eta-
: Lon-type inferference effects, appearing during wavelength scan-
ning, much Larger than typical width of samarium Line5 (several
GHz). "

In this work we used a Laser, the frequency scanning

system of which had been modified (for the purpose of another
experiment). When searching for spectral Lines the lLaser frequ- -

ency was electonically scanned over the FS of an intfracavity
Fabry-Perot etalon (=75 GHz) by varying voltfage on ifs piezo-e-
Lement. Hopping between Longitudinal modes of the laser cavity
spaced by 200 MHz occured in this case. To study the Lineshapes
the etalon and the cavity were tuned simultanecusly (one of the
cavity mirrors was adjusted to a piezo-mount), which prevented
the mode-hopping. Because no servo system was used to Lock etfa-
Lon to the cavity mode, the range of a8 smooth scan was Limited
to #2 GHz and in order fo cover a speciral Line a series of
overlapping scans was made. :

The Laser scanning and data acquisition was contfroled by
an ODRETTE microcomputer [18]1 through a CAMAC electronic system.
Typical frequency sweeping rate was 4 GHz/sec for recording of
the 75-GHz samples and 100 MHz/sec for the 2-GHz samples.

fAbsoLute wavelengths were measured with a grid spectrome-

_ter DFS5-24 with an accuracy of 0.01 nm.

Figure 3 shows a recording of a 75-GHz sample of samarium
spectrum with magnetic field off (A) and with H=100 Oe (B). It
is seen from the figure 3B that a continuous sequence of weak
Lines with peak rotation of the order of 10-5 rad appears in the
Faraday rotation spectrum when magnetic field is applied. These
are apparently El-transitions from highly excited states. Actu-
ally, a simple estimate for the Faraday rotation angle at the
Line center is:

Pl - H AP,

Here - is the absorption coefficient, u - Bohr magneton, oy -
Linewidth. With ewsi GHz (Doppler width) and H=100 Oe, we get
pHrap~0.1 . Thus, for Lines with ¢~10-% rad, the absorption co-

efficient has an order of magnitude w~10-5 cm-*. From an estima-
fe

HN; d(prap)(dre)d?, .

where N; is the number density of atoms in the initial state of
the ftransition, d - the fine sfructure constant, v - transition
trequency, d - transition dipole moment, e - electron charge;
for an allowed E1-transition (d~ea, a - Bohr radius), one gets

that wu~10-® corresponds to Mi~i10” cm~®. According to the Boltz-
mann Law,

Ni =N(1-72)(2]; +1)exp(-E; 7/KT)

(N=3INy; 2Z=3(2J;+1)exp(-E;7kT)), for a total samarium density
N~10*'® cm-2, N;~10° cm-? corresponds to the Levels at about

. 18000 cm-*, which are in abundance in Smi.

These estimates show that El-transitions from excited sta-
fes of samarium should have given rise to numMerous spectral Li-
nes with different intensities, corresponding to different ini-
tial state populations and transition amplLitudes. According fo
the predictions for the ?F->5D. Mi-transitions (the strongest of
them were supposed to have 9~10 mrad at H=100 Oe}, we considered
onlty Llines with 8 polarization plape rotation angle 0.1 mrad
at 100 De. One of such Lines is seen in figure 3B.

3. Results of wauvelenqth scanning between 539 and 663 nm

Several sections of samarium spectrum (%50 nm fotal) were
scanned between 599 and 669 nm. Two Laser dyes - Rhodamin B and
an Oxazine 17 - based active Liquid AGN-650 were used at this
wavelenath interval. During wavelength scanning we had to ommit
spectkal reqgions (~1 nm) close to E1-transitions from the ground
term besause their intensity was so big that all the lLaser Light
was absorbed in the samarium cell. About 300 weaker spectral Li-
nes were recorded. They were devided into 6 arbitrary classes
gceording to their relative strenath. On the 6-th class Lines
the Faradoy rotation was ~ 1 mrad with H=5 Oe. On the 1-st class
Lines the rotation was =0.1 mrad with H=100 Oe.

For the majority of Lines it was possible to find in tab-
Les [91 a couple of Levels, the Lower of them Lying below 15000
cm-4, for which the energu difference corresponded to the Line
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wavelength and Ef-transition between them was not forbidden by
the selection rules. Such Lines were tentatively ascribed to
Ei-transitions between these Levels. Those of the Lines that we-
re Later on studied in more detail are lListed in table 2. Letter
D means that the Line is doubled on a8 75-GHz recording (figure
4). Letter I means that isofope shift was measured on this Line
(section 4), R - the ratio of Faraday rotation and absorption
was measured (section 5), S - a saturation spectroscopy experi-
ment was performed (section 6), P - the pressure broadening by
helium buffer gas was measured (section 7). For most of these
transitions the initial state configuration is 4f55d6s and the
final state configuration is either unknown (type a), or tenta-
tively assigned in tables [9]1 to 4f55d6p (type b). One of the
Listed Lines is identified as a transition befween an odd tLevel
of 4fF6s6p and an even Level of 4156575 (type cJ.

Table 2. Some of the observed Lines, identified as E1-
transitions between excited states of Smil.

S —— RS S S S e e o e e T R = S o

A,nm |Class, | Ei,em-* | Ji] Ef,cm=* | J¢|Type
L

| comment | e
600.98 | 2 DI | 12846.64 | 3 | 29481.25 | 4 | a
605.39 | 6 I | 11406.50 | 3 | 27920.10 | 2 | a
620.11 | 6 DI | 11044.90 | 2 | 27166.50 | 3 | a
621.38 | 6 DI | 12445.35 | 5 | 28534.04 | 5 | a
| | (14920.45) | (33| (31009.20) | (4) | a
624.81 | 6 DI | 11406.50 | 3 | 27406.90 | 4 | a
643.53 | 6 DR | 13050.05 | 2 | 28585.07 | 3 | a
643.76 | 6DIRSP| 11877.50 | 4 | 27406.90 | 4 | a
646.82 | 6 1 | 13050.05 | 2 | 28505.72 | 3 | a
1 1(14856.20) 1 (5)|(30312.27)|(6)| a
651.46 | 6 DI | 11406.50 | 3 | 26752.26 | 4 | b
661.67 | 6 RSP | 15039.59 | 2 | 30148.40 | 2 | c
= | (14563.98) 1 (4) | (29673.01) | (4)| a
663.13 | 3 DI | 13458.46 | 4 | 28534.04 | 5 | b
666.13 | 6 DIR | 10801.10 | 1 | 25808.90 | 2 | a

S S i — e e e " " ———
- S e e e . = e

i1

Three Lines of the 1-st clLass were identified as
Af8652 ->4f55d6s E2-transitions: 651.4 nm (292.58 com*,
J=1->15639.80 cm~*, J=1), 660.2 nm (811.92 cm-*, J=2->15955.24 .
em-1, J=2) and 665.5 nm (811.92 cm-*, J=2->15834.60 cm-*, J=3).

