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ABSTRACT This paper outlines the progress made during the
last few decades in the implementation of a frequency standard
using the optical-microwave double resonance technique and
laser optical pumping in a sealed cell containing an alkali atom
vapor in a microwave cavity. An analysis is presented based
on a three-level model, describing the basic phenomena taking
place in that approach. The expected frequency stability is cal-
culated. The various frequency shifts taking place are described
and their importance is evaluated. Several laser systems gen-
erally used in this context are described as well as the various
techniques for stabilizing them. The results obtained by sev-
eral research groups are outlined, compared to the analysis, and
evaluated in the context of the implementation of a practical fre-
quency standard. Conclusions are drawn relative to the future
of a realistic implementation of such a laser pumped frequency
standard.

PACS 06.30.Ft; 32.10.Fn; 32.30.Bv; 32.70.Jz; 32.80.Wu

1 Introduction

Since their early laboratory realizations in the late
1950s [1-3], atomic frequency standards using optical pump-
ing of alkali atoms [4] and the so-called double resonance
technique, optical-microwave interaction, have been the sub-
ject of continuous development. Major efforts have been ded-
icated to the improvement of characteristics such as frequency
stability, reliability, and to the reduction of power consump-
tion, volume and weight.

Most of the developments of this field have made use of
the isotope 8’Rb. This is due to the several advantages as-
sociated with the use of that isotope, in particular its ground
state hyperfine frequency (6.835 GHz) that can be easily syn-
thesized from readily available quartz oscillators, as well as
other practical properties such as temperature of operation
and availability of pure isotopes. Another advantage of 8’Rb
resides in the smaller number of ground state Zeeman sub-
levels due to its smaller nuclear spin (/ = 3/2) as compared
to ¥Rb (I = 5/2), and Cs (I = 7/2). This characteristics has
the advantage of increasing the population of the pair of levels
involved in the clock transition and consequently providing
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a larger signal. However, one of the most important advan-
tages of using 3’Rb has been the fortuitous coincidence of
an optical spectral line of both isotopes ®3Rb and 8’Rb. This
coincidence allows rather efficient optical filtering of a 8’Rb
spectral lamp by a cell containing °Rb [5]. When exploited
in a proper experimental arrangement, this fortuitous coinci-
dence allows the inversion of population by optical pumping
of the ground state hyperfine levels of 3’Rb contained as a va-
por in a cell with an appropriate inert buffer gas. The buffer
gas maintains the atoms in place during the interaction with
the microwave field and prevents ground state relaxation by
collisions of the atoms with the cell walls [1,6—8]. In such
a case, the cell becomes transparent to the incident radia-
tion. When the cell is exposed to microwave radiation at the
hyperfine frequency, transitions tend to equalize the ground
state population among the two hyperfine levels. Under this
excitation the cell becomes partially opaque to the incident
radiation and the phenomenon provides a means of detect-
ing the coincidence between the applied microwave radiation
and the hyperfine resonance. The resulting signal is used as
areference to lock in frequency the microwave generator that
provides the excitation, resulting in the implementation of
a frequency standard or atomic clock. The approach is gener-
ally called the “double-resonance technique”. The technique
just described, called the separated filter approach, has been
used to a great extent in frequency standards implemented up
to now. Another approach, in which the hyperfine filtering is
done directly in the absorption cell, by means of a proper mix-
ture of the isotopes, called the integrated filter approach, has
also been developed [9] and provides a simpler means for im-
plementing a frequency standard of this type with excellent
characteristics [10]. It is worth mentioning that the separated
filter approach is rather efficient for optical pumping. When
used in the proper experimental arrangement, it creates a pop-
ulation inversion that provides sufficient gain to allow the
implementation of a maser oscillator [11, 12].

The use of other alkali atoms such as Cs has been hindered
by the lack of proper isotopic filtering. Although an hyperfine
filter using a strong magnetic field to shift optical lines has
been successful [13], the technique has remained at the lab-
oratory level due mainly to the required cumbersome experi-
mental arrangement and the resulting size of the device [14].

Early in their development, lasers have been suggested
as sources of radiation for optical pumping. The evident ad-
vantage is the narrowness of the radiation spectrum, which
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provides efficient optical pumping without the need of fil-
tering. However, sources at the proper wavelength were not
readily available until the advent of the solid state diode laser,
except for the case of the cumbersome dye laser. In the 1970s,
solid state diode lasers became available at wavelengths cor-
responding to the resonant D; and D, spectral lines of some
alkali atoms [15, 16]. With a power of several mW and spec-
tral width less than 100 MHz, they provided sources of ra-
diation that appeared suitable to replace the spectral lamps
used up to that time. The field has been the subject of a large
number of studies. In general, implementations have fulfilled
expectations, but sometime at the expense of more complexity
than expected. Furthermore, the predicted frequency stabil-
ity often was not reached unless special arrangements were
implemented in order to compensate for the extra noise in-
troduced by the laser itself. At the time of writing, sealed
cell frequency standards using laser optical pumping and the
double-resonance technique have been the subject of a large
number of laboratory implementations but are not available
yet commercially.

It is important to realize that the double-resonant tech-
nique considered here does not make use directly of the co-
herent property of the laser radiation, but mainly of its narrow
spectrum. It is, thus, totally different from the coherent pop-
ulation trapping approach (CPT), reviewed in a previous art-
icle [17], and whose operation is based on the coherence of
the laser radiation field. The present approach is often called
intensity optical pumping (IOP) since its effectiveness relies
primarily on the laser intensity [18].

The present paper examines the state of the art in the use
of a diode laser in the implementation of an optically pumped
sealed cell frequency standard. First, an analysis is made of
the atomic physics involved and results relative to signal con-
trast, line width, and frequency shifts are summarized. A re-
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view is made of the experimental results obtained in several
laboratories in the implementation of a standard using such
an approach. A review of the type of laser sources presently
available with their characteristics is also made. Various laser
frequency stabilization schemes are examined. Finally, con-
clusions are drawn on the present status of implementation of
such a standard with a look at the future.

2 The optically pumped closed-cell Rb atomic clock

2.1 Basic principles

In this section, the general principles of operation
of a double resonance optically pumped sealed-cell atomic
frequency standard are reviewed. The classical approach used
in this field for the implementation of such a frequency stan-
dard has been based on the use of the 3Rb isotope and is
shown in Fig. 1 [19].

In this setup, as mentioned earlier, light emitted by the
spectral lamp excited at about 100 MHz is filtered by a cell
containing ®Rb. The fortuitous coincidence of the atomic
transitions is such that the spectral line corresponding to the
transition Si/;, F =2 < P emitted by the lamp is partly ab-
sorbed by this so-called hyperfine filter placed in the path of
the radiation as illustrated. Consequently, as shown in inset 1
of Fig. 1, the radiation reaching the resonance cell consists
mainly of the spectral line S/, ' =1 < P. This radiation
causes optical pumping altering the population of the two hy-
perfine levels and making the cell transparent to the incident
radiation. The cell is placed in a microwave cavity resonant
at the ground state hyperfine frequency of 3’Rb. When en-
ergy is fed to the cavity at that frequency, the field created
within the cell causes transitions between the two hyperfine
energy levels and tend to equalize their population. The cell
becomes absorbing again at the transition Si;;, F =1 < P.

Resonance cell:
Rb + buffer gas

— Signal

Photodetector

Light transmitted

FIGURE 1 General approach used in the im-
plementation of a double resonance classical
87Rb frequency standard using a 8’Rb spectral
lamp and a ®Rb filter. The two insets illus-
trate respectively the dynamics of the double-

F=2=—"""/= /| |  |.¥.___\ resonance technique (optical-microwave) and
NIt T ; T the resonance signal imbedded in the transmitted
F=1 ’ Vit 4 light reaching the photodetector as a function of

microwave frequency
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The phenomenon observed is illustrated in Fig. 1 as inset 2.
A resonance line is observed in the light reaching the pho-
todetector, and its characteristics reflect the properties of the
ground state hyperfine transition: the line has a frequency rela-
tively independent of the environment and is rather narrow, its
width being determined largely by relaxation taking place in
the S1/» ground state. An inert buffer gas is used in the cell in
order to prevent relaxation by collisions of the atoms with the
walls of the containing cell. In the case that the microwave is
applied as a traveling wave without a cavity, Doppler broaden-
ing is avoided with the buffer gas through Dicke effect. In the
present analysis we will assume the presence of a cavity and
of a standing wave. The relaxation rate is mainly controlled
by spin exchange interaction, collisions with the buffer gas
atoms, diffusion to the container walls, and interaction of the
atoms with the pumping light itself. In this approach, it is pos-
sible to obtain line widths of a few hundred Hz giving a line O
of the order of 107 to 108. In the arrangement shown in Fig. 1,
the resonance cell and cavity are placed inside a solenoid cre-
ating a small magnetic field required to provide a quantization
axis, and inside a magnetic shield preventing fluctuations in
the environmental magnetic field from affecting the atoms
resonant frequency.

2.2 Frequency stability

For implementing a frequency standard, the mi-
crowave generator used to feed the cavity and excite the hy-
perfine transition of 3’Rb is locked by means of a frequency
control loop to the frequency of the resonance line as observed
at the photodetector. In that approach, the microwave genera-
tor frequency is modulated at a low frequency of the order of
one hundred Hz to a depth of a fraction of the hyperfine reson-
ance line width. The signal at the photodetector, processed by
means of synchronous detection, approximates the derivative
of the resonance line and provides a frequency discrimination
pattern. This signal can be used to lock in frequency the mi-
crowave generator to the center of the resonance line. In prac-
tice the microwave generator consists of a quartz crystal oscil-
lator synthesized numerically to the desired frequency vy, r.

A straightforward linear circuit analysis shows that the fre-
quency stability of the hyperfine resonance line is transferred
to the quartz oscillator [20] and the resulting frequency stabil-
ity of the system in the time domain is given by [19, 21]
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where N is the noise spectral density observed at the photo de-
tector originating from all sources, Iy is the current developed
in the photodetector by the background radiation and 7 is the
averaging time. K is a factor that depends on the modulation
wave form and is of the order of 0.2. The parameter “q” is the
so-called quality factor defined as the ratio of the contrast C of
the resonance line to its line width Av;/,. Using the illustra-
tion in inset 2 in Fig. 1, we have
I
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In the approach using a spectral lamp, the resulting pumping
radiation consists of both D and D, components and contains
several hyperfine lines.

The width of these lines are of the order of 1 GHz and,
although hyperfine filtering reduces the intensity of the lines
corresponding to the transitions S/, F =2 to Py, and P3,
the radiation reaching the detector is intense and causes so-
called shot noise whose spectral density is given by
N? =2elyg, 4)
where e is the charge of the electron. In such a case, o(7)
becomes proportional to the square root of Iy,. In standard
operation, Iy, is large and this type of noise is generally
predominant, well above thermal noise at the detector. Fur-
thermore, the contrast of the hyperfine resonance line is small
(afew tenths of a percent) due to the presence of optical lines
that do not contribute to optical pumping or to the signal,
and due also to the background radiation originating from the
noble gas used to initiate and maintain the lamp plasma exci-
tation. Assuming a line width of the order of 250-500 Hz, the
quality factor, as defined by (3), is calculated to be ~ 107>,
In practice, using a spectral lamp as illustrated in Fig. 1, the
background light intensity may correspond to a current of
~ 100 pA, and the shot noise limited frequency stability is
calculated to be approximately 0.5 to 1 x 10~!!, Instruments
using either the integrated or the separated filter approach
have a frequency stability in general agreement with this cal-
culation, smaller units showing frequency instabilities above
10—11 'L'_l / 2'

The above considerations show that in the case of shot
noise, frequency stability is controlled by three parameters:
line width, contrast and background current. Consequently,
areduction in background radiation should result in better fre-
quency stability in the shot noise limit. This consideration and
possible simplification in design and construction have cre-
ated an interest in the use of solid state diode lasers instead of
spectral lamps for implementing that type of clock. This is due
to the fact that the laser spectrum is very narrow, < 100 MHz,
resulting in a more efficient optical pumping, leading to less
background radiation and higher contrast of the hyperfine res-
onance line. In practice, as will be described below, a contrast
larger than 10% is observed with laser optical pumping, due
essentially to a reduction of the background current by about
two orders of magnitude.

3 Laser optical pumping

3.1 Choice of atom

The choice of the atom for the implementation
of a frequency standard of the type discussed here is rather
limited due to various environmental considerations such as
temperature of operation, power consumption, and the ob-
vious condition that a solid state laser with the appropriate
wavelength be readily available at reasonable cost. This re-
duces essentially the choice to the isotopes 8’Rb, 35Rb and
133Cs. The required wavelengths are tabulated in Table 1 [19]:
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Vs D (in air) D; (in air)
87Rb 6.835 ... GHz 794.76 nm 780.02 nm
85Rb 3.035... GHz 794.76 nm 780.02 nm
133¢s 9.192 ... GHz 894.35 nm 852.11 nm
TABLE 1 Alkali metal isotopes and required wavelengths for optical
pumping

The availability of lasers at these wavelengths and their
characteristics will be discussed below. We will assume that
such lasers are available and will make an analysis for the
double-resonance technique described above, but using a laser
for optical pumping rather than a spectral lamp.

3.2 Basic theory

The analysis is developed for the case of ’Rb op-
tically pumped with a laser tuned to the Si/, — Py/> transi-
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tion (D, radiation). The energy levels involved in the optical
pumping process are shown in Fig. 2.

A typical experimental arrangement is shown in Fig. 3.
The system includes two servo loops, one for locking the laser
wavelength to the optical absorption line selected, and one
for locking the frequency of the microwave generator to the
hyperfine resonance line. When switch SW1 is closed, the ar-
rangement acts as a frequency standard, while when it is open
the arrangement may be used as a spectrometer for studying
the response of the resonance cell to either double resonance
(optical-microwave), or laser excitation alone.

