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1987 AWARD WINNERS

The Cady Award

Tha Cady Award was presented to Virgll €. Bottom *for conlributions to fundamental theory and
oxporiments, stimulation of growth of the industry, and cducation in quanz resonator technology.” Tho
award was prese-ted by Chardes Adams, Hewlett-Packard Company,

The Rabi Award

Tho Rabl Award was presonted to Louis Essen *for contributions to cosium atomic beam and quartz

irequency standards.”  The award was presented by David Allan, National Burcau of Standards.

The Sawyer Award

The Sawyoer Award was presented to John A, Kusters *in sccognition of oulstanding conttibutions in
engincering, technology dovelopment and management relating to quartz crystals and devices.” The award
was presented by Chatles Adams, Hewlotl-Packard Company.

John R. Vig, General Chaimman; Virgil E. Bottom, Cady Award winner; John A. Kusters, Sawyer Award
winner; and Leonard S. Cutler, Technical Program Chairman, after the award presentation.  Louis Essen,
Rabi Award winner, was unfortunately unable to travel to the Symposium 0 accept his award.
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HILLISECOND PULSAR RIVALS BEST ATOMIC CLOCK STARILITY

by
favid ¥, Allan
Tiba and #raquency Divialen
Natienal Bureau of Standards
125 Bresdvay, Bauldaer, €0 8010}

Abtraet pulaar tha deife rate ia exceedingly vonstant; f.e.,

The measuresent tisa realduala batwosn tha
nillizecond pulgar PSR 1937421 and atesie tima have
boen significantly reducad. Apalyala of dara for the
rost xacont 805 day paried indlcatan a fractions)
froquaney astability (gquace reot of ihq wodif ted
Allan vacianea) of leas than 2 x 10707 for
fntegration times of about 1/) year. The reraona for
the Improved atability wil)l be discuszad; these ara a
rasult of thu conblned affortx af savaral
fndividuals.

Analyalia of the seasuresents taken In two frequency
banda ravealed a randem valk bahavier for dizporaion
along tha 12,000 to 15,000 Yight year path from tha
pulsac to tha aarth. This randon walk accusulatas to
about 1,000 nanozeconda (n3) ovar 205 daya. The
final residuala arae nealnally charactarized by a
uvhita phage nofse at a luvel of 369 na.

Follouwing lmprovement of the zignal-to-nolza ratlo,
gvidanca vas found for a raxldual modulation.
Possible axplanations for thia modulation include: a
binary companion (or companions) to the pulaar with
approximate pariod(s) of 120 da;: and with a maze (or
magras) of tha order of 1 x 1077 that of tha pulsac;
frrvegular magnetic drag In the pulsar; unaccounted
dalay variations in tha Intarstellar madiun; podaliog
arrors in sho sarth's ephenmeris; rafacence atomie
clock variationz in axcess of what are eatimated; or
gravity vavas. For gravity vavas, the amplitude nf
the length medulation vould ba about 5 parts in 10
Furthar study is needed to dotarmine which i the
@oat probable explanation.

Introduction

Tinakeaping has historically evolved with
astromatry; a.g. the rotatlon of the earth, tha orbit
of the aarth around the sun or thae moon acound the
garth hava bean fundamental pendula for time keeping.
Az atomic clocks vore shown to be more accurate and
stable than those based on astrometry, tha second was
redafined.{1) It now sacas that an astronoaical
phenosenen (2] may rival the bast atomic clocks
currently opaerating. The current best estimate of
the perfod of the millisecond pulsar (PSR 1937421) is
1.557 806 451 698 38 ns 20.05 fs as of 6 October 1983
at 2216 UT.[3] This accuracy is such that ve could
wait over 100 years betwean measuresmants of the
arrival times of signals from the pulsar before being
concerned with vhich pulse we vare counting. The
period durlvntivc has been measured as P = (1.051953
+ 0.000008) x 10-1? seconds per second which is
3.31687 parts in 10°% par year. This frequency drift
is less than that of a typical rubidiun frequency
standard and greater than that of a typical cesium
frequency standard. However, in the case of the
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ta gacvnd durlestive af the paried haz bean
abzarved.[4) The vory stavdy xlewing devn of tha
pulsar ia believed to be cauzed by the pulaar

sadiat ing emlectromagnetic am) gravitational wavaa.ih)

Tima conpatigena on the ssllisccand pulsar aguire
tha kst 6f mesinrement syatens and sctrology
tuchinlques.  This pulzar ix estinstad Lo be abewt
12,000 to 15,000 light years awvay. Taa baaic
alusanty In the massunresaent link huetweon the
aillizacend pulsar and the atesie clogk are the
disparsion and seintillstion dua to the Interxtallar
sadiun, the computation of the epheswrias of the sarih
In barycantrlc rordinates, the relativistic
transformationa bacause of the dynasics and
gravitational potontials of thy ateste clocks
fnvolved with raspect to the refacancs frame of
Intarxtallar spaca, the sensitivity of the Atucibo
Obzarvatory {A0) radle talugeope (areaa of 7),000 nl
or 18 acrer), thy accuracy of tha Princeton-installad
seysuresant yaten, tha filter bank and data
procuasing tachniques for datermining the arcival
tina of tha pulaax, the transfur of time from the
Arecibo Obaarvatory atomic clock to the Uime from the
intarnational timing canturs, and, last the
algorithas for combining the clocks in the world
anzenble o provide the atomie clock refarence.

New Hoasurement Teehniques

Since tha discovery of the millizecond pulsar by
Backar and Kulkarni {2) (14 November 1982), savaral
vary aignificant improvenanta in the ability to
paasgure tha pulsar have ocsurrad. Figure 1 iz a
atabilizy plot of the residuals ovar thae lirel two
years after all the then-known perturbations wera
ramoved. Tha stability is charactarized by a )/f
phase modulation (M) spactral density. The standard
daviation of tha timg residuals over the first two
years wax 998 nx. In tho fall of 1984 tha group at
Princaton installed a new data acquisition system 1n
conjunction with the filter bank for batter
datarnination of tha arrival tima of the pulses.
Nearly simultancously NBS in cooperation with AO
installed a GPS comson-view recaiver for the link
between the Aracibo clock and i carnatiunal timing
centers. Thae white P nolse of the ¢PS cormon-view
link is loss than 10 ns.

The data from the pulsar included measurements made
al both 1.4 CH= and 2.38 GHz.{3) The data were
unequally spaced with the average sample period
varying betwacn about 3 and 20 days depending upon
the data segment. Figure 2 and Figure 3 are plots of
the raw residuals over the period from the Fall of
1984 to February 1987. Since the data were unequally
spaced we analyzed the data in two ways. First,
taking the numbers as a simple time series they were
analyzed as if they were equally spaced witn the
assumed spacing 1, equal to the average spacing
between tha data points. Secend, we used the actual
number of points available, but linearly interpolated
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Flpure 1. A plot of tha squaresroat of tha modiffes allan varianes, E,(r) as
a funetion of integration time, ¢, for the firat tvo years of measurementa of
the nilliseeond pulsar cinming. Loran € was the time transfer means to rolate
ro UTC(USRO).
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Figure 2. A plot of the residuals of the measurements of the millisecond
pulsar time at 1.4 GHz versus UTC(NBS) via the GPS common-view time cransfer
technique and after installation of the upgraded Princeton measurement system.
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Fir vre 3. A plot of tha residualz of the meazuraments of the milllsccond
pulnay time at 2.36 Gllz versus UTG(NDS) via the GPS common-view tiee cransfor

technique and aftar fnstallaclon of the upgraded Princeton measurement aysten,
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Figure 4. A plot of the squire-root ol the modified Allan variance, éy(r) as

a function of integration tite, r, for the 1.4 GHz data shown in Figure 2.
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a data value botwvaen adjacent actual values to
construct an equally apaced data set. The latter
approzch had tha affact of decreasing tho amplitude
of tha highez frequancy Yourler components and
fncroasing tha amplituda of the lover fraquency
Fouriar components. The conclusions dravn from tha
tvo different mathods of analysis vere consistent.
Sinca it is tha natura of vhite nolse (randem
ancorrelatad daviatlons) that a neasuremant is
independent of the Jdata spacing. and the sodified
Allan vaclanca fndicated white PH, then that
indication i3 & necessacry but not gufficient teat to
prova that the peazurenent nolsa iz white IH. On tha
othgy hand, if Hod.o (t) ® 0y(t) doen not behave as
T zhen this iz Z nacessary and sufficlant test
that the spectrus i3 somathing othar than a vhite
neise process. Ax will be shown lataer, the lattax
situation i3 applicable to our caza.

fulsar Seability Analvals

Flgure 4 ahows the {ractlonal {requency
stability plot oy(s), for the 1.4 Gilz data against
UTC(NBS). Thara are savaral aignificant differences
batwaan thesa data and thosa taken over tha filrst tw
yaars using Loran C. First, the spectral densiry has
changed from a 1/f ¥4 to a pore nearly white I
process. Sacond, tha nolsze levsl has been reduced
significantly. A major part of this reduction ix
undoubtedly dua to tha nev Princaton waaguresant
systes inatalled in tha Fall of 1984, For the
shortar integration times the lavel now ik a white MY
at 17 ns. A vhite nolse procass, if it iz normally
diatributad, can ba totally charactarized by the maan
and the standard daviation. The xtandard duviation
is given by tha equation,

RV

*ralte) * L

s 6)4(‘)0 (1)

Yor any 1, for an avurage data spacing g and for the
vhite noise I casa. For power law spectra, Sy(f) =
8, a process with a less than or equal to +1 din
have a standard daviation of timo rosiduals which ia
pon-convargent. lence, the standard daviation is not
a good measure of thasa processes but only of a white
nolse P process. If tha standard daviation is used
in the case o § + 1 then fts value is data length
dapendent. In fact, the ratlo of tha classical
varlanca to the square of tha vhita PH level
(equation 1) is a gowd measure of tha divargence of a
procass; if tha ratio is not 1, the process is not
white.{6,7) Thaere is an apparent flattening in the
stabllity plot shown in Figure 4 for the longer
integration times. This will bo discussed in dotall
later, but that {lattening indicates tha. the
residuals are not random and uncorrulated (white
noisei. The standard deviation of the rasiduals
around a linear regression for the data in Figure 2
is 38% ns over the 865 days. The ratio of the
classical variance to the squared white PH level is
1.44 & 0.17, uhich clearly indicates that the
residuals are not white noise.

Figure 5 shows the same frequency stability
measurement at 2.38 GHz. The noise level is
nominally modeled by 325 ns of white PH. Some
flattening for the longer integration times can be

saan- -sinilacr to Pigura 4. Tha standard deviation of
tha residuals acound a linear regrossion on the data
in Figura 3 wvas 378 ns for the 865 dayx. Again {2 is
apparent that tha residuals are not random and
uncorralated as tha ratfo of tha classjcal varlance
to tha squarad vhite TH lavel ix now 1.42 2 0.17.

The stability plots {n Figures & and 5 are quita
sinllac.

Since the xtability of UTC(NDS) can ba detarmined
fudependantly of this measurement procadurs, 3 very
cacvaful analysis of tha data takan ovar 1000 days
sovering tha pulsar analysis perliod waz parformud.
Tha atability of UTC(NBS) with coordination entrias
xanoved -- danoted AT} -- was comparad in an “H-
cornaced-hat"{7) procodure againat othar primary
tining contara. Thix vas sccomplighed using the
Inturnational NNS/GPS cormon-view tachniqua, vhich
aupplies data to tha BIH for the genevatlion of
International Atomle Tima (TAI).{7) Tha paasurement
nolse for all of the time comparisons vax lass than
10 n3 for the white noise IM. Figura 6 shows a plet
of the estimated {requency stability for tha KBS ATI
tira acala and lndlcatuf thzt tha atability of AT] ia
typieally less than 10714,

Tue following tvwo equations are proposed as a modal
of tha tina raesziduals for the systanm,

Xy = Xp = ¥py - Xas (2)
X2 » Xp = Xp2 = %), vhere ¢}
¥y 12 the rezldual Uma serles at 1.4 Clis,

X2 1% the rasidual time series at 2,38 Glig,

Xp 13 the pulsar nolse,

X5 i3 the UTC(NBS) noisa,

¥py Is the dalay variation betwean Xp and X, at
1.4 Gliz, and

Xpz Is the delay variation batwaen Xp and X, at
2,38 Gilz.