Note that a 418652 (O cm-*, J=0)->4155d6s (15639.80 cm-*, J=1)

transition was recently discussed in a context of possibilities
of PNC-experiments [19]. For this transition the E2-amplitude
vanishes and the Mi-amplitude arising due to configuration and
term mixing was estimated in [19]1 to be of the order of 10-*
Bohr magnetons.

about 40 of the observed Lines could not be identified.
Some of them had been observed in the emission spectra [20,211.
The unidentified Lines are Listed in table 3. The Faraday Lines
abserved in this work are superimposed in table 3 to the emissi-
o Lines of samarium obtained from the arc [201 and King furnace
[21]1 experiments. We adduce only the atomic Lines that are no
mere than 0.02 nm apart from those measured by us. Intensity of
emission Lines is given in arbifrary units. King furnace inten-
cities are for 2900 K. Temperature classification was done by
A.S.King [21]1. He photographed the spectra at 2300 K, 2600 K and
9900 K. Lines appearing aft 2300 K were attributed to classes I
and 11, class I Lines did not change their intensity suffici-
ently at higher temperatures. Class I1I Lines appeared at 2600
K. Class 1V Lines were faint -at 2600 K and distinct at 2500 K,
The doubled arc Lines are marked by lLetter D in table 3. Identi-
fied Lines show gqood agreement between the present work and

King's data. On the one hand King observed almost atl the Lines

of classes from 6 to 3 and many 2-nd and 1-st class Lines. On
the other hand, we registered most of the atomic Lines observed
by King with initial Levels below 15000 cm-*.
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Table 3. Unclassified Lines.
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660.58 | 2 | P 660.57 | 4 | 2 | 1
660.71 | 4 | D (660217 |60 [ vide i 10
660.80 | 1 | D | | | |
661.958] 5 | IRSP | | ] |
662.94 | 2 | D | [ ! |
663.41 | 2 | P | | i i
664.03 | 2 | P [664.049 | 12 | 10 | IIi
664.05 | 2 | D |664.049 | 12 | 10 | III
664.14 | 4 |'p |664:152 18 " 140 = .p a11
666.25 1 2 1D it | | :
667.89 | 2 1P 1662.91 | 200 2 | IV
668.720 | 1 | D 1 t | [
66926 | X “liD 669.257 | '3 | 4 | W

2 Notes:

605.852 nm - a group of Lines.

643.53 nm - this Line is situated to the red from a 6-th
class Line. '

643.534 nm - King points out the existence of a faint Line
to the red from the main one. | :

645.20 nm - & possible identification is the transition
between opposite parity Levels 14154.30 cm-*, J=4 and 29648_85
cm-*,J=3 (the difference of their energies corresponds to
A=645.21 nm). |

661.95 nm - this Line is classified in the present work as
én Mi-transition (see bellow). ;

Judging on the intensity of different Lines in the emissi-
on data, one could conclude that Mi-transitions could not be ob-
served in [20,211. Thus the occurence of some Lines in emission
specire gqave an evidence that they were unidentified E1-transi-
tions. The next step towsrds identification of the Mi-transiti-
ons was to record detailed Lineshapes of the Mi-candidates and
to measure their isotope shifts.




4. Isotope ifts

isotope Shift (15) of spectral Lines depends n the elect-
ron configurations of the initial and final states. For example,

for E1-transitions from the 4f®6s? ground term LevelLs to the lLe-

vels of 4f55d6s? 1S is positive (higher transition frequencies
correspond to heavier isotopes), whereas for transitions to
4f86s6p Levels 1S is negétiue (see e.q. [221). Exemples of Fara-
day rotation Lineshapes of E1-transitions from the ground term
are shown in figure 5. One can distinctly see peaks correspen-
ding to even samarium isotopes (154,152,150,148,144) while peaks
corresponding to odd isotopes (149,14?) are not distinct because
of the hyperfine splLitting (hfs). Relative amplitudes of the
evyen isotope peaks follow the abundances of isotopes in & natu-
ral isotope mixture. '

For heauy atoms the dominant cause of IS is usually the
field effect - influence of a finite nuclLear volume [23]. The
fieltd shift is proportional to the electron density at the nuc-

Leus and is thus mainly determined by the s-electrons (io a Les— .

ser extent - also by p-electrons). In 4f%6s?->4f56s6p transiti-
ons one of the two s-electrons goes to a p-state, the effective
density of s-electrons at the nucleus decreases and negatiuve
shift arises. In 4f%6s2->4f55d6s? transitions the number of s-e-
Lectrons is constant, but screening of s-elesirons by a >d-e-
Lectron is smaller than screening by a df-electron [24]1 and hen-
ce the effective s-electron density at the nucleus increases gi-
ving rise to a positive shift. In the 4f®6s52->4f56s® Mi-transi-
tions of our interest the number of s-electrons is constant. Es-
timations by V.A.Dzuba, V.V.FLambaum and O.P.5ushkou showed that
excitation of the 4f%-shell did not change the screening and the
electron density at the nucleus sufficientlLy and the IS of these
transitions was much smaller than 1 GHz - i.e. the Doppler width
of a spectral Line in our case. As the hyperfine splitting for
the odd isotopes was determined by the 4f®-electrons, for which
the hfs constants were usually small Chyperfine constants for
the ground term Levels can be found e.g. in [251), one could ha-
ve expected that the overall splitting of the Mi-Lines under
consideration would also be smaller than the Doppler width.
Detailed Faraday rotation Lineshapes were recorded for a

15

number of Ei1-transitions from the ground term (at Low samarium

density), El-transitions from the excited states and the uncLas--
sified Lines. In order to determine the IS values from an expe-
rimental Lineshape a computer fitting to the theoretical Lines-
hape was performed. The fitting parameters were isotope splLit-
tings, Doppler and homogenious widths and the Line amplitude.
For the calculations of Faraday rotation profiles we used the
formulae from [1]1 (see Appendix).

Figure 6 shows an example of recording of a transition
from an excited state. Because the hyperfine constants were unk-
nown, fthe -fitting curve was calculated as a sum of the Faraday
rotation curves for the even isotopes only. Two peaks correspon-
ding to the odd isotopes are seen in the difference curve.

Though samarium is & popular object for IS studies due fo
1Ts interesting nuclear properties and a rich spectrum (see e.q.
[22,26-301 and references therein), most of the samarium IS ex-
periments have addressed only the transitions from the ground
Term Levels. An exception is the work [30]1, where some of the
transitions from highly excited states were analyzed. In this
work the Laser-induced flLuorescence and Laser-rf double-resonan-
ce techniques and o beam of atomic semarium with discharge-popu-
Lation of even metastable states were used. .

Isotpe shifts for the even isotopes for the Ei-transitions
from highly excited states and the unclassified Lines, measured
in \the present work, are given in table 4. Unctassified Lines
are marked with Letter U. The quoted uncertainties are mainly
due to the ambiguity of "sewing together® of the 2-GHz scans and
the unknown hfs for odd isotopes. Dash means that 15 and hfs are
completely masked by the Doppler broadening.

Results of IS5 measurements were treated with a King plot
procedure [24]1. The measured shifis were plLotted versus IS in a
pure 4ff6s2->4f®6s6p transition 604.50 nm where it had been mea-
sure¢ in an atomic beam experiment [281 with an accuracv of abo-
ut 1 MHz. Examples of the King plots are shown in figure ?. From
the intercepts on the King pLots the mass shift contributions
were derived under the assumption of smalLl specific mass shift

(SMS) in the 604.50 nm transition [281. Mass shifts for aQ=2 are

given in the Last column of table 4. The mass shifts for the
transitions from the excited states proved to be negative and
their absolute values usually exceeded those of the normal mass
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shift significantly: a simple reduced mass estimate of the nor-
mal mass shift gives for two isotopes with 2A=2 about +20 MHz.