As in the classical approach using a spectral lamp, a buffer
gas is used for preventing relaxation of Rb atoms on the wall
of the cell. This buffer gas is generally a mixture of a noble
gas with nitrogen as a constituent. The purpose of the mixture
is to reduce considerably the dependence of the 3’Rb reson-
ance frequency on temperature as will be explained below.
On the other hand, nitrogen is used specifically for quench-
ing fluorescence radiation through collisions with Rb atoms in
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1

-1
Sir F=1 0

Resonance cell:
Rb + buffer gas
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- L— FIGURE 2 Ground state and first excited state energy
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FIGURE 3 Typical experimental setup used
in the study of laser optical pumping for the

l
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implementation of a frequency standard with
a sealed cell. The system can be used as
a spectrometer (switch SW1 opened), or a fre-
quency standard (switch SW1 closed)
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the excited state [22]. This process prevents optical pumping
that would take place by means of scattered radiation, which
would act as an added relaxation mechanism. The nitrogen—
Rb atom collisions cause mixing of the Py, — P3/» states as
well as decay of the Rb atoms from those states, resulting in
a broadening of the optical resonance line at 794 nm. On the
other hand, noble gas—Rb collisions introduce a certain degree
of dephasing within the optical transition, which also causes
optical broadening. In the analysis, it would seem natural to
separate the two effects, excited state decay and dephasing.
However, due to the complexity of the processes involved
and the uncertainty on their relative importance in line broad-
ening, we will assume that the resulting combined effect is
a broadening of the excited state and we will simply associate
this effect to a decay of the excited state. The broadening due
to buffer gas collisions, as measured from absorption spectra,
is about 20 MHz per Torr, added to the Doppler broaden-
ing, which is 530 MHz at a normal temperature of operation
(~ 60 °C). At a buffer gas pressure of 20 Torr, the optical line
width is thus of the order of 930 MHz. For all practical pur-
poses it is Lorentzian. This point was examined in [17] where
the absorption spectrum under various light polarization con-
ditions was examined. It should be noted that the spontaneous
emission rate broadening is of the order of 5 MHz and is very
small compared to the effect of buffer gas collisions. Conse-
quently, we characterize the excited state decay rate by the
parameter ™. We evaluate its size from the observed line
width to be about 2—5 x 10° s~! at the pressures considered in
the present analysis.

The selection rules of this decay are not known. Conse-
quently, it is assumed that the decay takes place to all Zeeman
sublevels of the ground state with equal probability. With the
buffer gas broadening considered, the splitting of the excited
state is barely resolved. In practice, the laser is normally tuned
to the transition Sy, F =1to Py, F = 1. Consequently, in
view of these characteristics, that is equal decay rate to all lev-
els of the ground state and partially resolved hyperfine struc-
ture of the excited state, we use a simple three-level model in
the analysis. The overlapping transition Sy, F' =1 to Py,
F =2, does not affect much the analysis in the three-level
model aside from altering slightly the calculated pumping rate
and causing an added light shift. The alteration of the pumping
rate can be taken care of by adjusting the calculated pumping
rate while the light shift can be taken care of in a perturbation
approach.

It should be mentioned that the use of unpolarized radia-
tion prevents any population trapping in an end Zeeman level
as is introduced in the case of optical pumping with circular

polarization [23]. On the other hand, the use of linear polariza-
tion could have an effect on the final distribution of population
among the ground state Zeeman levels. However, in view of
the remarks made above in connection with random decay
from the excited state, it is assumed that the radiation is unpo-
larized and that all Zeeman levels within one hyperfine level
are equally populated.

Relaxation within the ground state takes place at rates y,
and y, for the populations and the coherence respectively.
Contributions to these rates originate from various interac-
tions as follows:

Y1 = Vibg + Viw + Vise &)
Y2 = Vabg + Vow + Vase (6)

where y1p + y1w are caused by collisions with the buffer gas
and diffusion to the cell walls and yq is the spin-exchange
collision relaxation rate. Similar definitions apply to y». In
practice y; and y;, are almost equal. They can be calculated
from detailed expressions given in [19].

Following this discussion we thus assume that the Rb en-
semble can be represented by the three-level model shown in
Fig. 4.

In this model the laser may be tuned to either of the ground
state hyperfine levels. In the analysis the laser spectrum is
assumed to be broad enough to cover the splitting by the ap-
plied magnetic field of all ground state Zeeman levels within
one hyperfine level but much narrower than the ground state
hyperfine splitting. We are interested in the resonance signal
of the field independent transition F =1, mp=0to F =2,
mp = 0. This may be taken into account at the end of the an-
alysis by considerations on the number of atoms contributing
to the resonance signal as compared to those contributing to
the total light absorption (essentially two out of eight atoms in
proportion to the number of Zeeman levels).

The system ‘“radiation fields—atomic ensemble” is ana-
lyzed in the density matrix formalism [24, 25]. The dynamical
behavior of the matrix elements representing the population
of the energy levels, g;;, and the coherence, g;;, existing in the
system, is obtained from Liouville’s equation:

d s
o= (ih)~! Z(Hinik —0jiHi) , 7
where H is the interaction Hamiltonian of the various fields
applied, in occurrence the laser and the microwave radiation
fields. In the analysis, we use an approach similar to that used
in [19]. However, we keep all terms corresponding to the laser

Py, state /

‘”uu

F=2 o'

Sy, state vl and y,

F=1 pn L

<« Byt

FIGURE 4 Three-level model used in the present an-
alysis for double resonance in 8’Rb. In practice the
laser is tuned close to either of the two transitions from
poru tom
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interaction with both levels of the ground state. The approach
allows the possibility of examining the effect of pumping from
one level or the other and leads to a more realistic evaluation of
the light shift.

The optical radiation field is written as

E(wy,t,z) = EgLe) cos(owLt+k-r), ()

where E, is the laser radiation field amplitude, e; the polar-
ization vector, wp the angular frequency and k is the propa-
gation vector. We define the optical Rabi angular frequencies
2Ly and §21,,,, as:

-QLm;L’ = (EUL/h) </'L/ ler-e;| m> = (EoL/h)du’m s )
2inp = (EoL/h) (w ler-e;|m) = (EoL/R)dym (10)

where 7 is Plank’s constant over 25r. The terms within brack-
ets are the so-called dipole matrix elements d;;, of the two pos-
sible transitions. We assume that a microwave field is present
in the cavity and has the form

(11)

B;Lw(r, t) =z Bj cos(wm?) ,

where B is the microwave field amplitude and wy is its angu-
lar frequency. The Rabi angular frequency associated with this
field is defined as

b(r) = uppoH:(r)/h . 12)

where pp is Bohr magneton and g is the permeability of free
space. For simplifying the calculation, we assume that the mi-
crowave field is homogeneous over the resonance cell. This
assumption has no fundamental consequences on the calcula-
tion. We will examine this point further below.

We evaluate the various terms in (7) and obtain a set of rate
equations for the populations and the coherence of the atomic
ensemble. Relaxation in the ground state and decay from the
excited state are introduced in a phenomenological way. In
view of the low laser light intensities used and the large decay
rate from the excited P state, the fractional population of the
excited state is always very small. This is taken into account
in the equations for the ground state populations, by assuming
that the total population is the sum of the populations of the
two ground state energy levels.

d 7! H i
% ——bIm QML/e—let + Q0 Im Qﬂ’me_let
*
+79mm_)’1(9u/u’_1/2) (13)
dem —iw) —iw
dt = —Qumu Imoyme L — 20mw Imoprme o
— F*Qmm (14)
dQ 'm . .QL 'miw
d—‘; =10 O'm + lTﬂel Lt(Qmm - Q;/.’p.’)
b —iw .QL m i F*
sibeinig,, i fumgnsg, Lo, as)
d i i
% = +b1m gy e M + 21, Im g, eV

*

r
+ —~ Omm — VI(Q;LM - 1/2)

5 (16)

doum . . 2Lum iw
b iw .QL 'miw *
—+—1§e1 MO —1T“e1 L0 — O (17)
do,. . ib .
% =10u pQuu + Eel MO — )
82U um iw  umw —iw
+ITMC L! mp ITMC LtQMm — Y20
(18)
Oww +ouu=1. (19)

These equations contain all the information on the re-
sponse of the atomic ensemble to the two electromagnetic
fields applied, taking into account the various relaxation
mechanisms that are present in the ensemble.

The physical parameter looked for is the intensity of the
radiation at the exit of the resonance cell as detected at the
photodetector shown in Fig. 3. It is measured as a voltage
V4 at the output of the trans-impedance amplifier. Vy is pro-
portional to the current developed in the photodetector and
is proportional to the light intensity or the radiation power
transmitted. Authors have taken various approaches in evalu-
ating theoretically the effect of absorption on the transmitted
radiation [19, 26, 27]. All these approaches are equivalent as
is shown in Appendix A. We choose the method developed
in [27,28]. The technique is straightforward and gives rise to
a first order differential equation for the field amplitude at any
point within the cell as a function of parameters that can be
calculated from a solution of the set of (13) to (19) above.

The local electric field E is a function of distance z within

the cell and is related to the electric polarization P at that point
by the equation [19]
0’E 0’E e d
F —SOMOW = MOW .
where gy is the vacuum dielectric constant. The Rabi fre-
quencies for both optical transitions and the electric field are
related through (9) and (10). We assume that the laser is tuned
close to the transition p to m and only atoms in level u con-
tribute to the absorption due to the fact that the laser spectrum
is much narrower than the hyperfine splitting. However, the
effect of the other transitions is kept in the equations since,
even though it is off resonance, it causes a light shift through
virtual transitions. Equation (20) can be transformed readily
into [27]:

21 um
0z

where §,,, is the complex amplitude of the optical coherence
to be defined below and

, -1 -
a=|—%d,, |n. [m's']
C«E‘Ofl

is the absorption coefficient, with ¢ being the speed of light, g
the permeability of free space and n the atomic density.

The problem, thus, consists of evaluating §,,, from (13)
to (19), and integrating (21) for obtaining the Rabi frequency

(20)

=alms,,, 2D

(22)
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proportional to the electric field at any point within the res-
onance cell and particularly at the exit, with z = L. From
the information obtained it is then possible in principle to
draw conclusions regarding background radiation, contrast,
and line width as a function of several parameters such as light
intensity, Rb density, and microwave power.

In the following analysis, we assume that the intensity of
the laser radiation is constant in the radial direction. This ex-
perimental restriction will be discussed below.

33 Contrast, line width, and light shift

We assume that the coherences excited by the laser
and the microwave radiation are given by the expressions:

Oy (2, 1) = 8,0 (2, DEM! (23)
0um (2, D) = 8um (2, HE L' + £, (2, 1)l @LTOW! (24)
0um (2, 1) = 8, (2, DL + £, (7, D @L7M! (25)

The calculation of §,,, required in (21) involves some alge-
brabut is straightforward, as described in [19], where a similar
calculation is made for a simpler case. In the analysis, we as-
sume the following values for various parameters, values that
are typical of experimental conditions:

Yi~y~500s"t, I*=2x10"s7".

The Rabi frequencies are variable but are of the order of

b~1to5x103s7!
QL;/.m = QLu’m ~1to5x 106 S_1 .

In view of the various decay and relaxation rates, the values
just chosen make all optical coherences very small relative to
the ground state coherence. Furthermore, at laser intensities
used in the present application, the fractional population of the
excited state o, is of the order of 107°. These considerations
make possible a number of approximations valid over a broad
range of microwave and optical Rabi frequencies. We find that
the ground state coherence created by the microwave field is
given by

3

! =
1“,,,L+1“ /
b/2) (o + 257
Tpu+T, 0\ 2
QQ+J17E) + (oM + (Awy, — Awyr) — wprp)?
(b/z)(a)M + (Awlu - Awlp.’) - wu/p.)
Dput Ty \2 2
V2 + f) + (oM + (Aa)/u - Awl/ﬂ) - w;/.’p()

A

A )

(26)

where A, defined as the population difference between the
two ground state levels, is given by

A =
(1/2)(F1m - Fpu’)

Tpu+T, /
T+ P\ vt
+ Pﬂ+ pi +
VZ 2 I"p;L+1"p)L/ 2 5
t——7 ) Hom+Aoy—Awy)=w,,)

27

On the other hand, the optical coherence §,,, is a solution of
the equation:

Sum = —1 $Lum /2 0
(T i —on))
b/2)?

+ T+ - (1"/*) - 8;/.m
(5 +iloL —omw) (5 +i(oL — oM — o))
(QLum/z) (b/z)

S

(5 Fier—om) (5 +ior - ou—om)
(28)

A similar expression is obtained for 4,/ (see Appendix
B). In these expressions the following definitions have been
introduced:

_ |9Lum/2|2r*
(I'*/2)* + (01, — oM — Wppr)?

pr

pumping rate from level (29)
. |200m/2PT
P2 4 (0L + om— op)?
pumping rate from level (30)
o = |2Lpm /21 (0L — M — D) ’
(I'*/2)* + (0L — oM — W)
light shift from level 3D
o = |9Lu’m2/2|2(a)L — WM — Wmy) ,
(I'*/2)" + (0L — oM — @y )?
light shift from level 1’ (32)
We take note that
WL — WM — Wy = OL — Oy (33)
WL + OM — Oy = OL — Oy (34)

The above expressions for the light shift can of course
be derived in several other ways, for example, by means of
the operator formalism developed by Happer and Mather [29]
or still by considering optical pumping as a relaxation pro-
cess [30]. In the present case, using a laser as a pumping
source, the keeping of the optical coherence simplifies the
evaluation of the light shift. and of light transmitted by means
of (21), even though the final mechanism is intensity optical
pumping.

