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Atom-based stabilization for laser-pumped atomic clocks
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Progress towards simplification and improvement of the long-term stability of chip-scale atomic
clocks is presented. The comventicnal technique of laser optical frequency and cell temperature
comtrol is compared with a novel technique which mvoids the use of temperature sensors. The
technique resulis in o simpler setup and improved long-term performance. Here, laser frequency,
lmser intensity, RF modulation indec and vapor cell atomic density are stabilized using ecelusively
information from the atoms in the vapor cell. Different feedbadk schemes for luser intensity and
brequency stabilization, as well as cell temperature control are experimentally compared.  Their

relvance to future design of chip-smle devices is discussed.

[ INTRODUCTION

Chip-geale atomic elocks (CEACs) with wolumes
of several cubic millimetsrs [1] and power consump-
tion below 10 mW [Z] have recently heen introduced
and are expected to provide precise timing in GPS
receivers, network applications, and portables instru-
mentation systems. Integration of a chip-seale physics
package with low-powsr local cecillator (LOY [3] of
aimilar size and control electronics of cubic centimetar
size ssems possible [4).

Most CSACE are basad on a ccherent population
trapping (CPT) scheme [5), using a vertical cavity
aurface emitting laser {VCOSEL) to excite alkali stoms
contained in a small buffer gas vapor call [6]. The lassr
injection current is modulated by the Lo, which pro-
ducas sidebands in the aptical spectrum of the laser.
When the fraquency difference between two oormmpo-
nents in the optical spectrum matehas the frequency
aplitting of the atomic ground stata, the optical feld
pumps part of the atoms into o state that ahaorbes less
light. The decreassd abscrption is ussd to stahbilize
the Lo fraquency to the sbomic transition.

The splitting of the atomic ground stats ean changs
due to the AC Stark effect. It is influenced by the op-
tical field parameters such ag optical frequency, total
intensity, and intensity distribution among the spec-
tral components of the light feld. Ancither factor is
the pressure of the buffer gas inside the call, which
depends on the cell tempsrature. A chsnge in any
af these parameters laads to a corresponding changs
in the L fraquency and to degradstion of the clock
p=rformance,

The laser wavelength [7], intensity and modulation
properties [8, 9] are very sensitive to tamperature and
injection current. When the lassr optical frequency
is stabilized by controlling the injection current, the
lager intensity becomes coupled io ils temperaturs
through the injection current. Changes in the LO out-
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put power, RF coupling betwesn the LO and the laser,
ar the laser modulation parameters { dus to tempera-
ture, injection current or aging all will lead to change
in the optical field parametars which affect the clock
frequency.

The eell temperature detarminas the baffer gas pres-
aure, which affects the stomic ground state splitting
through ocollisions. Through the use of o mixture of
buffer goses, the sensitivity of the clock frequency to
call temperature can be reduced [10, 11]. This redue-
tion is effactive cnly in a limited temperature rangs
E=canse of the nonlinear behaviour of the clock fre-
quency shifta with temperature for different gases.

The goal of the present work is to stndy the long-
term frequency stability of CSAC devices and suggest
dasign changesin both the physics package and eontrol
implementation that could lead to better performancs
under typical field-operated conditions. We describs
a novel method, that uses the atomic abeorption for
stabilization of the aptical field parsmetsrs and -
por cell tempsrature. In the eonventional method the
laser substrate temperature, lassr optical frequency,
L output power and temperature of the call exterior
are stabilizad. Hers, the actusl parameters that de-
termine the clock frequency - lassr intensity, optieal
frequency, intensity distribution asmong the spactral
components, and the atomic absorption - are stabi-
lized, which results in better long-term device perfor-
mance and a simpler design. The new design makss
the davice largely insensitive to changes in the asmbisnt
temperature by aliminating temperature ssnsors and
the thermal gradients asscciated with their nsage.