On a glven day Xp and X, are assused to ba the same
in the two equations bacause of tha high Q of the
pulsar and the measured dispacsion of the atomic
¢lock ovar tho two hour pariod during which the
pulsar {2 measured at tha tvo frequencies. Taking
the varlance of tha differenca between Equations 2
and 3 allows us to study delay variation effocts
between the two signals:

X2 = X) = Xpy - ¥p2- (%)

Figures 7 and 8 are plots of the timo residuals and
of 0,(1) respactively for the difference given by Eq.
A, §or Figure 8 the input data vere equally 7gnccd
to obtain better spectral estimates. The U2
behavior yields a randon walk of the dispersion
(white nolse frequency modulation, FH), vhich would
accumulate to a level of one microsecond at an
integration time of about 2/3 year. Figure 8
demonstrates that the dispersion delay was not
constant {3).

A differential delay of 1/2 nicrosecond over
fifteen thousand light years is 1 part in 1018,
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Figure 5. A plot of the square root of the modifled Allan variame, v, lr) az E
a funecion of integration time, r, for the 2.)8 cilz data xhoun In Ylgure ).
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Figure 6. An estimate of the scabilicy of UTC(NBS) with coordination
correccions subtracted. The reference used for the estimate was an optimua !
wolghted set of times from all of the international timing centers availabile
via the GPS common-view techniqua. The NBS algorithm used for this
cozputation i{s an effort to generate a world’'s "best clock™ as future
reference for the millisecond pulsar measurcments.,
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Flgure 2. A plot of the difforence hetwean the 1.4 and the 2.8 Giz dara

shown In Flgures * and ). Thiz {llustrates the apparent randem valk of the
rotal electron content in tha interatellar medius
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function of integration time, r, in order to estimate the speccrnl type and
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A plot of the square-root of the Allan variance, o,(r) as a

level of the differential delay variations between the 1.4 GHz and 2.38 Giz

signals received from the pulsar.

noise P4 (frequency modulation).

The r"!/2 line shown conforms with a random
walk, £°2, spectrun of the phase modulation (PH), which it the same as vhite
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Figure 9. A plot of the reslduals aftar cozpensation for the variatlons In
the differenctial delay disperaton -« apparantly due to the randos walk of the
total electron content along the path through the interarellar medius,

HILLISECOND PULSHR PSR 4937424 = UTC(NBS)
LOG HCD SIGy(TRU) S 15988 -46042 ¢

-13

-12

369 ns

5N

s 6 7 8
LOG TAU (Seconds)

Figure 10. A plot of the square-root of the modiffed Allan variance, 5,(r) as
a function of integration time, r. The residuals analyzed here have been
corrected to compensate for the delay due to the varlations fn total e‘ectron
content along the path from the pulsar. The residuals sppear to be weil
modeled by white noise PH at a level of about 36 ns as Indicated by the line
drawn through the frequency stability values.
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suggasting that va aza dealing vith a very good
vacuus and that apparently the varlationz in the
total electron content across tha Intarstallar mediun
can ba charactarized ax a random wvalk procass for
this partlcular path and at integration times of the
ordar of a month and longer. Sinca this 13 the flest
indlcation of its kind, furthar satudy of other paths
would be of {ntaerest.

Tha nuxt loglcal step 12 to use tha differantial
diaparalon delay froa (4) as a eallbrator, Whan thin
18 dona tha combinad rasiduala are plotted in Figure
9 and tha frequancy stability is plottad in Figurs
10.  The whita M lavel is nov 369 n3 and the
standacd daviation is 371 na for the 836 daya cozsen
to bdoth frequeanles. The ratio of tha clazsleal
varjance to tha xquared vhite ' laval is nov 1.01
indicating that the vhite I model fx a good ona.
Even though it fits the nodal well, tha lowest -15
frequency atabllity value (1262 dayz) of $.5z10
is probably biazed lov due to fitting tha parasmatars
in daternining the ephenaris of tha varth. In order
to estinata tha atabllity of tha pulzar alona, the
threa-cornar-hat tachnique vas employed { 7 J; the
othar tva cornars vara TAL and ATl. The beazt
atabidity nstlaatf for the pulsaz vas JGu(t « )4
days) = 1.4 x 10°14, wuhich ix consistent vith a vhite
I lavel ef 205 ni.

OYsarvation of Corralations

Thare is evidanca of anti-corralation batwveen
the variations of X; and X2 as can be seen by visual
{nxpaction of Figuras 2 and 3. Wa can atudy the
croxs-corralation batween tha aignalas by taking a
modifiad Allan variance of Equation 4, zalving for
tha croax term and pormalizing it

: w 02 (1) - 20 + 02 (1) (5)
°%>‘z -yt oy, 1) °¥x72(‘) Oy

o, . (%)
i ¥i¥2
alz) = ._____L.——- . (6)

oy‘(t) ' gz(x)

Equations 5 and 6 can, of coursa, ba written in torms
of 0,{x) as vell. The advantaga of thix cross-
corritlation analysis approach s that it acts like a
high-pass filter with maximua sensitivity at Fourier
fraquancies centerad arn 1/2t; 1.6. 1f thara are low
frequency components or drifts batwaen the signals
baing cross-correlated thase ara attenuated. Bocause
of the apparent randoa walk of tha frec clectrons in
the interstallar medius, this approach was useful.

In addition the Oy(t) optinally averagas tha phase if
tha measurement nolse is white PH, vhich is also our
casa.

Plotting p(t) versus t in Figure 1] shows a very
interesting positive cross-correlation coefficient of
0.7 at t = G0 days. Then the coefficlient goes
negative for the largor values of t. The negative
coafficicnt is beliaved to be processing noise and is
due to taking a nominal mcan value of the dispersion
botween the two channels which are random walking

uvith rospect to cach othar as vell; hence it appeara
that one rotacds ax the othar advances.

Tha causts of tha yoaltive cross-corralstjon 4
coafflciont i3 not known othar than {2 ia svaithing
cosmon to tha tvo channula. This could tnclude
haratofora unknown parturbations in. the atonic tisg
rafarence, tha ephenaris for the earth, tha
coordinato or relativistie transformations, dalayz in
the interstellar sedium, the pulaar ot gravity wave
radiation.

In ordar to hattur undaratand tha wourca of thasa
utikniown parturbations the vhole precass vas sisulatod
Including the azsumad vhite TH peazuccoent noise,
tha randoa valk of the frea alectrons in the °
intaratellar sediua and a band of alnevaves of about :
tha right pariod and aaplitude to produce the effuct
shoun In Figure 11, Figura 12 i3 tha rasult of tha
sieulation.

S U

Anaiyalng the band of sinavaves with J,(t) yields a
value of 3,0t » 60 days) - 10°33,  Figurd 6 suggeats
that UTC(NKS) is not tha cause of the unknown :
parturbations aven though It 1x about a factor of 2 i
or ) leas stable than ATl bacauze of tha coordinatien ;
corrections.

Soma of the uxparts [8) in solar systen dynanics
baliave that there are not slssodaling arrors at
Fou;iar components of about ) cycles par year (f «
1077 H2) that vould have an amplituda of the order of
50 motera. The alxmodaling errora of the disparsion
dalay are baliaved to ba below this lavel, and the
varfations due Lo interatellay acintillations are
balieved Lo ba below the 10 lavel, though tha
disparzion delay and Interateilar acintillationa need
pora study.

There are no known transformation urrors of ths
zlze neadad to axplain the unknown perturbations
{9 }, xo that leavax either the pulsar or gravity
vave radiation as tha probabla causa. DNeciding vhieh
will be incredibly difficult. If it iz the pulxar,
poasible causas could ba: star quakes, as are
apparent with othar pulsara, lrregular magnatie drag,
a systes of planats or a planul orbiting the pulsar.

I7 gravity vave radiation {s the causa, §t can ba
due to the radiation sweuping over the aarth or ovar
tha pulsar causing tho apparent relative clock rates
to {luc.uata. In ordar to distinguish this from
other causes ona or more pulsars will probably be
neadad. Furtungtely, two mora millisecond pulsars
ara coain; up to the horizon, and the stability of
PSK 1855409 is encouraging; it has a perioed of 5.362
100 452 553 ns & (9 {s.

If corrcelated varlatlons now being obsazved ara due
to d.stance modulation betwaen earth atomic clocks
and PSR 1937421, they have an amplitude of about §
parts in 10°7. The calculated lavels of the cosmic
strings and primordial nucleosyithesis gravitaricnal
radiation are in the same vicinity as these unknown
pu:turballog7 being measured for Fourier frequencies
of ahout 10 "Hz {{y). Lower frequencies, even though
theoretically more intense, are more difficult to
neasure because of the fitting parameters in
deternmining the cphemeris of the carth. e.,. the cna
cycle per year and two cycle per year terms are not
expected {n the residuals because of the annual
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Flpure 11. A plot of a cross-correlacion coefficient, as defined In aquarion
(6). as a f{unetion of lotegration time, r. The positive croza-correlation of
0.7 at v » 60 days correaponds to some unknoun {nstabllitles In the over all
ncaaircaenrs with Four{er components {n the vlelnlty of three eyelon per wear
(10 ° Ha).
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Figure 12. A plot of & cross-correlation coefficient, as defined in equation
(6), as a function of integration time, r for simu:lated data.
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closura and o remove the effecta of pacraliax,
respectively.

Canelusion

Thare are sosa obvious next atepa for improvesents in
this exciting area of matrology. Work iz In prograss
at Princaton uhich should decrease the maasuresent
noise and savaral major timing centars ara vorking to
fmpeoving the parforsanca of atomic clocks. The BIR
and tha NAS have made significant progresa in
conbining tha bast clocks in the world in an optinua
vaightad algoritles to creata tha varld's “bast clock"
aa a raference. Furthar studies on podals for the
interstallac diaparaton and ita effect on stability
of paszuremanta ara nugded. Another impestant
objectiva is to find another pulsar In a replen of
gpace providing some octhogonality and with adequaty
stability. This would offar improved opportunity for
dataecion of background gravity vava radiatlon. PSR
1855409 holds mosa proalsa. Progress en primacy
rafarance atonmic clocka which might provide a batter
earth-bound rafsrence 18 golng vall. Theds clocks
have improved an erdar of magnitude avary zaven years
ainca thaly intraduction in 1949 and va e no reason
to balieve that this trend vill not continue.(11) A
marcury lon standard with & tranaition in the optical
raglon of the spectrus ahoun thecre!écal proaise for
long-term atability of 1 part in 1018, though it will
probably be saveral dacadas before thia patential
accuracy is realized.[12) CGucrently the msllisecond
pulsar PSR 1937421 I8 proving to ba a vary valuable
teol in evalnuating long tern lnstablilitiez in tha
Wit tire seales 'n tha vorld.
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Summary

A Hercury-199 trapped fon frequency standard buflt
by Hewlett-Packard Laboratories has been {n almost
continuous operation at the U.S. Haval Observatory in
washlngton. 0.C. since installation in July, 1986,
Brief f{nterruptions in otherwise satisfactory oparation
resulted from a fow clectronic malfunclions ang froa
fatlures of the AC ling supply to the f{astrument. It
w3s nRCessary to replace thn Marcury discharge lamp ang
the photoewitiplier tube afier aboul 6 months of opara-
tien. In thiz paper wo dasiribe an extended series of
frequency comparisons bLetween the Hersury standacd and
ond of the Hydrogen Haser components of UTC(USHO). The
results of the maasurements have allowed us to obsorve
the instrument's characteristics, and to assess the
potential of such 3 trapped-fon standaed In practical
13boratory use,

Introduct fon

A trapped Hercury 199 lon Frequency Standary
completed at the Hewlatt-Packard Physics Laboratories
fn  Palo Alta w3s installed at the U.5, Mavdl
Observatory (USHO) in Washington, 0.C., in July 1986.
It h3s been In adar continuous operation at this
location since that date. A seccond, improved unil was
dalivered to the USHO in HMay 1937,

These prototype units perform well ang a long
series of frequency mpasurements has been made which
3llows some proliminary conclusions about the perfor-
mance potential of this type of device in practical
laboratory use. This paper describes briefly the
datafls of design and operalion and gives an overview
of the dgata collected up to now.  The operational
experfence will be summarized ang the potential of the
device for Limekeeping applications discussed.

Principles of Uesign ang Operationa) Detafls

Trap Systes:

The principles of froquency standards using fon
trapping are now well understood (1, 2). We will
doscribe here only the particular festures of the
prototypes delivered to the USKO and used in the
teasurenents being discussed.

T Ltrep system for our prototypes was developed
from Lhe dpparatus used for the exploralory experiments
described elsewhere (3, 4). The vacuum system has been
improved and all potentially ferromagactic parts re-
moved from the proximity of the trap., The use of 3
three-layer magnetic shield allows us to work at @
field of 100 nl. lsotopic Mercury 199 is provided by
contfnuous thermal dissociation of the isotopically
enriched Oxide, and the correct pressure of Helium (1E-
% Torr) background gas is obtained from a pyrex leak.
The trap is filled by generating ions with short pulses
from an clectron-gun. WNe have found that it is essen-
tial to maintain @ very clean vacuum system. The tem-
peratures of the trap structure and the innermost
shield are regulated to about 0.01° C. The intrinsic
hyperfine linewidth has been shown to be much smaller
than 0.1 Hz.