With the values assumed for the Rabi frequencies, several
approximations can be made. Since we have assumed “b” to
be of the order of 10%, §21 ,,,,, of the order of 105, and I'* of the
order of 10°, the two last terms on the right hand side of (28)
are negligible. We are, thus, left with

QLum /2

' (%* +i(oL — a)mu))

Opm = —

(35)

Ouu -

This essentially implies that the transition from u to m is
driven mainly by the direct interaction of the laser and not by
feedback from the other transition ' to m through the coher-
ence 8, .

The value of g,,, is obtained from the set of equations,
(13) to (19). Within the approximations just made, we finally
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obtain
(\wn+Tlpy 1S
Qe = (2) vy S+
1/4) (T — Ty
(/)(”"2 ) , (36)
1+ (om =0, ) /(A +1)
where
Yi=vi+A/2) T+ ) (37
Vz/:y2+(1/2)(FpM+Fpu’) (38)
Wy = —(Awy, — Aoy) + o, (39)
and S is the saturation factor defined as
bZ
S=—. (40)
iVa

We note that (36) is identical to the result obtained in [19]
for a calculation made in a phenomenological way in terms of
pumping rates only. In the present case, a complete analysis in
terms of the coherence introduced by the laser radiation pro-
vides exact expressions for the light shift and pumping rates
and gives insight on the relative importance of various coher-
ences introduced by the laser and the microwave radiation.

The first term of (36) gives the equilibrium population
under the effect of optical pumping alone, assuming the laser
tuned close to the transition from the lower ground state level
w to the excited level m. The second term gives the resonance
signal under the influence of the applied microwave radiation
represented by the Rabi angular frequency “b”. An equation
similar to that of (36) can be obtained for the laser tuned close
to the transition from the upper ground state level i’ to the
excited level m.

Equation (36) is valid locally. Since the laser radiation is
absorbed in the cell, the pumping light intensity decreases
with the distance z traveled within the cell. Consequently, the
pumping rates I,; are functions of distance within the res-
onance cell. In the case that the laser is tuned exactly to the
transition p to m, I, is very small compared to I, and can
be neglected. I, is then given by (29), which becomes

— |(2Lum|2

1"*
where §21,,,, is a function of z. Equation (35) is replaced in
(21) and at optical resonance we have:

dQL[.Lm —u QLum

az s OQun

with g, given by (36). This system cannot be solved analyti-
cally. Itis solved numerically and the results are used to obtain
signal amplitude and contrast as a function of various parame-
ters. On the other hand, the full line width at half maximum is
obtained from (36) and is given by

Iy , 41)

(42)

Avijp = ~y4(S+ D2 43
1/2—NV2(+) . (43)

Consequently, Avy; can be calculated at the exit of the cell by
proper evaluation of the pumping rates and saturation factor.

Following the discussion of Sect. 2.2 on frequency stability,
it appears that an important parameter is the quality factor ¢,
proportional to the contrast. We, thus, extend the above an-
alysis by making a numerical evaluation of the contrast that
appears possible within the hypothesis made. This numerical
calculation was done for several values of the absorption co-
efficient « as well as for several microwave field intensities in
the cavity as a function of light intensity or pumping rate at
the entrance of the cell. The length of the cell was assumed to
be 2 cm. In the calculation, the contrast is obtained from (2) in
terms of the Rabi frequency:
(Qﬁum (Z = L’ W= a)ﬂ/ﬂ)
—.qum (z=L,om—wyy, =100 OOO))
C= (44)
.Qfﬂm(z =L, om — oy, = 100000)

The frequency difference imposed, wm — w7, = 100000,
guarantees that for the background radiation the Rabi fre-
quency is evaluated well outside microwave resonance.

Typical results are shown in Figs. 5 and 6 for the contrast
and the line width under various conditions representative
of typical experimental situations. In those figures, the mi-
crowave Rabi frequency is fixed at a value of 1.41 x 10 s~1.

Similar calculations were done for a fixed absorption co-
efficient @ =2 x 10" m~!s~! but as a function of the mi-
crowave Rabi frequency with the pumping rate I', as a param-
eter. The results are shown in Figs. 7 and 8.

Various conclusions can be drawn immediately from those
figures. First, due to low spurious background radiation, the
contrast can be large and reach a value of the order of 10 to
20% at high Rb densities (large «). This is more that an order
of magnitude larger than with a lamp. As expected, the line
width increases with light intensity, although non-linearly at
low values of I,. This is due to the non-linear nature of opti-
cal absorption at high Rb densities. The homogeneous model
would give a line width that increases linearly with light inten-
sity at all values of I,

On the other hand, it is found that the contrast increases
with microwave power applied, but tends to a limit. This sat-
uration behavior is due to the fact that above a certain value
of the microwave intensity, the population of the two ground
state energy levels is equalized and the absorption coeffi-
cient becomes constant above a certain value of the Rabi fre-
quency b. On the other hand, it is observed that the microwave
excitation broadens the line considerably as made explicit in
Fig. 8 and, although the contrast may become large, there is
obviously no increase of the quality factor ¢ as defined by (3)
above. The line width increases linearly with the microwave
field at high values of the Rabi frequency.

The other phenomenon that affects the operation of the
frequency standard is the light shift given by (31) and (32).
This shift is large and affects the characteristics of the laser
pumped frequency standard in an important manner. It dis-
places the position of the ground state energy levels relative to
each other, and consequently changes the transition frequency
in an important way [30—32]. The analysis made above, how-
ever, is approximate in the sense that it considers only three
energy levels. The complete calculation of this shift for a prac-
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assumed to be 1.41 x 103 s~!

tical situation would be rather complex. First, the P states of
the 3Rb atom is formed of several hyperfine energy levels.
On one hand, the Pz, state consists of 4 levels separated by
266, 153, and 70 MHz respectively. The average wavelength
for the transition to the ground state is 780 nm. On the other
hand, the Py, state consists of two hyperfine levels separated
by 812 MHz and this transition has an average wavelength of
795 nm. Lasers are available for both wavelengths generally
known as D, and D; respectively. The transition probability
from the ground levels to each of these excited hyperfine lev-
els varies according to rules connected to angular momentum
matrix algebra (Clebsch—Gordan coefficients) and the absorp-
tion line is broadened by buffer gas collisions. Furthermore,

the presence of Doppler broadening forces an averaging over
velocities by means of a Maxwell distribution. Finally, radial
intensity inhomogeneities of the laser beam, to be discussed
below, alter the pumping rates across the beam and conse-
quently alter the shift itself. The shift is also altered within
the cell, the radiation being submitted to absorption along the
propagation path.

Measurement results to be examined below are generally
reported for very diverse experimental conditions regarding
Rb density (temperature), buffer gas pressure, type of lasers,
spectral width, and beam diameter. In view of all these con-
siderations it is very difficult to develop an analysis that would
cover experimental data at large. Furthermore, the purpose
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of the present article is to review the subject in the context
of application to the implementation of a frequency standard.
Consequently, the goal is not to verify in detail the exactness
of the theory developed by means of comparison to experi-
mental data, but to identify controlling parameters of the light
shift and review proposed practical approaches and directions
for reducing it. The analysis developed above should then be
considered as a guide in the search for improvements rather
than a full explanation of experimental observations.

We have, thus, evaluated approximately the light shift for
aspecific simple situation. We have used the three-level model
for a given buffer gas pressure that broadens the optical ab-
sorption line to ~ 1 GHz, including Doppler effect. This cor-
responds to a gas, such as nitrogen, at a pressure of about 3 kPa
(25 Torr). In view of the important homogeneous broadening
that takes place, it is expected that optical pumping is effect-
ive for all velocities. At that pressure, the shape of the optical
absorption becomes approximately Lorentzian masking the
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Gaussian shape produced by Doppler broadening (530 MHz
at 60 °C). Consequently we adjust the value of I'* in (31)
and (32) to give the width of the absorption line that is ob-
served in practice (~ 1 GHz). This value is 6.28 x 10° s~
The calculation is, thus, made without averaging over veloci-
ties assuming then that all velocities are pumped due to the
buffer gas homogeneous broadening. This approach would be
less exact at low buffer gas pressures, since the line shape
is a so-called Voigt profile originating from the convolution
of a Lorentz with a Gaussian line. However, it appears to be
a valid approximation in view of the many other effects that
take place in the cell due to such causes as inhomogeneous
pumping across the laser beam coupled to microwave satu-
ration effects. In this context, it does not appear that a more
exact approach is justified at this time. This approach has also
been used in the past to calculate the effect of optical pump-
ing on the shape of absorption lines leading to very satisfying
results [17].

The line broadening is thus assumed homogeneous and
the calculation is made for three values of the pumping rate,
I';=2,3and 4 x 10° s~!, corresponding to values in Fig. 6
that produce visible resonance line broadening. Values of the
optical Rabi frequency, §21,,,, are calculated from these by
means of (29) or (30), providing absolute values of the light
shift. The results of that calculation are shown in Fig. 9. As
can be observed readily, the light shift in a laser pumped fre-
quency standard is expected to be very important, being in
the range of parts in 10° to 108. In a practical standard, the
laser frequency and intensity, thus, need to be well stabilized
in order to achieve frequency stability in the 107!3, as real-
ized in existing standards using spectral lamps as pumping
sources.

The theoretical results just presented regarding pumping
rates, contrast, line width and light shift are similar to those
obtained by Camparo and Frueholz [33] and by Mileti [26, 34]
in a different mathematical context where the laser was es-
sentially treated as a narrow optical pumping spectral source
without coherence. In those calculations the pumping rates
are introduced in a phenomenological way in the rate equa-
tions and the light shift is introduced as a perturbation. In
the present case, however, the optical coherence introduced
in the system by the laser is carried all through the analysis.
This coherence leads to a very useful approach for calculat-
ing the absorption coefficient, the residual light intensity, and
the double resonance signal amplitude at the exit of the cell,

Av [Hz]
[,=4.0x10°s™
L 150
[,=3.0 x10°s™
,=2.0x10%s! r100
E 50

through the solution of a first order differential equation ob-
tained from Maxwell’s equations. Furthermore, the present
analysis leads directly and in a natural way to expressions
for the line width, the light shifts and the pumping rates and
connects those results to the analysis concerning frequency
stability. The results obtained in the present analysis for the
light shift are also similar to those obtained by Mathur et al.
using an operator formalism [32].

In the present calculation of the light shift the hyperfine
splitting of the excited state is completely neglected. This ap-
proach may be valid at high buffer gas pressures in which
case the optical absorption lines are broadened and the excited
state hyperfine splitting is not observable. In that case, the cen-
ter of the optical line appears as an average of the individual
hyperfine absorption lines. At low pressure, the effect of the
individual transitions can be taken care of by a perturbation
approach in which the individual effects are added. In prac-
tice, however, the effect of the excited state hyperfine structure
may be totally masked by various inhomogeneities of the laser
beam to be discussed below.

34 Effect of laser beam shape

The analysis presented above does not take into
account the shape of the laser beam and the variation of the op-
tical pumping rate in the radial direction. In general, the laser
intensity is characterized by a Gaussian shape as a function of
radius. This has important consequences since various regions
of the beam effectively lead to different pumping rates. In
practice, the photodetector, being large compared to the laser
beam diameter, is exposed to the total beam and an average
of the light intensity at the exit of the resonance cell is meas-
ured. The effect predicted above, in which the signal goes
through a maximum versus pumping rate, the so-called “peak-
ing” effect [26], is then masked. This is due to the fact that
since different parts of the cell are exposed to different radi-
ation intensities the resulting signal becomes an average over
arange of pumping rates. The same remarks apply to the cal-
culation of the line width and the light shift both varying with
the radial distance. For this reason, these parameters are found
in certain arrangements to be non-linear at high light intensi-
ties [35]. Due to the variation of the radiation intensity across
the beam radius, the center frequency of the resonance line
is also a function of radial coordinate, due to a varying light
shift. A measurement of the signal frequency at maximum is

1x20”’ -8x10° | -6x10° -4x10° -2x10°

-50{]

-100¢

FIGURE 9 (Theory) Light shift expected in 8Rb within the
three-level model for three values of the pumping rate corres-
ponding to rates that produce visible broadening (see Figs. 6
and 8). The parameter v, used as x axis is the laser frequency
and has its origin at the frequency of the transition Sy, F =2
to P
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thus an average weighed by factors such as laser beam shape,
buffer gas broadening, cavity field geometry, and microwave
saturation. The measured light shift depends thus on actual
experimental conditions.

It should be mentioned that this effect does not influence
appreciably the final conclusion relative to the frequency sta-
bility of a frequency standard using a laser as optical pumping
source. In practice, in the implementation of a laser pumped
frequency standard, one would operate the system at a laser
intensity that makes “q” optimum, which is in a region just
below the maximum of contrast. The important parameters re-
main contrast and line width. The light shift has then to be
addressed independently and its influence on frequency sta-
bility has to be evaluated for each experimental setup.

3.5 Expectations relative to short term frequency
stability

The results of the analysis just presented provide
the background for a calculation of the expected frequency
stability of a frequency standard such as one implemented ac-
cording to Fig. 3. These results make possible the evaluation
of the quality factor defined through (3) and consequently pro-
vide information to set the optimum point of operation for
best frequency stability. For example, assuming an absorption
coefficient o = 2 x 10" m~'s™!, corresponding to a cell tem-
perature of about 65 °C, a contrast of 10% is obtained from
Fig. 5 at a pumping rate of 2000 s~ and for a microwave Rabi
frequency of 1.41 x 10° s~!. This high contrast is essentially
due to the narrow width of the laser spectrum, which is more
than an order of magnitude less than the spectral lamp, reduc-
ing background radiation. At that pumping rate, the hyperfine
resonance line width, according to Figs. 6 and 8, is about
575 Hz. In practice, using a VCSEL in the same situation,
abackground current of the order of a few microamperes is de-
tected. Taking only shot noise into consideration, one expects
the frequency stability to be approximately

o(r) =107 P ¢7!1/2
as calculated from (1) and (4).
3.6

Review of experimental results on signal size,
line width and frequency stability

Unfortunately, published experimental data often
provide limited information on the conditions realized in prac-
tice. Line width is generally provided, but contrast is not
a parameter that appears to have drawn attention in past
publications. When contrast is reported, usually for a given
set of optimum conditions, it is, however, larger than 10%,
in qualitative agreement with the general prediction made
above [26, 36]. It should be mentioned that in [36], '*3Cs was
used as the reference alkali atom isotope. However, the sys-
tem used for implementing a clock is the same as that used
with 8Rb and the three-level model developed above ap-
plies. The contrast is found to increase to a maximum value
with microwave power with a line broadening in qualitative
agreement with (43) [26,36]. The signal amplitude at the
photodetector is also often reported as a function of Rb dens-
ity (cell temperature) and found to decrease at higher tem-

peratures [37,38]. However, since absorption becomes im-
portant at higher temperatures, the background intensity also
decreases and no conclusion can be drawn from this infor-
mation, relative to contrast, quality factor ¢, and frequency
stability, since information on background light intensity is
lacking.

