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Abstract 

An experimental method has been tested to compare impurity levels in iodine cells 
used in the saturated absorption of lasers. The method is based on the use of the 
Stern-Volmer formula where the laser induced fluorescence of iodine is studied as a 
function of pressure. 

Measurements of a number of iodine cells are included as a demonstration and test 
of this experimental method. The frequency shift has been measured for each cell 
using saturated beat frequency absorption and has been connected indirectly to the 
Stern-Volmer formula. It is found that the method is relevant for cells with low to 
moderate concentration of impureties. 
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1 Introduction 

Doppler-free spectroscopy techniques are nowdays used with the aim of isolating 
individual hyperfine components to which a laser frequency can be locked. Molecular 
iodine has been shown to be very useful in the developement of laser frequency 
stabilization. It has a rich of spectrum in the visible, which allows coincidences 
between laser lines and molecular transitions to be found without too much difficulty. 
As a matter of fact, four of the five radiations used for the practical realization of the 
definition of the metre, recommended by the 17th CGPMl 1983 [l], belong to iodine. 

Iodine vapor can be kept in a glass cell. In practice, an iodine cell does not always 
remain the same. Due to degasing from the glass walls, the concentration of unwanted 
impurities generally increase with time [2], especially for cells which are originally 
strongly polluted2. The impurities can come from the glass walls of the cell, the iodine 
itself and the handling when the glass cell is filled with iodine vapor. 

It has been shown that the frequencies of the hyperfine components of a molecule 
are shifted by the presence of foreign atoms or molecules [4]. In metrology our aim is 
to measure the magnitude of this frequency shift and, if possible, to remove it. The 
former has already been done successfully by using the method of saturated absorption 
beat frequency [5]. This means that the beat frequency between two laser saturated 
hyperfine components of a gas is studied; one component being saturated by the laser 
system of interest, the other component saturated by a reference laser system. By 
detecting the third derivative of each hyperfine line, the lasers can be frequency 
stabilized and hence provide a frequency standard. This method offers a very good 
relative frequency determination which at the moment has reached a relative 
uncertainty of I part in 1011, see for example [6,7,8,9,10]. 

Although the saturated absorption beat frequency technique is a precise method, 
the experimental procedure is time consuming. It involves installing the iodine glass 
cell into an internal cavity laser system, and time waiting for the system to become 
mechanically and thermally stable. It would therefore be more convenient to use an 
alternative and complementary experimental test method that is possibly more flexible 
and takes less time. 

There exist several possibilities for the measurement of the concentration of 
impureties of an iodine glass cell in addition to the method mentioned above. One 
method has successfully been realized using the Hanle effect, in which the polarisation 
of the fluorescence from iodine is studied when applying an external magnetic field 
[11]. One can in this way indirectly measure the lifetime, which is pressure dependent 
and is effected by the presence of foreign gases. Another way is to measure directly 

1 Conference generale des poids et mesures 

2 It should be pointed out that RowJey et al. [3] on the contrary have not observed any 
degradation with time in the.ir iodine cells. 

6 



the lifetime of the level being studied [12,13]. Yet, another method that has been 
attempted is to study the connection between frequency shifts of the hyperfine 
components and the spectral characteristics of the impurities [14]. 

We have chosen to use a fifth method. Experimentally it requires that the intensity 
of the laser induced fluorescence be studied as a function of the iodine pressure. The 
intensity of the fluorescence at a certain pressure is dependent on the concentration of 
impurities; the more impurities there are, the higher is the probability of collisional 
quenching3. The probability of collisional quenching is high when the excited level has 
a long life time. The relation between intensity of fluorescence and iodine pressure can 
be described by the Stern-Volmer formula [15]. 

This method offers several advantages: 

I) It does not demand a high mechanical stability of the laser and associated 
optics. 

2) 

3) 

and 4) 

One can use a laser working in multimode. 

The size of the cell being studied is not restricted 

The experimental setup is comeratively compact and modest. 

Spieweck has successfully tested the Stern-Volmer formula on 23 iodine cells [16]. 
It is therefore of interest for the BIPM to further study this method, in order to obtain 
an easy way to test iodine cells, and to compare it with the saturated absorption beat 
frequency method which we have used previously. We further intend to use these two 
complementary methods in a larger systematic international inter comparison of iodine 
cells in the near future. 

We will in the next section give a review of the theory behind this experiment. 
The experimental procedure is described in Sec. 3. The results will be shown and 
discussed in Sec. 4. 

3 We mean here an induced relaxation process caused by collision without giving rise 
to any emission. 
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2 Theoretical Considerations 

We will in this section review the theory which describes the relationship between 
the iodine pressure and the fluorescence. Some associated phenomena will also be 
discussed. 

