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DIODEL"M-UMftW, GASCELL ATM[UC CLOCK
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325 Broadway

* Boulder CO

and

J. C. Camparo
M2-253
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composed of two isotops each with two puicipal
Abstract reonance lines (DI mad W~ which awe furthr split

into two hyperf ine components .machkam c -mpose of
Recent theoretical calculations suggest that several imrumolved additional hyperfin components.

the short-term stability of rubidium., atomic, gas-cell Theme wy line are each characterized by a width,
frequency standards could be improved by several a position, and a degree of self reversal or optical
onuion of magnitude if diode Unas wer used for depth tha are all functions of the operational
optical pumping. Moreover, the theoretical results conditions. It is the job of the designer to concoct a
predict that rubidium, as opposed to ceium, is tho witch's brew of buffe gases, different in the lamp,
bedt alkali stom to choose for gas cell atomi clock (filter) sad cell, to broaden and shift these lines in
operation. This paper describes strategies for such a way as to improve upon a coincidental, na
developing such clocks for apace applications sad as overlap of a line in one isotope with a line in the
local oscillators for other high-accuracy atomic other. It is this overlap that allows the comibination of
clodw. lamp,(filter), and cell to produce the opticalpu in

necessry for the operation of the standard.No
k~dudosurprisingly, however, this Complex spectrum' leads

to a situation where the degree of optical pumping
The rubidium gSI cell atomic clock has been achieved is mall (some of the undesirable light. leads

arioind for 30 yewr and is usually thought of as a to depumping) and the level of background liht is
"zureo technology. Recent theoretical amalysis, [1] high (contributing noise).

howeve, indicates that replacing the rubidium lamp
with a lase could yield several order of meugiftue The ultimate stability of a rubidium cel

imrve at in short-term stdAblity, 0.l1s < r standard can be glimpsed through a very sample
100 a. How has this tremadous potential gone argument. C~onsider only how may rubidium atonm
untapped in lamp-pumped standards? The are in a cell, how often each of them can contribute
q ec-roscapic complexity of the lamp-pumped systemn to the signal, sod what the resonance linewidtb might
makes a detailed amlysis of the physics almost be. At 50*C, the vapor density of rubidium is about
impossible. However, the fd~oloig somewhat jolt cm4 and the spin exchange rafte is the order of
simplified decription gives cluessasto the problem. ICOIs. This could result, in > 100~ clocks

trnstin per second and a linewidtb < 100 Hz.
The conventional lamp-oumped, buffer-gs We can then model the atomic shot-noise limited,

cell standard operates in a spectroscopic cacophony short-trn stability as roughy C,(7) w(Q-SIN)'
A0'IT More elaborate calculations [1] optimizing

Conniatonof the U. S. Goverinment, not subject to the umirwave powe, the optical poww and takig
=opyight into, account the effects of lawe noise Predict simila



pURfMOeuae. Previous exeiens 3) awefirmad curve labeled *dit noise alone" is presented to
in the current NIST wek, bwe shown thot laser can suggest thena do~t a ny be achievable with a
War!e produce emuch hWghe optical pumping ad sysiem in which the 1mew FM noime is reduced; e.g.

caerqaa -iul highe micaawavelaptical double enhanced cavity Q loir, extaxded cavity hIssr or
rsomamas iguels whil at dosae- time r d wc thee- light operation.
amount of U ling anfth desectorby order of
minaiftde or mome Theet simple experimntns 11
provide proof, in principle, of the available potential.
The reason fthy have not producedeypoin
stbliyis, in prelt, OWto do Wct dot &ey have -12
been done with availabl commercial atandaids in Ih
which the microwave synthess as not cap"bl of -3 4tS~
sqppadin such perfmornnce. [43 1

Competing the optimized shad-term stability 1 14- mtu:W W
of lase-pumped stenarda with that actually achieved
an lamp-peeped standardls may not seem totally foir
because conventional lamp-pumped standards hazve 15 -4 -3 -2 -1 0 -l
"cMpromise their dhort-lteen stability somewhat in Log (LMa WM* h isasly rN n)
order to achieve b --ter long-term stability. Howeve,
fth hair-pumped standard affords other possibilities Plgurc I. The Alsas v-arke at I s for diode-hair
(to be discussed) for the contriol of light shift and, pumped rubidima fivquency atandard wkb remosmes eel
homce, long-term stability. Therefore, it sem rmpezuar and microwve RANi frequeacy chosen in such
justified to discuss their optized shod-tem a way tha the clocks stbiliy is aptaianfrd. Mw curve

-oeto. libeled *wkh bghhft & assums the FM some of a
solittry lase diode couples to the clock atabilky throug
the A&gh shift term. The curv libeled 'obot acme alum

In Section II we will briefly reviw the isdisplayed to represent tie clock st~abiky wban an
detailed theory, its predictions, mad limitations. Ini advanced, FM cetrofled bum se used.
section M we will outline a planned experimental
project which will build off from existinig technology With lamp pumpqing, only rubidium. has been
with an eye toward space applications. In Section IV developed into a commorcial cell standard. This is
we will outline a project winch is directed toward becasue the needed filtering, is conveniently availabl
ultimate performance in the 1-200 s regonm for use as only through the coincidental, near Overlap of
a local oscillator in future supe' clocks. pectrosoopic: line a rubidium. With diode lasers,

no such filter is needed, and other mom can be
MINIMconsidered. [21 Figure 2 look at peIctek- Id cock

stability achievabl with several isotpe of both
The theory as published in Ref. I assumes a rujbidiu and cesium. Rzdbidium reonm sth tow of

conventional device in which the lamnp is simply choice for optically pumoped cell standards. This
replaced by a lasw. The hire is assumed to operate resilts from the fact that its lower nuclear spin mor
continuously while the cell is of fth buffer-gas type then compenatssi for the higher trasition frequency
and is constrained to a minimum cavity volume. A and hence line Q in cesium.
one-dimensional model is developed to account for
the laser-induced optical pumping, atomic diffusion to The model calculations presented here and in
the deactivating walls collisional relaxation, and the Ref. I havesa nmmber of limitations, but ther geneal
expected noise behavior of the lowr. predictions should not be altewed. In fact,