On the other hand, the effect of laser intensity variation
across the beam on signal intensity was studied in some de-
tail by Mileti [26]. It was made evident through expansion of
the laser beam diameter by means of a telescope at the en-
trance of the cell, making the laser beam more homogeneous,
and through the use of annular masks placed in front of the
photodetector, hiding part of the laser beam.

The arrangement made possible the detection of atoms
submitted to approximately homogenous optical pumping in
the radial direction. The effect could be studied as a func-
tion of detected beam diameter and several conclusions were
drawn relative to the observation of the “peaking” of the signal
amplitude versus light intensity. The “peaking” effect pre-
dicted in Figs. 5 and 7, could be observed in very specific
conditions and a typical result is reproduced in Fig. 10 [26].
In that figure the laser intensity is given in terms of laser
driving current and the signal size is given in pA. Conse-
quently, the data cannot be compared directly to the theoret-
ical graphs shown in Fig. 5. Nevertheless, a “peaking” of the
signal is observed and the general trend of the signal behavior
is observed.

Results obtained by Lewis and Feldman for line width
as a function of laser radiation intensity are reproduced in
Fig. 11 [39]. An important broadening is observed. Assuming
in first approximation that the broadening is linear with light
intensity as would be obtained in the homogeneous model
[(43) and (38)] and using information contained in [39], one
canrelate power density used in the arrangement and pumping
rate. At a laser radiation density of 250 uW/ cm?, calculation
gives I}, = 1800 s~ 1. This situates Lewis graph in the upper
portion of Fig. 6 where the line width is nearly linear with
pumping rate, making the linear assumption plausible in the
present circumstances.

Results obtained by Camparo and Frueholtz relative to
contrast at relatively low temperature (37 °C) are reproduced
in Fig. 12 [40]. Results for line width are also reproduced
in Fig. 13. At that temperature the Rb density is rather low
and, as pointed out by the authors, the cell is nearly optically
thin. The absorption coefficient measured at that tempera-
ture is reported by the authors as (zp)~! =7.6cm. This
coefficient is related to a((tp)~' = I'*/a). At the buffer
gas pressure used (10 Torr, N»), I'* is ~2x 10°s7!, and
we obtain o = 2.63 x 10! m~'s~!. The value calculated by
means of Rb density (22) from the values used previously
is 1.8 x 10"m~'s~!. This difference may be due to the
difference in density in the cell for a similar temperature,
which as pointed out by several authors, may vary consid-
erably depending on the type of glass used and the tem-
perature cycling to which the cell has been exposed prior to
measurements [12,41].

The results presented by the authors on contrast are nor-
malized, and a comparison to previous calculation can be
made only on a qualitative basis. Nevertheless, it is read-
ily observed that the general behavior of the saturation ob-



VANIER et al. The passive optically pumped Rb frequency standard: the laser approach 577

15 FIGURE 10 Typical result obtained by Mileti for the
14 ] A double resonance signal amplitude as a function of
] A 1 diation intensity in a special experimental ar-
E /A,A-A \A\A aser radiaf sity sp p
13 o /A A rangement where the laser beam is made homogeneous
12 4 /A in radial directions by expansion and portions of the
1 A detected transmission signal are selected by means of
— " ] / masks (reproduced from [26] with permission)
< 10 A
= 4
> 9 N o——0——0——o0—
- —
o] O/ O—-_ o
2 °7 / -
a 74 A O
E 6] ° —A—no diaphragm
T 5 ] /G/.."\o\.\.\ —O— 8 mm aperture
2 4] e o —®— 4 mm aperture
n "] ®
3
2
14
0 — 77777

40 45 50 55 60 65 70 75 80 85 90
Incident light intensity (Laser diode current [mA])

~ FIGURE 11 Hyperfine resonance line width reported
T by Lewis and Feldman as a function of laser light inten-
Z sity (reproduced from [39] © IEEE)
T 2500 T
2
Q
£
3 2000
]
e
@ 1500 T
@]
o
o 1000
()
&
S 500t
o
Q
= 0 ; I f {
0 0.25 0.50 0.75 1.0

Laser Power (mW/cm?)

I I I I I I L FIGURE 12 Normalized values of contrast versus nor-
1.0— ° ~—  malized microwave Rabi frequency observed for the
L ® b _ 0-0 hyperfine transition with laser optical pumping in
[0} a Rb cell at 37 °C (reproduced from [40] with permis-
S 08 o —  sion © 1985 APS)
= [ J
= B -
1S
< 06 —
E L e -
=
N 04—e —
Q
2 e -
ke
o 0.2 —
e
| | | | | | | | |

0.0 |
00 01 02 03 04 05 06 07 08 09 10
Normalized Rabi Frequency

served in Fig. 12 is the same as that calculated and shown the broadening linear with the microwave Rabi frequency as
in Fig. 7. The same remark can be made for the data on expected.

line width. The large broadening observed in measurements In some cases the signal to noise ratio realized in practice
of [40] situates the data in the upper end of Fig. 8 making is given for an optimum condition [36,42—44]. In that case,
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some information on the performance of the system may be
extracted. To do so, (1) can be transformed readily in terms of
S/N through direct algebraic manipulations [21]. We obtain

2

o (7) (45)

~ QiS/N
where K is about 0.2, and Q; is the resonance line Q, defined
as

O1=vo/Avi)2

Equation (45) provides a simple way of evaluating the per-
formance of the system through a direct measurement of two
easily accessible parameters, line width and signal to noise
ratio. For example, in [43], using an edge emitting diode,
aS/N of 66 dB was reported with a line width of 570 Hz, lead-
ing to a predicted frequency stability of ~ 3 x 10712 t~1/2,
In [42], using a DBR laser, with a narrow spectrum (~
500kHz), a S/N of 85 dB was measured and the predicted
frequency stability using (45) is ~ 6 x 10713 t=1/2 In that
case, however, the best measured frequency stability was
1 x 10712 t!/2, The difficulty with these reports arises in the
absence of information on the actual background radiation
level, which would provide a reference to calculate contrast,
which, using (1), would then permit an evaluation of the pre-
dicted frequency stability and possibly identify the origin of
the noise.

The frequency stability predicted on the basis of shot noise
alone is not generally realized in practice. A frequency sta-
bility of the order of 1-5 x 10~!! is reported when commer-
cial laser diodes having large spectral widths (several tens
of MHz) are used as optical pumping sources [39, 45, 46].
Better results are obtained when narrow band laser diodes,
such as DBR, DFB, and external cavity locked lasers are
used [42,47-49]. Consequently, noise sources other than shot
noise must be present when common diode lasers such as
edge emitting lasers and VCSELSs are used as optical pump-
ing sources. It is generally recognized that these noise sources
originate in part from amplitude fluctuations (AM), inher-
ent to the laser, and laser frequency fluctuations (FM) trans-

(46)

formed into intensity noise by the resonance cell [50]. This
will be discussed in the section following a description of the
various lasers available and their characteristics.

It may be mentioned that approaches have been proposed
for increasing the signal to noise ratio by concentrating all the
atoms inthe F = 2, m p = 0 of the ground state of the Rb atom.
This may be done, for example by using a combination of
polarized pulses of light and so-called 7 -RF pulses at the Zee-
man frequency [51]. In such an approach, however, the system
operates in a pulse mode adding complexity to its practical
implementation.

3.7 Frequency shifts

Optically pumped sealed cell frequency standards
using a buffer gas are characterized by several important fre-
quency shifts. We have introduced above the most important
one, the light shift. These shifts affect the accuracy of the
standard. Furthermore, their fluctuation with time may affect
frequency stability. We will review these shifts in the light of
experimental data.

3.7.1 Buffer gas shift. When the atoms are exposed to a trav-
eling microwave field, a buffer gas is required to reduce
Doppler broadening through Dicke effect [6]. In the case
studied here and represented in Fig. 3, a cavity is used and
the atoms are exposed to a microwave standing wave. In such
a case, the buffer gas reduces relaxation of the Rb atoms upon
collision with the cell inner surface by increasing the diffu-
sion time. In practice, nitrogen is used as one element of the
buffer gas in order to quench the fluorescence emitted in the
optical pumping process, which would cause random optical
pumping equivalent to relaxation [12, 22].

Unfortunately, collisions between the Rb atoms and the
buffer gas atoms cause a frequency shift. This shift is propor-
tional to the density of the buffer gas or, in a sealed cell, to its
pressure. Furthermore, this shift is temperature sensitive. The
Rb hyperfine frequency is shifted by [19]

Av = P (Bog+8bg + e AT?) | (47)



VANIER et al. The passive optically pumped Rb frequency standard: the laser approach

579

Bog Sbg Ve
[Hz Torr™'] [Hz°C~'Torr™']  [Hz°C~?Torr™!]
Nitrogen (N3) 546.9 0.55 —0.0015
Argon (A) —59.7 —0.32 —0.00035
TABLE 2  Most probable pressure shift and temperature coefficients of

87Rb in buffer gases such as molecular nitrogen and argon

where P is the buffer gas pressure, By, is the pressure co-
efficient, dpg is the linear temperature coefficient and ypg is
the quadratic temperature coefficient. These coefficients have
been determined in several laboratories for many buffer gases
and most alkali atoms. The pressure and linear temperature
coefficients are both positive in the case of Nj. In practice,
another buffer gas with a negative temperature coefficient is
mixed with nitrogen to minimize the temperature sensitivity
of the resonance frequency at a given temperature [52]. The
gas most often used is Argon. The characteristics of those two
gases are given in Table 2. The numbers have been obtained
through an average of the most accurate published data [19].

Equation (47) leads to a quadratic dependence of the fre-
quency as a function of temperature since both 8y, and e
cannot be made equal to zero simultaneously. The ratio of
the pressure of both gases at cell filling time has to be ad-
justed such as to position the maximum of the resulting curve
at the desired temperature of operation. The behavior just de-
scribed has been reported experimentally by several authors in
both cases of optical pumping with a spectral lamp and with
alaser [53-55].

The residual frequency shift of such a mixture is of the
order of 200 Hz per Torr. It is not possible in practice to set the
total buffer gas pressure to a precision that would provide an
accuracy better than ~ 10~°. For this reason, even with laser
optical pumping, the Rb clock remains a secondary frequency
standard and needs to be calibrated.

3.7.2 Magnetic field shift. As in the case of optical pumping
with a spectral lamp, a magnetic field is required to provide
an axis of quantization to the system and a reference axis for
laser radiation. The magnetic field removes also Zeeman de-
generacy in the ground state. The m p = 0 sublevels are shifted
quadratically causing a shift of the hyperfine frequency ac-
cording to the equation [19]
Avp(*Rb) = 575.14 x 10° Bj Hz, (48)
where By is the magnetic induction in Tesla. This field is nor-
mally created by means of a solenoid inside a set of concentric
magnetic shields. It is of the order of a few tens of WT and pro-
duces a shift of the order of 10 Hz. The stability of the current
driving this field and the shielding factor of the enclosure must
be compatible with the frequency stability desired. Generally,
this requirement does not cause major problems.

3.7.3 Light shift. Inthe three-level model used, only two tran-
sitions are considered and the analysis leads to a light shift
given by (31) and (32) and plotted in Fig. 9 as a function of
laser frequency with the laser intensity as parameter. As dis-
cussed above, it should be emphasized that the analysis made

was based on several assumptions. The results obtained de-
pend greatly on those assumptions and are to serve mainly
as an indication of the size of the effect expected. In this
section, we will summarize some of the experimental results
reported in the literature and provide some indication on the
importance of this shift in the implementation of a practical
frequency standard. We will also examine proposals for re-
ducing the effect.

In the analysis of the light shift, it is convenient to in-
troduce two parameters characterizing typical experimental
situations. One important parameter is the slope of the disper-
sion pattern at its center, called the light shift coefficient By s.
It is given by the sum of all light shifts that may be included in
(31) and (32). Close to one optical resonance line originating
from one of the ground state hyperfine levels, the shift from
the other transition is small and the light shift, Awrg, may be
written rather as
Awrs = Brs(wL — om — @) - (49)
From (32), it is readily shown that 8 g is function of the laser
power through the pumping rate I},

d(Aa)Ls) Fp
Pis=——""=

= (50)

da)L

On the other hand, for a given laser detuning Awy, from zero
light shift, the resonant frequency is function of the radiation
intensity and it is convenient to define the intensity light shift
coefficient o 5. We write this shift as

Awrs =o1s!, 29)
where o g close to center of the optical line may be written as

Awr,
I+

oLs = (52)
It is readily shown by means of (50) that oy g, as defined, is
directly related to Brs. The coefficient op g is very important
in practice, particularly when the laser frequency is locked to
the maximum of the absorption line used for optical pumping.
Such a locking does not guarantee always total independence
of the hyperfine frequency against light intensity mainly due
to asymmetry in the optical absorption line.