2.1 The Relaxation Processes 

In addition to the transition oscillator strength and Franck-Condon and 
H~nl-London factors, the intensity of fluorescence of a particular transition 
depends on other competing relaxation processes, such as ionization, predissociation 
and collisional quenching. The main processes involved in our case can be 
represented as 

Excitation (1 - a) 

Fluorescence (1 - b) 

Predissociation ( 1 - c) 

Photo ionization (1 - d) 

Se If quenching ( 1 - e) 

Foreign gas quenching (1 - f) 
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where hv represents a photon, X a foreign gas molecule (or atom), e- represents 
an electron and the + indicates that the iodine molecule is ionized. Here and 
elswhere the symbol * indicates that the molecule is excited. 

The ionization potential (LP. = 9.311 eV [17]4) is much higher than the energy 
region being excited (around 3.3 eV), and the exciting light is not intense enough 
to produce a multiphoton process. We therefore completely disregard ionization and 
concentrate on the three processes (I-c), (I-e) and (I-£) mentioned above. 

2.2 The Stern-Volmer Formula 

The main processes that contribute to the observed lifetime of a state are 
radiative, non-radiative and collision induced (quenching) processes. The first two 
processes concern mainly spontaneous emission and predissociation. The total 
effective lifetime Teff can then be expressed as 

III 1 
--=-+-+-
r of f r r r nr r c 

where Tr , Tnr and Te are the contributions mentioned above respectively. 

The basic expression describing exponential decay from a state with the 
lifetime T can be written as 

N = N e-t1r: 
o 

where N is the number of populated sites of the state at the time t and where No is 
the number of populated sites at the time t=O. With this formula in mind we can 
easily construct a model which describes the influence of the spontaneous emission, 
predissociation and collisional quenching of the population of the excited state. We 
hence write 

4 We use the unit of eV due to its convenience in spectroscopic work. 
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where [1.2], [12] and [X] are the concentration of excited iodine molecules, iodine 
molecules in the ground state and foreign gas atoms-molecules respectively. Sand 
Q represent the collision rate of excited iodine molecules with ground state iodine 
and foreign molecules respectively. 

When saturation is avoided, there should exist an equilibrium between the 
excitation rate and the decay rate, that is to say 

where 10 is the irradiance (i.e. number of photons per area and time), and where 
aA is the absorption cross section5• If we let as and a x represent the cross section 
of the self collisions and collisions between foreign gases and iodine, one can 
define Sand Q as [18,19] 

vI and Vx are the mean velocity of iodine and foreign gas molecules respectively. 
The mean velocity v as given by Maxwell-Boltzmann statistics can be expressed as 

V= f8kT 
\j7(p 

k is here the Boltzmann constant and !-L indicates the reduced mass between the 
colliding particles. This means that Sand Q can be written as 

16 kT 

lIM J 

Q = a {f;!!-k T 
x """"' '\ lI/1x 

where MI is the mass of the iodine molecule and !-L x is the reduced mass of the 
iodine and the foreign gas molecule. 

5 Note that the meaning of a varies. Here we define "cross section" as the squared 
collision diameter times 7f • 
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Using the equations (4), (5), (S-a) and (S-b) we obtain the following formula6. 

(9 - a) 

where T is given by 

-=-+­
T T r T nr 

(9 - b) 

We now connect the intensity of the fluorescence IF (number of photons per area 
and time unit) caused by spontaneous emission with the population of the excited 
state: 

A is the transition probability, which is related to the Einstein coefficients (see for 
exemple Sakurai et al. [21]). Performing this substitution into Eq. (9-a) we obtain 

However, this formula is not very useful as the number of molecules is not 
directly measurable. If we instead use the ideal gas law as an approximation in 
order to find the pressure that corresponds to the number of molecules we obtain 

[ I J= ~ 
2 kT 

where PI is the iodine pressure in Pa. Combining Eqs (I 1) and (12) results in the 
following expression: 

in where Px is the foreign gas pressure. We can here note that the product 
uxvxPx/kT represents the inverse of the collisional quenching lifetime 're. This seems 

logic; the more molecules there are (higher Px) or the higher the c~oss section is, 

6 This is identical with Eq. (4) of [20], but where a V2 is missing in the last term. 
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the less time it will take for the iodine molecule to experience a collision. 

If only a small part of the iodine cell is cooled (the "cold finger") under the 
condition that the iodine is saturated, the cold finger temperature will only 
influence the gas pressure of the iodine. We can then rewrite Eq. (13) as a linear 
equation: 

1 1 
-= K-+ L 
IF PI 

(l4-a) 

where 
K= -+0 v -(

1 px ) kT 
T x x kT oAIoA 

(l4-b) 

and o sV I 
L=---

o Al oA 
(l4-c) 

The formula given by Eq. (14-a) is often known as the Stern-VoImer formula [15]. 
K carries the pressure of foreign gas. Observe here that a state with a longer 
lifetime provides a higher sensitivity in K to Px than with a short lifetime. K will 
be bigger for a polluted cell than for a clean one. This enables us to compare 
iodine cells without knowing the cross sections involved only by comparing K; all 
we have to know is the temperature and the relative intensity of the fluorescence. 

