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Abstract. The design and performance of iodine vapor cells for frequency stabilized laser
applications are presented. The traditional design of iodine vapor cell and special develop-
ment of cell for fluorescence applications are studied. The sets of eight iodine cells developed
and filled in Institute of Physics NAS Ukraine were tested in the He-Ne/!27T, frequency
stabilized lasers. The nonlinear resonance width and contrasts for different cells were meas-
ured. The beat frequency method was used for study of laser output frequency differencies for
lasers stabilization using different cells. The results of iodine cells testing shown that for glass
cells prepared more than 8 years ago the resonance width is appr. 2.2 MHz and frequency
differencies are in the rather narrow area < 15 kHz. The standard uncertainty of the frequency
stabilized He-Ne/!2'1, lasers is 11.7 kHz. The tests shown that developed cells meet the de-
mands to applications in metrological lasers.
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1. Introduction

According to Recommendation 1 of Comite International
des Poids et Mesures (CIPM) the radiations of six laser
sources stabilized by the iodine absorption (argon ion
laser, second harmonics of Nd:YAG laser and four types
of He-Ne laser) are recommended as radiations for reali-
zation of the meter unit [1]. As sources of standard wave-
lengths for length metrology, the iodine stabilized He-
Ne lasers are now the most widely used. The He-Ne laser
stabilized by some hyperfine structure component of mo-
lecular iodine provides the set of standard wavelengthes:

1. Absorbing molecule '?7I,, transition 26-0, R(12),
component ag (A= 543 nm) provide adopted value of op-
tical frequency f,9 = 551 579 482.96 MHz, and vacuum
wavelength A9 = 543 516 333.1 fm;

2. Absorbing molecule '*7I,, transition 9-2, R(47),
component a; (A= 612 nm) provide adopted value of op-
tical frequency f,7 = 489 880 354.9 MHz, and vacuum
wavelength A7 = 611970770.0 fm;

3. Absorbing molecule '27I,, transition 11-5, R(127),
component ajyori(A=633 nm) provide adopted value of
optical frequency f,;3 = 473 612 214 705 kHz, and
vacuum wavelength A,13 = 632991398.22 fm;

4. Absorbing molecule '*’I,, transition 8-5, P(10),
component aq or g (A= 640 nm) provide adopted value of
optical frequency f,9 = 468 218 332.4 MHz, and vacuum
wavelength 1,9 = 640283468.7 fm.

Additionally, as “other sources” the reference radia-
tion the frequency doubled He-Ne laser stabilized on tran-
sition 17-1, P(62) component a; or o (A = 576 nm) of
molecule %7, is recommended with optical frequency

fa1 = 520206808.4 MHz, and vacuum wavelength

Aq1 = 576294760.4 fm.

According to [1], the list of absolute frequencies of
other transitions related to those adopted as recommended
includes the number, namely 28, of iodine molecular tran-
sitions, both !>’ molecules and other iodine molecules
(12912’ 12711291).

The iodine-stabilized diode lasers are developed now
too for metrological applications, too [2].

These data show the high importance of molecular
iodine as a quantum system that provides a wide number
of reference transitions for metrological applications.

Now the most common way of frequency stabilization
of helium-neon laser based on the placing of glass cell
filled by iodine vapour inside or outside of laser cavity.
The Doppler-free resonances in the laser output are pro-
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duced due to saturated absorption of iodine vapour. The
laser frequency modulation through the nonlinear ab-
sorption resonance was executed, and the signal at the
triple frequency of modulation was detected to provide
the third derivative of line profile. The electronic servo
system keep the laser frequency as close as possible to the
zero point of third derivative and provide the laser fre-
quency stabilization to hyperfine iodine component. The
precision of laser radiation frequency, in the final analy-
sis, is defined by precision of hyperfine component fre-
quency position.