TablLe 4. Isotope shifts and mass shift contributions.

S —— T —————— ——— i S S S e S SR S S N N MR o e S S S S S SR o e

] Isotope shiff (MHz) |Mass shift
A, nm | 152,154 | 150,154 | 148,154 | 144,154 | for 2R=2

. e i S S ——— s =

600.98 | 1110(60)| 3610(200)| 5470(300)| 6900¢(350)| -550(250)
605.39 | | | 1710¢200) | i

620.11 | 750(40) | 2440(100)| 3520(200)| 5140(250)] -380(200)
621.38 | 670(30) | | 3230(200) | | -630(300)
624.81 | 920(50) | | 3900(200)] | -290(300)
643.76 | 8720(50) | 2860(150)| 4060(150)| 5960(200)| -410(200)
645.20 U] - | - | - | - | -
645.75 U] - | - I - | = I -

645.938U| 413(50) | 1490(200)| 2150(200)] 3220(300)| -50(50)
646.82 | 350(50) | I i |

651.46 [1290(100)| 3660(200)| 5470(200)| 8440(300)| 20(300)
661.958 | 7 I ¥ l T | = I 7
663.13 | 11400403 3760(100)| 5450(150) | 2850(200)| -620(150)
666.13 | 9200403 | 3060(120)| 4240(200)| 5870(200)] -550(150)

S —————————————————————————— Y e e et e e TR

B Notes:
645.93 nm - IS derived from the saturation spectroscopy
Lineshape (section 6).

661.95 nm - this Line is is classified in the present work
as an Mi-transition (see bellaow). '

For all the Listed Ef-transitions from excited states the
configquration of the Lower state is 4f55d6s (see section 3, tab-
Le 2). The upper Levels of the 651.46 and 666.13 nm transitions
are tentatively ascribed in tables [9]1 to the 4f55d6p configqura-
tion. Under the assumption that in the s->p transitions IS is
negative, this configuration is ruled out as being a dominant
one, since the experimental shift is positive. The same is true
for the other fransitions with positive shifts for which the up-
per Llevel configurations are unknown. A possible upper Leuel
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configuration for these Lines is 4f55d26s. Some of such Levels

are tentatively identified in [91 in the proper energy region.
Some of the unclassified Lines in accordance with predic-

tions for A4f5652->4f%6s? Mi-transitions displaved no IS or hfs

splitting. 5till, for unambiguous selection of Mi-transitions
additional information was required.’

5. Rati rotation and

Measuring the ratio of Faraday rotation and absorption one
can yield information on the angular momenta and the g values of
the upper and lLower states of a transition.

From the formulae for the absorption coefficient and the
angle of Faraday rotation (see Appendix) for even isotopes (or
when hfs is unresolved), in case of negligible pressure broade-
ning, it can be seen that the ratio of Faraday rotation and ab-

sorption depends only on the magnetic field, Doppler width and a
dimensionless quantity

R=ge [J; (JiH)-Jg Jp+H1)-21+ g [T e H)-J (3 +1)-21 ,

here g; and q; dare the g values of the initial and the final
state. For the majority of samarium transitions R values Lie
between -16 and +2 (different signes of R correspond to diffe-

rent signes of Faraday rotation). According to the well-known
formul a

g=1+LJ (J+1)+S(SH ) -LILHII/[20 101D ,

g values for all the ?F and D Levels (i.e. the initial and fi-
nal states of the Mi-fransitions of our interest) are 3/2. The R
value is thus predicted to be -6 for all ?F->3D transitions.

The ratio of Faraday rotation and absorption was estimated
for some of the strongest transitions from the excited states
and unclassified Lines (table 5). R values for classified Lines,
calculated with the g values from [9] are also given.
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TablLe 5. Ratio of Faraday rotation and absorption.

S e . o . o

643.538] -2(3) | 7.4 |I661.67 | -10(3) | -8.1

643.76 | -4(1) | -4.5 ]]661.95%] -9(3) |

645.20 | -5(2) | 11666.13 | -1¢(0.2) | -0.64
| |

645.75 | -6(3) I |

S L LS e e S S S S o o i i . i i i o i i i o o o . o o T o

# Notes:

643.53 nm - the main Line (see note after table 3). ;

661.95 nm - this Line is classified in the present work as
an Mi-transition (see bellow).

'E. Saturation speciroscopy

AS it was discussed above, most of the unclassified Lines
agre apparently E1-transitions from the highly excited states.
Though these transitions may have normal dipole moments, the
corresponding Llines in the Faraday and absorption spectra are
weak due to the Low population of initial states. The saturation
spectroscopy technique (see e.g. [31] and references therein)
can be used to separate forbidden transitions from the Ef-tran-
sitions. Indeed, the saturation parameters for the Ef and
Mi-transitions are apart from other factors proportional to d2
and m*, where d and m are the electric and magnetic transition
dipole moments, respectively. Analysis shows, that under tupical
experimental conditions nonliniar signals for the Mi-transitions
should be much weaker than those for the Ei-transitons.

Layout of the saturation spectroscopy experiment is shown
in figure 8. A beam splitter ~1/ divided the Laser beam into a
stronger saturating beam and a weaker probe beam. The beams were
directed in nearly opposite directions with an angle between
them of about 10-? rad and intersected in the samarium vapor
cell. The intensity of the pump beam was sinusoidally modulated
by a Pockels cell modulator /37 at a frequency of 1-10 kHz. The
induced modulation of the probe beam absorption was detected in
the signal of a photodiode /57 by a phase-sensitive detector
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with an integration time 0.5 sec. The signal of the photodiode
/37 was also used for Linear absorption measurement. The inten-
sity of the probe beam at the entrance of the cell was stabili-
zed by a feedback Loop (see section 2) including a Pockels cell
modulator ~6/. Typical power of the pump beam was 0.3 mi and
that of the probe beam - a few times Less. The diameters of both
beams were about 1 mm. The Line recording procedure was descri-

bed in section 2. A ftypical frequency sweeping rate was 100
MHz-sec.

Ei-fransitions +from the ground term were recorded first.
Figure 9 shows vrecordings of the 656.35 nm Line (4f%6s2
7Fa=>456s6p 7Gs) at different pressures of He buffer gas. At
pressures up fo several tenth of a Torr (figure 9 A) the satura-
tion signal was essentially Doppler-free. With the He pressure
increase (figure 9 B,C) the peak width gradually increased and
at several Torr reached a constant Level smaller than the Dop-
pler width. This can be explained as follows. AT a Low pressure
when the Velocity-Changing Collisions (UCC) can be neglected,
the pump beam affects only a certain velocity group and produces
d narrow Bennet hole in the Lower state welocity distribution.
Adding the buffer gas we introduce the UCC which transmit the
saturation to other wvelocity aroups. 1In the extreme case of
Muce»>lrel, where Frel is the relaxation rate of the initial Le-
vel population, the pump beam saturates all the velocity classes
of the Maxwellian distribution. This corresponds to the satura-
tion signal width equel to the Doppler width/¥2 (see e.g. [321).
Note that the condition fulfilled here, Mucc>>[rel,. means that
the collisional domping of the ground term Levels is small. This

.is & particular case of tThe Low collisional perturbation of

4te6s? states (see section 7).
~ The subsequent increase of the He pressure did not change

the peak width sufficiently up to ~100 Torr (figure 9 D) where
the pressure broadening  of the fransition stafTed to manifest
b

The effective saturation parameter measured as the ratio
of the part of the absorbed probe beam intensity, oscillating
synchroniousty with the pump beam modulLation, and the total ab-
sorbed probe beam intensity, was about 10-2-10-2 for the recor-
dings shown in figqure 9 A-D.