2.3 Calculation of the Pressure 

A convenient way to alter the pressure is to cool a small part of the iodine cell 
where the saturated iodine is trapped . There exist several empirical and analytical 
equations for the vapor pressure/temperature relation for iodine of which the 
derivation of some is discussed by Nesmeyanov [22]. We have chosen to use the 
transformation formula, Eq. (15), presented by Gillespie and Fraser [23], which is 
sufficiently accurate for our use in the pressure region being studied7 . 

3512.830 
logp=- -2.0121ogT+13.374 

T 

7 An improved expression of the solid heat capacity of iodine has previously been 
presented by Lindenberg [24]. 
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where T is given in K and p is the vapor pressure of the solid iodine in 
atmospheres. 

2.4 The Normalized Stern-Volmer Formula 

As it is difficult to measure the intensity of the fluorescence in absolute values 
conserving the experimental conditions, it is convenient to normalize the 
Stern-Volmer equation. Therefore, the intensity was measured in arbitrary units for 
each temperature. A computer program transformed temperature into pressure using 
Eq. (15). The program fitted all the experimental points into a straight line using 
the right mean square method. The normalization of intensity is done by dividing 
Eq. (13) by 1/10 where 10 is the recalculated intensity at la Pa (9°C) using Eq. (14). 
This means that 

O.lKo+Lo= 1 

where Ko and Lo are the normalized parameters. This gives us 

(16) 

(l7-a) 
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which also can be written on the form 

10 1 
- =K o-+Lo 
I F PI 

(l7-b) 

from which Ko and Lo explicitly can be obtained, that is, 

and 

The standard deviation AKo in Ko is obtained as [25] 

n '\ ( -\ _-=--=-r)2 L PI i PI 
i= \ 

(n- 2) 

where his the mean value of the inverse pressure of n data points. 1-1 is the 
normalized inverse intensity of the fluorescence (see Eq. (I7)), and i indicates the 
ith data point. 

IS 

(18) 

(19) 

(20) 



2.5 Additional Phenomena 

It is worth mentionning some additional phenomena which can influence the 
measurements. For example, quenching can also be caused by collisons with the 
cavity walls. We disregard this effect, refering to previous works (see for example 
Capelle and Broida [18] with references). 

Another unwanted process is the radiation trapping by ground state molecules. 
Ornstein and Derr [20] have studied this aspect. They preferred to base their 
calculations of self quenching cross sections using iodine pressures lower than O. I 2 
torr (lower than 16 Pa) for this reason. We have not seen any direct evidence for 
radiation trapping, see also section 4.4. I. 

A third possible phenomenon is the transfer caused by collisions to other 
radiative ro-vibrational states within the same electronic state [2,26,27, I 8]. We 
estimate this effect to be of second order, though no further investigation has been 
done yet on this subject from our behalf. It is therefore not included in the 
developement given above. 

Finally, considering the linear absorption described by Beer's law, the intensity 
of the excitation beam is attenuated the further it progresses in the iodine vapor. 
This implies that the intensity of the fluorescence will be a function of pressure 
and location in the vapor. It is thus important to choose the observation region 
close to the side of the cell where the laser beam enters. See also section 4.4.l. 
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3 Experimental Procedure 

3.1 The Excitation Process 

The principle of laser induced fluorescence (LIF) is shown in Figure I-a. One 
selected energy level is excited, which relaxes through fluorescence to lower 
energetically levels according to the selection rules. The exciting wavelength might 
accidentally be coincident with several transitions due to its line width. 

We have chosen the exciting wavelength (A) to be 501.7 nm, although 
this line is 10 times less intense than 514.5 nm, due the long lifetime of the level 
being excited [13]. It gives a higher sensitivity for collisional quenching. 

Relative intensities in absorption and wavenumbers for the B-X system have 
been obtained by Luc and Gesternkorn [29] using Fourier transform spectroscopy. 
The Doppler width at full width half maximum (FWHM) of iodine at room 
temperature is 500 MHz. The laser line at FWHM is estimated to be 5 GHz after 
having checked the number of single modes within a profile using a Fabry-Perot 
interferometer. This implies that five iodine rotational lines can be excited using 

A=501.71 nm [28], namely the R(49) 67-0, R(39) 64-0, R(26) 62-0, R(54) 70-0 and 
the R(55) 71-0 lines. The R(26) 62-0 line gives the main contribution to the 
observed fluorescence [30,31] whose upper energy level is furthest away from the 
dissociation limit of the five lines mentioned above. 