In practice, it is found that the light shift is not linear
with light intensity. This is due to saturation effect and the
non-homogeneity of the radiation intensity across the laser
beam [35]. It is then more convenient to renormalize oy s to
a fractional change in light intensity at a given operating laser
intensity, that is, fractional frequency shift per percent of light
intensity change [56, 57]. We call it oy s(%). This parameter is
more useful than o g in evaluating the effect of laser inten-
sity fluctuations on the frequency stability of the implemented
frequency standard.

Several authors have reported on light shifts and on values
of a1 s and By s in particular setups [37, 39, 42-45, 54,58—-63].
When a laser is used without special arrangements for com-
pensating for the light shift, the coefficient g is found to be
of the order 1-10 x 10~!! per MHz detuning of the laser from
resonance depending on the laser power applied on the ensem-
ble of atoms. These results are in general agreement with the
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700 FIGURE 14 Light shift observed in a Rb cell opti-
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calculation made above, which gives a light shift coefficient
varying from 4.5 to 7.3 x 10~!! for the three Rabi frequen-
cies chosen in the particular example shown in Fig. 9. This
agreement is most satisfying in view of the kind of intuitive
assumptions and approximation made in the analysis and the
absence of information on the buffer gas pressure used in the
papers cited. In the past, it was claimed that theory and ex-
periments disagreed by more than an order of magnitude [19].
However, it appears that the conclusion was reached due to an
under-valuation of the optical line width.

On the other hand the value of oy g obtained from pub-
lished data spreads over a wide range. This is due to the size
of laser detuning used in its determination. The size of o1 g can
be evaluated either from (52) or from Fig. 9. For example, for
alaser detuned by 250 MHz, that is at the laser tuning for max-
imum light shift in Fig. 9, we obtain ar s = 0.05 Hz pers~! (in
terms of pumping rate). However, in the case that the laser fre-
quency is locked close to the center of the optical absorption
line as is normally done, oy g is much smaller by at least an
order of magnitude.

A typical example of the phenomenon as measured in
a laser pumped ®'Rb cell using radiation at 780 nm is shown
in Fig. 14 [39]. In this figure, the coefficient Bg is eval-
uated to be 9.1 x 10~!! per MHz for a power density of
250 wW per cm?. An evaluation of oyge can also be made
from the data reported by the authors [39]. At maximum light
shift we obtain aysg as 4.9 x 107'9 per percent change in
light intensity. In order to compare these results to those ob-
tained in the previous analysis, the pumping rate must be
known. The authors of [39] provide information on the hyper-
fine resonance line broadening as a function of laser power
density. From this information, assuming a saturation fac-
tor of the order of 1, providing a contrast of 10% as re-
ported, we evaluate the pumping rate by means of (43) to be
1800s~! at a power density of 250 uWW /cm?. At that pump-
ing rate, our analysis gives frs =4 x 10~!! per MHz laser
detuning and aysq =2 x 10710 per percent change in light
intensity, values that fall in the range of those obtained in
our calculation. These shifts are rather large and may affect
the performance of the frequency standard through various
mechanisms. When the laser is not tuned to the frequency
where the light shift is zero, there can be direct conversion

of laser intensity fluctuations into frequency instability of the
clock.

Quasi-static laser frequency fluctuations that affect clock
frequency stability in the long term are minimized by lock-
ing the frequency of the laser to the center of the optical
absorption line in the resonance cell. This is the simplest ap-
proach. However, the optical absorption line is broadened by
the buffer gas (> 750 MHz) and the frequency lock is gener-
ally weak. Furthermore, this optical line is a combination of
several absorption lines corresponding to transitions from the
ground state to the various hyperfine levels of the P state. In
such a case, the light shift may not be zero and there may be
a residual dependence of the frequency on the laser intensity.
Another approach consists of locking the laser frequency to an
external cell without buffer gas by means of saturated absorp-
tion of a chosen hyperfine line. The saturated absorption line
width is of the order of 5 MHz [54, 64—66]. In that technique,
an extra cell is required raising the complexity of the system.
Furthermore, the laser frequency is not locked to the same fre-
quency as that of the maximum absorption in the resonance
cell. In such a case, there remains a shift dependent on light in-
tensity, unless the laser beam frequency is translated by such
means as an acousto-optic modulator.

Several proposals have been made for reducing the light
shift. In one approach, it was proposed using a high buffer gas
pressure in the resonance cell in order to broaden the optical
resonance absorption line [56, 57, 67]. The added broadening
reduces the slope of the dispersion curve at the center of res-
onance and makes the clock frequency less sensitive to laser
frequency and intensity fluctuations. There is a net advan-
tage in using this approach, but at the expense of a weaker
lock of the laser frequency to the absorption line. With a pres-
sure of 100 Torr, the laser tuning sensitivity (frs) was reduced
to ~ 6 x 1013 per MHz laser detuning [57]. The sensitivity
to laser intensity (o sg) was measured as ~ 10~ per 1%
change in light intensity for the laser locked to the broadened
optical resonance line.

Another approach consists of introducing in the laser spec-
trum, sidebands that compensate the light shift of the main
carrier [68,69]. This is similar to the technique used in the
implementation of frequency standards using the coherent
population trapping phenomenon [70] in order to avoid light
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shifts by selecting a proper index of modulation of the laser.
The authors claim a complete cancellation of the light shift by
a proper choice of the modulation index. Another similar ap-
proach uses two lasers [71]. This last technique has the added
advantage of populating the F =2, mp = 0 level at the ex-
pense of the other Zeeman levels of the ground state.

An interesting technique has been proposed by Hashimoto
and Ohtsu [44] for tuning automatically the laser frequency to
obtain zero light shift. It is based on the observation that when
the laser frequency is detuned from exact optical resonance,
the observed hyperfine resonance line becomes asymmetrical
under special circumstances such as inhomogeneous broad-
ening caused by a variation of laser intensity in the radial
direction [35]. That property leads to the possible implemen-
tation of a system that measures the asymmetry, interpret it in
terms of frequency, and control the laser frequency such as to
reduce the asymmetry to a minimum. In principle, the tech-
nique leads to zero light shift. The authors claim that using
that approach, the long term frequency stability of the clock
they implemented was improved by a factor of 45 as com-
pared to the case where the laser was not locked using that
technique [44]. They report that the resulting observed fre-
quency drift was reduced to 6.3 x 10~!3 per hour. However,
it may be mentioned that this drift corresponds to 7.6 x 10~!!
per month and is larger than that observed in similar standards
using a spectral lamp.

In a technique proposed by Camparo and Delcamp
[72,73], a natural Rb cell is used and ground state population
inversion of the 3’Rb isotope is done by means of the fluores-
cence of 8Rb optically pumped by a laser. The coincidence
of optical lines allows optical pumping with specific proper-
ties regarding light shift. The authors claim that the frequency
dependent light shift (8Ls) is reduced by at least an order of
magnitude. However, the intensity dependent light shift (crrs)
is increased by an order of magnitude.

Other methods consist of pulsing the laser radiation and
observing the hyperfine resonance signal in the dark [74, 75].
In principle, since there is no light present during the obser-
vation of the resonance signal, the light shift should disappear
totally. Such an approach has been implemented in combi-
nation with the use of the Ramsey separated pulse technique
in time rather than space [64]. The light shift was reduced to
3 x 10713 /MHz. Another similar approach, proposed in the
1960s [76] with a spectral lamp makes use of stimulated emis-
sion in a cavity. In that case, the optical radiation is pulsed
and two Ramsey microwave pulses are applied in succes-
sion. Stimulated emission is observed after these microwave
pulses, Ramsey fringes being observed after the second pulse.
In such a case a high Q cavity is required for the observa-
tion of stimulated emission and the system is essentially an Rb
maser below threshold. This approach was implemented re-
cently by Godone et al. using intense laser radiation to destroy
any ensemble residual microwave coherence between the op-
tical pumping cycles [77, 78]. The results will be reviewed in
alater section of this paper.

Although these pulsing techniques appear to be rather ef-
fective, they add complexity to the system. There is also the
possibility of the presence of a so-called “position shift” cre-
ated by inhomogeneities in the ensemble [79]. Such an inho-
mogeneity could be created for example by a magnetic field

gradient. In such a case, the average resonance frequency of
the ensemble may depend on the light intensity, after the light
has been turned off, since different regions of the resonance
cell may be weighed differently, depending on the optical
thickness of the ensemble.

The analysis of the effect of rapid fluctuations of the
laser frequency and intensity on the clock behavior requires
a knowledge of the spectral density of frequency and in-
tensity fluctuations of the laser. This analysis is delayed to
Sect. 4.4.

3.7.4 Spin exchange frequency shift. Spin exchange interac-
tion taking place in collisions between alkali atoms causes
relaxation of the population and of the coherence that ex-
ists in the ground state. The relaxation has been taken
care of above in introducing it phenomenologically in the
rate equations through y; and y,. These rates are given
by [19]

y1 = n(v)0se (53)
61+1
V2= 81+4n2(vr)0se, (54)

where n is the alkali atom density, (v;) is the relative vel-
ocity of the atoms, oy is the collision cross section, and
I is the nuclear spin. Values of oy as measured by vari-
ous authors have been tabulated in [19]. For a temperature
of 60°C the density of Rb is ~ 3 x 10" cm™2 and (v;) is
400 m/s. In the case of 3’Rb, o = 1.8 x 10~ * cm?, the rate
y1is 216 s~ and y, is 135s~!. The spin exchange contribu-
tion to the line width is thus 43 Hz. On the other hand, such
collisions introduce also a phase shift in the magnetic mo-
ment of the atom and cause a frequency shift given by the
relation
1
Awge = Zn(vr)AA , (55)
where A is the fractional population difference between the
two ground levels, A is the cross section for such a fre-
quency shift and is calculated as 6.9 x 10~ cm? [81].
The frequency shift introduced thus depends on the pop-
ulation inversion. In the case of pumping from the lower
level, F =1, and total population inversion, the shift is
of the order of —8 x 107'2 per K. In the situation where
the lower level is populated the shift is 1.3 x 10~!! per K.
This shift is not negligible and it could very well cause
a long term degradation of frequency stability since it is
directly proportional to density. It is well known that the
establishment of thermal equilibrium in a sealed cell is
a very long process [41]. Consequently, it is possible that
the phenomenon is in part responsible for long term fluc-
tuations and drift observed in Rb frequency standard in
general.

3.7.5 Microwave power shift. If the atomic ensemble is per-
fectly homogeneous regarding resonance frequency, simple
logic leads to the conclusion that the observed resonance
frequency should be independent of the microwave power
used to observe the resonance signal. The observed frequency
should also logically be independent of the shape of the field
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mode within the cavity. This is due to the fact that all parts
of the ensemble have the same resonance frequency and in-
terrogation of any part with a different microwave intensity
does not alter the observed average frequency. However, as
was made explicit above, a residual light shift may be present
in the ensemble under certain conditions of operation. This
light shift varies continuously along the path of the light beam
due to absorption as well as transversely since the light in-
tensity may vary in the radial direction. Since the atoms are
fixed in space due to the presence of the buffer gas, this causes
inhomogeneous broadening of the resonance line. The meas-
ured resonance frequency becomes a function of the applied
microwave power since different parts of the ensemble have
different resonance frequency and are weighed differently due
to the shape of the cavity mode and due to saturation ef-
fects. It should be realized that any source of inhomogeneity,
such as a magnetic field gradient, would create the same ef-
fect [82]. This effect is called the power shift. The centre
frequency of the resonance line appears to be a function of
the power applied. In some practical devices the power shift
may be of the order of parts in 10'° per dB of RF power
fluctuation [19].

This effect was studied using a spectral lamp as optical
pumping source [79]. It was shown that the power shift was in-
deed due to gradients within the cell and the effect was called
the “position shift”. Risley et al. [82] in more elaborate stud-
ies have shown that in a wall coated cell without buffer gas,
the atoms being free to move around the cell and to average
possible resonance frequency gradients, the power shift disap-
pears completely.

This effect is still present in the case of pumping with
a laser and can in fact be amplified since the laser beam in-
tensity varies strongly in the transverse direction. A three
dimensional model of the clock incorporating this effect was
also made by Camparo and Frueholz [83].

In a setup using a Cs cell with a mixture of Ar-N; at
39 Torr, a power shift of 3.8 x 107! per dB variation of
microwave power in normal operating conditions was ob-
served [61]. A similar result was obtained in the case of
Rb [57]. In that case, the cell contained pure isotopic ’Rb
in a nitrogen buffer gas at a pressure of 100 Torr. The in-
tent in using such a high buffer gas pressure was to reduce
light shift as explained above. The atomic ensemble was
pumped with a junction transverse strip laser (JTS) tuned to
the D; wavelength. The laser was locked to the absorption
line either from levels F =1 or F =2 of the ground state
and a residual light shift of 10! /% light intensity was ob-
served. A microwave power sensitivity of 5 x 10710 /dB was
measured. Mileti [26] in preliminary measurements found
a microwave power shift of 107! /dB when the laser was
locked to the optical absorption (D; transition). A residual
light shift of the order of 2 x 107! /% light intensity was
present.

These results appear to lead to the conclusion that, since
a residual light shift exists even when the laser is locked to
the center of the optical absorption line, the resonance fre-
quency of the atoms are dependent on their position within the
cell. The microwave field varying also with position causes
then a dependence of frequency on microwave power, various
parts of the cell showing then varying weights on averaging

due to saturation of the signal. This conclusion is in agreement
with the results found by Risley et al. in the case of spectral
lamps [82].

Situations may be found in which the power shift caused
by the residual inhomogeneous light shift may be can-
celled by a similar opposing effect caused by an inten-
tionally applied magnetic field gradient. This effect was
studied in some detail in a spectral lamp pumped standard
and it was found that a microwave power independent set-
ting could be found for a given value of the magnetic field
which causes cancellation of the inhomogeneous frequency
shifts [84].