Itis known that the hyperfine frequency is influenced
by some effects: amplitude of laser frequency modula-
tion, iodine pressure, laser intracavity power [3], wave-
front geometry [4], gas lens effects [5, 6], elastic velocity-
changing collisions effect [7,8], contamination of the ref-
erence gas [9], efc. Among of main factors defining the
net error budget of stabilized laser frequency are uncer-
tainties connected with iodine absorption cell: iodine
purity uncertainty — 5 kHz, cold-finger temperature —
2.5 kHz. The laser frequency reproducibility level of some
parts in 10'0 needs the precise control and keeping laser
and iodine cell parameters stable. The recommended val-
ues of iodine pressure (defined by cold finger tempera-
ture), temperature of iodine cell walls, intracavity laser
power, modulation amplitude and beam geometry, the
adequate accuracy of this parameters [1] are based on
the many-year investigations of all manifold of laser pa-
rameters impact on the laser frequency stability and re-
producibility.

2. lodine cell design and preparation

The iodine cells were of subject of a number investiga-
tions [9-16]. The international comparision of iodine
absorption cells [3,12,14] conforms that observed fre-
quency shifts of the hyperfine components in iodine are
strongly linked to impurities in the iodine cells. There-
fore, the development of improved iodine cell prepara-
tion technologies and accurate cell testing is rather im-
portant for advanced metrology lasers.

We present the iodine cells for metrological laser ap-
plications designed in two versions: the iodine cell Type
I meeting the demands of Recommendation of Comite
International des Poids et Mesures (CIPM ) and experi-
mental iodine cell Type II for both nonlinear absorption
and nonlinear fluorescence applications. The Type I glass
cell (Fig. 1) is 6.5 cm length and inner tube diameter
5 mm. The Brewster glass windows are sealed to glass
tube by glass cement. The cell has the side glass finger
for iodine pressure control.

The type II cell (Fig. 2) was glass-ceramic (zerodure)
made and has two quartz Brewster windows and side win-
dow for fluorescence light detection. The additional en-
hancement of fluorescence signal is achieved by using
the builted-in into cell body light integrated sphere. The
integrated sphere is made from milk glass and has the
opened round hole oriented to the side window output.
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Fig. 1. The Type I iodine glass cell.

Fig. 2. The Type II iodine glass-ceramic cell.

The glass-made side arm is attached to the cell body by
special junction. The junction is made from set of glass
rings with matched temperature expansion indexes to
prevent its destruction during thermocycling treatments.
The Brewster windows are sealed to the glass-ceramic
cell body by a deep optical contact using additional fas-
tening by epoxide resin.

The most important parameter of the used iodine cell
is adequate purity of the iodine and absence of foreign
gases within the sealed absorption cell. Due to possible
leakage or/and outgassing some foreign gas can be added
to the original iodine filling. The cell filling procedure
used in Laser spectroscopy Laboratory in Institute of Phy-
sics (National Academy of Sciences of Ukraine) includes
several stages: 1. lodine distillation. 2. Iodine cells evacu-
ation. 3. Iodine cells outgassing. 4. Filling iodine cells
by iodine. 5. Cutting the filled cell from vacuum system.

The set-up for iodine cells filling is shown in Fig. 3.
The crystalline iodine was placed into glass ampoule
arranged by special output tube for attachement to the
vacuum pipeline without breaking the high-vacuum con-
ditions. The ampoule filled by iodine was sealed to the
vacuum pump recieving tube and was evacuated to the
pressure less than 10-° Torr. After evacuation the am-
poule was cut from vacuum pipeline and was sealed by
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Fig. 3. The iodine cell filling setup.