The excitation process involved in the experiment described above is 
schematically represented in Fig.l-b. The J'=27 v'=62 level of the B3IIo' state is 

u 
excited from the ground state XIL~. Only the lowest vibrational levels of the 
ground state are populated. The change in the rotational quantum number obey the 
selection rule ,1 J= ±1. This results in two possible ways to relax into a lower state; 
either through a P-line ( ,1J=-I) or through an R-line ( ,1J=+1). The strongest 
transitions are the ones favoured by the Franck-Condon factors. 

15 
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Fig.l-a. Schematic principle of LIF. By excitation of a 
selected ro-vibronic level of a certain electric state, 
fluorescence can be observed. It corresponds to transi­
tions, allowed by the appropriate selection rules, to lower 
energy levels. 

B 3IIo+ V~62 • (( ( 
u 

A=501.7nm 
R(26) 62-0 

J'.27 

~~+-__ ~_IL-J~28 
27 
26 

y. ) ~' J •• ~~ 
26 

X 11:+ V~O 11 i'.26 
9 

Fi g.l - b. Transition scheme corresponding to excitation of 
1'=27, v'=62. The fluorescence will here correspond to 
transitions from the B state into lower vibrational levels 
v'" of the X state, where JIt is either 28 (giving a P-line) 
or 26 (giving a R-line) . 



3.2 Experimental Arrangement 

The experimental arrangement is shown schematically in Fig.2. We divide the 
experimental arrangement into three parts: 3.2.1) the excitation apparatus, 3.2.2) the 
iodine cell and 3.2.3) the detection system. Most of it was contained in a black 
painted box, where each part mentioned above was separated by a black wall, with 
holes where the laser beam and the fluorescence radiation could pass. 

3.2.1 The Excitation Apparatus 

The iodine contained in a glass cell was excited by an argon ion laser (Lexel 
95) working in multi mode. The intensity of the laser beam was kept rather low 
in order to avoid effects of broadening of the laser line [31]. The beam was 
chopped mechanically (Ealing 28-7615) at between 300 and 400 Hz, and 
expanded by a lens system. It was further attenuated to an intensity around 20 
mW /cm2 using neutral density filters (Oriel) so that saturation effects were 
avoided [32]. A diaphragme was introduced to avoid as far as possible the 
background fluorescence originating from the laser itself and to choose the 
diameter of the laserbeam. The optical arrangement belonging to this part is 
shown in Fig. 3. The laser beam was up to 98% linearely polarized. 

The laser beam was directed through the optics by a mirror periscope. All 
optics (Spindler & Hoyer) were rigidly mounted on an optical bench 
(Microcontrole). Most other mechanics were constructed at the work shop of the 
BIPM. The intensity stability of the laser was monitored by letting a small part 
of the beam being detected by a commercial power meter (Lexel model 504) and 
registrating the power meter output simultaneously with the recorded 
fluorescence. 

17 
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Fig.2. Schematical representation of the experimental setup used for the 
Stern-Volmer measurements. Ar+ laser light at 501.7 nm was chopped, beam expanded 
by a lens system (Ll and L 2) and set at an intensity of about 20 mW /cm2 by neutral 
density filters (NDF) in order to excite a selected ro-vibronic level of the B state in 
iodine. A diaphragm (D) was used to control the beam diameter. The iodine pressure 
was varied and controlled by a Peltier battery cooled servo controlled cold finger 
(TEMP). The fluorescence, marked in the figure by a wavy arrow, was focused onto a 
photomultiplier (PM) by a lens (L3) . The photo multiplier worked between 500 and 
700 V taken from a high voltage (HV) supplier. Most of the diffused laser background 
light was cut off by a colour filter (CF). The signal coming directly from the 
photomultiplier could be seen on an oscilloscope (OSC). The signal was further 
amplified by a lock-in amplifier (LIA). A chopper frequency control (CFC) provided a 
frequency at 300-400 Hz to the chopper (CH). This signal was used as a reference to 
the lock-in amplifier. The output signal from the latter was controlled by a volt meter 
(V) and displayed graphically on a recorder (R). A small part of the incoming laser 
beam was linked off by a beam-splitter (BS) onto a power meter (PWM) and traced 
simultaneously on the recorder. 
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3.2.2 The Iodine Cell 

Most of the iodine cells used at the BIPM are made of fused silica with a 
pyrex transition. They have all been filled with iodine at the BIPM since 1972 
[33], of which a great number of cells contain very low fractions of impurities 
and hence show small frequency shifts. 

The iodine pressure in the cell was set by the "cold finger" method, where 
the saturated iodine is trapped in a cooled part of the cell. The rest of the cell 
was kept at room temperature. The cooling was obtained by two series-coupled 
Peltier elements. To ensure a good thermal contact a silicon thermal paste was 
used. The temperature calibration was estimated to deviate by not more than 0.1 

Qc. With the aide of a servo system, the temperature was stable within a minute, 
which ment a temperature variation of about 0.02°C. The glass cell itself was 
put on a support which hight and inclination could be adjusted, and is shown in 
Fig. 4-a (where also a photo multiplier is seen from behind, see below). 