To record the E1-transitions from excited states the cell
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temperature was correspondinaly increased. For these transitions
narrow saturation signatﬁ were obhtained even at high He pressu-
res. Figure 10 shows an example of & Doppler-free signal with
the He pressure of 720 Torr. This means that the relaxation of
the initial state population, most Likely due fo collisional
damping, occurs faster than the velocity mixing i.e. Trel>lvcc.

For all recorded Ei1-fransitions from the excited states
the saturation parameter was of the order of 10-3.

The saturation spectroscopy signals were then recorded for
the strongest Mi-candidates 645.20, 645.75, 645.93 and 661.95 nm
(figure 11 & - D). A significant absorption could be produced on
these transiftions. ALL the Lines except the 661.95 nm transition
displayed distinct saturation signals with saturation parameters
of the order of 10-?. The width of saturation signals at 75 Torr
of He was significantty smaller than the Doppler width. For
example, the transition 645.93 nm was seen as an asymmetric
gnary Line in the absorption spectrum, while the saturation sig-
nal revealed typical samarium isotope structure (figure 11 C).

For the 661.95 nm transition no distinct saturation signal
was observed (figure 11 D). This gave another evidence for its
Mi-nature.

7. Pressur r n

In [33-36]1 an anomalously small pressure broadening of
Mi-tfransitions within the 4f-shells of rare earth elements was
discovered. In [35-36]1 the pressure broadening by heLium of inf-
rared transitions between the ground term lLevels of samarium was
reported to be of the order of 0.01 MHz/Torr (at 1400 K), which
is at Least 2 orders of magnitude smaLler than the usual values
of pressure broadening of atomic transitions. This fenomenon was
exptained by the screening action of the 55, S5p and 6s-electrons
on the 4f-shell. :

The 4f%6s? ?F -> 4f%6s? 5D fransitions of our interest are
also related to the 4f-shell excitation. Asuming that the change
of the 4f-shell radius during the excitation is insignificant,
one can also expect small pressure broadening of these transiti-
ons.
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In order to study the pressure broadening of samarium Li-
nes we again wused the Faraday rotation technigque (section 2).
For & calibration of frequency intervals the transmission of a
2-GHz reference cavity was recorded simul tanecusty with the Fa-
raday signal. Pressure broadening was estimated from the Faraday .
Lineshapes when helium pressure was changed in the range 100 -
260 Torr. Typical behaviour of the Faraday signal under the
pressure increase is shown in figure 12. Drastic changes in the
Faraday rotation Lineshape and magnitude are observed when the
pressure broadening y exceeds the Doppler width Ap. Mote that
when §>>Ap, the peak Faradav rotation falls as Y~2 rather than
y-* +for the absorption signal. Pressure broadening results are
collected in table 6. Letter U marks the unidentified Lines
(table 3). For designations of Ei-transitions from the excited
states see table 2. The Line 656.35 nm is an Ei-transition from
the ground term (g.t.) 45652 ?Fa->4f5656p ?Ga.

Table 6. Pressure broadening of samarium fransitions by He
buffer gas. T#1400 K, except for the 656.35 nm transition for
which T~300 K. |

A, Mnm | Comment | y/p, MHz/Torr

e L Rl e e L L L T e ———

638.36 | un | 5
643.76 | E1 | 2.1(5)
645.20 | U I 5.9(9)
645.75 | u I 5.2(5)
645.93 | u I 2.9(7)
652.55 | u | 2.3(5)
652.58 | u | 2.8(9)
656.35 | E1(a.t.)] 7.2010)
657.06 | u | 6.9(16)
659.27 | u | 15(6)
659.30 | M 5.8(13)
659.82 | u | 2.6(14)
660.31 | U | 15.5(20)
660.58 | u 1 4.4¢10)
661.67 | Ef | 4.6(20)
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661.95 | usn | { 0.2
663.41 | u | 4.9(16)
664.05 | u | 3.2012)
664.14 | u | 3.20(12)
6672.89 | u | Z2.9(1)
8 Notes:
638.26 nm - a group of Lines. -
661.95 nm - classified as an Mi-transition in this work

(see below). A more accurate study of pressure broadening and
shift of Mi-transitions is described in section 11.

5 ALL the studied Lines except the 661.95 nm transition
displayed pressure broadening of the order of a few MHz/Torr.
For the 661.95 nm fransitions in accordance with our ex-
pectations for the d4f56s2->41%6s® Mi-transitions no signs of
pressure. broadening were observed up to 760 Torr of He (figure
13).

8. Identification of the Mi-transitigns

On the basis of the experimental data reported above one
could make a conclusion that the 661.95 nm Line corresponded to
8 41%6s5? ?F->4f*6s? 5D transition. Indeed, this Line Lies in the
spectral region where such transitions are expected and it has
an intensity corresponding to an allowed Mi-transition from the
ground term, it has not been observed in the emission spectra,
it displays a negligible isotope and hyperfine splitting, the
measured ratio of the Faraday rotation and absorption is close
to the prediction for the ?F-»3D transitions, the saturation pa-
rameter for this Line is much smaller than that for E1-transiti-
ons, and finally, this Line has a very small pressure broadening
- which has also been predicted for transitions inside the
4f-shell.

Comparing the wavelength of the 661.95 nm Line with the
predicted wavelengths of Mi-transitions (table 1) one could see
that the closest predicted Mi-transition was ?F2->5D:. Under the
assumption that 661.95 nm was the J=2->J=1 transition it was

possible +to calculate the energy of the upper Level and to pre- -

dict the wavelengths
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of the J=0->J=1 and J=1->J=1 transitions.

According fo the matriy element calculations (table 1) the first

of these transitions
about 4 tTimes smalld
second one should have

should have had the peak Faraday rotation
r than the J=2->J=1 fransition, while the
peen suppressed by several orders of mag-

nitude. Corresponding wavelength samples near 628 and 640 nm we-

re then scanned. At
transition was observed
and no pressure broader
peak Faraday rotation
was measured tfo be
with similar propertie§

We thus have Toun
Levels to the 4f%6s® 5[
with an accuracy at|
Mi-transitions was meas
sed A-meter IDU-2 usi

628.18 nm a Line similar to the 661.85 nm
d. The Line showed no IS or hfs splitting
ing was observed either. The ratio of the
 for The 661.95 and 628.18 nm transitions
4.8(0.5). In the region of 640 nm no Line
' was observed.

d two Mi-transitions from the ground term
« Level. In order to determine its energy
| the Level of 10-%, the wavelength of the
ured with a Michelson intereferometer-ba-
ng a single frequency Lamb-dip stabilized

He-Ne Laser as a refergnce. The energy of the Level proved to be

15914.55(3) cm—".

For the search
the small pressure bro
used explicitly. Using

of Mi-transitions te higher 4f%6s® Levels
agdening of the soughi-for transitions was
| the Faraday rotation spectroscopy it was

conuenient to search for the Lines at the buffer gas He pressure

of seyeral atm. At such

| pressure the Lines with typical pressure

broadening of 2-10 N&hﬁTurr (see table 6) were significantlLy

broader then the Doppl
tion 7, the peak Farad

Seg.
As the 5Smn cell

used at pressures hi
was designed.