opposite side arranged by abovementioned special out-
put tube to the high vacuum system. After lowering pres-
sure to the level less than 10-° Torr the glass divide wall
was removed and the ampoule was connected to the high
vacuum line. During this preliminare operations ampoule
was cooled by liquid nitrogen to prevent the iodine leak-
age. After finishing this preliminary preparation, the lig-
uid nitrogen was removed from iodine contained ampoule
and was tranferred to the empty ampoules having similar
design. The crystalline iodine was sublimated and moved
to cooled ampoules: the distillation of iodine was real-
ized. After sublimation approximately 3/4 of iodine, the
clear ampoules with iodine were cutted from vacuum pipe-
line and used at the next stages of iodine cell filling.
The iodine cell filling was made using the vacuum
system equipped by U-shape protection traps cooled by
liquid nitrogen to prevent the cell pollution by vacuum
oil vapors and arranged by oven for cells thermal treat-
ment. The thermal processing includes computer control-
lable heating of cells up to the temperature 350 °C. To
prevent the possible influence of temperature gradients
onto the vacuum joints caused by minute mismatch in
thermal expansion indexes of diffrent cell parts, the heat-
ing system was able to provide the heating with control-
lable rate up to 0.2 °C/min. The empty cells (usually four)
were sealed to the glass vacuum pipeline. The ampoule
with distillated iodine was sealed to common vacuum
pipeline, but the iodine contained volume was separated
from vacuum pipeline by breaking glass wall. The vacuum
pipeline and empty cells were evacuated to the pressure
10~ Torr and heated to the 300 °C with continuous evacu-
ation. After finishing the thermal treatment and cooling
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the cells to the room temperature, the glass wall separat-
ing iodine from vacuum system was removed. The liquid
nitrogen was used for cell cooling and deposition of crys-
talline iodine into the cells. The filled with iodine cell
was cut off from the vacuum pipeline by acetylene torch.
All the process of cell vacuum and thermal treatment needs
appr. 60 hours.

3. The iodine cells tests

The hyperfine components of molecular iodine are shifted
and widened by the presence of foreign atoms and mol-
ecules [9,10].

The direct measurement of frequencies difference of
two lasers with reference and tested iodine cells placed in
turn into each laser were chosen for the cell comparison.

The experimental laser setup is shown in Fig. 4. The
laser cavity is formed by rear mirror 3a mounted at pi-
ezoelectric transducer 4 (PT) and output mirror 3b. The
mirror mounts are spaced by three invar alloy rods 8.
The rf-pumped He-Ne laser tube 1 (LT) and iodine ab-
sorption cell 2 are placed into the cavity. All laser ele-
ments are mounted on the massive steel table placed on
the concrete base and are insulated from acoustic noises
by sound-absorbing protector. The iodine pressure is
controlled by cell sidefinger temperature regulated by
Peltier cooler. The temperature control and stabilization
system allows to set the temperature from 0°C to room
temperature with precision 0.01 °C. Detailed description
of experimental set up was given [7].

The frequency modulation voltage and error signals
from frequency locking servo system are applied to PT.
By modulating the laser frequency through the saturated
absoption resonance of iodine, a signal at three times the
modulation frequency is detected to give a third deriva-
tive line profile. This signal is used for laser frequency
stabilization onto a iodine hyperfine component by elec-
tronic servo system. The laser frequency is modulated by

Fig. 4. The experimental laser setup: / — laser tube; 2 — iodine
cell; 3 — laser mirrors; 4 — piezoelectric transducer; 5 — photo-
detector; 6 — frequency locking servo system; 7 — Peltier cooler;
8 — laser cavity rods.
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the sine voltage, which is applied to PZT. The servo-
system stabilizes the mean frequency of the laser by locking
on the saturated absorption components a, b, ¢, d, e, f, g, h,
iand; of the HFS components of the R(127) absorption line
of the 11-5 vibration band of the B3, *«X!Z,* transi-
tion of the 27T, molecule.

When the saturation of absorption is weak, the output
power curve of the laser can be expressed as [19]:

V-V, > 1
P(v) = Pyexpi— 142k —————
Avp 1+(Av; IT)= |

(M

where Vv, is the central frequency of the Doppler-broad-
ened gain profile, I'; is the homogeneous width and k; is
the contrast of i-resonance.

The frequency shift AQ is defined as the detuning Av
corresponding to the third harmonic S5 zero

§3(AQ)=0, 2
where

2wl f b
syav)=L j PV +Z cos(f)) cosGfoyde . (3)
2 0 2

where D is the frequency deviation, fis the modulation
frequency, P(V) is the output power.

To obtain the parameters of the resonances, we per-
formed a least-square fit of the experimental dependen-
cies of the third harmonic signals on the laser frequency
to the theoretical ones given by expressions (4) and (5).
The change of the laser frequency was measured by de-
tecting a beat frequency between the laser under investi-
gation and the reference laser. The reference laser was
stabilized to the HFS component f of the line R(127) 11-
5 of B, "« X!%," transition of 7, molecule.