The fluorescence was allowed to leak out through a hole. Using a hole of 
cm in diameter, most molecules should be relaxated before leaving the 
observation region, taking account of the lifetime of the excited level (14 flS) 

[13] and the mean thermal velocity of the iodine molecules (156 m/s, see Eq. (7) 
above). 

. 3 Optical arrangement where the chopper, the lens system and the filter holder 
~ 
are seen. 
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FigA-a. Iodine cell on its adjustable 
support and the photomultiplier 
seen from behind. 

FigA-b. Photomultiplier and iodine cell. The photo multiplier is put into a black box 
in order to simplify the mechanical mount and electric connections. 
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CD Laser power meter PWM 
® Chopper (CH) 
@ Beam expanding system (L1 and L2) 
@ Neutral density filter and diaphragm (NDF and D) 

® Iodine cell 
® Peltier cooling element 
(]) Adjustable support 
® Colour filter 
® Lens (L3) 
@ Blinded photomultiplier 

Fig.5. The whole experimental setup where the dividing walls have been taken away 
temporarely. 21 



3.2.3 The Detection System 

During a scan the fluorescence light focused onto a photo multiplier 
(Hamamatsu R955) was recorded while the temperature of the Peltier batteries 
was varied. The photo multiplier was connected to a high voltage power supply 
(EG&G Ortec 556H). The dark current was 9-10 nA. Most of the scattered laser 
light was absorbed before it could reach the photomultiplier by a colour filter 
(Schott OG550). The cell and the photomultiplier with the black container open 
is shown in Fig. 4-b. The whole experimental setup is shown in Fig.5 where the 
dividing walls have been removed. 

The signal from the photomultiplier was observed on an oscilloscope, passed 
to a phase sensitive detector and amplified by a lock-in amplifier (Brookdeal 
40IA), where the chopper frequency was used as reference signal. The 
oscilloscope signal is shown in Fig. 6. The signal amplitude was 150 m V at 700 
V on the photo multiplier using a chopper frequency of 300 Hz. 

Fig.6. Photo multiplier signal seen on the oscilloscope. The bias voltage was about 
700 V. 
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It was important to regularely control the zero level, due to the drift in the 
lock-in amplifier zero level. The amplified signal was observed on a volt meter 
and recorded by a chart recorder simultaneously with the detected laser 
intensity. The fluorescence intensity was corrected for drift in laser power. 

An exemple of the detected signal during a measurement is shown in Fig. 7. 
A 5 cm long iodine cell named BIPM52 was used here. The intensity of the 
fluorescence is shown as a function of time and temperature. The laser intensity 
is shown in the top of the figure. 

L.I. 

I- 1205 -I l 

I----

t !l T ........ C t 
::I T.29~1< T.2B6.2K T·283.0K T.278.4K T·276.3K T.274.8K T.273.3K T·271.9K 

~ (17.7"C) (13.1"C) (9.8"C) (5.3 "Cl (3.1"CI (l.7"CI (0.1 "Cl (-1.2"CI 

.s 1.18.5 '·17.0 '.15.8 1·13.4 '-12.3 '·11.5 1·10.6 '·9.8 
:0 
:0 
.= 

0 

Fig.7. Raw data obtained on the recorder. The time (t) is indicated in the very 
bottom of the diagram. The laser intensity (L.I.) is in the top. The intensity (I) of the 
fluorescence makes a decreasing step each time the temperature (T) is decreased. The 
intensity "drop" in fluorescence corresponds to a cut laserbeam in order to control the 
zero level drift of the lock-in amplifier. 
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3.3 Numerical Treatment 

The measured data is treated by a computer program written in Turbo Pascal, 
where the data is fitted and stored. It can hence easily be presented in a numerical 

and graphical form. 

4 Results and Analysis 

We have shown in Sec. 2 that that a knowledge of the slope of the Stern-Volmer 
curve gives enough information to compare the impurity content in different iodine 
cells. As a demonstration and test of the current technique we have made a series of 

measurements on iodine cells. The correlation between the frequency shift for cells 
used in frequency stabilized laser systems and their impurity concentration is 
demonstrated. 

4.1 Preliminary Results on 12712 

4.1.1 The Stern-Volmer Curve 

The data was represented in a diagram where the reciprocal intensity was 
shown as a function of the reciprocal iodine pressure; the Stern-Volmer curve. 
An exemple of a Stern-Volmer curve is shown in Fig. S, which is the diagram 
of the experimental data shown in Fig.7. The measured cell showed a frequency 

shift .1v=[21.6 ± 1.7] kHz8. The uncertainty bars indicate an uncertainty in 
temperature of O.loe and a relative uncertainty in observed intensity of about 

±0.6% at 23 Pa (lS°C). The individual uncertainty increases with decreasing 

pressure and intensity and corresponds to a relative uncertainty in Ko of at most 
±2%. The slope Ko is here [3.19 ± 0.02] Pa. We can see in Fig. 8 that the a 

straight line fits well. 