It may be mentioned that a residual power shift of
10~ /dB as mentioned above requires the microwave gener-
ator to be stabilized to 10~2 dB to obtain a frequency stability
of 10~!% in the long term. This may be a difficult require-
ment to achieve. In such a case, a microwave power stabilizing
technique such as that proposed by Camparo based on Rabi
resonances could be used [85, 86].

3.7.6 Cavity pulling. The implementation of an Rb frequency
standard with laser optical pumping does not alter the effect
of cavity tuning on its frequency when compared to optical
pumping with a spectral lamp. We recall that in both types
of frequency standards the population difference between the
ground state hyperfine levels F =2, mr =0, F=1,mr =0
is the parameter monitored. In that case the clock frequency
pulling is given by [19]

Aweiock = (56)
where Q.,y is the quality factor of the cavity, Q, is the atomic
resonance quality factor, S is the saturation factor of the reson-
ance, and « may be thought of as a measure of power emitted
by the atoms relative to the power absorbed by the cavity.
In a typical case, & ~ 1072, § ~ 2, (Qcay/ Qat) ~ 2 x 1077,
and the pulling factor is ~ 7 x 1073, This is not negligi-
ble, as is often assumed in the case of passive standards,
and special care must be taken in the design of the cavity
and its temperature control in order to have a cavity fre-
quency stability compatible with the long term frequency
stability desired. For a required long term frequency stabil-
ity of ~ 10713, the cavity must stay tuned within 10 kHz.
Typically a TE;;; cavity made of copper may have a tem-
perature coefficient of the order of 200 kHz per degree [87].
This means that a temperature stability of +50 millidegrees
over long periods is required to achieve a frequency stability
of £10713,

It should also be mentioned that according to (56),
a change in cavity Q with time may have an important ef-
fect on long term stability even if the cavity is perfectly tuned.
This is due to the fact that a change in cavity Q will af-
fect the microwave intensity at the resonance cell, which in
turn could affect the residual power shift. This was studied
in some detail by Coffer et al. who found that cycling of
cavity temperature was affecting Rb distribution within the
cell causing metallic deposits on the cell walls and caus-
ing degradation of cavity Q [88]. This is an effect that can
affect the long term frequency stability of the frequency
standard.
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4 Laser characteristics

During the last two decades, solid state laser diodes
required for the implementation of optically pumped fre-
quency standards have known an intensive development. In
this section we will give an overview of the characteristics
of those readily available diode lasers, discuss their qualities
when integrated in a frequency stabilizing systems, and finally
analyze their influence on the frequency stability of frequency
standards when they are used as optical pumping sources.

4.1 Types of lasers available

A wide variety of diode laser designs have been
used in optical pumping. For our purpose, these can be divided
into two general classes, edge-emitting lasers that emit coher-
ent light parallel to the boundaries between the semiconductor
layers, and surface-emitting lasers (VCSEL) that emit coher-
ent light perpendicular to the boundaries between the layers.
Since the power density required in the present application is
less than a few hundreds of microwatts per cm?, we will limit
the discussion to low power lasers, that is those diode lasers
that emit a total power of the order of a few mw. The edge
emitting diode has typically a spectral emission line width of
the order of 20 to 50 MHz while the spectral width of VCSEL
is of the order of 50 to 100 MHz.

Unfortunately, edge emitting laser diodes have the unde-
sirable characteristics of mode hopping when either tempera-
ture or driving current are altered to adjust wavelength and
power. This characteristic makes them, in some instances,
unusable since the wavelength desired cannot be realized in
practice. Diodes with the appropriate wavelength are then se-
lected. In general the yield is very low, 80% of the diodes
with wavelength outside the range desired. On the other hand,
VCSELSs have been designed in general with an internal con-
figuration that prevents mode hoping and, thus, are better
adapted to the application reviewed.

The VCSEL has several other advantages over edge-
emitting diodes. The VCSEL is cheaper to manufacture in
quantity, is easier to test, and is more efficient requiring less
electrical current to produce a given coherent energy output.
The VCSEL emits a narrow, more nearly circular beam than
traditional edge emitters; this makes easier the manipulation
of the laser beam such as coupling into an optical fiber.

Other types of lasers, showing interesting characteristics
regarding spectral line width are available. These are spe-
cial constructions edge emitting laser diodes such as dis-
tributed Bragg reflector type lasers (DBR), or distributed feed-
back construction (DFB). They have narrow emission spectra
(< afew MHz).

4.2 Spectral width, phase noise, intensity noise

As made explicit in (1), the short-term frequency
stability of laser-pumped frequency standards is determined
by noise from a number of sources. When lasers are used, in-
tensity noise and phase noise may affect the clock frequency
stability through various mechanisms. Direct detection of in-
tensity fluctuations at the photodetector, FM-AM conversion
noise in the resonant cell, as well as FM conversion through

the light shift may affect the frequency stability of the im-
plemented frequency standard. Therefore, a characterization
of phase noise and intensity noise, of the lasers used is of
prime interest. We will limit the study to those laser diodes
that have been used and show promises in the implementa-
tion of the IOP double resonance frequency standard presently
under study.

4.2.1 Laser phase noise. Phase fluctuations in laser origi-
nates from many sources such as spontaneous emission and
mechanical instabilities of the structure. The first source is im-
portant in diode lasers and generally leads to white frequency
noise. We call S4(f) [rad?/Hz] and S, ( f) [Hz> /Hz] the phase
and frequency spectral density of phase and of frequency fluc-
tuations, respectively. They are related through the relation
Su(f) = 12Sp(f) (57)
where f is a Fourier frequency. The laser emission spec-
trum is generally Lorentzian and its width originates primarily
from these phase or frequency fluctuations. An approximate
value of the noise spectral density in the case of white fre-
quency noise may be obtained from the laser emission spec-
trum through the relation [89]
Avipp =278, (f). (58)
This relation should be used with caution since it assumes that
he laser frequency fluctuations are constant with frequency
(white). For DBR and DFB lasers the line width may be of
the order of a few MHz or less and for VCSELs it may be 50
to 100 MHz. Consequently the phase spectral density varies
widely depending on the type of laser used. As will be shown
below, it is possible to reduce the spectral width of lasers to
afew hundred kHz by means of special extended structures in
which the laser is part of a resonator acting as a high Q cavity.
In that case, the laser frequency fluctuation spectral density is
considerably reduced.

As an example, the phase spectral density of a DFB laser is
shown in Fig. 15 [90]. The frequency noise spectrum is nearly
white with S, (f) ~ 10° [Hz?/Hz], which according to (58)
gives a spectral width of ~ 6.3 MHz. The measured width was
of the order of 7 MHz. Mileti has reported a spectral density
for a free running laser and for the same laser locked to an
absorption line. In the case of the locked laser, the noise ap-
peared to be nearly white, was reduced by a factor of about
50 at a Fourier frequency of 300 Hz, when compared to the
free running situation, and its measured frequency fluctua-
tions spectral density was 16 x 10° [Hz?/Hz] [26].

4.2.2 Relative intensity noise. The noise spectral density of
the photocurrent fluctuations at the output of a detector illumi-
nated by an optical source may be written as
PSD;(f) = 2elpn + I RIN(f) | (59)
where I, is the average value of the output photocurrent, e
is the electron charge. The first term on the right-hand side

of (57) is the shot noise introduced in (4). The second term
represents the power spectral density of the relative intensity
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FIGURE 15 Spectral density of phase fluctuations of
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noise parameter of the source (RIN) defined as
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and the RIN is generally a function of frequency. Laser diodes
intensity noise has been the subject of numerous studies and
reports have been written on its characterization for several
types of lasers [26, 90—93]. In general RIN is a complex func-
tion of frequency and laser driving current. A typical result
of measurements made at 1 kHz is shown in Fig. 16 for var-
ious lasers, Fabry—Pérot (FP) and distributed Bragg reflector
(DBR) types [92].

Mileti [26], reports a RIN of 2.8 x 103 /Hz for an edge
emitting diode laser at a frequency of 300 Hz and a current
about 70% above threshold. This is of the order of magnitude
of the results shown in Fig. 16 for the Fabry—Pérot lasers. Re-
sults on a DBR laser show a RIN of the order of 10~!3 /Hz
at a driving current 50% above threshold. Saburi et al. reports
also a RIN of the order of 10~'3 /Hz for a DBR laser having
a spectral line width of 500 kHz [42]. On the other hand, the
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RIN of VCSEL diodes is a complex function of frequency and
driving current and is generally larger than the RIN of edge
emitting diodes.

It may be added that solid state laser diodes may be char-
acterized by the presence of a residual broadband spectrum
spreading over several nanometers [26]. To the authors know-
ledge, no work has been reported on its effect on the frequency
stability of a laser pumped frequency standard. In principle it
would add directly to the intensity noise at the detector, since
that radiation is not absorbed by the cell.

4.3 Laser line width reduction, laser frequency

and intensity stabilizing techniques

The frequency and power output of free-running
laser diodes is very sensitive to small changes in injection cur-
rent and temperature. Consequently, in view of the analysis
made above in connection to the effect of laser frequency and
intensity on light shifts and pumping rates, it appears of im-
portance that both the intensity of the laser and its frequency
be stabilized. Unfortunately, these two requirements may be
incompatible in practice since the adjustable parameters that
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are available to perform each task in the most direct and sim-
ple approach, that is laser driving current and temperature, are
not independent [94]. Furthermore, as will be seen below, the
spectral width of the laser may have a direct effect on short
term frequency stability of the Rb frequency standard. It is,
thus, important to examine possibilities of reducing the laser
line width.

4.3.1 Line width reduction. Several techniques, either opti-
cal or electronic, have been devised to narrow the emission
line width of diode lasers. Excellent reviews of these tech-
niques have been published [95,96]. We will mention here
those most important for the present application.

Simple optical feedback. 1t is possible to force a multimode
laser diode to oscillate on a single mode by providing opti-
cal feedback from a small mirror or glass plate placed close
to one of the laser facets. The limitations to this method are
that it does not work with all lasers, and still requires some
sort of frequency reference to stabilize the laser frequency.
Furthermore, it can be difficult to achieve long-term stable
performance with such systems [97-99].

External cavity lasers. In that approach, the system uses feed-
back from a frequency selective elements such as a grating
to provide a narrowband continuously tunable source of light.
A variety of geometries are possible. The diffraction grating
is mounted in either a Littrow or in a Littman configuration,
in which the light diffracted into the first order returns to the
laser. The main difference between these two configurations
resides in the technique used to reflect radiation back to the
laser from a selected order diffracted by the grating. These
are generally called extended cavity diode lasers (ECDL). The
spectral line width for such configurations is strongly depen-
dent on the feedback and also on the ratio between external
cavity and diode cavity lengths. Line widths of the order of
one hundred kHz are achievable. Over long periods, vari-
ous noise sources (acoustic wave propagation, air movements,
driving current instabilities, mechanical and thermal drifts)
contribute to broaden the line width. The line width can also
be temporally affected by phase fluctuations of the reflected
light induced by the mechanical vibration of the external re-
flector [100].

Feedback from high- Q optical cavities. The essence of the op-
tical feedback methods is that by increasing the quality factor
(Q) of the laser’s resonator, the line width is reduced. The
simplest implementation of the optical method for spectral
narrowing is just to reflect back to the laser a small fraction of
its output power. Using this technique, one can reduce the line
width by more than a factor 1000 achieving line width of a few
kilohertz [101-103].

Electrical feedback. Spectral line width reduction can also be
accomplished by means of electrical feedback derived from
the laser spectrum as measured with a Fabry—Pérot interfer-
ometer [104]. In that implementation, the minimum value
obtained was 330 kHz for an InGaAsP laser at 1.5 wm, which
was 15 times narrower than that of a free-running laser.

Other approaches. Kozuma et al. [105] proposed an optical
feedback method to control a semiconductor laser frequency
by utilizing velocity-selective optical pumping (VSOP) and
polarization spectroscopy of a rubidium (¥’Rb) atomic vapor.
In this way the laser field spectral line width was reduced to
20 times less than that of a free running laser. Another ap-
proach to reduce the laser emission line width consists of
placing the laser diode inside a relatively long cavity, with
some means of wavelength selection [106, 107]. This tech-
nique narrows the laser line width and provides a means of
tuning the laser to any desired wavelength. The disadvantage
is that it requires high quality antireflection coatings on the
laser diode and a stable mechanical structure for the external
cavity.

4.3.2 Laser frequency stabilization. In the analysis made
above, it was concluded that in a typical situation the light
shift coefficient B s could be as large as 5 x 10~!'! per MHz
laser detuning. This sets the requirement that the laser fre-
quency be stabilized to ~ 2 kHz to achieve a clock frequency
stability of 10~!3 over long term periods. This is not a trivial
requirement.

In practice, the long term stabilization may be done by
means of a frequency locking to an atomic resonance line.
The most common and simplest approach consists of locking
the laser frequency to the linear optical absorption line ob-
served in the same resonance cell as that used in the frequency
standard, as shown in Fig. 3. However, this absorption line is
rather large (700 to 1000 MHz), being broadened by the buffer
gas. Consequently, this approach requires a tight frequency
lock to a few parts in 10° of the absorption line width. It is
also possible to lock the laser to a saturated absorption line in
an external cell. In that case the width of the absorption line
is of the order of 5 MHz and the task of the frequency control
loop is relaxed to stabilizing the laser frequency to a few parts
in 10* of the absorption line width. In both cases the lock-
ing of the laser frequency is generally done by low frequency
modulation of the laser frequency through the driving current
and synchronous detection, the error signal developed being
applied to the current driving source as shown in Fig. 3.