9. High-pressure

er width and, as it was discussed in sec-
gy rotation on them was strongly suppres-

ﬁsed in previous experiments could not be
gher than 1 atm, & new high-pressure cell

teLL

The high-pressur
the previous design,
s17. In order to prot
when heated in the air,
Less steel jacket, con
welded To them, The

b cell [151 is shown in figure 14. As in
' Sm sample is heated in a molybdenum fube
ect molybdenum which is actively oXidated
| the tube ~1/ is inserted inside a stain-
cisting of two flanges /27 and a tube /3/

flanges /27 are brazed to the ends of the
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LM
molybdenum tube ~1-/. The clearance between the jacket and the

molybdenum fube is filled with an inert gas. In order to avoid
mechanical stress on the jacket during the heating, a slow flow
of this gas through nipples /47 is arranged. The gas frees info
~the atmosrhere in the form of small bubbles through a 1-cm oil
Llock which ensures the pressure constancy in the clearance. A
bellows 57/ compensates for the difference of thermal expansion
of the steel jacket and the molybdenum tube. Over the tube /37
there is an electric-porcelain tube /67 with a8 resistance heater
/77 wound on it. The heater is of a double helical form to redu-
ce the magnetic field generuted'by the heating current. Ouver the
thermoinsulation 87 there is a water-cooled stainless-steel
jacket 9-. The flanges 72/ are also water-cooled. The end-pie-
ces 107 are sealed to them. On the end-pieces there are 3 mm -
thick quarts windows 711/ and the gas Leads /127 which are used
for blowing the inner volume of the cell through and filling it
with a8 buffer gas. The cell can be operated with a buffer gas
pressure in the range 1-20 atm and the temperature of the cent-
ral part (L#30 cm) up to 1500 K. Magnetic field is produced by a
coil 713-.

r rch and identifi i f -transitons

The search for new Lines was performed in the wavelength
range 550-630 nm with a magnetic field H=100 Oe and a helium
pressure 1.5-5 atm. Found were previously unreported Lines with
small pressure broadening 611 nm and 569 nm and also a very weak
Line 586 nm. For all these Lines isotope and hyperfine spLitting
was smaller than the Doppler width. It was impossible to clas-
sify these transitions using the known Sm energy Levels [91. The
differences of their wavelengths corresponded to the energy in-
tervals between the Levels ?Fa, ?F« and ?Fz of the ground ferm,
their positions and intensities fitted the theoretical estimates
(table 1) for +tiransitions from the'gruund term Levels to the
415652 =Dz Level. Thus these transitions could be identified as
Mi-transitions from the ground term to a common 4f%6s® 5Da le-
vel. Its energy was measured to be 17864.29(3) cm-+.
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Also found was a transition 558 nm with a small pressure
broadening, isotope and hyperfine splitting. According to the
predictions (table 1) a ?F4—>%Da tfransition could be anticipated
in this wavelength region. Supposing that the Line 558 nm cor-
responded fo this transition and adding the measured transition
energy to the energy of the initial lLevel, one obtained that the
energy of the 4f%6s? 5Da lLevel was 20195.76 cm-*. Howeuver, there
were several reasons, Why the involved supposition was not ob-
vious and thus needed a varification. Firstly, because the wave-
Lengths shorter than 550 nm were not accessible to our Laser, no
"partner®, 1i.e. a transition to the same upper Level from anot-
her ground term Level had been observed for the 558 nm Line. Se-
condly, the transition energy coinsided within the Limits of ac-
curacy with the energy difference between two highly excited
states of opposite parity: 14202.85 cm-*' (4f%5d6s ®*Ds) and
32125.53 cm-* (J=4). ThirdlLy, taking into account the calculati-
on for Smtt+ ion [10]1, one could exXpect in this wavelLength region
not only the ?F4->5Da transition, but alsoc some transitions to
other 41%6s® Llevels belonging fo the terms 5L and 5G. Nothing
was known about the intensity of such transitions. :

In order to determine, whether the observed transition
originated from the ground term or from an excited state, the
Line intensity dependences on the cell temperature for different
transitions were. compared. Due to the Boltzmann factor in the
initial state populations, transitions from the ground term and
the excited states should have displaved considerable differen-
ces in these dependences. AlLso taking into account the tempera-
ture dependence of samarium vapor pressure, one could have ex-
pected that with a small temperature change, the relative inten-
sity of 1transitions from the Levels at about 14000 cm-* should
have varied twice as that of transitions from the ground term.

The temperature dependences of Line intensities were com-
pared as follows. Had the cell reached its temperature steady-

~state, the heater was switched off and the dependence of the Fa-

raday rotation angle on time for & certain Line was recorded.
Then the cell was heated again and the procedure was repeated
for another Line. Measurements showed that the intensity of
transitions from #14000 cm-* dropped by a factor of two in %80
s, while that for the Mi-transitions from the ground term - in
#150 s. The temperature dependence for the Line 558 nm corres-
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ponded to the dependence for Mi-transitions, thus indicating
that it was a transition from the ground teirm.

For the upper term identification an sdvantage was taken .

of a specific Zeeman-splLitting pattern charactieristic of the
’F->3D transitions. As for all these transitions the g values of
the upper and Lower states are equel 1o 1.5, & Longitudinal mag-
netic field H splits them into fwo components with energies se-
parated by 3gH. 1t is easy fo verify that all transitions betwe-
en the ground term Levels and the 5L and %G Leuvels have signifi-
cantly different structure and size of the splitting.

The Zeeman spliiting was observed by the Faraday rotation
Lineshape with H¥?00 Oe (uH~Doppler width). An additicnal magne-
tic coil was introduced to produce such a8 field. The observed
spLitting for the 558 nm transition was analogous to the spLit-
ting of the 7F«->5Dz transition 569 nm (figure 15) and coinsided
with the calculated one (a Faraday rotation Lineshape formula
for the case of an arbitrary Longitudinal magnetic field is gi-

ven 1n the Appendix). Consequently, the upper state of the 558

nm transition belongs to the ®D term and its most probable iden-
tification is the 4f56s® ?F4->4f8%652 5D3.

Thus three of five 4f%65% 5D Levels (J=1,2,3) have been
identified by now. Nofe that to search for transitions to the
Levels with J=0,4 one requires Light sources operating in the
wavelength regions about 700 and 450-520 nm, respectivelLy.

The wavelengths (in air) of all found Mi-transitions ext-
rapolated to the zero buffer gas pressure, angular momenta of
the LlLower and upper states and the relative values of the Fara-
day rotation (F) arz given in the first three columns of table
7. The convention is that for the strongest transition 662 nm,
F=1000. It is necessary to note that because we had to use dif-
ferent Laser dyes for different transitions (AGN-650 for the Li-
nes 662 and 628 nm, Rhodamin 6G for the Lines 611 and 586 nm,
Rhodamin 110 for the Lines 569 and 558 nm), they were observed
in separate experimental runs. Thus the relative Faraday rotati-
. on for them is given only roughly.
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11. Pressure broadening and shift of the Mi-transitions

The pressure broadening y of the found transitions was de-
termined from the Faraday rotation Lineshapes in a lLow magnetic
field (see Appendix), recorded at buffer gas pressures in the
range 1-15 atm. Frequency markers produced by a confocal ther-
mostabilized interferometer covered with a sealed jacket were
used for the frequency scale calibration and determination of
the pressure shift A. :

In order to take into account the small unknown isctope
and hyperfine structure of the found transitions, the approxima-
ting curve was coelculated as & sum of rotation on fwo close iso-
Lated Lines (effective isotopes). The spacing between them was
one of the fitting parameters. Model calculations showed that
the wvalues of y and A were not sensitive to the details of the

.Line splitting. The best fitting curves (figure 163 were used to

measure the Linewidths and positions of Line centers. Thus mea-
sured parameters y and & within experimental uncertainties Line-
arly depended on the buffer gas pressure. The values of broade-

ning and shift by helium are given in two Last columns of table
7.