When comparing the stabilized lasers, the matrix mea-
surement method [20] is usually used for obtaining the
frequency difference between lasers. The method is based
on the measurements of beat-frequencies between lasers
stabilized by different HFS components d, e, f, and g ex-
cluding stabilization by the equal components. The beat-
frequencies are the matrix items. Processing the matrix
gives us the frequency differences between lasers.

The beat frequency measurements were made using
the experimental set up depicted in Fig. 5. The signal of
beating was formed as a heterodyne signal produced by
two laser beams from reference and tested lasers. Both
laser beams were superimposed at the avalanche photo-
diode (APD) and its output with frequency equals to beat
frequency of tested and reference lasers was directed to
the frequency meter and spectrum analyzer and processed
by computer.

Eight iodine cells were selected for testing. The glass
cells No.1, 6-10 (Fig. 1) were produced by Kharkov State

SQO0, 6(3), 2003

|4_

Fig. 5. The beat frequency measurements setup: / — reference
laser; 2 — laser with tested cell; 3 — avalanche photodiode; 4 —
frequency counter.

Scientific Research Institute of Metrology and iodine filled
by Laser spectroscopy Laboratory Institute of Physics NAS
Ukraine. The cell length was 6.5 cm and Brewster win-
dows were sealed by glass cement. All cells were filled by
iodine in 1994.

The Zerodure cells No. 2, 4 5 (Fig. 2) with optical
path length 11.0 cm were produced by CDO “Arsenal”
(Kiev) as experimental cells for both iodine saturated ab-
sorption and saturated fluorescence investigations . These
cells were filled by iodine in October, 1998.

Two identical helium-neon lasers were used for cell
testing. First laser serves as a reference laser. The iodine
cell No.3 (similar to cells 1, 6-10) was used as a reference
cell and was placed into the first laser cavity. During all
testing process the only this cell was used as reference
one and rest of laser parameters were keeping stable. The
rest cells were placed in turn into the second laser cavity.
The sidearms temperature during measurements was kept
at 15.00£0.01 °C, cell wall temperature was 22 °C. The
frequency modulation width, peak-to-peak of both lasers
was D = 6.0£0.1 MHz.

To make the cell quality estimation, the third deriva-
tive signals of the hyperfine components were studied.
The examples of results are shown in Fig. 6,7 for the cells
No.5, 6, respectively.

The resonances width and contrasts, calculated by
least square technique (see detailes in [18]) are shown in
Figs 8 and 9, respectively. The halfwidth of resonance
for cells No. 1, 6-10 is 2.2 MHz. The contrasts for cell
No. 6-10 are 0.03-0.07%. The contrast 0.1 % for cell
No. 1is caused by lower saturating laser intensity. The
output power of the experimental laser was determined
by cell optical quality and shown in Fig. 10.
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The resonances for cells No. 2 and 5Shave much worse  matrix method of frequency differences for d, e, f, g
parameters, probably due to the presence of foreign gases  hyperfine components (see details in [17]). The results of
in the cells. measurements are presented in Fig. 11. The beat fre-

The beat frequency of reference and experimental la-  quency measurements show that frequency shifts for cells
sers was analyzed using the well known Bayer-Helms  No. 6-10 are fitted in the rather narrow area <15 kHz.
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Fig. 11. The frequency shifts for tested cells.

The cell No. 1 has the shift = 29 kHz at laser output power
approximately twice lower comparing to output for cells
No. 6-10. These observed shift magnitudes confirm the
high quality of developed iodine cells. The cell design
provides the long lifetime of cells (more than 8 years).

The standard uncertainty of the frequency of stabi-
lized He-Ne/'?I, lasers is 11.7 kHz.

The previous results on the comparisions of Institute
Physics He-Ne laser stabilized on the iodine hyperfine
transitions and laser of Ukrainian State Length Stand-
ard of Kharkiv Metrology Institute [17] demonstrated
the frequency shifts of the same order of magnitude.