Fora g= lw ntesit ad nun,&a preliminary expeiments with lasers verify the
For giezahairintniny an nosethe potential. Although a full 3-D gas-cell clock signal

model is used to predict clock stability as cell model now exists, [5] the diode hair calculations
temperalure and microwave power me optimized, employedl a l-D signal model. Caosequenty, the
MAe locus of such points calculated for 8TRb is plotted optical and microwave radial field distributions were
in Figure I as a fuenction of lase power density. Ile not incuded. This should have only minimal effect
line labeled 'with light shift* assumes th FM noise on doe predicted values. On the other hand, fth
of a solitary hair diode (linewidth -50 MHz). The
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_________________________ eectronics. Following phase 1, a second phase will
examine the -s of sno radically changed devices

U - WCSperhaps employing pulsed pumping md/or eivacuated

Ucalls with cebnisoibed coatings to impeove upon the

WU_ long-tan stability of die clock.

Fusture rier dlocks' will -iaol employ
trpe -aoi or ions and exhibit extriney narow

atomic resonances with very high signal-to-anoe
2 -1 ratios. Such clocks me expected to have atomc

Los16MNo*low~lliminted, elicit-erm perfnomaz ce, chatracerized by
0)< 10r4 V'A and usse modulation rate from 0. 1 to

Figure 2. Comparison. of predicted. optimized stablily 0.001 Hz. The NUST laver-iumped rubidium cell
(A~am variance at 1 a) for aevera isomope of cesium and pregain Ws puimanrily investigating deovelopuient of a
radulAG as a function of hear power- Iocal oscillato for such a standard. It is directed

calclatins wre bsed n atoward a laborsatoy device in which ultimate
cavity volume, and theoretical predictions [2] suggest pegord; c size the* comleit v 10 range isoter
that increainng the cavity volume improves abort-term an, weghcondr mplextyandc pwe
perfortmimce. Finally, the modlel assmems ow com "Aonaeo eodr motne
e=citatio in a buffer gas cell. Large regions of In do fis-pae extenaded cavity diode
pwaranter apace, remain inexploued. Evacuated, laoer will be med to control the FM noise of tie
wall-coated cells allow the atomu to average over la and reduce the light shif noise in the rubidium
some of the field I-hmgnete that contribuet cell sandartf. A new microwave synthesis schaeme
long-term instability problem in existin standards. hes bieen &mvlopeit to provide the ulftralow phs
Furthermore, fth lsae can be mare esily gated than nav Microwave uignanl necessary to mupport this
a lamp, and in an evacuated cell this leads to a stnad 7Mauacelvlsoopil
fnal etasoiiato of th ligh uft a:- t already observed at low light levels togethr with the

Also, ~ TerpdyavnigfedodioeIa new -yd b should -rdc dramatic stability
tecnolog m hsa alray 'p:o .ed soitr la hc results. Advancing several oRer ma O lgnitude in
thes calculations. 16] enonee bdo __rbftredrcin

RuhiurnCloks or om gdktio (plse optical pumping, wall coated cel dc, t) will
Bu~lm ~Ioci .Anrnbmuawait fth outcome of the initial tests.

The Awerspace Corporation is studying the
spaewapplicatiaonsofdiode-as-pumpedclocks. The
proect will, therefore be principally aimed at small, eotiamdlincteugowpbl
ralmit devices that can withstand relatively high inrubiim a s oell idiucat tha ct lase ordota

1mohae These restrictions limit the regics of rubidium fo gseve ll at96omi clcs affrude
prmtrspace that can be used: ammal puts limits on pe inu o severale orersfofrmagncetuder

the cavity and cell siz, robust requires a certain la in ed dhevices. Wefrie b ovberu
simplicity of design, and high amqwrwsure may limit croemtnventioal gatppmed devics . Weten have beguns
the tue of wall coated cells. The programn intends to eperiments t invesigate thideshporttental Prelimyinar
nuke chainge in the rbdium clock phaysics package eprmns t t eaor-ensaiiyi
inrmntly Ils 1 wll simply Addpionlly thelam spatial and temporal

in~ ~ Y aPhmec cokandI attemp tslopl improve on lat caberence of the lase afford possibilities for control
rei. as pcommeria coktad aovemptcutoexperomeantsa of the loag-terin instability cained by lighnt shift; that

resuts.As oined ut bov, pavitisexpnniiftis, new geomsetrieis and cell types arn possible
haveelioa tat i iseastto chiee ~because of the lasers spatial coherence while the

impoveentin the degree, of optical pump in and smoicohernuce and tamability allow one to
reduction in the background KK wherea utilzin operate at carefully chosen conditions to nminimiz
the no&k higher sga-ooieratio will reqpure new light shift All of this may Allo total performance
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