"US COYERNMENT WORK IS KOT PROTECTED BY US ~OPYRIGHT®

20392-5100
Contral of the Secana Order Doppler Shift

It is well known that
standard the fon macromotion enecrgy must be coa-
trolled. As described in a pravious publication (5),
viscous cooling by a low pressure of Heliua gas was
used in this work. The effectiveness of this technique
wds shown by analysis of the thermal Ooppler sidabands
of the hyperfing Yine (6).

fn & wuseful frequency

Once the macromation temperature has beea suffi-
ciently reduced, the {on behavior can be described in
teras of 3 “Cold len Cloud” mogel fn which the trapping
pseudopotent{al s strongly modiffed by the fon spaca~
Charge. The characteristic temperature below which
this appruximation is useful {5 given for spharicsl
potential walls by

T e 0.436 %3

whare N i5 the number of fons in the cloud, and Lhe
single-fon macromotion frequency fs 50kHz.  Under the
conditions used, N » 2.0x10°G, ang T = 600D K. Since
etdsuremdnts indicale thal the macromotion temperature
fs aboutl 560 X, the cold-cloud opproximatfon s
Justified.

In the celd-cloud approximation it has been shown
elsewhere (4) that the aumber of lons In the trap, and
the single-fon micromution frequency must be zarefully
regulated to ensure a given level of frequency stabil-
ity. In the frequency standard discussed here, both of
these paramaters are measured on-line, and continuously
controlled by feedback loops. For analytical conven-
fence, the shape of the fon cloud is chosen to be as
close to spherical as possible.

Principles of Operation
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A simplified Dblock diagram of the frequency
standard s given in Figure 1. A pulsed mode operation
fs employod with a cycle time of 2.55. At the stort of
the cycle, the fon cloud population §s “topped-up” by
pulsing the electron-gun, and the inftial population
distribution is attained by optical pumping,  The
microwave interrogaticn signal is then brought to 2
position on one side of the resonance line, and the
purping lamp is turncd off to avoid light-shift. After
1.0s, the microwave frequency is moved off the line,
angd the pumping lamp fs turncd on. The photon counter
fs then actisated for 0.55, and the fon populatfon and
frequency measured.  This cycle is then repeated on the
other side of the resonance line. The frequency error
is estimated from successive photen counts on alter-
ndting sides of the resonance line by a digital filter
?lgo;ithm which rejects drift in the background 1ight

evel.

The mede of operation used for the medsurements t.
be described is known as the “Synthesizer-Hull” mode.
In this mode, the hyperfine frequency of the Mercury-
199 ion resonance is measured in terms of the external
reference source by digitally programning the
millimeter-wave synthesfzer to drive the average output
signal from the atomic discriminator to zero. When the
external reference is a Hydrogen Maser, the lowest




possible level of fraquency naise s obtained because
noise from the flywheal oscilistor fs not significent.

The processor handles the prisary dtgital foodback
loep, regulsiion of the trapping parameters, house-
Laeping Lasks, and serfal output of avoraged data.
System paramoters may ba interrogated or chanjed a3
reguired from the agyseard during normal operation.
the output of the st«ndsrd in Synthesizer Mull consists
of nuserical dats corrcaponding to frequency =tasurg-
monts averaged over ceatiguous blocks of 1280,

Ratianale for the chulcn of ceasurencnt set-up

The estization of performgace Vioite for a derice
which has  been daestgned for  superior  long-témm
froquency stability fs not 3 trivigl affatr.  The
eaintenance of a3 nanign on cnvironment as possible for
unintercupted periods of eeny exotny 13 3 well known
practical probles. Horeover, 18 was our intent to wse
the new stondard a3 such a3 passible in the present
opvrational environaent of the USHD easter clok
cosplex Lo cbtatn practical espérience In long-term
taboratory ose of tha new slandsrd. For these reasons
3 mode of operatlon was selecied which would allow
long-tera ovaraging, as «2l1 43 tha oonitoring of
critical systea paramiters (which requires the ase of
the “monitor m0de” fn which fregquency eeasureednts
canngt be asde). It was, therefore, doctded Lo operate
the gnit continuously, but in two alternating modes.

Froa 1308 Ut to 1300 uT ¢a the folloxing day we
s3e the Syathesizerefiull mode ddscribed above.  For
this purpose the 5 KL output from Hydrogen Haser Nr.
19 s used a3 phase referencd for the quart oscilater
which iz Interngl to the M9 device. This phase logk
is one of the possible modes of operation, By aperat-
ing the Hge standard In the “Syathesizer Null® mode we
effectively aQasure the external froqueacy in terms of
tne W9+ resonancd.  Coomdnsurate with the stability of
this aateradl signal, averaging over long periods wil)
produce oganinyful peeformange statisitecs. Of greatest
interest, of course, i35 the level of the “flicker
floor™ of the Jovice. For the cyCle tima chosen (2.5%)
the hyperfine resonance 1ind has an effective width of
850 miz,  Wa average 512 of these 2.5 cyclas and ¢ach
of the 1280 second averages s reported to ond of the
USHD data acquisiticn systezs for serminent rocording,

87 vsieg the operationdl Maser as a3 reference
fnsteay of the internd) quartz crystal in the conven-
tional wdy, we gain certdin advantages and fncur one
slight disadvantaga; the disadvantage bein) we have (o
gorrect our 3¢ easuremnts for the dafly synthesizer
chanjes in the PASER, adjustoeats which keep the PASER
approxinately on extrapolated UTC(USNO). The advan-
tages are that during any one day, an extres=zly stable
source {s available for averaging the Hge measure-
ments,  Tafs allews a good statistical performance
evaludtion not only in respact to the MASER but also in
rospect to UTE(USNO). There fs no neod to take into
account any contributions from the intersdl quert2
crystal oscillator. At 1200 UT a FASZR synthesizer
step may ogcur, if necessary, and the unit {. then
cperated for cne hour in the monitor mude for the
neasurenent of signal and background photoa counts and
for other parameters. No froguency oeasurement fis,
therefore, befny made during the time when a synthe-
siﬁr step myy occur (and for a full hour after that as
well).

Figure 2 shows the arrangement of the three major
components involved in the myjority of our measure-
ments. Two VLG-11 Hydrogen MASERS are phaselocked one
to the other and are kept to within 10ps rms as
measured at 1200 MHz. This is done so that at any sign
of trouble, or for adjustments and repairs, we can
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snitch to the »tandd, HASER w~ithout noticeanle impact
on the Haster Clock timing. The controller, an
HP99158, reports 331 synthesfzer settings to one of the
data acquisition systems for recording. This allows a
reduction of 211 readings to the free running MASERS.
The lead HASER, presently H19, recefves s synthesfzae
sctifngs once gper dJay (st 1200 UT) from the data
acquiaition systom which computes the pr liminary time
scale on the basis of the 24 Cesfum clock ensesdle.

Moasureovnts

Table 1 {5 an example for park of a sequeace of
the 2] alnute =asurdesnts. The values glven are in
Hert: and ropresent the excess of the fon resonance
Hno froquancy from the noainpel 40.50734800H: of the
synthesizer, A good indfcation of the rangomness of
the data i3 the eutocorrelation function which s
comuted for the first 16 delays. As can be saen in
this typleal example, the successive readings are
randon within the resowtion of the measurements., The
Tast digit of the readings represcuts units of 100
afcectis ot 40.56H2 or roughly 2.5 parls In ten to the
fifteen (2.56-15). The standard deviatfon of the 21
ainute overages s «ithia )5 and 70 E-15, stroagly
cerrelated «ith the signal-to-noise ratio. This
changes over the perfod of several manths a3 Lhe
mircury lomp agas. Al this {ime the standard i3 beln
operated wall beyand the normal life of the lem (
nonth;l and the aarfance of the 21 alnule measuremnts
fs still growiny slawly. As long as the data are
randomly ofstributed, averaging over & day showld
produce corresponding datly frequancy seasurements with
standard deviations of betwcen 4 and GE-15. This scems
indeed to ba the case a3 we can sed below.

QATE RERIZ
6373.228 -3.2033
6373.312 -3.2838
832 -l.282
§373.342 -3.2852
6873.397 -3.2819
$873.312 -3.282%
6873.386 -3.2836
€373.401 -3.2817
632).416 -3.2843
£373.431 -3.28n
6873.436 -3.2833
£373.460 -3.2836
$823.475 -3.2849
6373.490 -3.26855

MAX - MIN » 82, -32842 « MEDIAN, SKENNESS ¢ -.2)
SIGYA . 19 -32843 « AVERAGE, 64 RUNS ({units in 100 H2)

AUTGCGRRELATION(DEL) =

Delay
{units 1280s)
0 1.000
1 -.017
2 -.011
3 077
4 =117
5 -.027
6 -.091
7 -.114
8 -.084
9 -.165
10 .046
11 022
12 191
13 -.063
14 -.160

RRERTAI
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Table t
Part of tha Dafly Frequency Measurements

.050
'0087

For averaging times greater than one day, our
measureadnts have {3 rely wpon the long-term perfor-
manze of the two MASERS, the USHD prelininary and fina)
time scales based on the 24 Cesium clock ensceble, and
the OIH Circylar O values for UTC(USHO) which {5, on
the average, very closely realized by Haster Clock
§2.  An essentia) questlon s, therafore, to what
degree the HASER drift stays constant. A good perfor-
mance astimate can be ootalned for ihe two VAG-11's
froa thatr differeace. This {s shown in Figure 3. For
the sa=e perfod, the MASER frequencles are plotted in
teras of the Bge standard for MIB (Figura 4} and H19

Figure 5), The assuzation of linmgirity of the drift
s Justifles, alvait only for an cnvironsentally
unidisturbed perfvd such as the one showt.  Over the
Tast 150 days tha drift of ¥19, e.g., has stayed within
§.g %ad 3.38-15 33 given in the columa 4 fits of Tadle
elow.

Fram the resfdusls of the lingar fiiz, whigh
rémove this systesmatic drift, a “threg-cornered hat®
rosplution of the individud)  varfances can  be
obtainagd, Table 2 suemdrizes the results whieh
reprasent estimates (that agree very well with other-
wize obtained estinates) for integration timas of one
doy. Tne systematfc “absolute™ drift of tha device
fLself ewst be estiasted in referonce to the existing
leboratory frequancy stondards.  This can be dong via
the BIM with sooa caut ‘on becsuse of the possibility of
3 s=311 annual perfod a that scale. The nddsureminls
of the praliminary UTC{USKO) have turaed cut to be of
Mttle valug during the perfod available bacause of
g;gcs:ive low frequency nolse.  This s explaingd

2low.

Hye = HI8  Raslgeals ...
NI8 - H19 PResiduals
"‘J‘ - "‘9 EQS“’UO‘S tees

This triad resolved gives for

MY veveeee 1.GE-15
HIB ....... 3.BE-15
ng cadnane 20‘5-‘5

Tota) nusber of observations:
(K0 46818 - 406933)

Table 2

115 days

The better performance of HI9 can in part be
explained by the fact that fts vacuuam pump was equipped
with new Titanfum plates in late 1986, wherdas H18 ix
still opersting on its origindl plates (it was
delivered to the USNU in Septemder 1983).  The phase
locking of M8 adds noise, too. But this contributien
fs only 3 few E-16 for a one day fintegraticn time,
However, both units perform exceedingly well, This has
been very fortunate because dee to some rearranying of
laboratory spaces in preparation for new cquipament,
most of the Cesiums hag to be concentrated in only
three clock vaults during the last 9 months. As
result of this rearrangement and various environmental
problems the Cesjum time-scale has suffered several
noticeable rate changes, and has performed unusually
poorly during the period under discussion, This is
obvious from Table 3 which gives daily measarements of
the Mercury standard with respect to the uncorrected
frequency of MASER M19 (Column 4), the adjustments made
to the frequency of M19 on the bssis of the Cesium
scale (Column 3), and the actual rate of the Mercury
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frequency standard with respect to the corrected Master
Clock (Column 2).