4. Laser fluorescence test of iodine cell for
iodine-129 contamination

The uncontrolled '2°T contamination of iodine cell used
for laser frequency stabilization is a possible source of
additional errors in stabilized laser frequency reproduc-
ibility [12]. The impact of uncontrolled '2°T contamina-
tion in uncertainty budget is comparable with impact of
the rest known factors at the '2°T contamination level as
small as 0.25 % of 1271, concentration [21]. To exclude the
influence of '?°T contamination, we use the additional iodi-
ne cell test based on the laser fluorescence technique [22].
Laser fluorescence is high sensitive technique for de-
tection of small amounts of atoms and molecules. The ap-
plication of laser fluorescence to detection of minute iodi-
ne impurities was demonstrated more than twenty years ago
[23]. The iodine density in the range 5-(108-10'%) cm3
was measured using dye laser excited fluorescence. In [22],
we demonstrated the laser fluorescence technique appli-
cation to the heteroisotope iodine molecules detection.
The detection of small amounts of foreign iodine iso-
topes is based on selective excitation of heteroisotope mol-
ecules. At the relative concentration of foreign iodine at-
oms o= ny/ngy, where n; — number of '2°T atoms and ny—
number of all iodine atoms, the relative concentrations
of 1271, molecules N, 121127 molecules N, and 12T, mol-
ecules Nyare Nj: No: N3 = (1 - ?):20(1 — @):0. In the
case of a relatively low contamination level (ot << 1) the
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foreign iodine isotope '2°I presents in the cell mainly as
heteroisotope '2°T'2’TI molecules: e.g., for oc=0.01 (1 %)
the iodine gas in cell contains 98 % of 127, molecules and
approximately 2 % of '°I'27T molecules. The relative
concentration of '2°I, (0.01 %) is negligibly small. This is
areason to consider the iodine cell as filled by two kinds
of molecules: homoisotope diatomic iodine molecules 1271,
and heteroisotope 2’1"’ molecules.

We compare absorption spectra of 127, and hetero-
isotope '2°1'27I molecules and select several “windows”
in 1271, spectra where rather strong 12121 absorption
lines are presented. These lines were selected as sensitive
ones for detection of iodine-129 in the cell. As figure of
merit Q for reference lines, we use the absorption factors
ratio for 12°1'27T and 27T, molecules at the tuning to the
1297127 absorption line center:

-1
1(127,120)Ykut

(@-wg(127129)° +7°

0=I 27,129)\/; z (C)]

where summation is realized by all the frequencies wy(127,127)
corresponding to 27T, molecule absorption lines. It was
shown [22] that in the tuning range of Rhodamine 6G
dye laser more than 10 lines with Q > 2-10° are placed.
The positions of spectral lines in the spectral region near
1297127T absorption line 2 — 12 P(82) (A= 601.978 nm in
air) with high Q = 2.9-103 were calculated. With proper
selection of reference 12°I'2I absorption line, the fluores-
cence intensity of 12I'*7I molecules has the same order of
magnitude as 27T, molecules fluorescence intensity at the
level of 12°I concentration as small as 10~ of '*7I concen-
tration.

Using this technique (see experimental setup at Fig. 12),
we provide the laser fluorescence test of prepared iodine
cells for the 12°T pollution with sensitivity not worse than
0.03 % of 1?7, concentration. At this contamination level,
the iodine hyperfine structure shifts caused by '2°T pres-
ence are negligibly small.

5. Conclusions

The technology of iodine cell filling used in the Institute
of Physics, NAS of Ukraine, is described. The iodine cell
test results are presented. The iodine cells prepared in
accord to developed technology demonstrate the ten-year
lifetime (glass cells). The glass-ceramic cells have more
short lifetime, probably due to more developed internal
surface with more intensive outgassing.

The standard uncertainty of the frequency stabilized
He-Ne/!271, lasers calculated on the results of laser fre-
quency stabilization using a number of glass iodine cells
is 11.7 kHz.

The work was done with partial financial support of
INTAS grant # INTAS 99-1B- 00019, Ministry of Edu-
cation and Science of Ukraine grant # 8/87-2001 and
NAS Ukraine grants # B72 and BL[98/24.
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Fig. 12. The experimental setup for laser fluorescence test of iodine cells.
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