In general, laser frequency stability is evaluated over short
term periods below 1000s. This is a range where measure-
ments can be made easily and information on the character-
istics of the frequency lock loop efficiency can be obtained
rapidly. For example, Tsushida et al. [108] evaluate from the
error signal developed in the servo loop a laser frequency sta-
bility of the order of 10~ 7=1/2 for 1072 s < T < 100 s, using
stabilization on the D, linear absorption line of #3Rb in a cell
without buffer gas. In such a case the optical absorption line
width is Doppler broadened and is of the order of 500 MHz,
which may limit the efficiency of the locking system. At av-
eraging times longer than 100 s, laser frequency stability ap-
peared to degrade rapidly. Similar results were reported by
Ohtsu et al. [104], and Hashimoto and Ohtsu [43], using the
D, absorption line of 8’Rb as the reference. It should be men-
tioned that in those cases laser frequency stability was inferred
from the error signal in the servo loop and results regarding
frequency stability may have been optimistic. In experiments
of the same nature in which a laser was frequency stabilized
to linear absorption in a Rb cell, the beat frequency between
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two such lasers was measured and frequency stability was
evaluated to be 4.2 x 10719 t!/2 for the range 0.2 to 40 s and
~ 10~ 1 for longer periods, probably caused by drift [109].
In later experiments, Barwood et al. used saturated absorp-
tion technique and a laser whose line width was narrowed by
optical feedback. In that case, a frequency stability measured
directly from the beat frequency between two such stabilized
lasers gave 1.9 x 107! t//2 [110]. At 10's a laser frequency
stability of 4 x 10712 was observed corresponding to fluctu-
ations of the order of 1.5 kHz, degrading slightly above that
averaging time. In measurements made over several months,
however, the laser frequency could be reproduced only to
about 44 kHz.

Beverini used the dichroic property of a Cs vapor in a mag-
netic field for stabilizing the frequency of an external cav-
ity diode laser system in Littman configuration [111]. Al-
though the width of the absorption line used for locking is
still Doppler broadened, the technique, called DAVLL for
dichroic-atomic-vapor laser lock, provides a much larger sig-
nal than that obtained by means of saturated absorption and
is particularly robust against mechanical perturbations. It also
offers a series of advantages requiring fewer optical and op-
toelectronic components and no frequency modulation of the
diode laser current.

More recently, Affolderbach and Mileti [112—114] have
reported measurements on extended-cavity diode lasers
(ECDL), stabilized to Rb reference cells by means of sat-
urated absorption. Their results are reproduced in Fig. 17.
It is readily observed that the laser stabilized on Doppler
broadened line gives a frequency stability of the order of
10710 in the range of 10000s reflecting frequency fluctu-
ations of the order of 375kHz. Following the discussion
made above relative to the possible presence of a light shift
of the order of 5x 107!! per MHz laser detuning, it is
quite evident that such laser frequency fluctuations could be
a handicap on long term frequency stability of the clock. It
should be mentioned, however, that the results obtained by
means of locking to saturated absorption were better than
those obtained by Barwood [110], probably due to a tighter
lock.

44 Impact of laser instability on clock frequency

stability

In Sect. 4.3.2 we have examined the effect of slow
laser frequency fluctuations on the long term frequency stabil-
ity of the frequency standard. In the present section we wish to
address the effect on frequency stability of the clock of rapid
fluctuations of the intensity and frequency of the laser, in other
words the effect of laser frequency fluctuations at Fourier fre-
quencies that would affect the clock frequency stability in the
short term region (< 100 s).

4.4.1 Laser intensity fluctuations. Laser intensity fluctua-
tions have been characterized above by means of the rela-
tive intensity noise concept RIN. For an edge emitting laser
diode the RIN may be of the order of 5 x 10~'* Hz ! at a fre-
quency of 200 Hz and depends slightly on the frequency at
which it is determined [26]. This noise, modulating the am-
plitude of laser radiation, is transmitted through the reson-
ance cell, and is detected by the photodetector as noise di-
rectly added to the shot noise component. Using this value
and the numbers used before for the hyperfine resonance line
characteristics (contrast = 10%, Avy,, = 500 Hz) (1) predicts
a frequency stability better than 10~'3. It is, thus, concluded
that noise detected directly at the photodetector originating
from laser intensity noise cannot be responsible for the meas-
ured frequency stability of 10~!! using such diodes. However,
VCSELSs are known to have much larger RIN and may cause
observable frequency instabilities in the short term.

Laser intensity fluctuations can also influence the fre-
quency stability of the clock through the light shift. In the case
that the laser tuning and locking is such as to leave a residual
light shift, laser intensity fluctuations A/ are converted into
clock frequency fluctuations A vy g through the dispersion pat-
tern of the light shift. We call Sig the slope of this light shift
against current at the detector:
SLS = AULs/AI (61)

and the frequency instability of the frequency standard caused
by this process may be written:
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With a laser locked to the optical absorption line in the cell,
the residual Sps as mentioned above may be of the order of
5 x 107! per 1% change in light intensity at the photode-
tector. In that case with a RIN of 5 x 107> Hz~! we obtain
o(t) = 2.5 x 10719, a totally negligible contribution. Even if
the RIN, as may happen in certain VCSELs, is increased by
two orders of magnitude the contribution would not be visible
at the level of frequency stabilities observed presently.

o(r) = (62)

4.4.2 Laser frequency fluctuations. In the short term, the fre-
quency fluctuations of the laser may affect the clock frequency
stability through several processes such as, the frequency lock
loop of the laser itself, the light shift, and non-linear optical
absorption in the cell.

In the first case, the process consists of a conversion of
laser frequency noise through the discriminator pattern of the
optical frequency lock-loop. If the servo system has a broad
band, rejecting laser fluctuations at frequencies greater than
the modulation frequency of the RF generator, the effect, in
principle, should be negligible. However, higher frequency
noise components may create beat notes between high fre-
quency components and may lead to lower frequencies, which
appear as amplitude noise. This adds directly to the shot noise
component. The process is rather complex, but a rough eval-
uation shows that the noise generated may be of the order of
magnitude of shot noise [26].

In the second case the laser frequency fluctuations are
transformed into clock frequency fluctuations through the dis-
persion pattern of the light shift. The effect on the frequency
fluctuations of the clock in the frequency domain, S, () f;, can
be evaluated through the expression
Sv(f)fs =S5 (f)laser X .3]2_5 s (63)
where S, (f)ser 1S the laser frequency fluctuations spectral
density and B is the light shift coefficient defined through
(50). The laser spectral density is a function of the optical
servo loop bandwidth and may be of the order of several
kHz/Hz'/?. On the other hand, as reported above, f.s may
be of the order of 5-10 x 10~!! /MHz. For the purpose of
calculation of an order of magnitude, we assume a S, ( f)aser
for the DFB laser reported above, 10 Hz?/Hz and a Bis =
1 x 10719 /MHz or 0.68 Hz per Hz of laser detuning. As-
suming white frequency noise the calculated clock frequency
stability is then
o(n)=7Tx 1074712, (64)
anegligible value. In the case of an edge emitting laser locked
to linear absorption in the cell mentioned earlier the S, ( f)aser
is 16 x 10° [Hz?/Hz] and the effect on frequency stability is
~3x10713,

In the third case, the laser frequency fluctuations (FM)
are converted into amplitude fluctuations (AM) by non-
linear resonant absorption processes within the resonance
cell [115, 116]. When resonant laser light passes through the
vapor, the laser intrinsic phase fluctuations induce random

variations in the medium absorption cross section [117-120].
This phenomenon has feedback on the transmitted radiation
and as a consequence laser phase noise (PM) is converted into
transmitted laser intensity noise (AM). This process is nonlin-
ear, so that in an optically thick vapor the conversion of PM to
AM can increase an optical beam’s relative intensity noise by
orders of magnitude. In particular, it was found that the resul-
tant RIN after traversal of a cell increased as the square root
of the laser spectral width up to a value of the order of the de-
phasing rate of atoms in the absorption cell. However, it is also
found that when the buffer gas dephasing time is much shorter
than the field correlation time, or in other words the absorp-
tion line width is much larger than the laser spectral width the
PM to AM conversion becomes inefficient. An analysis based
on the concepts of cross-section fluctuations was found to be
in agreement with this observation [120]. Consequently, in
order to reduce the effect of FM to AM conversion on clock’s
frequency stability, it appears that at low buffer gas pressures
a narrow laser spectrum is preferable, while at high pressure
a wider laser spectrum could be used.

Along this line of thought, several attempts have been
made at reducing the effect of laser FM noise on the frequency
stability of the laser optically pumped Rb standard. A first ap-
proach consists of using a laser with a narrow spectral width.
In that case, with the laser frequency locked to an external
cell, preferably using saturated absorption, a clock frequency
stability well below the 10~!! at 1 s has been obtained. For ex-
ample, Saburi et al. report a measured frequency stability of
1 x 10712 t=1/2 ysing a DBR laser having a spectral line width
claimed to be 500 kHz [42]. On the other hand, a frequency
stability of 3 x 10~!3 at an averaging time of 1 s was reported
by Mileti et al. using a DBR laser with a spectral width of
3 MHz [121]. In that case, however, special care was taken at
reducing noise originating from the interrogating microwave
generator in order to avoid intermodulation effects to be dis-
cussed below. In those two cases [42, 121] the cell contained
a mixture of buffer gases, one constituent being nitrogen, but
its pressure was not reported.

In an interesting approach, a clone cell was used to cancel
passively the intensity noise generated by the clock reson-
ance cell [63]. The technique relies on the correlation of the
intensity noise generated in two identical cells through FM—
AM conversion. The clone cell is not excited by microwave
and serves only at creating an intensity noise correlated to
the noise created in the clock cell. It appears that the system,
although somewhat complex, is rather efficient in noise can-
cellation. Frequency stability of 5 x 10~!3 t=1/2 was reported
for a clock using that technique and an extended cavity laser
stabilized by means of saturated absorption in an extra cell.

We have mentioned above the system developed by Af-
folderbach et al. for stabilizing a laser frequency through an
extended cavity and saturated absorption [65]. The laser fre-
quency stability obtained should in principle be an excellent
optical pumping source for implementing a frequency stan-
dard whose frequency stability would not be affected by laser
instability in the range of measurements extending to 107 s.
In fact, the authors have integrated their ECDL saturated ab-
sorption stabilized laser in a frequency standard and obtained
a clock short term frequency stability of 3 x 10712 t=1/2,
Using the Doppler stabilized laser, the authors found that the
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frequency stability was worst by an order of magnitude over
most of the range of averaging times above 100 s [113].

In another approach, Camparo et al. [57,67] used a cell
containing ®’Rb with a nitrogen buffer gas at a pressure of
100 Torr. The optical absorption line width was 1.6 GHz. Op-
tical pumping was done by means of a junction transverse
stripe laser (JTS) having a spectral width of 21 MHz and
locked to the D, absorption line of the resonance cell. The re-
sults are reproduced in Fig. 18. The clock frequency stability
is
o()=18x10""2 v 24 1.1x107 B2 (65)
in the range of measurements reported. Since a single reson-
ance cell generates locking signals for both the laser wave-
length and the crystal oscillator, the atomic clock has real
potential for miniaturization.

4.5 Intermodulation effect

Another phenomenon, which appears to have
limited the frequency stability of passive frequency stan-
dards, has been the so-called intermodulation effect [122].
This effect is present in all types of passive atomic frequency
standards and is not connected to the use of lasers for op-
tical pumping. However, it is sufficiently important to be
mentioned here. It consists of the so-called aliasing of high
frequency noise present in the interrogating signal at even har-
monics of the modulation frequency used in the servo loop,
to the fundamental frequency in the interrogating signal. An
analysis of the phenomenon was made by Audoin et al. in
a quasi-static approach [123]. It was shown that the main
effect was due to noise at the second harmonic of the funda-
mental modulation frequency fi:

o) = 3 S0 ] v (66)

A simple calculation shows that such an effect using a low
quality quartz oscillator as local oscillator could be disastrous
leading to a frequency stability in the 10~!! range. Verification
of the effect was made in various studies using either spectral
lamps or laser optical pumping and several approaches were
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FIGURE 18 Frequency stability of a Rb frequency standard using a JTS
(Junction Transverse Stripe) laser as optical pumping source (Camparo, pri-
vate communication 2007, and [67] © IEEE)

proposed for minimizing the effect. One approach consisted
in introducing notch filters at the second harmonic of the mod-
ulation frequency at the output of quartz crystal oscillator used
as local oscillator [124]. A more direct approach was to re-
duce the level of noise in the quartz oscillator and following
multiplication chain [125, 126]. It was also found, in particu-
lar, that the effect could be reduced by using square wave
modulation with wide band detection and demodulation at the
synchronous detector [127]. The question was addressed in
more details using a dynamical analysis [128, 129].

Results obtained in [121] in which the local oscillator
characteristics were such as to minimize intermodulation ef-
fects are reproduced in Fig. 19. The setup uses a DBR laser
for optical pumping source locked to a cross-over transition
saturated absorption line in an external cell. It may be added
that due to the somewhat pernicious consequences of the
intermodulation phenomenon it is not evident that, without
particular care, the frequency stability, as reported in several
earlier publications for laser pumped passive frequency stan-
dards, was not affected by this intermodulation effect. It is
obvious that special care needs to be taken in actual imple-
mentation of the local oscillator and modulation scheme if
ultimate short term frequency stability is the goal aimed for.