Table 7. Wavelengths (in air), relative values of the Fa-
raday rotation (F), broadening y/p and shift Asp by helium of
the 415652 ?F->4{®%65® 5D transitions of Sml. T=1400¢100) K.

FHELES S S SSRGS

Aronme 3 s d T RS AL xp A/p,
| jrel.u. | MHz/Torr| MHz/Torr

T M S R BN S R S SS S e ww me mm R e e e = o

661.954

| 2-21 | 1000 | 0.18(2) | -0.12(2)
625.183 | 0>1 | 200 | 0.12(2) | -0.16(1)
610.528 | 352 | 400 | 0.20(2) | -0.20(3)
586.267 | 2->2' | 11 €08 | -0.22(8)
5656.940 | 1->2 | 40 | 0.18(5) | -0.20(2)
Sa2. 2989 lad=a 30 [ RPN S5(R) ] -0 25¢3)

S s s R R S S S S SR S e e e e e e T - e e e R S S v -
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For the 569 nm transition the pressure broadening by xenon
ysp=0.53(4) MHz/Torr was also measured. In This measurement "the
xenon pressure varied in the range 1-3.5 atm. AT higher pressu-
res a strong convection started in the cell and the Laser beam
could not pass through it.

A comparison of the Faraday rotation curves, recorded at a
constant buffer gas pressure and at different temperatures shows
that uﬁder our experimental conditions (several Torr of Sm) the
sel f-broadening and shift are neglLigible (ysp(Sm)<30 MHz-Torr,
|&7p (Sm) | <50 MHz/Torr).

The obtained pressure broadening of the Mi-transitions by
inert gases is at Least an order of magnitude smaller than tup!-
cal broadening of transitions in the outer shells of atoms, in
particufar of samarium [37?1. On the other hand, it EEEEEdS‘hyLﬂﬂ
order of magnitude the broadening of infrared transitions inside
the samarium ground term [35-361.

Note that the Lineshape formulae used in this work (Appen-
dix), though providing a rather fair fitting of the experimental
cufue5, incorporate only the simplest model of The pressure bro-
adening phenomena. In particular, it does not take into account
the so-called phase memory effects. In situations when the phase
_of the oscillating dipole moment is not smeared, while the velo-
city of an active atom is changed by velocity-changing collisi-
ons, Lineshape perturbations occur. The phase memory effects may
even Lead to narrowing rather than broadening of a Line (Dicke
effect [381). Generally, Mi-transitions in the screened shells
of the rare earth elements with a small pressure broadening are
promising objects for the search and study of such effects
[38,331. In view of that, we considered the influence of the
phase-memory effects on the Faraday rotation Lineshapes and tri-
ed 1o use the modified Lineshapes for the approximation of the

exper imental curves. Unfortunately, the pressure broadening of

the Mi-transitions found in this work did not prove to be small
enough for the phase-memory effects to be traced at the Level of
experimental uncertainties.
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12. Discussion

The primary aim of this work was to find Mi-transitions to
be used in the PNC-experiments. Figure 17 shows the ground term
Levels, the found 456s? 5D Levels with the Levels of opposite
parity Lying close to them and the Mi-transitions observed in
this work.

The nuclear spin independent weak interaction mixes atomic
states of opposite parity with the same total angular momentum.
For all the found Levels such states Lie in about 200 cm-* from
them. Comparing this with a typical energy gap between mixing
states in the atoms where PNC-effects have already been observed
(~30000 cm-*), one can anticipate a significant enhancement of
the PNC-effects in samarium. Note, that the found Mi-transitions
With Large amplitudes can be used in the natural optical rotati-
on experiments, while the weaker cnes (e.g. 1->1, 2->2) - in the
experiments ~on the optical rotation in the crossed E and B fi-
elds [191, or the PNC-Stark-induced interference experiments of
the type carried out in Cs and TL [1-51].

The nuclear spin dependent weak interaction also mixes op-
posite parity states with total etectron angul ar momenta diffe-
ring by unity (see e.q. [11). This interaction can be detected
by comparing PNC-effects on different hfs components of a tran-
sition. Of interest in this respect could be the transitions to
the 4f®6s® *Da Level which has an opposite parity lLevel with J=3
in 33 cm-* from it. Howewer, as it was pointed out in (8], & se-
rious ' shortcoming here is the small hyperfine splLitting of the
415652 Levels [25]1. This drawback could be on principle overcome
by utilizing Doppler-free techniques, e.g. an atomic beam,

It is nhecessary to note that & small enerqy gap between
the opposite parity Levels does not by itself quarantee a Large
PNC-mixing, since the mixing coefficient also incorporates the
actual PNC matrix elements which are difficult to calculate here
due to a complex structure of the Levels involued. Therefore,
The feasibility of precision PNC-experiments with the found sa-
marium transition should be tested by some auxiliary measure-
ments (e.q. measurements of Stark polarizabilities) that will
help to evsluate the mixing coefficients, and/or by the PNC-mea-
surements themselues. :

It is possible to suggest that apart from the vicinity of




opposite parity Levels, other propertfies of the new lLevels and

transitions wilt also prove 1o be useful. Firstly, the small .

pressure broadening of fransitions inside the 4f8565% prouvides a
simpie method of selecting them from other spectral Lines. With
the ftunable Lasers existing today it will be possible to access
Mi-iransitions coupling the ground term with the 5Do, s Levels

(seg  table 1). Transitions to some of the other terms of 418652

7L, %G, BH, ®I, 5F; ?E. ®K) can prabably be found in the same
fashion. MNote that in the tables [9] there are three Levels at
about 20000 cm-* tentatively identified as belonging to the
4186s5® configuration. Mi-transitions from the ground term fo
these Levels Lue within The spectral range accessible to the se-
cond harmonic of dye Lasers.

According to [391, only about one third of the 3500 Smi
" Lines obserued in the spectral range 260-410C0 nm have been clas-
sified. Hopefully, the identification of new Levels will Lead to
d more complLete classification of samarium specira.

The 4f5652->4f865® fransitons with relatively Low colbisi-
onal perturbation and isotope and hyperfine splLitting can pro-
bably be alco used as the secondary frequency standards over a
wide spectral range, e.9. +the ?F->5D tfransitions embrace the
whole uvisible spectrum.