HGe FREQUENCY SUMMARY:

OATE/HID  NGe-M1O SYNTI/HI9 COL2-COL3 N SIG CHI DIFF
ADJUSTO HGe-FREE
HASER #19
DAYS E-15 E-15 £-1% E-15 £-15
6595.900 1190141 1139918 206 63 % 1.0 -10
6896.000 1190125 118995 190 62 5 1.0 -6
6897.000 119013+ 1159935 199 6 48 9 9
6893.000 319013% 1189933 199 6] 43 1.4 -0
6399.000 1190113 189928 185 63 51 1.1 -1)
6300.020 1190097 1189921 176 63 % 9 -9
6901.000 1190121 1189921 200 63 5 9 &
6202.000 1190113 11389928 185 63 58 .9 -1§
6903.000 1190112 1189935 127 6 4 1.1 -8
£7204.000 1190106 1189942 16 63 5% 1.1 -12
£905.000 1150113 1189949 184 63 63 .9 -0
6706.000 1190135 1189956 179 63 56 1.0 15
6907.000 1190130 1189963 167 63 53 1.0 -12
6903.000 1190140 1189900 170 6 66 .9 3
6909.000 1190135 11899N7 159 63 63 1.0 -1
€910.000 1150154 1189984 170 63 43 1.2 1
1,000 1190143 1169991 192 63 58 1.0 -18
§912.000 1190159 1185993 161 63 60 9 10
6913.000 1190152 1189993 184 63 5 1.0 -8
6214.000 1190154 1189998 156 63 & 8 3
6915.000 1190154 1190005 149 63 64 1.1 =2
6916.000 1190153 1190005 149 63 5 1.0 -0
6917.000 1390152 1189993 154 63 62 1.1 S
6918.000 1190152 1199005 1497 63 66 1.2 -8
£919.000 119014% 1190012 12 63 N .l -4
69¢0.000 1190156 1190019 i} 63 69 1.1 5
6921.000 1190152 1190026 126 6y & .9 -1
6222.000 1390133 1190026 122 63 1 .9 -4
6923.000 1190155 1180033 122 63 70 8 0
6924.000 1190165 1190040 125 63 65 1.1 3
£925.000 1190153 119003 120 6 57 1.1 -5
6926.000 1190141 1190026 115 63 N 1.0 -5
6927.000 1190146 1150003 13 63 6 1.0 -2
6923.0600 1190117 1190026 2n 63 53 1.2 -22
6929.000 1190132 1190003 9 52 66 1.0 1
LINEAR FIT OF COLUMN 4 = F - fF
Hg K19
REF.DAIE PRED.YALUE SLOPE RMS N REJECTED ALLANDIF
Ho* E-15 E-15/0AY E-15 E-
6929.0 106.5 -2,83 1 35 0 7.48
LINEAR FITOF COLUMN 3 s F - F
M19 2
REF.DAYE  PRED.VALUE SLOPE BMS N REJECIED
H0* E-15 E-15/0AY E-15
6929.0 1190047.6 in 10 3% 0
LINEAR FIT OF COLUMM 2 = F - F
Hge e
REF.ODATE  PRED.VALUE SLOPE RMs N REJECTED
FADN E-15 E-15/DAY E-15
$929.0 1190154.1 .94 14 35 0
Table 3

It is interesting to note from the data in Table 3
that the rms residuals for the fit of the data in
Column 4 are equal to the “Allan Difference” from the
dafly differences in the last column of the table.
This suggests that after drift subtraction the data




over 3 perfod of 35 days are still randomly distrib-
uted, and can thus be usefully averzged over still
longer pertods, This 45 a most fmmortant result ang
suggests thet Mercury lon standards may be valeadle In
long-teen tioekeeptng opplications. As further support
for the abieace of flicker noise fn the ‘ats in Column
4, ue note that the resiguals for this 35-day pertod
are only slightly s=aller than those for the 115-day
period glven in Table 2.

Discussion

From the above data which eepresent typlead
exasples, we <an see that the sqasuresends ¢an be
considered white 1f the s=all constaat frequéncy deift
of the MASERs 15 subtracted. In fact, as {3 to b2
txpected, noa-white characteristics occur only 33 a
consequence of severe environsental problesms which
affect all of the standards used in the seasuremnts.
Wnile considershle attention has bean pald to protect-
fng the standards fros onvironsdntal disturbances,
sevaral severe fallures of environsenatal cuntrol did
occur during Deceshar 1986, Janudry 1987, and later,
The data presented above do nol inciuvde ihese periods
bacduse they are aot typical and were largely a
consequencd of the installation of ngw power $ystes
and othar equipszent. Howaver, one of the rore
f=portant lesson: of the initial operation i3 indeed
the extent of the environnlal sensitivitics of the
Hge device which ware initially lerger then expeled.
On the basis of the initia) aseasuremenls, we chinged
the shigld tesperature from 50° € to 40° C in Hovesder
1986. This caured & posttive froquency shift but mor
f=portantly, ft decreased 3 sl fraquoncy drift which
had been observed.  After about a moath, oparation
became very stadle without further interruptiicas and no
further {requency drifts could be detected. If that
should continue to be our experfencs with the Htge
{requency standard fn {ts prosent desiga, even =ithout
further f2arovesents, the lmpyct of the new device ¢n
long-term laboratory Ulsekeeping will be consider-
able. We can obtoln estimites of this by integrating
our frequénty sRasuréadnts as shown in Figure & for the
HASER difference and In Figure 7 for MY in terns of
lge. A random scatter in the dally frequenty oedsure-
eent of 7.6E-15 produces, of course, 3 randoa walk of
660ps from day-to-day which i3 larger than the free-
running MASERs (180ps for H19). Howover, given the
randomness, we €an average over several days and get 3
check on the MASER drift without degrading fts day-to-
day performance. At present performance levels, runs
of 14 days should accomplish this.

A check on the long-temn frequency dreift via
UTC(BIN) as reported in Circular O {3 shown in Figure
8. This coopares the integrated resdings of MCE2 in
terms of the Hge frequency standard with the BIH values
for the sene clock, If we divide the period into two
parts of 70 days each, then a long-term drift of the
Hp¢ device would have to be smaller than about 3E-17
per day to excape detection.  However, due to the
posstbility of a small scasonal term in the BIH scale,
we must consider this as very preliminary.

A second unit was recently delivered. Ho problems
were encountered in assembling that unit at the USHD
and it, too, is operating normally. Preliminary
measurements indicate that the difference in frequency
between the two standards i between one and two parts
in ten to the thirteen, with comparable noise level.
In view of the fact that the construction of the trap
in this unit is significantly different, and that
neither standard has been calibrated since installation
this performsnce is considered satisfactory.
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A fux interruptions oteurred ‘a our evaluatiea of
the first protolype. These wtre due to ‘nitfal proy-
Tess with the “uaintareuptible® power supplies used to
drive the {nstrement. In addition, several eleetronics
probless caused Interrypiions of a few days. Gar
eereury discharge 13 bad to be replaced after aboue
six manthy of wse ans the photoowitipiier tude wis
replazed for an intermitlent problea.  Tho second lasp
has now beén operating for 7 eonths,  Flgura 9 ghowe
the decay of ke photon coumy over the 13st 53 dayz.
The last @yy shown corrRiponds with gay N9 since
fnstallation of the new lawn.  The ducay of tha laep
cutpst 13 geadual 3nd 3 replacensnt €an conveniently by
plaaned L. sdvance. This cecyy of photen tounl can be
attributed to thrag thiags: (1) & devresse in Ya=p
output, (2] & cdcveaze In PMI sensitivity, and (3) &
datuaing of the AF. Wo beligve that reason 1 ¥5 the
praduainant ery But the exact cavse will be deteralngd
after the performance of the frequangy wtandard date-
riorates O an unaceeptable level.

Canclus fons

Overall, the expérignie with (he protoiypes has
neen 3stonishingly coos for 3 device based on 2atirgly
newe principles, As a resvit of our operaticaa) expar-
fence we have giscovered the need for soae s0sll getign
changes which 3hould take tary of the 3feremantionsd
afnor prodblems.  In summary, w2 cen statuy Lhat Lhe Mg
fraquency standard, quen in its prototypa configur-
atiea, has hecome 3 suparior indtrusent for ddvanced
laboratory ez, It will eytadligh an entirely nww
performasze standyrd in long-tera tisekeaping,
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JPL Trappad lon Frequency Standard Developasnt

J. D Prestsge. 6. 1 Blek, L Male-s
Jot Fropulsion laheratesy
California Instlture of Technology
aBUY Oak Grove Drive

SUMNARY

Ve rveport the firat clored-loop eperarion of the JIL
trapped lon frequency standard., NMereurvy 199 lens are
confined In an RF trap and sratesselected hy us- of
optical pusping wich 194 na UV lipght frem a 9%
discharge lamp. Absorption of mierovave radlarion at
the hyperfine frequency (4A0.5 ©ll2y fs algnaled by
atonle fluorescence of the UV light., The frequenvy of
a 40.5 Gliz oselllator {3z locked to a 1.6 Mz wide
atoaic abszorption 1line of cthe crapped lona.  The
measured Allan varlance of this loeked eseillator ia
currently gyhe) = Ahont 10130 for 20 » ¢ « Y0
seconds, whiech 18 betrer arablliry cthan the haznt
conngrefal cesiun astandards by aleost a facror of 2.
This flrst result was achieved withour mapgnetle
shielding and without regulation of len nusher. This
article deseribes detalls of this firar closed:lewp
operation.

ANTRODUGTION

Reconcly, there as been wuch aetivity roward the
development of rrapped lon frequency astandavds hecauxe
fona confined in an RF quadrupele lon trap are
subjected to very amall perturbations of thelr atusie
energy levels and weak forces whieh equallze anv
population differences among the pground state
hyperfine levels. Potencially, the largest source of
frequency {luetuation for <uch a standard stems from
the motlion of the atozs uwithin the trap via the secand
order doppler or raiaciviscic time dilavion effeer.
To mninimize cthis perzarbarion, heavy lons are
preferable to light fons aince for a plven energy a
heavy fon will have smaller va.ocity. For this ard
other reasons discussed later lr this paper, %% Mgt
fons have beou used for most trapped fon [reyuency
standard vork.

There are only two parameters needed to doscribe the
short-tersm stability of an atomle {requency standard.
One is the line Q {(=fsaf) where { {3 the resonamt
frequency of the relerence atem and af {s the width of
the atomic resonance. For %% g, f 1s 40.% Gliz and
af is as small as 0.1Hz, thus trapped fon standarde
have line Q's which are orders of magnitude higher
than other microwave atomic {requency standards The
othar parameter that deternmines stability Is the
signal-to-rolse ratlo (SKR) achlaeved in measuring the
atomic resonance. The short-term stability Is
invorsely proportional to the product of Q and ShR.

At present, four proups worldwide are developing
trapped Mgt lon clocks: Hewlett-Packard, Pale Alto,
Ca.;! National Bureau of Standards, Boulder, Co.;?
Universite Paris-Sud, Orsay, France;3 and JPL/NASA.
It should be noted that F.G, Major first proposed the
use of ctrapped !'°°Hg* fons as a frequency standard
while working for NASA at the Goddard Space Flipght
Center fn 1969.¢

JON TRAPPING

Ions can be confined to a region of space without
walls by a combination of electric and magnetic fields
appropriate to its mass and charge. The fields may be

CH2427-3/87/0000-020 $1.00C1987 IEEE
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ararie eloctrie and mapnetie o ac electrle The
ferser 1n used in dc ot ponning traps wh'le the latrer
{% uzed {u £f or Paul tvaps

rd

U, + v, cosai "y

0

Figure 1

Elrctrode structure and volrages us-d fn this work

&

The electrade atructure and timo-varving voltages L
the rf trap used fn thix wark (s shovn (o Flgure 1.
The eleetrie potencial Inside the treap wheu no fons
are prosent is
L LAY

LSS MEY(ed. padysed

vhere, for the prosent wark, u = {(Ja) %00kH:, vo-
WV, V. OBV, £ - r? e 22y, and v, = luside
radius of ring clectrade - 1.9 ¢n -\fi:,‘
A charged particle wseving tn the {nlicmcpenewus
osclllatory elecerie field of the fun trap foels a not
force (averaged ovvar one cvele uf 10 ruward the repion
of weaker field provided thie asplituds of its motion
at {requency 11 {s small compared with lts distance
from the center of the trap. The motlon under these
conditions Is a combination of a fast osclllation at
frequency 11 (micromotion) and a slower {requency w, as
shown in ZPigure 2. The action of the RF field in

trapping dons s described by the electric
pscudopotent{al enerpy.’
Voo o VW T(r¥ e and)/mudst
where m and e are the fon's mass and charge,
respectively. The DC potential enerpy,
bgc = el (r? - 2z¥)/4?
{s added to tho pseudopotential piving the total

potential energy for an fon in the trap,
$p = M2, Ir?/2 + mo 2?/2
where, W = 207V /024 4 2el, /mf?,

and w2 = 8e?V 1 m?0%EY - LoV, /mE?,

e
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One diwensional rotion for len
{n cozbinad RF and DC trapplng flelds

Under the conditions liated earller about 19 electren
volts of kinetle energy Is required for an 1%3lig? fon
at the trap center o reach one of the trapping
eleetrodes.