8 The beat frequency measurements were performed using intra cavity HeNe lasers 
with ..\=633 nm stabilized on iodine, using the BIPM7 and BIPM2 lasers. 
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It was soon found that the experimental data were well described by the 
Stern-Volmer function of Eq. (I7). However, it was observed that the data 
obtained at high pressure for cells with Ko<2 Pa were not sensitive to 
temperature. It was verified that this effect did not arise from saturation. The 
data points for PI> 12.5 Pa for these cells were therefore eliminated in the 
fitting. It seems however unlikely that this effect should be caused by the 
radiation trapping proposed by Ornstein and Derr [20], which then ought to be 
observed also for the worse cells. Maby this observation is an effect of Beer's 
law, see further section 4.4.1. The bad cells required a longer time to show a 
stable fluorescence than the good cells when the cell was cooled. 
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Fig.8. Stern-Volmer diagram using the experimental data displayed in Fig. 7. The 
normalized reciprocal intensity is shown as a function of the reciprocal iodine pressure 
in the cell. The uncertainty bars correspond to an uncertainty of O.I°C and 1 mm 
intensity registration by the recorder with a 20 cm full signal. 
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4.1.2 Reproducibility 

The reproducibility of the method described above was tested in general by 
repeating the measurement of the same cell after it had been replaced by 
another one in between each measurement. The result of this test is shown 
schematically in Fig. 9-a, where the slope of 30 different measurements of the 
same cell is shown as a function of each measurement event. The individual 
errors of Ko are marked out by the uncertainty bars. The relative uncertainties 
of Ko are in the range 0.1-2.0 %. The mean uncertainty is 0.023 Pa. The mean 
value and standard deviation is here [3.12 ± 0.06] Pa and are represented by 
dashed and dotted lines respectively. This indicates a reproducibility with a 
relative uncertainty of 1.9%. 

The reproducibility is also represented in a histogram in Fig. 9-b. Even 
though the number of measurements is not large (30 measurements), the 
distribution behaves already like a normal distribution to the extent that 67% of 
the data are within ± 1 standard deviation. 
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Fig.9-a. Representation of the reproducibility of the Stern-Volmer measurements of 
the BIPM52 iodine cell. The individual uncertainties in Ko (the slope of the 
Stern-Volmer curve) are indicated by the bars. The mean value is marked by a solid 
line and the standard deviation by a dashed one. 
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The development of the mean value of Ko is shown in the diagram of Fig. 
9-c, where the standard deviation and the standard deviations of the mean value 
are marked with thick and thin bars respectively. The mean value attains a 
rather stable value after 11 measurements, and is within the standard deviation 
of 30 measurements after 5 measurements. A certain increase of the initial value 
can be observed; the reason for this is not known. 

4.2 Comparison of Iodine Cells 

4.2.1 Stern-Volmer Slope and Frequency Shift of Some Cells 

The reproducibility of six different iodine cells are represented in Fig. 10-a 
in a similar way to that of Fig. 9-a. The slopes are [1.08 ± 0.03] Pa, [1.99 ± 0.03] 
Pa, [3.12 ± 0.06] Pa, [4.35 ± 0.10] Pa, [4.97 ± 0.03] Pa and [6.42 ± 0.21] ~a 
respectively. The mean values are indicated by solid lines where the standard 
deviations are indicated by dashed ones. The same six mean values of Ko are 
shown in the Stern-Volmer diagram of Fig. 10-b. The measured frequency shift 
in kHz is indicated for each cell at the right of the slope. The slope 
corresponding to the standard deviation is indicated by dashed curves. The 
standard deviation is not marked where it is so small that it is within the width 
of the curve itself. 

Ko varied from 1.0 to 6.4 Pa corresponding to frequency shifts from 2 to 
187 kHz. It was found that the relation between Ko and the frequency shift is 
not linear, which is in full agreament with the results of Spieweck [16]. The 
relation between the measured frequency shift and the Stern-Volmer slopes for 
the six cells mentioned above is shown in Fig. 11 with the uncertainty bars 
indicated. 
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Fig.9-b. Reproducibility for the BIPM52 iodine cell represented in a histogram. 
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Fig.9-c. Developement of the mean value of Ko after 30 measurements. The standard 
deviation and the standard deviations of the mean value are indicated by thick and 
thin uncertainty bars respectively. 
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Fig.IO-b. Stern-VoImer diagrams for the same six cells as shown in Fig. IO-a. The 
dashed curves represent the standard deviation. The standard deviations which are 
within the width of the curve are not marked. 
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Fig.l!. Diagram showing the measured frequency shift .1v in kHz for an individual 
cell as a function of Ko in Pa. The beat frequency measurements were performed at 
the B.I.P.M. using frequency stabilized intra cavity He Ne lasers at A =633 nm. 
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4.2.2 Cross Sections 