1%, Summary and outlook

Semarium specfrum was studied with a purpose to find new
Mi-transitions 1o be used in the PMC-experiments. Faraday rota-
fion technique was chosen for the search and study of spectral
Lines. Due To ifs high sensitivity this technique allowed to ob-
serue weak Lines with ul~i0-4. Initially the spectrum scanning
was made wWith & helium buffer gas pressure in the yapar cell of
the order of 10-100 Torr. In thic case. 3 Large number of spect-

ral lines of different intensiiies was obserued (~10 lines per

nm). HMost of the observed Lines were ‘identified as Ei-transiti-
gns from The ground Term or from the highly excited states (in-
tepsity of these two fupes of transiiions differed by many ar-
ders of magnitude). Some of the weak Lines could not be classi-
fied. For the purpose of classification, the isatope shifts, ra-
tio of the Faraday rotation and absorption, saturstion spectros-
copy Lineshapes and the pressure broadenings were studied on
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different samarium transitions. As a result, transitions to the
418652 ©=D4 Level were revealed. One of the most striking featu-
res of these fransitions was a very small pressure broadening.
In the search for fransitions to gther 4f°6s? Levels an advanta-
ge of this was taken. A special samarium vapor cell was designed
which allowed operation with buffer gas pressures of seuveral
atm. AT such pressures most of the Faraday rotation Lines were
significantly broadened and suppressed in amplitude, which made
it wvery essy to select the sought-for Mi-iransitions. Tests of
the correctness of fransition identification were provided by
studying the dependences of Line intensities on the cell tempe-
rature and the Zeeman splittings at high magnetic tields. This
proved to be especially useful in the case of the 7F4->5Ds tran-
sition, for which no “partner® transition from another ground
term Level was observed. The small pressure broadenings and
shifts of the found Mi-transitions were then studied. |

In conclusion, the new 4f56s5* ?F->4¥*6s5? 5D Mi-transitions
of SmlI (as well as other trapsitions inside the 4f-shell) have
many specific spectroscepic properties and will probably be used
in 4 number of applications.

Acknowl edaements

We are agrateful to I.B.Khriplovich for the suggestion to
start this work and for numerous helpful- discussions. We are in-
debted to V.a.Dzuba, V.U Flambaum, A.Ya Kraftmakher and
0.P.Sushkov for their calculations and many interesting discus-
sions, P.L.Chapousky for his stimutating interest in this work
and 8 suggestion to use the saturation spectroscopy technique tg
sepgrate the Ml and E1-transitions, B.A. Knyazeu, U.N Kulyasou,
L.Young and A.M.Shalagin for helpful discussions, U.P.Cherepa-
nov, A.U.Ledeneu, G.S5 Piskunov and S.U. Tararyshkin for their
hetp in arranqinag electronics, S. D Belou, U P Kozak and E & Si-
monoy who contributes to the sotiware, U.P.Smakhtin for his help
in the oven design, B.U.Bondarev for providing optics for the
Laser, and finally, to S.A Abramov, M.YU. Bemnvov and M.B. Sul tanou
for providing the AX-meter. The technicat assistance of
V.1.Sverdlov, V.M. Boreiko and V.S . Mel'nikov is acknowledged.




1]
Pt

appendix. Faradav rotation and absorption Lineshapes

For a single Line in the absence of magnetic field, in the
impact a&approximation, one can write for the compley refractive
index: ;

n-1e <{(p-po-vptiy/2)-12=lafy,u)-iflu,u) 1 A

Here ¥ is the Light frequency, »o - The cenfral frequency of the
transition; B - Longitudinal veleocity projection, normalized by
the speed of Lighti y - the hemegenicus width (throughout this
work y is determined by collisional width); the angular brackets
denote an aueraging over the atomic thermal velocitiesi Ap=roBo
- the- Doppler width (Bo=(2KT/Mc2)4 2} u=(y-Vol) -y, U=y 248
q(u,v} and f(u,v) - dimensiontess functions introduced e.q. in
[11. Using this represepntation one getfs {for the absorpiion coef-
ficient and the Faraday rotation angle:

W=4aN; (20 +10-1- (pshp) - (KEHMIEE> 12 - FCu, U753

PrL=2aN; (2T 1)~ (prdpd (| aH}AAp ) (BaCu, vl aud - [<HEMIED> [PRAZ.

Here N; 1is the initial state popultation, <fliMlii> - The reduced
matrix element of the transition (M1 or E1J,

Bege L (i Yo (It -2 & g Bl el ol (I t1) =230

These formutae are wvalid for small magnetic fields (|uH|&dp .

For arbitrary +fields they have 1o be modified as follows

(0.P.Sushkoul:

j i (3 N X

Hedabd (20 H1)-1 - (psdp) - [<fliMIEiId 12 2= Cm’;{ 4 m)'i‘[ff“'x#f( "ﬂ
Mme=3i

i ; I 1 3
prLz2aN (20, ¥1)-Y(psdp ). [<FHIMI Y |2 'E(-n-‘l 1 m
i m

) : -%- [3(”-—%]-3{“'%]]

a 3J-sumbol [403. lIsotpe shift can be taken into account by sum-

matien euver ditferentl 1cotopes with the relevani valigs of B
and Ve. Hupeirfipne spliftipng Ltads to & more complicated structu-

3.

3‘ 1 =

|

~AH
Here Xms= "ﬁm (?"'fm'l'"l}-g;'ﬂ‘t))

re of the Faraday rotation. A corresponding discussion and for-
mulae can be found e.q. in [1,41-43]1.

Mote That all the Faraday rotation measurements reporied
in tThis work were made in conditions when effects nonlinear in
Laser power could be neglected. A special study of nonbinear Fa-

raday ratation on samarium transitions is reported elcsewhere
[441.




RBeferences

[1] Khriplovich I1.B. Parity HNon-Conservation in Atomic
Phenomena. Moscow, Nauka, 1988 (in Russian’.

[Z2] Bouchisl Il -A. anhd ° Poftier b ., in Afomic Phusics 9,
eds. R.S5. van Duck Jr. and E.N. Fortson, Wortd Scientific (Sin-
gapore’ 1584. :

5 ] Fortson E.N. and Lewis L.L.: Phys. Reports v.113, n.5
(19843, p.289.

[4} Commins E.D. : Phusica Scripta v 32, (1987, p. 468.

[S1 Bouchiat H.-H__ and Pottier L.: Science v, 234 (19861},
p.1205.

[6]1 Flambaum WU.U -and Khriplovich 1.B. - Zh.Eksp.Teor Fiz.
.29 (1980), p.1656 (JETP v.52 (1980), p.835.]. :

{71 Flambaum U . U., Khriptovich I.B. &nd Sushkov O.P.:
-Phys. Lett. B v. 146 (1984), p.367.

[8] Dzubs V.A., FlLambaum V.U. and KhriplLowich 1.B.: Z.
Phys. D v.1 (1986), p.243.

{91 Martin W.C., Zalubas R. and Hagan L. Atomic Energy Le-
vels - The Rare-Earth Elements. Washington, NBS, 1978

{101 Ofelt G.S5.: J. Chem. Phus. v.38, n.9 (1963}, p.2171.

£111 Dieke G.H. and Sarup E.: J.Chem. Phys. v.36, n.2
(19622, p.321.