Our trap i{s inalde a vaeuus chacber av a pressure of
1.3 % 10°#% torr. My heating a powder of {soropleally
enriched merxcurie oxida (lgD) to abour 100 €, a vapor
of neutral '*Ms £ills the vacuua charber to aheut
10°% ctorr parctlal pressure. Electrons from a lab,
single cryatal filament are Injected into the trap

(» J0pA, 200V) fonixzing the neutral ¥*Mig.

The resulting lon cloud {s wmueh hotrer than tha roos
temperature neucral vapor In part because lonization
of the vapor takes place throughout the zrap. 1t has
been found experimentally that the average kinatic
enargy of the lons iz about 10% of the well depth.
The vesulting 26V of kinetle enerpy would produce a
fractional second ordar doppler shifc of abour 1973},
To reduce this shift the vacuunm system iz filled to
about 10°% torr of *Me. The Mg' lons collide with
thesa room temperature MHe atoms and are cooled to just
above room tesperature.

The magnetic structure of the ground state hyvper{iue
lovels of 1"%ig' s shown In Flg. 3. The energy
difference botween the (F = 0, n, = 0) and (F = 1, m,
~ 0) levels {s used to deline the standard frsquency,
approximately [+ = 40,507347997 Gliz. The measured
frequency, [, depends quadratically on the magnetic
field at the position of tha fon cloud,

£w Lyt 98B (Hz2/6?).
the f{ieid dependence for HNydrogen

For comparison,
atouns is

£ = £, +2750B% (Hz/G?).

The fons are state sclected by use of optical pumping
vith light from an 2°%Hg discharge lamp. The energy
levels of 2°2Hpt and !9SHgt are compared in Fig. 4.
Ulcraviolet light of wavelength 194.2 nm (= 6.4 eV;
from the 2°2Hg lamp, when collected and focused onto
the °°Hg* fons will excite the transition 28y ,2(F =

1, my) =Py,

Fol
a | |
5 | 5
5 20, 134997 Ghz + 97 B (Halc) ,

4
B :
. !
; |
i !
Fs 0i )

1000 2000 3000 40005000 60007000 $000 9000 10000
AAGNETIC FIFLD (GAUSS)
Pigure )

Energy levels of the prowwd srate of 1%%llg* vecsus |

wapneric fleld. ;

The first order {leld independanr rranzition used In
this work is shown.

The °P;,.state decavs after 2 ns lifetlwe to ulther
BaF = 0, = = 0), or 2§, (F » 1, » thereby
seattering a 1% ms pheton.  Slnce the transition
ESp0(F = 0, = w Oy=¥P, . s not resonant with the 1
Ng‘ut {rom the %71 larp, the fons are pumped out of

the *5,,.(F = 1, »;) avate into the 35, ,(F = 0, m =
0) svata at uhich time the lons stop seattering UV
lght. A flux of about 3 % 107 photons per aseond
par em? passing through the lon cloud will depopulace
the 35,,,(F » L, =;) levelz in about 172 second. In
this “prepared” atate, an interregating nleruvave
fleld (strength 10°%) at frequency «0.%07Y% 7947 Glla
will ceansfer the atoms from the (F = 9, =, = 0) srate
to the 35,,.(F = 1, = = 0) state in about 1 xecend.
The lfons will cthen seatter UV Jight until they are
pusped back {nto the non-{luorescing 2§, (F = U, r, =
0) state. The strempth of thia scattered light ia
uzed to determlne vhether the interrogaving microwave
sirnal waz correctly tuned to the atomlc resenance.

P Pl

M e 0M' o<1 0 4]

L
70MH:J-——--.J_ 3.76Hz 2,

' l 12
%
202Hg§ mHg‘ 12N -0 Me-1 0 +1
F=0 Fel
(0 (=172
199Hg+
Flgure 4

Ground and lowest optically excited states of 20Zngt
and !'99Hgt are compared showing how light from 20Zngt
will pump !°%Hgt fons i.ato the 28y,(F= 0, H =0)
Level.




IV _OITICAL SYSTEM

The desipn of the oprieal systen Is cruclal to the
signaleto.noina vatio of the ateale resonance signal
fn a crapped fon standard. The dareated W
fluorescent radiation frea the lons, produced after
absorbing microwave photons near %0.% «liz conprises
the signal. The efflclency of collection of tha light
scattered by the lons further deteralnes the aignal
lovel. The nolze, on the other hand, ls produced by a
nuaber of sources. These Include the optical pusplug
1ight reflected {rom electredes and windovs, radiarion
scatcered by the backpround neutral morcury atoss, and
1ight due to the hot electron filament.

Figure 5 shows the optical system uzed to colleer and
focus UV light from the *9%lg lamp onto the inn eloud
The system consista of an r[ excited lamp whiel
produces the UV light, and an ellipsoldal mirvor vhleh
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Figure 5

194 na UV light is scatterad by the crapped 19t
tons after absorption of microwave radiacion near 40.5

Gz,

collects and focuses the light into the txap. This
single olement optical system ensures that tha maximun
amount of light is collected, while the scattering
from the surfaces Is nearly eliminated.

The lamp Iz exelted with 15.20 wactcs of rf pover (160
MHz) creating a very bright discharge in the quarcz
cell containing cthe ?°p wvapor with abour 30
millitorr of argon buffer gas, The useful light from
the ?°%7lg lamp is from the 194.2 nm transition in
20215 shown in Figure 4,

However, the brightest wavelengths produced in the
lamp are from transitions in the neutral Hg atom.
Any light detected at wavelengths other than 194.2 na
will degrade the SNR of the mecasured atomic resomance.
There are three ways we suppress the detection of
light with wavelength difforent from 194 na:

1) The photomulciplier tube (PMT), used to detect UV
aromic fluorescence is only sensitive fo light that
k wavelength between 160 and 320 nm, with peak
sensitivity of 12.15% at 210nm. The brightest line

coming from the lazp {u rhis bandeldrh {5 the 2% s
line of neutral Mg and = 200 times brighter rhan rhe
194 e line.

2) The ellipsoldal collecrion mirrex has a thin fll=

dielectric coaring which maximizes refleerion ar 19

nn , while keeplng the veflectiviey at 2%a nm ar "

with lower veflectivivion for lenger wavelengths. The

entrance window to the trap reglon is veated ro he 98%

{ggleeelvc ar 2% s whlle belng 9nx rransalrring at
w TNS,

3) A1l light eollecred by the derectlon opties
«-gtrav scattered light plus [luorescent light from
the atoms--i8 Lilrered with a 194 na handpass fllrer
with peak transmission 10.40% and bandwldrh ab pes,
The five alament lens svstem used n this flrst
opevation Is desipgned to form an Image of the lon
cloud (assumed to be a sphere of 6 e diamerev) on the
PHT.  Thisg avates oprimizes the collectlon of lighr
enltred by the fons within the conarrainrs of the
exiating disensionz of the endeap elecrrode.

The golid angle subrended Wy the colleetion opties

arvound the trap center s %% of the toral 4x selld

angla. The total efffelency of this derecrion svares

{5 equal to the =zolld anpgle (0.05%) rimes the bandpass

gn:% }ons €.3%) vimes the MMT sensiclivizy (V.11 eor.
x 10°3,

12,000| ELECTRONPULSE T T
11,000§ MICROWAVES
10,000 N
g 9000} |
5 00 s
S ‘
[T e t
o 00t 1
2 000 i
200} '
2000}
1000}
] S SRS S SIS SO |
1 2 3 4 5 6
TIME (sed)
Flgure 6

Light scattered from the lons when nlcrowaves 1O )
Clzj are applled in dotected togethor with scray light
from electrodes and windows,

The atomic fluorescence and stray scattesad light can
be seen in Figura 6, showing UV light detected by the
P4T versus timo as counts in a multichannel scaler.
The scan is criggered by the start of the electron
pulse, which forms the fons and causes soma lncrease
in detected light. After about 1 second the electron
pulse is switched off, the lons are purped into the
28,,3(F = 0, m = 0) lovel and only stray light is
collected, At 2 secondz, cthe 40,5 Clz radiation is
switched on, cransferring soma of the atoms {nto the
25y,2(F = 1, By = 0) scate where they scatter light as
discussed earlier. Finally, at about J scconds, the
microwaves are switched off and the atonic
fluorescence dies away with time constant of about 1,5
second,

CLOSED 100F OFERATION

The secquence of operations used to carry out a
measurement of cthe 25,,,(F = 0, oy = 0)= 25,,,(F = 1,
me = 0) frequency are shown in Figure 7. By repeating
this sequence as the frequency of the microwaves is




MEASUREMENT
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Flgure 7

The sequence of operations used to deternsing whether
the 40.%5 Gllz 1 correctly tuned to rthe atomlie
resonanca. Two eycles are shown.

stepped {n 0.2 Hz Increments, we measurs the resenance
curve ghown In Flgure 8. For the 0.3 socond square
microvave pulse used in this measurement, the smallest
linevideh theoretically attainable ix 1.6 Hz, whieh
corresponds to Q ~ 2.5 x 1018,

NUMBER OF S\WEEPS 4
CENTER FREQ (H2) 1. 30077E+6
FREQ STEP (Hz) 0.2

35 N

1000

FLUORESCENCE

Rl P I B M W)
FREQUENCY OFFSET (Ha)
Flgure 8

Atomle [luovascence as the [requency of the 40.5 GHz
oscillator {s swept through the atomic resonauce.

The oscillator iz locked to the 1.6 Nz wide rasonance
line by stepping tha oscillator 0.8 Hz to efther side
of tha resonance and adjusting the center {requency of
this & 0.8 Hz step to null the difference in
{luorescence rates. More precisely, suppose the
center frequancy of the 40.5 GHz oselllator, F,, is
within one linewidth of the resonance, three
reasurements of the fluorascence are made on alternate
sides of F;:

Clat F, + 0.8 liz
€2 at F, - 0.8 iz
Clat F, + 0.8 liz

The oscillator center frequency is then changed to
F,oy = F, + (0.8lHz/T)(Cl + €3 - 2C€2)/[2(SIGNAL)] where
SIGNAL s the height of the fluorescence above
background and T is the loop time constant in units of
measurement cycle time. The “second difference” {Cl +
€3 - 2(C2)] is used because it is inseasitive to
linear drifts in lamp {intensity. If che first
difference (Cl1-C2) had %een used to change F,, a
linear drift in lamp intensity would force a linear

deife In the 40.5 Gz oscillator's f{requency, away
froms the atomic line conter.

The sequence of center frequencles obrained in thiz
closed loop operatlon s shown in Figure 9. The
weagurenant shown lasted just over 2 hours. A single
measurement eyecler-electron pulse to load fons in the
teap, a walt perlod while fous are optically pumpad,
lamp svltched off while nicrovaves drive the
teansition, and lasp and counter switehed on to
rwonitor fluorescence-»lagts about 2.5 seconds. The
loop time constant T {s 5 weasurement eyecles, that s,
about 12.5 seconds.

3
2.5
2l
213l
g ol
5 -5 w0 40 om g0 0 020 24 20 03w0
5
g -0 SW“M
=
& -1, 5}
2k
2,5k
-3
MEASUREMENT NUMBER
Flgure 9

Froquency deviation of the 40.5 CHz oscillator while
sorvoed to the 1.6 M= wido atomic vesonance. Each
measurerent lasts 2.5 seconds,

The Allan variance dorived £{rom cthe sequence of
froquencies (F,) is shown In Figura 10. The reference
frequency fox the 40.5 Gliz oscillator {s provided by a
Hydrogen Maser (SA0-21 in the Frequancy Standards
Laboratory). For times long compared to tho loop cime
constant the Allan varlance falls as 4.4 x 10°12p/r,
This short-term stability is nearly a factor of 2
better than cthat of the best commercial Cosium
standards (8.5 x 107} 2AfM),

These first rasults were done without shielding the
08 G ambient magnetic field in che trap, The
residual f{ield dependence at 0.8 G §s 157 HN=/c.
Frequency stabilicty of 2 x 10°'3 acr this fleld
sensicivity requires magnecic field (fluctuations
smaller than 60 uG over the 320 seconds required to
reduce statistical error to 2 x 10°!3, For this
reason we have not pushed the Allan variance data
beyond 320 seconds in this first tesc,

CONCIVSTON

In its first closed loop operation, the frequency
stabilicy of the trapped !?9Hg* frequency standard has
been measured to be o,(r) = 4.4 x 10"?/v7_£or 20 <y
< 320 seconds,

Hany improvements are underway o increase the short-
and long- term stability of this standard including
increased collection efficiency, shielding the ambient
magnetic field, and designs for traps which could
store up to a hundred times the present ion number.
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Allan variance of tha sequence of center [requencies
shown {n Figure 9. Hulciply by 2.5 seconds to convert
the horizontal axis to tiwe.
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SOIKLRACT

Wae propes * a novel FM sideband
technlique to zow ce drastically the doubla
re Ananen ling ¢4d.y in a Rb atomic clock
pusped by a sta.alized dirode laser. This
eould be achived by the use of the nonlinear
sugeeptibility of three-lovol Rb atoms when
the incident microwave signal &8 moduvlated.
By u3ing resultant FM sidebands oi .' o laser
and synehronc.» Jetect! *n high~order
derivative shapus of absorptive and
disperaive patta of double-resonance spectral
line were measured. The linewidch as narrow
a5 20 He was obtained, which was 1/18 times
that of the rf-excited O7Rb atomic clock.
optimum values of modulation parameters wore
found by the coumiputer simulation. Futhermore,
contributions of the lascr {requency detuning
to the light shifts were alse estimated to
attain the microwave frequeney accuraey as
high as 10=12,

T. Introduction

lighly stable microwave f{raquency
oscillators have been required for many
applications such as satecllite communications
: satecllite tracking, global positioning
system (GPS), and so on. Portable Cesium
(133cs) atomic clocks and Rubidium (87Rrb)
atomic clocks have been used for these
applications, ond improvements of their
performances are indispensable for the
progresses of thosc applications.