II. EXPERIMEMTAL SETUP

A, Comventionn] setup

The experiment is based on the physics package of
a oonventicnal chip-scale atomic clodk design deval-
oped at NIST [12]. A VCSEL die [7], emitting in
a gingls mods at 795 nm is ussd to excita the Iy
ling (3s 250 — 5p 2Pyg) transition in *TRb. It is
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mounted on a quartz substrate with o deposited thin-
film heater. The laser substrate tamperatures is arcund
802 (stabilized to ~1 mK using a thermistcr and
a temperature controllerj. The thermistor tempera-
ture cosfficient is ~ -4 %/K. The LD modulstes the
lager injection current at one half of the ground state
splitting of the Rb stoms (6.835 GHz). The LO out-
put power is chosen so that the first-order sidebands
are maximized. The divergent and linearly polarized
lager beam passes through a neutral density filter and
a quarter-wave plate before entering the ¥ Rb vapor
call of 1 mm?® internal volums. The optical frequancy
of the lassr carrier is tunad such that the frst-coder
sidebands are in resonancs with the two ground stata
components and it is locked to the maximum of the
first-order sideband abearption.

The micromachined vapor o2l is fillad with isctopi-
cally entiched *" Kb and & buffer gas mixture of argon
and neon at total pressure of 16 kPa. The cell tem-
perature is maintsined in the vicinity of 85°C with
1 mK precision using a thermistor equivalent to the
one used for lager tempersture control. The aptical
absorption of the first-order modulation sidebands in
the laser optical spectrum is ~20 %,

The L frequency is stabilized to the F = 1, mp =
0—F =2 myp = 0 ground state hyperfine raso-
nance. The OFT resonance has o linewidth of ~T7 kHz
and an absorption contrast {dsfined as the CPT sig-
nal smplitude divided by the optical abscrption of the
first-crder sidebands | of 2.3 %,

The conventicnal setup is shown in Figure 1 {a).

A fractional frequency instakbility plot is shown in
Figure 1 {fill=d squares). The long-term stability is
limitad to ~ 5% 107" at 200 s,

B. Lmser temperature stabilization using atomic
resOnAnces

A problem in the conventional stakbilization schems
{Figura 1 {a}} results from varying tempsrature gra-
dients betwesn the laser p-n junction and tempera-
ture sensor. These gradients change with the am-
bient temperature. This leads to varistions in the
lager temperature, and correspondingly, to changes in
the lasar injection current beeause of the optical fre-
quency lock. Variations in the laser injecticn earrent
lead to changes in the laser intensity, and instabil-
ity of the clock frequency due to the AC Stark shift.
A simple setup that stabilizes directly the laser p-n
junction temperaturs is shown in Figure 1 (b). The
setup is used to kesp the lassr frequency locked to
the optical resonance by controlling the lassr temper-
ature. The laser is opsrated with a constant DO in-
jecticn eurrent with & superposed AC modulation at
17 kHz. The AC current modulation produces s cor-
responding laser frequency modulation which resulis
in amplituds modulstion after the frequency depsn-
dent optical abecrpticn of the vapor call. As the lassr
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FIG. 1: Top - Experimental setup for CSAC parameter
centrol. Solid lines represent D signals and doshed lines
represent phase detecticon signals. (a) Conventional setup,
Section 1L A. (b} Laser frequency i= controlled using tem-
perature feed back, Section [1 B () Cell temperat ure is con-
trolled using atomic abscrption, IIC {d) Laser intensity
iz controlled using a photedetector, 11D, Bottom - fac-
tional frequency instability plots corresponding to cases
{a) through (d}.

frequency changes (dus to tempserature changes or ag-
ing, for exampla) the demodulated photodetector sig-
nal can b= fed back to the laser thin-film heater to
adjust the lassr temperature for constant frequency
feadback. The bandwidth of the temperature control
is limited to ~30 Hz. The sishility of the laser fre-
quency is estimated to be ~20 MHz, or 1 % of the
linewidth of the absorption lins, and is similar to that
obtained with the conventional sstup basad on ther-
mistor. A fractional frequenecy instability for the mi-
crowave alock transition is shown in Figure 1 {open

-
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cireles). It is clear that the reduced feedback band-
width does not degrade the clock short-term stability
and that this method of lasar stahilizaticn rasults in
improved clock frequency stability (~ 3.5 x 10~ st
200 8).