{121 Krattmakher A.Ya. : Opt. Spektrosk.
(Opt.Spectrosc.USSR), in press. : - ’

[13] Barkov L.M., Zolotorev M. 5. and Melik-Pashavev D.A.:
Opt. Spektrosk. v.62 (1987), n.2, p.243% (Opt.Spectrosc. (USSR),
v.62(2) (1887), p.144),

{141 Barkov L.M., Zolotorev M. S and Mel ik-Pashayeu D.A. :
Kvantovaya Elekironica (Sov.J GQuant.Electron.) v .15, n.6 (1988},
p. 1116,

[15] Barkov L.M., Zolotorev M.S. and Melik-Pashavev D.A.:
Opt. Spektrosk. (Opt.Spectrosc USSR), in press. |

[16]1 Birich G.N., Bogdanouv Yu.U., Kanorskii &.1., Sobel'-
man I.1., Sorokin WU.N., Struk I.1. and Yukou E.A. Precision La-
ser speciropolarimetry. FIAN, Preprint 3217, PMoscow, 1986 (in
Russian).

(171 Handbook on physics and chemisiry of Rare Earths,
.1, eds. Karl A. Gshneider and Le Roy Ewring, MNorth-Holland,

35

1928,

[18]1 Piskunov G.5. and Tararyshkin S. V. : Autometriya, n.4
(1986}, p.32.

[19]1 A Gongora T. and Sandars P.G.H.: J.Phys. B v.19
(19863}, p.L291.

[20]1 ALbertson W. - Phys. Reu. wv.47 (1935), p.370.

- [211 King A.S. : Astrophys. J. v .82 (1935), p.140.

1221 Striganov A.R., Katulin V.A. and Eliseyey Y.V, : Opt.
Spektrosk. v.12 (1S62), n.2Z, p.171 (Opt.Spectrosc. (USSR), v.12
(1962), p.91). _

[23] Heilig K. and SteudelL A.: Atom. Data NuclL. Data Tab-
Les, v.14 (1974), p.613. , |

(241 King W.H.: J. Opt. Sec. &m., v.53 (1963), n.5, p.638.

{251 Childs W.J. and Goodman L.S.: Phys. Reu. A, V.6
(1972), n.6, p.2011. ,

; [26] Brand H., Nottbeck B., Schulz H.H. and Steudel A.: J.
Phus. B, u.11 (19783, n.4, p.L99.

[27]1 Griffith J. A R., Isask G.R., New R., Ratls M.P. and
vanh: 2ol CP.: J. Phys. B, w. 12 (19293, n.1,,p.L1. :

{281 Brand H., Seibert EB. and Steudel A.: Z. Phus. A,
. 296 18680 S p. 281 2R

[291 Griffith J 4R . lcaak G R , New £ and Ralls M.P.:
i Phys. B, v.i4 (18815, p.2769.

: [301 Childs W.J., Poulsen 0. and Goodman L.S.: Phys. Rev.
A, v.19 (1979), n.1, p.160.

[31]1 Hansch T.W., in Afomic Phusics &, eds. Ingvar Ling-
ren, Arne Rosen and Sune Svanberqg, Plenum Press, 1983,

[32]1 Brechignac C., Vetter R. and Berman P.R.: Phus. Reu.
A, U172 928N 5 p 1689

[33] Aleksandrov E.B., Kotyley U N., Uasileuskii K.P. and
Kulyasov V. N.: Opt. Spektirosk. v.54 (19833, n.1, p.3.

[24] Aleksandrov E.B., Uedenin Y.D. and Kuluasou U.N.:
Opt. Spekirosk. u.56 (1984), n.4, p.596 (Opt.Spectrosc. (USSR),
LRE.TY S5l @ ian f o 1 et S

L5351 Vedenin U.D., Kulyasov W N., Kurbatov A.L., Rodin
N.\. and Shubin M.U.: Opt. Spektrosk. .60 (1986), n.2, p.2329
(Opt. Spectrosc. (USER), u. 60 (1986), p.146).

{264 Vedenin W.D., Kulwasov U.N., HKurbatov A.L., Rodin
MU and Shubin M U Opt Spakirosk. w.62 (1982}, n.4, p.237.

[37]1 Uedenin U. D and Kulvasov Y. N : Opt. Spektrosk. v.59




36

C1985),. 0.5, P 1E0a)

[38]1 Dicke R.H.: Phys. Reu. v.89 (1553), n.2, p.472.

[391 Penkin N.P. and Komarguskii U.A. : J. Quant. Spact-
rosc. Radiat. Transfer. v.16 (19763, p.217.

[40]1 Sobel'man I.I. Inftroduction into the theory of atomic
spectra. Moscow, Nauka, 19727 (in RussianJ. _

[411 Novikou U.N., Sushkou O.P. and Khriplovich [.B.: Opt.
Spektrosk. v.43 (19227), p.621; U. 45 (18278), p.413.

[42] Roberts G.J., Baird P E.G., Brimicombe M W. 5. M , San-
dars P.G.H., Selby D.EB. and Stacey DN .- J. Phus. B, v.13
(19803, p.1389. :

{431 Davies 1.0.J., Baird P.E.G. and Nicol J.L.: {. Phgﬁ.
B, . ZBCci982), . .55721 . ' :

[44]1 Barkev L.M., <Zolotorev M. 5. and Mel itk-FPashaveu D A.
Nonl inear Faraday rotation in samarium vapor. Inst. Nucl. Phys.
Preprint 88-380, Novosibirsk, 1988, Submitfted to Opt. Commun.

327

|
?4#36573
"/ ?
ol / / 41:555&26&
el / / 42°5d6p
PR
e L
/ il / 1£75365°
Lol
o v
!//f 4f5-52 5DJ 4f6636p
- J=0-4
R
4f55d65
4f6652 r?I"J
/ Tz
Z
EVEN DD

Fig.1. Samarium cnnfiguratiﬁn5 B e




39

o
r

TZou

FREQUENCY

FREQUENCY

B - the same samplLe with

field

Fig.3. A - a 75-GHz sample of samarium spectrum at A#639.2

nm recorded with magnetic

~0A31 11400 ue ylim albJd JQWE] - Z1

- Z1 rsapoipoloyd uodlLils
¢ 151182
pue Jaziieqod passodd - p% fsantioslqo -
I "snieiedde uotiielod dAepeoded 3yl jo wedbelp 30198 "Z°bid

Aoden wniiewes -

"1877041U03-310.43 B SE [Q1] me:uemu

AR E LR
fepeie4 JuUlY

t 1012 1NPOW 1133 534304
1102

J1lauboy - g £1183

fineay - grg rlazdqeuc

Z 439t} apowouow -

0
: v
T

= [

tl

‘N

otft
weak

g
==

Sd

=

‘r—

L

/gﬁw -\xx\wnnh = . H““wwmmnummmmwunﬁ

i
L~

Sl

ZIDIL 407
~8TTT080

Iaqau
—-ox39osdg

Jagei=af(] KD

I88BT- Iy




40

41

oL

-

e P

e e

-

S —

S S e

FREQUENCY

154 152 144

e

*y

SRR

T T A S O

'gAray

-

[t

te e

FREGUENLCY

e L e

Fig.4. Examples

recording.

6f & unary and a doubled Line on 5 75-GHz

4 43 150 152 144

=y

."F
1

10 GHZ ' AL

d
i

e

FREQUENCY

Fig.5. Detailed Fsaraday rotation Lineshapes of El-transi-
tions from the ground term. Recordings were made at a Low sama-
rium pressure. A - 4fF6s2->41856s6p transtion 602.72 nm. B - a
415652 ->4f55d652 transition 602.7S nm. Positions of even isoto-
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Fig.16. & - measured Faraday rotation Lineshape for the
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mark the positions of ‘“effective isotopes". C - difference of
the curves A and B. D - fransmission through 3 reference cauity
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