Ornstein and Derr [20] have previously used the relationship between the 
intercept and the slope of the Stern-Volmer curve for a "clean" cell in order to 
find the self collisional cross section as. One then find the following formula: 

~(p =O)=TOsV/ 
Ko x kT 

They found as=2.35 nm2 (which is 1t00'in their notation) using A =501.2 nm 
as the exciting wavelength. This value is of the same order as the cross section 
reported by Paisner and Wallenstein [19] and Capelle and Broida [18] at 501.7 
nm. Studying the reciprocal intensity of fluorescence as a function of the 
foreign gas partial pressure (where the iodine pressure was held constant), the 
collision cross section for N2 could further be deduced by Ornstein and Derr 
[20]. 

We represent the cross section of the foreign gas by the symbol a x . We 
must not forget however that if several foreign gases are involved, which is 
most probably the case, we must replace axvxpx by the sum L:axvxpx' This 
implies that a Quantitative analysis will be difficult as we do not know which 
foreign gases are present and to what extent. 

As has been pointed out by Capelle and Broida [18], cross sections are 
difficult to measure. The measurement of self Quenching cross sections demands 
a total absence of foreign gases, but can also be disturbed by wall Quenching. 
Additionally, the accuracy in the pressure determination must be high. This 
might be the reason for the dispersion in the measured cross sections from 
various authors which sometimes can be found. 

4.2.3 An Attempt at a Quantitative Analysis 

A Quantitative analysis of the species of the impurities and their abundences 
using the Stern-Volmer formula is difficult to do for reasons that have been 
discussed in section 4.2.2. In spite of this, using EQ. (18), we can express the 
product axpxvx as 

32 

(21) 

(22) 
• 



Let us try to calculate Px using Eq. (22). Gill and Thompson have previously 

detected the characteristic emmission spectra of CO and N2 in iodine cells !lsing a 
weak radio-frequency discharge [14]. They suggest a foreign gas pressure of a few 
tens of pascals for "bad" cells (Llv<>Q.OO kHz). Here we choose N2 as the only foreign 
molecule, which means that vx=496 m/so Ornstein and Derr [20] have measured U x for 
N2 at A=501.2 nm and found ux=0.47 nm2. If we now calculate Px for a good cell 

(Ko=l Pa) and using T=l4 s [13]. us=2.36 nm2 [19], and vr=221 m/s, we obtain Px=l 
Pa. Using the same parameters, but taking a bad cell (Ko=6 Pa) we get Px=32 Pa. A 

foreign gas pressure of 1 Pa seems high for a cell that is considered to be almost 
pure. On the other hand, 32 Pa for a very bad cell does not seem unreasonable, and 

corresponds well to the pressure predicted by Gill and Thompson [14]. One might ask: 
are the experimental cross-sections correct, or, does there exist an additional effect 

that has not been included in our calculations, or, is there that much impurity in an 
iodine cell? 
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4.2.4 Impurity Concentration and Frequency Shift Correlation 

As we have already experimentally established a relation between .1v and 
Ko, it could be interesting to study the relation between the frequency shift and 
the contamination. Even ifax is not well known, we can propose that the 
product axpxvx is. 

Fig. 12-a shows the calculated product axpxvx as a function of Ko using 
Eq. (22). Fig. 12-b shows .1vas a function of the calculated product axpxvx 
corresponding to the measl,lred Ko. This diagram corresponds to the results 
presented in Fig. 11. We can see that .1vis very closely proportional to the 
pressure of foreign gas(es) for cells that are not highly contaminated. This has to 
our knowledge never been pointed out before. 

However, for high contamination r~tes, .1v increases rapidely as a function 
of foreign gas pressure. GHlser [34] has recently studied the frequency shifts as a 
function of iodine pressure. He found a nonlinear behaviour for small pressures. 
The non-linear region in Fig. 12-b and the one found by GHlser both 
correspond to a high concentration region of impuriti~s compared to iodine. 
Similarely, the linear region of Fig. 12-b and the one found by GHlser 
correspond to a small concentration of foreign gas compared to iodine. Further 
investigation of this effect could be interesting in order to arrive at a better 
understand of the different processes involved. 

OXPXVx 

Fig. J 2-a. axpxvx (see text) as a function of Ko 
using Eq. (22) where T=14 fLs [11], as=2.36 nm2 
[19] and vI=156 m/so 

Ko 
O +-~~--+---+---+---+---+---+---~ 
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34 



250 

200 

-~ 150 
~ -

100 

50 0 

0 

0 
0 

0 
0 2 4 6 

OX PXVx (tW) 

F ig.12- b. Diagram showing the frequency shift .1vas a function ofaxpxvx (see text). 
One can see that .1 vis proportional to Px at low contamination rates. The uncertainty 
bars correspond to the uncertainty in the measured frequency shift and the uncertainty 
in as [19] and T [11] respectively. 
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4.3 12912 

Cells filled with 12912 has with great success been used for frequency 
stabilization, see for example [35]. Its ro-vibrational spectrum has never been 
thoroughly investigated as 12712 . However, its spectrum can be calculated by using 
the accurate molecular constants of 12712 [29]. 