For these improvements , the optical
pumping and the optical detection by diode
lasers have been proposcd for 133cs atomic
clocks{ ], In the case of the optical
pumping for B7Rb atomic clocks, the
replacement of a =f - excited 87gb lamp bya
diode laser has been proposed , and
preliminary experiments on laser pumped 87gb
atomic clocks have been roportedlzl. The
authors already showed that a quantitative
evaluation of light shift and a novel double
resonance lineshape with a drastically
narrower linewidth can be obtained by

CH2427-3/87/0000-025 $1.00C1987 IEEE
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utilizing an advantageow. sx-gfe v 1? a high
temporal coherence of the :2 ¢!3), xhis can
be achived by the wur ¢* FM laser sidebands
induced by the nonlinear susceptibility of
three-lavel 87Rb atoms and the microwave
frequaency modulation. lNowever, to the
author's knowledge, this effect has not been
known yet and is emplgyed 43 an advanced
technique for improved b atomic clocks.
Therefore, axtremely high stability of
microwave {requency can be obtained by using
this technique at optimal conditions.

In this paper, a theoretical analysis
for this technique and an evaluation of
microwave freoquency stability for a diode
laser pumped 87Rpb atomic clock are earricd
out. In section II, the observation of some
novel double-resonance lineshapes with
narrower linewidth are demonstrated. In
section IIX, the theorotical analysis for
double-resonance by means of the cquations of
notion of density matrix elements are given,
In section IV, optimal conditions for the
highest microwave frequency stability are
found by the computer simulation. Finally,
in scction v, both contributions of the laser
{requency detuning to the light shifts and
effects of laser linewidth on microwave
{requency stability are investigated.

1I. Obscrvation of Double Resonance Spectral
Shapes with Narrower Lincwidth

Figure 1 shows an experimental setup for
a laser pumped 87Rb atomic clock, in which a
commercially available 87Rrb atomic clock
(Fujitsu, 5407h) was used. The rubidium gas
cell with natural rubidium vapor (87rb/85Rb
= 3/7) and buffer gases was installed in the
microwave cavity. Figure 2 {a) and (b) show
examples of novel optical-microwave double
resonance spectrum. The vertical axes of
these figures are the output voltage of the
phase sensitive detector (P.S.D.) in Fig.1,
At first glance, the lineshapes of Fig.2 (a)
and (b) seem to be quite different., These
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difference, howaver, only stems from the
difference of the modulation index ( M ),
the nodulatien frequency ( &,/2% ), and the
phase deffarence (o} between the output
asignal from the poat-detector amplifier and
the reference signal for p.5.D. Other
conditiong, for fnstance, the laser power
density and the rubLidium gas eell
temperature, wrce equal.

1t is worth to montlon that the peak=to-
peak linewsdths at the center ef these
figures, 1.¢., tho soparation between points
A and B tn Pta.2 (a) and (b), are much
narrewer than those of rf-excited 87mb atenie
¢locks. 18 the cagse of Fiqg.2 (a) angd (b), the
linewidths were 75 H: and 110 =,
respeetively. 1In contragt with thesm, the
linewidth of rf-excited 87Rb atemic cleck was
360 U2 as shown in Ff{q.). Furthernmore, the
slepe at thoe conter of these lineshapes were
too ateep, and depended upon the modulation
paraneters such a8 8, /2% , ond ® . The
slope 13 related te the microvave freguency
stability given bylt)

0.2

T) =142 ()
qls/n) '

where ~u(1) 12 the square root of the Allan
vartance of mnmicrowave frequency
tluetuatxgnsfsl. T 43 the integration tinme,
8§/ 43 the signal-to-noise ratio of the
signal from post-dotector anplifier, and @
i3 tho quality facter of the {requency
discrininater whieh s given by

o » ‘-‘Rb, bl . (2)
In ¢q.{2), «p)p 13 the nicrowave transition
{requeney , and Av is the linewidth of the
derivative shape which is defined as the
separation between the points A and B of

Fig.2. ELq.(1) also can be expressed by the
use of  Sy(aS/h), as
0.2 1 1 ,
ay(,) x 1=3/2 (3)
st R!-i s 1 .

Since microwave {reoquency stability ay(l) is
inversely proportional to 8. large §) value
improves the microwave stability. Thus, to
find optimal conditions for larger slope is
useful to improve the microwave {requency
stability for a laser pumped 87gb atomic
clock.

ITI. Analysis of Optical-Microwave Dbouble

Resonance

The three - level model of an atom
is employed to analyze the optical -
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mierowave double resonancel6), As showed in
Fig.1, twe hyperfine levels of the ground
state of (55,,2,Fx1,mpu0) and
{56y 72,F22,mpn0) , and an excited atate
{5P3721 correapond te the relevant three
levels, which are expressed as las», [b, and
[es, respectively. The nagnetic field of
microwave and the eloctraic field of a laser
are reprasented as

"ﬂ(f,ﬁ,ﬁ) = ("ﬂos)o(3-832:/9)819(’%“2”2)'
pr(-t’uﬂﬁ) + C.C. ' (1)
Epfz,t) = (!:lelexp(-u%c-kx,:)) + C.C. , (5)

where Hy and By, are the anmplitudes of the
magnetic and the electric field, -y and «y,
are angular f{requencies, ky and k) are wave
vectors, cespactively, Jy 18 the Dessel
function of the 0-th order, R i3 the cavity
diameter, 2 and r are the positiens along the
eylindrical microwave cavity axis and the
radiug, respectively, and €.C. represcnts a
conmplex conjugata. The transmissivity T of
the amplitude of the laser rlectriec fiuld
through the gas c¢ell can be derived by
solving the equations of motion for the
density matrix of the three = level nmodel
under the parturbations due to external
ficlds given by c¢qs.(4) and (5). The
solution can be expressed ag T = exp(=4£ -

1¢ }J, whare * and ¢ are the anplitude
attenuvation and the phase shift,
respectively. The ' and ¢ can be described

by using nonlinecar complex susceptibility

1ol3) tm 5o 3 - 3T
w(d)
. 10 «Lg
T R eec— {6)
2c
and
1 w L
:.[1 gt 3 2 (7
2 <

where, ¢ is the speed of light, Lg is the
length of 87pp gas cell, ‘The macroscopic
polarization ( P ) of B87gpp gas can be
described as

P=vgtfdE, ameuge ), (8)
where, ¢g is dielectric constant of vacuum,
e is the electric dipolemoment operator,
and P is the cnsemble-averaged density
matrix,

On the other hand, the atomic density
matrix obeys the Schrodinger equation

i
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where, t i8 the tima, M I8 Plank's censtaat,
H is the Hamiltonian ineluding the atemic
intoractions with the laser light field and

longitudinal relaxatien constant, %y and %)
are the Rabi angular frequencies of
micrewave and laser, respactively, .efea) 18
the eleetric dipole moment betweeh lavels
la> and les , ay (% = a,b,c) 18 the
pepulation ef each lavel , Jfeyts .5 = -1}
18 the laser angular frequency detuning, wy
and w; are produets of the pepulation and

the microwave field, vgauee and i.01ay
represent the atomic excitation and
relaxation processes in a phenomenelogieal
way. The Doppler effect on aceeunt of the
atomic motion i not taken inte acceunt,
because the drift veloeity ( v ) of 87xp 1
atoms in buffer gases is sufficiently low, o) =

lasey,

given by

and

the transitlen prebability of microwave and
rospectively,
enerqgy dengity of the laser field which is

ol <) 18 an

:14',1,2

$e@up Jkpvy, [kyv) ¢ (71, +the Schrédinger =
equation (9) of threae=-level density matrix
can be solved by taking acecount third-order
perturbations arisen by external fields.
The results, of which details of this
derivaticn will be published!®), from eq.(4)-

Here,

(9) are
" 2 (3} (3}
L} - .'
weabg|be(ca)] © “ca Yap = Zea o 0 "pa'" wu)
i | Oy,
2ergn (o' =wy)? +T4p'2
=R
and
[ 2]
, 3) .
Vzaby |“c(ca)|2 Lea'tapy' =) o+ tep!d) ray
on f 2 . - ity 10y,
2e “on (" =12 4 Ty’
-
where
TablTeh* Yea! ¢ xbz
ubﬂ' = Wba - 2 3 AU!‘ . (‘2)
YebYea * ¥u© - Sy
Tcnxb2 + (Yopt Yop ) (W -uyliey,
Yab' * Tap ¢ , (13)
YepTea * Xu> = a2
‘("a'"c"(ya-l‘Yc-1)VL'Ya""M‘chanb‘*Lz'(”ba'”s)AMLl
= Lng=np) 0¥y ory, Ty, Vg Dy
gca(a)‘ > 3 , (13)
Teb¥ea * *n° - By,
and
l(“a‘"c"‘Ya"*Yb-l)“L*Ya-’"Mlchb(”ba‘”h)'TnbA”Ll
‘ca(3)‘ 2 3 , (15)
chYca + xy© - AwL

wy, is the angular frequency of the optical
transition between the levels Ix> and |y>,

is a transverse
Y, (x = a,b,e) is a

Yyy (x,y = a,b,c x{fy)
relaxation constant ,

ti6)

trgmey? v t2eps2? L

(10]

e 111}

-g 18 a center angular frequency ef
the laser, and **1 i8 & FPWHN of the laser.




The second term of the right side of €q.(12)
represents light shife, f.e., the microvave
frequency shift induced by lager frequency
datuning, The second term Yca*bz and the
third term ( Yept Yeull wipg= sy, of right
side of eq.l1)) represent a power broadening
and an inhomogeneous broadening induecad by
light shift, respectively.

IV. Optimal Conditions for the MHighest
Nicrovave Prenquency Stablility

In order to obhtain a frequency
discrimination pattern, the microwave signal
applied to microwave cavity was modulated as
given by

pit) = vyl 1 ¢ Msinugt) (16)
Since the phase shift of eq.{11) depends on
the microwave angular f{requency vye the
phase of the transmitted laser light is
modulated by means of modulation of microwave
signal. As a result of such an induced phase
modulation , FM sidebands would appear in
the electric field of the transeitted laser
iight. Tt can be exprossed as

Epn (Ep'(E)/2)expl =ity t=kyz)) » C.C., (17)
where

E'= E, g TqlumsQumlIgiMlexpliquat)  , (18)

Tq is the transmissivity at the laser angular
frequency v ¢ q uw, (q = 0, 21, 12, i3,
the g-th order. The light power detected by a
photodetector is given by Inlt) = clsb'lzlaﬁ.
It 18], le] ¢< 1 and the laser FM sidebands
up to the third order are retained for
calculations. In(t) can be written

Ip(t) = IglA + Beosuyt ¢+ Csinupt
+ Dcos2uut + Esin2u,t

+ Feosdupt + Gsinduyt] , (19)

where

clsdz

an

Ip = . (20)

A= J32(1-28_3) + 35%(1-26.3)
2 2(1-2¢ J42(1-28¢)
+ Jy (1-28_4) + Jp°( 28p) + J4 1
v 3,2(1-285) + J32(1-253) , (212)

B = 2[3233(6_3+5_2-62’63)
+ 3132(6_246_1‘51"62)

+ JgJq(8.9-8¢)1 , (21b)
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€= 2(3131(§ 3-1 2-@225"

* J‘Jz(ﬁgzs}“*}|t§2,

E Jﬁﬂ‘liz‘EZf@t{:)‘ ¢ L2le)
D= E'J‘Jlt"xti“i{‘s'l)

2 Jadal?, :2'Qi’2‘

i , (213

x J‘ (!(‘:“)
£ 3"J]J3(&1}x}":{‘1;1)

* b!@vja(”a ‘2: :21

« 2y , (218
F = 2(‘J‘J2(5,2i'.‘:!‘;!2)

/AL L L y L2100

ang

[ 2(-J152(3_2r4“.g‘,:2,

¢ dgdytiy=21ge4y) , (21g)

fq 3nd Yo are  values of the attenuatlion

ana the phase shift at the laser angular
frequency vy + 9 wye respectively. The
principal term of A of (21a) is Jg2(1-24g),
in which (1-24&4) can be approximated as expl-
28g). This term represents the attenvation
of the laser power on account of 87gb vapor.
The principal terms of B and C of (21b) and
(21¢) are JgJy(8.1=8y) and Jgdy(e.1=2¢g+éq ),
in which {8_1-81) and ($_1-2%g+%)) can be
approximated as d §/d wy and d2 ¢ /d uy?,
f.0,, the first derivative of the absorption
and the second derivative of the dispersion,
respoctively. Figure 5 shows the dependences
of A, B, C, D, E, F, and G of eq.(21) on the
microwave frequency., The measurced spectral
profile of A, B, and C are shown in Fig.6.