C. Temperm:ur\e stabilizntion of the WEPHOT cell
using optical absorption

A second problem with the conventional stabiliza-
ticn acheme (Figure 1 {aj] results from varying tem-
perature gradients between the sensor messuring the
call temperature, and the cell intaricr. As a conse
quence, a change in the ambisnt temperature leads to
varying tempsrature of the buffer gas. The Rb vapor
densily is a strong functicn of the temperaturs and so
the optical ahsorption, and hence the light intensity
transmitted through the eell, also depends on the cell
temperature, Under typical operating conditions, we
have change in the abscrpticn of 1% /K, similar to the
change in the resistance of a typical thermistor. The
2 mignal of the photodstector placed behind the cell
iz & measura of the call temperature and is used to
stabilize it in the setup shown in Figure 1 {c). A frac-
ticnal fraqueney instability plot is shown in Figure 1
{=alid triangles).

D. Alloptical lnser frequency and intensity
stabilization

The experimental setup for simultaneosus lassr in-
tensity and fraqueney stabilizaticn is shown in Figure
1 idj. The DC signsl from the lower photodetector
is umed to stabilize the lassr intensity using a earrent
feadback. The laser beam transmittad through the
call is detected with a second photcdetector. The Dn2
signal from the upper photodetactor is used to sta-
bilize the call tempsrature. The fractional frequency
daviation is plotted in Figure 1 {sclid diamonds). Thea
stability of 2 10~ at 200 5 achisved with this sys-
tem is improved by more than a factor of two over the
frequency stability messured with the eonventional
setup of Figure 1 {a) using thermistors in a controlled
laboratory environment, with changes in the ambisnt
temperature of less than 2 K. At the same time, this
technique simplifiss the satup, since no thermistors ars
required, in contrast with previous work [13, 14].

The laser temparature is determined by the stakil-
ity of the optical lock and the stahbility of the laser
injection current. For 20 MHz optical frequency sta-
hility and 10~% injaction current stability, the lasar
temperature is stable to better than 2 mK. The cell
temperature is determined by the stability of the volt-
age references ussd o control the DMC signal on the
two photodetactors (AV/V ~ 1079, the optical ab-
sorption (20 %), and the dependsnce of the optical
abecrption on temperature (1 %7K, The stability of
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the call temperature is on the crder of 50 mE. Thesa
stahbilities are expectad to be largely independent of
ambient tamperaturs, since no temperature sensors
are used in the setup shown in Figure 1 (d).

III. FIRST-ORDER SIDEBANDS
AMPLITUDE STABILIZATION

In the experiments deseribed above, a synthesizar
with & very stable cutpul power was used to modulata
the VOSEL injection current. In portabla CPT atomic
clecks, the synthesizer is replaced with a compact low-
poweer local oacillator (ses, for exampls, [3]). Changes
in the cutput power of the LO radistributes the opti-
cal power among the modalation sidebands. This, in
turn, can change the clock frequency due to AC Stark
shifta from the resonant and off-rescnant sidebands.
Wi find that the modulation index changes alsc with
the laser temperature. The laser impadance is modi-
fiad, and with it, the RF modulation index becauss of
the different RF coupling. To illustrats this, the lassr
temperature was varied, and the RF power, applied
to the VCSEL input in order to make the Arst-cidsr
optical sidebands intensity equal to 509 of the total
lager intensity, was measured. The laser carrier was
kept in rescnance with 55580 Fy = 1 — F. = 1,2
transition by s simultanescus changs of the lassr cur-
rent. The resulis are shown in Figure 2.
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FIG. 2: RF power applied to the VCSEL input in or-
der to make the firsi-order optical sidebands intensity
equal to 30% of the total laser intensity, as a function
of the laser temperture {circles). The laser injection
current |triangles] was changed simultanecusly with the
laser temperature to kesp the mcrier in rescnance with
ax*8 0 Fy =1 —F, = 1,2 transition.