Only one cell containing 12912 was measured to test the Stern-Volmer formula 
on this molecular isotope. It had been filled at the P.T.B.! and showed 3 times less 
intense fluorescence than any of the cells which had been measured containing 
12712 . The slope Ko for the same cell was 1.43 Pa. The lifetime(s) of the level(s) 
excited by A =501. 7 nm is to our knowledge not known. It might be comparable to 
that of A =514.5 nm but this has not been experimentally verified. 

4.4 Discussion 

4.4.1 Influencing Factors 

The reproducibility is worse than the mean uncertainty in Ko. One possible 
explanation for this is that any difference in background light belonging to the 
laser influences the Stern-Volmer slope. It is difficult to eliminate totally the 
scattered laser light, especially stray light coming from the short cells, like the 
BIPM52 of 5 cm, where there is a short distance between the cold finger and 
the windows. 

Another factor contributing to the discrepancies may by the uncertainty in 
the temperature of the iodine cold finger. The temperature calibration was done 
initially by using an already calibrated thermometer in combination with the 
electronic display of the servo control. In spite of this, a temperature difference 
was later found using a thermo couple. This corresponded to a change in Ko of 
at most 0.1 Pa. When attaining low temperatures, the radiators of the cooling 
system have difficulties to dispose the heat produced from the Peltier batteries, 
and a cold temperature can therefore not be maintained for a long while. This 
can be solved using water cooling. 

When reversing the routine of the measurement, that is, gradually heating 
the cell from an alredy low temperature instead of cooling it, a slight hysteresis 
effect in intensity is sometimes observed. The reason for this is still to be 
understood. 

9 Physikalisch Technische Bundesanstalt 
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One should still keep in mind that several lines in fact are excited, where 
the R(26) 62-0 transition is dominating. Using a monocromator, this the 
ambigousity could be avoided, but less fluorescence would be obtained. 

The factors mentioned in Sec. 2.5 are all contributing to some extent to the 
observed result. All of them have not been tested by us. However, we checked 
the effect of radiation trapping by laterally moving the iodine cell in the laser 
beam in order to change the path length of the fluorescence in the gas. No 
straight forward change in Ko was observed. 

On the contrary, it was easy to control the influence of Beer's law on the 
measurements using a 45 cm long iodine cell. detecting fluorescence emanating 
from a region at 20 cm distance from the beam entarnce of the cell, an increase 
in fluorescence was observed when the pressure was decreased in steps from 25 
Pa to 13 Pa, which is the opposit of the expected behaviour. This effect became 
weaker when the observation region was set closer to the entrance window of 
the cell. It was found that Beer's law could be neglected observing a region with 
a light path length of 3 cm or less. 

4.4.2 Future Aspects 

Gill and Thompson [14] have by spectroscopic means noted that the 
observed impurities are not the same for two cells showing the same Llv. 

Furthermore, the observed frequency shifts do not only have to depend on the 
species and amount of impurities; several other reasons might be responsible, for 
example the iodine pressure, the curvature of the wavefronts and laser power 
[34]. The current method can therefore also be a tool to separate some of the 
factors that influence frequency shifts. 

As a prolongation of the experiment described above, it should be 
interesting to study the vibrational transfer for cells with known frequency shift 
and Stern-Volmer slope. This could be done in combination with a 
profoundation of spectroscopic investigations of which Gill and Thompson [14] 
have given an example. 

It should also be of interest to perform impurity studies of iodine cells by 
doing direct lifetime measurements. This could be accomplished by minor 
modifications of the experimental arrangement discussed above. 

Finally, we aim to use the current method for an international inter 
comparison of iodine cells in a near future, in combination with the saturated 
absorption beat frequency technique. 
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5 Conclusion 

It is important to know more about impurities in iodine cells and their influence 
on iodine in order to improve frequency standards using iodine stabilization. The study 
of laser induced fluorescence as a function of pressure in combination with the use of 
the Stern-Volmer formula is one of several techniques by which these studies can be 
accomplished. Six cells filled with 12712 have been measured and the reproducibility 
has been studied. The determination of the parameter Ko, which }s related to the 
impurity concentration, is determined with a relative uncertainty not exceeding ±2%. 
The frequency shift for the same cells has been measured. It was found that the 
relation between Llvand axpxvx is linear for small Llv. 

The experimental routine is very well suited for a qualitative measurement of 
impurity concentrations in iodine cells. It is less demanding than this of saturated 
absorption beat frequency technique, but restricted to measurements of cells with low 
and moderate impurity concentration, corresponding to frequency shifts less than 60 
kHz. 
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