4.6 Long term frequency stability

The question of long term frequency stability re-
mains a question to be addressed with some attention. In fact
there are no a priori reasons to believe that the long term fre-
quency stability of a laser pumped frequency standard will be
better than that of a standard using a spectral lamp as pumping
source. There were hypothesis advanced in the past regard-
ing the possibility that the light shift could be responsible for
the long term drift often observed in standards using a spec-
tral lamp. The question was raised recently by Camparo and
the experimental data led to the conclusion that this was an un-
likely cause [130]. However, pumping with a laser raises the
question to another level. As was discussed above in Sect. 3.3,
the light shift may be of the order of several hundred Hz de-
pending on the laser tuning. Consequently, the laser frequency
needs to be stabilized with care. In Sect. 4.3.2 results were re-
ported regarding such stabilizing system and it was concluded
that, although solutions exist such as using narrow saturated
absorption resonance lines, long term laser frequency stability
has not been addressed in sufficient details for the particu-
lar application considered. Furthermore, in cases where the
laser frequency is locked to linear absorption in the clock cell
there may remain a light shift that depends on the intensity of
the laser radiation. Studies have been made on the possibil-
ity of stabilizing both laser frequency and intensity through
servo loops on the laser driving current. It was found that the
approach led to practical difficulties, the two parameters not
being independent [94]. An approach recently used in the con-
trol of light shift in a frequency standard based on the coherent
population trapping phenomenon may offer a solution to the
problem. The technique uses an external LCD intensity con-
trol independent of laser driving current. The authors claim
excellent results reducing the light shift medium term effect
(100 s < T < 10000 s) by at least an order of magnitude [131].
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The question of long-term drift in sealed cells passive fre-
quency standards thus appears to remain unanswered even
using laser optical pumping. The source of the drift observed
is still not totally resolved. A possible answer to the ques-
tion may reside in the recent experimental results obtained
by Camparo in the observation of the long time constants
required to reach Rb density equilibrium in cells whose ther-
mal equilibrium had been perturbed [41]. It was found that
even after hundreds of days, thermal equilibrium was not yet
reached under certain circumstances. In that case light absorp-
tion varies with time with obvious changes of intensity within
the cell and consequences on light shift. Furthermore, changes
in Rb density have direct effect on frequency through the spin
exchange shift [80]. These combined effects may play an im-
portant role in the long term drift as observed in sealed cell Rb
frequency standards.

5
51

Other approaches using a laser with a sealed cell

The maser approach

In the classical approach using a spectral lamp as
an optical pumping source, it is possible to create a population
inversion such as to obtain self sustained stimulated emission
(maser) when such an optically pumped ensemble of 8’Rb
atoms is placed in a microwave cavity [132]. The main thresh-
old conditions for self sustained oscillation are that the cavity
Q be sufficiently large and that a pumping rate compatible
with the Rb density be achieved [12]. Such a maser has raised
considerable interest due to its excellent short term frequency
stability (a few in 10'3 at 1 s) and its small size. Its properties
were studied in detail [133, 134].

It is natural to ask if the cumbersome spectral lamp used
in the implementation of that maser could not be replaced by
a laser as in the passive approach described above. Attempts
were made and self-sustained oscillation could be realized
under certain conditions [135-137]. It was found that at the
low buffer gas pressure used for maximum gain in the con-
ventional approach, lasers having a narrow spectral width do
not provide optical pumping efficient enough to reach oscilla-
tion threshold conditions. At low buffer gas pressures, groups
of atoms may be off optical resonance due to Doppler shift

reducing the number of atoms optically pumped to the upper
level. This problem was addressed by modulating the laser
frequency in order to cover the cell optical absorption spec-
trum [135, 136]. At the time of writing, although this IOP Rb
maser shows some interesting characteristics, there appears to
be little activity on the development of the device at present.

5.2 The pulsed approach

In the early 1960s pulsed optical pumping was pro-
posed as an avenue for addressing the light shift problem. The
approach used the so-called time domain Ramsey pulse tech-
nique [138], microwave stimulated emission in a cavity being
the measured parameter [139]. In that early development, the
population inversion was accomplished by means of a spec-
tral lamp. That approach was addressed again recently using
a laser in order to provide more controllable and more effi-
cient optical pumping [140]. In that case, a strong laser pulse
is applied to the ensemble of atoms placed in a microwave
cavity resonant at the hyperfine frequency of the atoms. Two
short microwave pulses are then applied in succession simu-
lating in the time domain the same conditions on the ensemble
as in the classical Ramsey technique applied at two space
intervals on an atomic beam. The optical pulse and the two mi-
crowave pulses provide a Ramsey stimulated emission cycle.
The length and intensity of the microwave pulses are such as
to provide a /2 atomic excitation and the time between them
is less than the decorrelation time due to relaxation processes
of the atoms in the cell. Coherent microwave stimulated emis-
sion takes place after each microwave pulse. The stimulated
emission signal is detected after the second microwave pulse
and its amplitude as a function of microwave frequency is
characterized by the presence of Ramsey fringes, which can
be used, as in the beam approach, to lock the microwave fre-
quency generator to the center of the hyperfine line [141]. The
advantage of using a laser is that it allows sufficient power
to create a total loss of microwave phase memory between
the successive application of the Ramsey cycle. It may be
mentioned that the system requires the use of a cavity with
a moderate Q (5000 to 10 000). The cell must also be made of
low loss material such as quartz to avoid loading of the cav-
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ity. Although these requirements appear to introduce some
restrictions in design, the results obtained counterbalance this
added difficulty in construction. In fact, the results obtained
are rather promising relative to the cancellation of the light
shift and a short term frequency stability of 1.2 x 10~!? at one
second averaging time has been reported [ 140, 142].

53 Wall coated cells

According to (1) and (3), a reduction in line width
is, in principle, a direct way of increasing frequency stability
in the short term. In all practical implementations realized up
to now a buffer gas has been used to avoid relaxation caused
by collisions of the Rb atoms with the wall of the containing
cell. The buffer gas increases the diffusion time to the walls
and at pressures above, say 20 Torr, relaxation is caused es-
sentially by spin exchange collisions between the alkali atoms
and collisions of the atoms with the buffer gas molecules. The
other broadening mechanisms caused by the RF interroga-
tion signal, through the saturation parameter S, and the optical
pumping itself, through the pumping rate I}, are also respon-
sible for the resulting line width. Over the years, suggestions
have been made on replacing the buffer gas by a non-relaxing
wall coating [15, 143]. Much work has been done on the effect
of collisions on Zeeman coherences for alkali atoms colliding
with surfaces made of long chains hydrocarbon [144]. Such
studies have been extended to the case of hyperfine coherence
in cells coated with Paraflint® (Moore and Munger) [145].
A relaxation rate of 25 s~! has been measured for 3Rb at the
hyperfine frequency of 3.0 GHz in a 6.6 cm diameter cell at
27 C. This corresponds to a line width of 8 Hz. The wall shift
was measured and found to be 23 Hz at that temperature. For
87Rb, similar results were obtained, the wall shift being of the
order of 130 Hz in a 2.5 cm diameter cell at the same tempera-
ture [146]. Although these results, at first sight, appear most
promising, it is important to recall that the line width in an op-
erating device is determined also by several other parameters
mentioned earlier. For example at an operating temperature
of 65 °C, the spin exchange broadening (5/8n(v;)o) is of the
order of 65 Hz. In order to optimize signal size and contrast,
the optical pumping rate (/},) and microwave Rabi frequency
(b) are generally set at a point where line width is doubled
in each case. The resulting line width, assuming that wall
broadening is negligible compared to those other mechan-
isms, would be of the order of 260 Hz. Even in the presence of
those added broadening, there would still be a net gain in line
width in using wall coating compared to buffer gas in which
case the operating line width is generally above 500 Hz. It may
still be advantageous to operate at lower temperatures where
spin exchange is less important. Such an approach needs to be
studied experimentally.

On the other hand, temperature dependence of the wall
shift may be a handicap for long term frequency stability.
In the 2.5 cm cell mentioned above a temperature coefficient
of 107!% per °C has been reported requiring a temperature
stabilization to =1 millidegree for a frequency stability of
10713 [146]. Nothing is known either on the long-term stabil-
ity of the wall shift. It should be mentioned that the light shift,
although still present, should have a behavior different from
that observed in cells using a buffer gas. Due to the free motion

of the atoms this light shift should not produce inhomoge-
neous broadening and consequently the power shift observed
in certain circumstances in cells using a buffer gas should be
absent.

The use of laser optical pumping should not alter those
conclusions, aside, may be, from an amplification of the ef-
fect of internal Ramsey interference line narrowing that has
been proposed by Xiao for explaining the somewhat “peaky”
aspect of the line shape observed when a narrow laser beam is
used for optical pumping [147].

6 Summary and prospects

The classical approach used in implementing
adouble-resonance passive frequency standard with a spectral
lamp as pumping source shows limitations relative to fre-
quency stability mainly due to the resulting large background
current that produces shot noise and reduces signal contrast.
The frequency stability in typical small units is of the order of
10~ t=1/2 for averaging times shorter than 100 s and is nor-
mally limited by shot noise. Furthermore, the use of a spectral
lamp limits the possibility of a reduction of power consump-
tion as well as size.

The use of a laser diode for optical pumping shows great
promises either relative to short term frequency stability, size
reduction and at the same time power consumption. The ad-
vantages of using a laser diode resides particularly in its nar-
row spectral width (< 50 MHz) relative to a spectral lamp
(~ 1 GHz). This provide more efficient optical pumping, re-
duces the background radiation by orders of magnitude, and
consequently reduces shot noise. A calculation shows that
a shot noise limited frequency stability better than 10713 t=1/2
should be observed in the short term with commonly avail-
able edge emitting diodes. However, it is found in practice
that using this type of diode a frequency stability less than
10~ =172 is observed. It has been shown that this character-
istics may have several origins. In particular, the conversion
of laser frequency noise to intensity noise (FM—-AM conver-
sion) by the cell has been claimed to be a main contributor to
the measured limited frequency stability. The laser intensity
noise (RIN) appears to play a role only at a level of frequency
stability in the range of 1073,

In some special laboratory configurations, laser-pumped
frequency standards have been implemented with frequency
stability reaching the 103 level, close to the shot noise limit,
at an averaging time of 1 s. However, these were constructed
with elaborate techniques such as extended cavity laser sta-
bilized by saturated absorption in an additional cell, passive
noise cancellation by means of an extra clone cell, or still
using rather costly DBR or DFB lasers.

In the long term, that is for stability over hours or days it
appears that the light shift may be an important factor in the
determination of frequency stability if the laser is not well sta-
bilized and tightly locked to the optical resonance line used
to create the optical pumping. Even in that case the locking
frequency may not be corresponding to zero light shift and
aresidual intensity dependent light shift may be present.

It appears at present that if the conditions, small size,
low power consumption, and low cost are the primary goals,
acompromise in choice of components and construction is re-
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quired. In this respect a common laser with a spectral width in
the tens of MHz used in conjunction with a 3’Rb cell contain-
ing a mixture of buffer gases at a pressure of 100 Torr can lead
to frequency stability in the low 1072 t=1/2_ In all cases, as in
the optical pumping with a spectral lamp approach, care needs
to be taken in using an interrogation oscillator, that is quartz
oscillator and synthesizer, having noise spectrum characteris-
tics at the second harmonic of the modulating frequency that
are compatible with the frequency stability desired.
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Appendices

A Dynamics of radiation absorption in a cell under
10P

Al Optical power absorbed in a Rb vapor cell

In the evaluation of the optical power or optical flux
absorbed in a resonant Rb vapor, authors use various expres-
sions connecting the light intensity to internal parameters of
the atomic ensemble. This annex reviews these different ex-
pressions and relate them to each other.

The power absorbed over a distance z is given by

dP
PabSZ/E'—dZ, (A.1)

dr
z
where E is the electric field and P is the electric polarization
of the atomic ensemble given by [19]

P(z,t)=nTr(od). (A.2)

Here 7 is the Rb density, o is the density matrix of the en-
semble, d is the quantum mechanical operator for the electric
dipole moment expressed as a matrix, and Tr means “take the
trace of the resulting matrix multiplication”. We assume that
the laser is tuned to the optical transition p to m. Straightfor-
ward matrix algebra, using the form of E given by (8) for the

laser radiation, gives
APabs = n(EOLa)LIm(SMmde) dz. (A3)

Using (13) at equilibrium, and the definition of the Rabi fre-
quency through (9), this may be written

APy = nhor I' 0 dz (A4)
which can also be written
APy = IonhwpLoy, dz . (A.5)

It is often convenient to relate the pumping rate /7, to the
absorption cross-section o(v) by means of the relation [12]

o0

Fp(z)=/f(v, 2)o(v)dv,

0

(A.6)

where (v, z) is the flux of incident radiation in photons per
second per m? per unit frequency interval. Simple algebraic
considerations on the flux absorbed by the cell leads directly
alsoto (A.5).

A2 Calculation in terms of the optical Rabi frequency

The equation used in the text for absorption con-
nects the Rabi frequency of the optical radiation to the coher-
ence created by the incident optical radiation

021 um

=almd,,, ,
0z « "

(A7)
where we have assumed that the laser frequency is tuned to the
transition p to m. This equation is equivalent to (A.4). This
can be shown by means of the definition of Rabi frequency
and, through (13) and the definition of the absorption coeffi-
cient o (22), (A.7) becomes

d
80CEL0d_EL0 = nha)LF*Qmm . (AS)
Z

Considerations on the energy flux traversing a cylinder of unit
area and unit length gives power at the output of the cylinder
as

1 2
Poutl = _SOCELO .

> (A9)
By direct substitution we finally obtain
dP =nho T ommdz, (A.10)
which is the same as (A.4).
B Coherence between levels ¢’ and m

The coherence §,,/,, is calculated from (21) as

QLu/m/z
1 T+ R
(T + (oL — Omyw)
b2
(%* +i(oL — wm;ﬂ))

811/771 = — )QM/M/

+i

(B.1)

Epm

where we have made g,,, < 0., Using (26) we obtain

S = i/
" (%*‘l'i(a)L_wmu/)) e
(/27 5
(5 it —0m0) (5 +ir+on—op) "
(QLu/m/z)(b/z) 8.
(5 i = 0m0) (5 +i(or +on =)
(B.2)

Following the discussion we made in connection to &,
and making the same approximations we obtain:

-QL;L’m/2
(%* +i(oL — wm;ﬂ)

8;/.’171 =-—i )th/pt/ . (B.3)

Due to the detuning of the laser relative to the transition
m — ', we have w. — wy,,y = w,y, and the coherence 8,,/,, is
very small. If the laser is tuned to the transition m — u/, the
situation is reversed and the analysis is similar to that done for
the case when the laser is tuned to the transition m — .
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