As the profiles of Band C cross the
abacissa at the center f{requency, they can be
used as a {requency discriminator. If a
reference signal for the phase sensitive
detection of Pig.1 is proportional to
cos( unt - y), the output signal Vpgp from
the phase sensitive detector is expressed as

Vpsp * Vol(B/2)cosu + (C/2)sinv] . (22)
Since the ratio of contributions from B and
C in eq.(22) is governed by the phase 8 ,
saveral specific double resonance spectral
lineshapes can be obtained by adjusting the
value of at several values. Figure 7
(a) and (b) show the simulated result
obtained by using eq.{22), where the values
of Yap's M, andO6were swept so that the
lineshape of Fig.7 fits that of Fig.2. The
conditions of the present experimental result
of Fig.2 (a) were given below

2.3 6= 2349
(1/Hz) '

m/Yab'z
* 107 (23)




vhere, $) is the slope which is defined a3 a
frequency discrimination sensitivity in
eq.{3). It % seen from these figures that
the lineshape (s composred of several fine
structures, and the peak-to-peak linewidth at
the canter of this shape is much narrower
than that of the rf-exeited 87Rb atomic cloek
(.10, FLg.)). Such a narrewer linewidth was
ebtained by uzilizing the i(nduced PN
sidebands of the laser, and from the
discussion given above, it can be recognized
that a part of this techrique §8 equivalent
to that of the F¥ laser spectroscopyl?). The
minimum linewidth obtained in the present
experiment was 20 Hz at the laser power
density of 28.8 w¥/cm2, The linewidth of 20
Hz is 1/18 times that of the rf-excited 87Rb
atomic clock of Fig.l.

Values of parameters given In eq.(2))
have not been optimized yet to get the
steepest slopée. Figure 8 shows the resuvlts of
the dependence of the slope on these
parameters calculated to find the optimal
value of parameteors. FPigure 9 shows the
dependence of this maximum value on the
normalized modulation frequency and the
modulation index. From Pig.8 and Fig.9, the
optimal conditions for the highest microwave
frequency stability are found as follows

Mox 1.2 w4 /Tap' = 1.0 Un 120°
Syuax) ® -3 2 107 ey (24)
It is seen that the maximum slope s 3
times larger than that of the present
experimental results of ¢q.(23), which mecans
that value of the slope can be expected by
optimizing the operating parameters in Fig.2
(a).

It is rather difficult to utilize the
second order harmonics D and E in {requency
discriminators because they do not cross the
absissa at the center {requency. The third
order harmonics F and G, however, can be
utilized in it, If the reference
signal is cos(3 u,t -v), the output signal
is

Vpsp = Vol (F/2)cosv + (G/2)sin0] . {25)

Figure 10 shows the dependence of the slope
of F and G of eq.(23) on the modulation and
phase sensitive detection parameters.
Figure 11 shows the dependence of this
maximum value on the normalized modulation
frequency and modulation index. From Fig.i0
and Fig.11, the optimal conditions for the
heighest microwave frequency stability are
found by the computer simulation as follows

6=270°
(1/4z) .

M= 3.6 um/Yab' = 0.5
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It was confirmed that the maximum slope
was enly a half that of the fundamental
compenents of eq.(24). It {3 worth to
mantion, howaver, that the use of the phase
sensitive detection at higher Peurler
frequency is more faverable teo reduce the
effects of noise as long as the system is
governad by {licker noise.

V. Light Shifu

‘The dynamic stark effect by the electric
field of pumping light would induce the light
shife,f.e., the shift in awaicreowave
trangition frequency. Since this frequenecy
is used az a f{requeney reference for 873y
atomic cloecks, the light shift can limit
thelr frequency accuracy as weli as frequency
stability. Preeise evaluations of the light
shift have heen rather dsfficult ia the
conventional 87Rb atomic cloeks because of
the complicated spactral profile of the 87xp
lamp. However , more precise evaluations
san be carried out by using dJdiode lasers
with their narrower spectral linewidth,
which could be useful to improve the
{requency accuracy and the stability of the

TRb atomic clocks.

Figure 12 shows the relations hetween
the microwave frequency shift ( Avgy) of the
center of the spectrum and the laser
frequency detuning { Avp) from the center
{roquency of an optical transition spectral
line. It is seen that two curves ia this
figure exhibit clearly dispersive shapes,
which is consistent with theoretieal
predictions!10 At the first glance, it
can be recongnized that the microwave
froquency shift {8 i{ncreased with increasing
the laser power density. The origin point of
this figure represents the resonance
{requency of the microwave transition which
is free {rom the light shift. It means that
the laser frequency must be tuned at this
point, so that the affection of the light
shi{t can be avoided, for the improvement of
the frequency accuracy. For example, in the
case of the curve B of Fig.12, laser
{requency detuning should be less than 57 kiz

to get the microwave frequency accuracy
better than 10-12,

Especially, at the laser power density
as high as 2880 uW/cm2, the discrimination
patterns suffered light shift were observed
for the study of the spectral lineshape.
Figure 13 (a} shows examples of the frequency
discrimination pattern correspond to several
different detunings of the laser frequency.
From this figure, it is apparent that
frequency discrimination patterns arve
extreamly transformed according as laser
frequency detunings are far from zero. Good
coincidencses of the measured resuts of
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rig.1) (a) and the caleulated results .
rig.1l.{b) were obtasined. The transformations
of the amplitude attenuvation and the phaae
shift correspond to the frequency
discrimination pattern as a function of lasev
{frequency datunifig are also shouwn in Fig.\d,
From these figures, it can be concluded that
the dynamic stark effect would not cause
only energy-level aghifts but also
transformations of double resonance spectral
lineshape. Similar results have been
obtained by Camparo et al, but somewhat
different model was employed for their
analysisiii]),

The effects of laser linewidth on
microwave frequency stablility were
theoretically investigated by using eq.(16),
by which the amplitude attenuation and the
phase shift are calculated by the convolution
with the laser oscillation spectral shapa. As
a result of it, it is seen from Fig.15 that
the slope is increased with reducling the
linewidth. However, from the fact that the
linevwidth of the laser uzed here is as broad
as 40 MHz, it can be recognized that any
reamarkable incroase of the slope can not Le

obtained even i{{ the linewidth is reduced.
VI. Summary

The theoretical analysis for a novel FM
sideband technique was carried out to improve
the microwave frequaency stability of the
laser pumped 37Rb atomic clocks. By using
this technique, novel double resonance
spactral lineshapes with ultra-narrower
linewidths were obtained. The minimum
linewidth obtained was 20 Hx, which was 1/18
times that of the rf-excited 87py atomic
¢lock.

The optimal conditiona for the
attainment of the best microwave frequency
stabjility are found as follows;

Mom1.2 w/Y'e1.0 821209,
provided that the frequency discrimination
pattern is composed of fundamental
components.

The laser {requency detuning should be
less than 57 kHz to attain the microwave
frequency accuracy better than 10~12,
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The dependence of the slope of
third-harmonics components on the
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difference. The modulation index
was fixed at M = 3.6,
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Light shift JAvp), induced by laser
{requency for the gas cell at
48°C. Since all the curves
crossed at a common point, this
point was taken as the origin of
the axes in this figure. The laser
power density was fixed at 57.6
uWem2(A,0) and 3880 uw/cn2(p,e).
Av; : The laser frequency detuning.
(g /2% m (40 g~ 1,1 /27)

Awa ¢ The microwave resonance
froquency shift. (a(wy,'-wy)/21)

The frequency discrimination
pattern suffered light shift on the
microwave frequency. (a)The
measured results. (b)The calculated
results. The laser frequency
detuning was fixed
at 2070 MHz (A), 0 MHz (B), and -
1800 MHz (C). The laser power
density was fixed at 2880 uW/cm2.
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A THREE DIMENSIOMAL MODEL OF THE
CAS CELL ATOMIC FREQUENCY STANDARD

J. C. Cangoro and R, P, Fruehol:
Cheaiatry and Phyales Laboratory, The Aercapice Corparation
P.0. Box 92957, Loa Angeles, €A 90009

In thia paper prelininary caleulations fros a
threa dimensional clook nodel are diacusaed. In
partioular we have conaldered a rocent suggeatien that
ahort tera atadility aight be lapeoved by varylag the
aicrovave power. Thoughk nour  resulta aupport the
general oonclusion, they shew that the degree ef
senaitivity i3 lesa than that prodicted by the ene
dinonsional =adel. The dirfference in the results of
the two models (3 a manifeatation of the aore accurale
treatnent of the Position Shift effect in the three
dlmenasionsl wmode..  Thia more arcurate Lreatament aa
nighlighted by the three 4imonatonal  model's
dotersinatlion of fscefficiency contours (contourd
shouing apatial reglons in the clock eavily that have
aqual effielency fur producing colook aignal), andg
noting their apalial dependence upon 2iCrowave power.

Introguation

Over the pa3t fev yeara a cone dimenalonal,
non=capirical model of the gas cell ateaie fraquency
standard  has  bean  develaped at  The  Aerospace

c«-waucn.' Thia =043l analyzes the agervo-contral
feadback olrcultry and the atoale phyalea package's
atgnal lineshape to yleld the oxpected (froquency
atabllifty of the atosie atandard deslgn undar atudy.
The aodel {3 one dimensienal fn that {t only consldera
axial variaticns in: 1) the clock cavity's ajcrowave
magnotie fleld atrength and 2) the degree of optical
puaping within the elock's rudldiua (Rd) rescnance
cell, Howover, even with thia dizmenslonal limitatien,
the model has proven [tself to te quite useful foe
analyzing potential fraquency atabllity faprovesanty
resulting from the use of a dicde 1aser a3 the optieal

puaping light aourec.z and also for coaparing the
patential frequency atablilities of gas cell atandards

based on alkalies other thon Rb.3 1In essence, the one
dizenalonal elock model has  been  adequate o
addreasing these queations, because In these oases It
{3 reascnadble Lo conalder the various apatially
varying quantitics a3 averages over the clock cavity's
and caell's transverse dimensions.

However, In order to analyze a wider runge of
Gqueations oconcerning Rb  clock  performance, in
particular {n crder t0 analyze potential mechanians of
frequency drift, a one dimensional nodel (s only
marginally adequate. Specifically, it has been
suggested that frequency drift in the Rb standard may
result from a spatial motion of the s=all region of
vapor in the clock cavity that gives rise to the major

portion of the clock algnnl." Consequently, an
analysis that averaged va fous quantities over the
transverse diwmensions of the clock cavity and
rescnance cell would be unable to investigate this
hypothesi{s. A three dimensional rmodel of the gas cell
atomfc frequency standard {s therefore required in
order to properly examine the plausiblity of this
"Posftion Shift" wechanisa as a contributor to
frequency drift.

CH2427-3/87/0000-036 $1.00C1987 IEEE
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Tha Throa Dimenatanal Hodel

To create a three dimensional model of the gas
call atomie frequensy atandard, we conslder the clook
cavitly Lo bo eoapdadd of hundreds of tubda (sinieally
€300) aa ahoun In Fig. 13, each of wvhich can B2
Jeacrited by our one dlsgnstenal aodal; at gresent we
eonalder only oylindrical TEy, and T&;,, =lcrovave

cavitly nodes, thaugh other apatlial eonfigurations
rould b0 modelled withoul much difficulty. A3 ahown
in Fig. 16 Lhe tranaverae distridulion of hyperfine
polarization 13 approxiasted by considcering only the

firat ocder radial diffuslon mode,” and thia 12
fncluged ia  the eausdel by auperispoalng this
diateidution on e asicroacuple  aolutiona A

pravisuay dlucuaaea.’ for aimplicily xe have asduwsed
fn 11 ealoulatiana that the optical puaping light i3
unifera in tha tranaverae dimenaions.
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Flg. 1. (a) In order to conatruct a three dimenaicnal
addel of the gas cell ateate clock we imagine the
reaonance cell as Weing compased of hundreds of tubes,
each of which cin be described by a one dimeaslienal
clock model. (b)) Here we ahow the radial distefbu-
tions of both the hyperfine polarizatfon and the
absolute value of the microwave magnetic field for a
TEpyy cavity mode. The radial distribution of

hyperfine polarization results from diffusional
relaxation, and we consider only the first order
radial diffusion mode. The cusp in the nicrowave
magnetic field strength corresponds to a 180 degree
phase shift in the field.