It is clear that the RF powsr coupled io the lasar
has & strang nonlinear behaviour [, 9], especially at
injection currents closa to the laser thrashold (0.6 mA
far the laser nsed hera).

With the laser frequency and intensity stabilized
a8 shown in Figure 1 {d}, the remaining paramstsr
that determines the AC Stark shift is the intensity
distribution among the different spactral components.
For lasar frequency modulation, the fraction of out-
put power contained in the first-order sidebands goes
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through a maximum at a certain modulation index,
and this can b= used to maintain consistent modula-
tion index. Sinee the first-order sidebands are raso-
nant with the optical transiticns, their power changs
will preduece a changs in the total atomic abeorption.
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FIG. 3 Photodetector cutput (dashed) and ecror signal
{zalid] as a functicn of RF power coupled to the laser.
Left plot - laser frequency locked wsing laser temperature.
Right plot - laser frequency locked using injection current
feedback. The RF power is linearly scanned for 1 s, result-

ing in RF power change of 40%. The AM modulation was
3% and lock-in ::mpUEer time constant 100 ms.

Figure 3 shows the atecrplion change detacted as a
function of the LO output power. The difference be-
twaen the photodsetector signals is dus to the way the
lager frequency is locked. When thermistors are usad,
the BF power heats the p-n junction locally, the ther-
mistor dossn’t compsensate this heating, and the lassr
power changes through the frequency lock. When the
lager fraquency is locked 1o the optical transition using
temperature fesdback, such local p-n junction hesting
is compensated by the laser heater, the intensity stays
constant snd the PD signal changes only becausa of
the changes in the amplituds of the Arst-crder sids
bands. This clearly demonstrates the sensitivity of
the tachnique dascribed in Saetion ITB to local tem-
peraturs variations.

A methed is desoribed in Refa. [15-17), where the
clock frequency is mads insensitive to changes of lasar
intensity by choosing the RF modulation index such
that the AC Stark shifts of each individual spsctral
component compensate each other. As shown [15],
this works well in a narrow laser tempserature ragion
and does not provide active contral of LO cutput
power changes, RF coupling and lassr diods aging.

When the amplitudes of the carrier and sidebands
are fixed, and laser power snd frequency are stabilized
using the experimental setup from Figurs 1 (4], the

total A Stark shift of the clock frequency is ™ frozen™
becanse the optical frequency and intensity of each
sp=otral component are eonstant. This approach is &
powearful method to minimize cdock frequency drifis
due to changes in the light field of the lassr. In con-
trast to the method suggested in References [15-17],
it is immune to several systematic effects connected
with the temperature control of the laser and effects
from lassr aging. Also, the CPT signal is optimized
ginoa it is produced by the twoe first-ordsr sidebands
which contain the maximum intensity available using
lager frequency modulation.

IV. COMNCLITSIONS

A new method is realized for laser fraquency and
powar control without the nse of temperature ssnsors.
The cleck physics package is simplifisd and allows for
active stabilization of the lassr power. Absorption cell
temperature siabilization is basad on optieal attenm-
ation messurements. This simplifies the experimen-
tal setup significantly and gives a direct measure of
the vapor density inside the call. All-optical imple-
mentation simuliansously stabilizes the lager power,
frequency and KF modulation index - the parameters
that determine the AC Stark shift of the clock fre-
quency. Under fixed lasar intensity and fraqueney, the
clock fraquency shows improved clock stability. Initial
results of atabilizing the RF modulation index are ob-
tained. This method provides the possibility for full
control over the lassr light field in a simple and com-
pact way, and shows a great promise for chip-scals
atomic devices, and could be implemented in other
lag=r-based frequency standards.
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