Since diffusional relaxation Is now included in
the calculations by considering the full three
dimensional hyperfine polarization distribution that
results from this relaxation mechanism, phenomenologi-

Y
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eal  diffusiena) relaxation rates are no  longer

raequired in the =microscopie caloutations.' For cach
tude the noraslisnd atimulating mlerowave agnetis
field, which corresponds ta & noraalized slcrowave
Rabt  froquency, i3 deteratned ¥y the Lranaverae
poaition of the tuda in the cavity and the carily mode
wader oonatderation (3eq Fig. b}, T noraslizing
conatant 13 deteratnad by the euvitly Q and the
aicrovave power fed  into the  cavity meda.
Conaaquantly, the dependencs of the clock algnal on
ierowavd fleld atrenglh 18 ¢xpreancd ai=piy In teras
of: 1) tha ecavity mode, 2) the cavity Q and 3) the
input sicrodave power.,

Dopandanes of Sract Tera Stability
6n Hisrowave Pouer

Recantly, there Kas  btien  dldeuaaien in  Lhe
literatury regsrding the dependence of the BD elook's

ahort  tera atadbllity eon asicrovave pzuer."e in
pastioulsar, in peravious caleulationa It w33 ahoun that

for cloek dealgna slatlar to that of Willisas ot al..’
uhiieh are well dedcrited by a one dimenaional elock
nodel, the ahaet tors atability of U atandard alwuld
e a falrly sensitive function of tho microwave powdr

P fed into tha oladk eavny.' Qualitatively, thia can
e underatodd fréa tny faet that the ahert teéra

stabilaty of the atandard i3 ahot malae u:ma.“
uhilech allows welting:

Av
) s 14}

Here, oy 13 the square raot of the Allan varlanee

(henceforth we eefer to thia quantity as the Allan
deviation), av 13 the full width ef the ateale
hypa~fine reagnance and § 18 the ateale reapnance
atgnal asplitude. For 3 single atom, ¢ cqulivalently
an enseable of atoma  all  experlensing ihe aame
alcrovave magnetic field atrength {in other words for
2 eolotk eavity with o2 apatial Cisld variation},
relativaly almple  expreastions  relating  algna?
asplitude and widith to alerouave power =3y be

derlvea.9 Constdering firat the roginme of low
microuwave  poxer  cbelow  saturation: §  acreases
linearly with the salcrowave power, and Av {3
conatant. Thus, In thia regime the Allan deviatien ia
inveraely peoportional to P.  However, in the regime
of high amicrowave pover {saturation regizme! S i3
conatant and Av Incrpases like the sgquare root of the
ajcrowave piwer.  Aa avidence indicates that g3s cell

clocks tend tn be operated fn the saturation regime,'?
one would oxpect that for clock cavitiea exhibiting
selatively little spatfal variation of the microwave
fleld,
0.5

°y p .
Censequently, if a clock's normal operating pdint was
at a nicrowave power level well (nto the aaturation
regime, then improvement in the short term stability
of the clock could be attained by simply reducing the
ajerowave power to the level corresponding to the
onset of saturation.

(2)

Typlecal c¢lock cavities, however, have flelds
which show considerable varlation ovar the cavity
volune. Consequent.y, since the atoms are effectively
frozen in place by the buffer gas during the time

intervals over which the clock signal is generated.”
atoms {n different regions of the clock's cavity

exparignce different levels of alerovave Jield
strength depending on the clook's cavity =ode. Thias
then fmpllea that atema In different regions of the
cavity reach the saturation regize at differcont levels
of alerovave cavity input power. Since the cloek
afgnal 19 easentially a awn over all of the $ndividual
atomie signals, the cleck algnal can be expacted to
have a falrly cosplicated dependence on the sicrovave
pover fed into the cavity.

An exaapie of thia dependence a3 prodgloted dy our
thred dizenslonal clock model s presented in Fig. °,
which ashawa the Allan deviation at con¢e agcond ar »
funetion of mlicrowave cavity Input poder. In ihla
apecifie exasple 4o have donsidered a =inists veiue,
eylindrical TEqy, e3vity with a Q ¢f 103; other

parasetera uled in the exleulations eff thias paper are
eallected In Tadle 1. Additivnally, Flga. 3a and I
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Fig. 2. For a T}:o” cavity rmode the figure ahowa the

log of the Allan deviation as a funotlon of the
alerowave power fod Into a cavity with a Q of 100,
For DoLh low and high alcrowave powera the numerical
data {3 it w0 a pawer law {n corder to deteraine the
coefficienta ahown In the figure. Note that at the
higheat alcrewave pawer {roughly 10 dia) there aeema
Lo b a3 break in the power law acaling, 3 posaib.e
explanatian for Lhis effect ia auggeated in the text,

Table 1.
Miscellaneous parpaeters used in the
clock model calculations (ace Ref. 1).

Paraseter Value

Optical linewidth 2.0 CHz
Cell temperature 6oe C
Photocell response 0.5 A/H
Cavity Q 100

Optical power oy 87 W
Optical power (D;_.) 75 uW

show the theoretical clock signal amplitudes and full
widths, respectively, as a function of microwave power
for this same case. Curves similar to those shovn
were obtatned for the TEOII cavity for various optical

punping light !ntensitifes and resonance cell tempera-
tures, Additionally, ~eimilar calculations were
performed for a ninimum volume TE“‘ cavity, and a

fictitious, "constant", TEyy, cavity which was taken
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Fig. 3. For the ssze caleulation as Fig. 2, we ahow
the log of bolh the clock signal and the full width at
Mlf-maxizmua (Av) a3 a fuaction of microwave powver.
Agaln the nuserical data are it to power laws In
order LO dateraine the axponentsa shown In the figure.

a3 having no radial variatien of microwave fleld
strength (this cavity did, however, have the noraal
axial fleld varliation).

In order 1o batter underatand the Allan
deviation's dependence on microwave power, the
numerical data for the Allan deviatien, the total
asignal amplitude (i.e., the signal summed over all
tubes) and the total algnal linewidth are fit to
siaple pover law forsmulas:

o p® (3a)
s - pb {3b)
av - BY (3c)

The goal of this exerclae 13 to determine the power
law exponents, and to coapare them against the
single-atom case. For the prange of parameters
considered, we find no strong dependence of these
exponents on elther cavity temperature or optical
pumping light Intensity. The exponents do appear to
be a sensitive functlion of the cavity mode, and these
results are collected in Table II,

It Is clear from the table that the Allan
deviation's microwave power sensitivity is directly
correlated with the microwave power dependence of the

clock aignal amplitude and linewidth. In the low
sicrodave power regime the linewidth is easentially
constant, and variations in the Allan deviation are
dominated by changes in the aignal amplitude. The
signal ammplitude, and as a consequence the Allan
deviation, displays essantially no difference in the
pover law acaling for the various fleld geometries
considered. Specifically, the reaults show nearly the
aazie linear puver depandence as the simple single-atom
osse dlacussed above. Evidently, the clock aignal
#aplitude i3 falrly insenalitive to the geometry of the
exciting microvave fleld. In the aaturation regime,
however, vhere the signal smplitude has assentially
attained [ts maximum value and variations in the Allan
devistion result from chaages in the algnal linewidih,
the various cavity modes result {n different Allan
davistion power law expenents. Furtheraore, {t
appears that as one allows the fleld to vary over an
increasing numbar of spatial dimensions, the microwave
power aensitivity of the algnal linewidth decreases.
This result can be explained by a3 corpelation betuween
the linewidth power law exponent and the numdber of
degrees of freedom 33scciated with the apatial
movement of the signal doalnating reglon. For
example, a completely homoganeous r'ield can be sald to
have no degrees of freedes, whereas the fleld of the
TEgyy mode can be a23ld to have two degrees of freadom

which are associated with movement both axially and
radially. As evidenced by the results for the TEy,

and TE;y, cavily modes therd alght be aome objection

to the general valldity of thia statement, since the
TCy1y 2cde has an additional angular fleld variatlon,

yot shows the same algnal linewidth power law scallng
a3 the TEy, mode. Hovever, 33 will be discusssed in

the fourth section, for the TEy,, mode the tranaverse

movement of tLhe aspatial reglon that dominates the
clock signal Is li=mited to the radlal direction.
Thus, even though the fleld of the TE;,, mode viries

angularly, the spatial region which dominates the
clock signal does not take advantage of the added
degree of freedon.

AS a fin3] point we note that Fig. 2 shows a
break {n the power law scaling of the Allan deviation
at approximately 10 dbm, which {3 rellected in the
linewidih data of Fig 3b. It appears that at these
high microwave power levels the power law exponent
increasea te a value near 0.4, A similar break at
high microwave power levels was also seen in the TEy14

mode coalculations. Tentatlvely, we attribute this
fncrease in the power law exponent to a spatial
saturation of the clock algnal dominating region, that
13 the reglon that dominates the clock signal may not
move very much for these high nicrowave powers.
Consequantly, the power law scaling takes on more of
the characterisftics of the constant Cield case.
Further calculations, however, need to be performed in
order to substantiate this hypothesis.

The results from these calculaticna thus support
the general conclusion that short term stability can
be Improvad by varying the nicrowave power fed {nto
the ocavity. Specifically, since clock signal
amplitudes are maximized with operation in the
saturation regime, it Is likely that for a typical
clock one would want to reduce the microwave power to
the point where saturation had just set In. The
results, however, show that In the saturation regime
the short term stabllity is 1less sensitive to

microdave power than had been previously calc:ulat.ed;1
this is due to the more accurate treatment of the
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Tadle II.

av~P

Finld Diatribution

albsat.)

yEXponents for the pover law foraulas: o ~-p%, 5 ~p® and
(sat. = saturation regime, buat, = belod aaturation regize).

afsat.) flhaat . Y(aat.)

Completely homogenecus

(alngle-atom cage) =1.00

TEqy "fletltous™
{no radial variation) =0.93
=0. 93

=0.94

TEO” mode
T€°‘ n node

microvave field varlation {n the three dimenslional
model. Consequently, order of magnitude changes in
the microvave power aight bLe required bafore any
appreciadle change in the short term stabllity could
be detected.

Inhomogeneity and Position Shife
of the Clock Signal Volime

As dlscussed above, in the typical gas cel)
standard a buffer gas in the clook's resonance cell
effectively freezes the atoms in place. Therefore,
individual atoms experience different optical and
microvave fleld strengths, and hence contribute to the
total clock signal to varying degrees. Consequently,
it Is comaon 0 imagine the clock signal as being
dominated by a saall spatial region in the resonance
cell (i.e., the resonance ceil volume 1s inhomogencous
uith regard to its efficlency in producing clock
aignal), and for the clock resonance frequency to be
dominated by the perturbations experienced by the
atoms In this localized reglion. If clock parameters
were to change In such a way as to shift the pesition
of this dominant region, then the posaidly different
1ncal perturbations of the new region woulG result in
a change in clock frequency. This 1s referred to as

the Position-Ghift effect,'? which is considered to be
A likely cause of frequency drift in the Rb atnndard."

In order to better understand this phenomenon,
and also to prepare for a theoretical investigation of
the viablility of the Position Shift as a mechanisam of
frequency drift, we have used the three dimensional
clock model to map out the regions in the clock cavity
which show different degrees of efficiency for
producing clock signal. As {llustrated in Fig. 1la,
the clock cavity Is {[magined as belng composed of
hundreds of tubes: each tube transmits some small
fraction of the total optical power raaching the clock
photocell, and contributes to the total clock signal
according Lo the change in optical power transmitted
by the tube as the microwave frequency is varled,
Since In our model different tubes can havo different
oross sectional areas, the efficiency of the various
tubes in producing clock signal is compared by
examining an individual tube's change in optical
intensity (power per area), Tubes that produce the
same light intensity change as the microwave frequency
is varied are then sald to be “isoefficient", and in
this way we have been able to establish isoefficlency
contours f'ci* producing clock signal.

Figure U4 is an example of these {soefficjency
contours for a cross sectfonal slice of a fEqqy

microwave cavity excited by -50 dbim (cavity Q=100).

0.50 1.00 0.50

0.45
0.20

0.93
0. 9,‘
0196

0.43
0.22

0.18 0.22

.@wm

10th
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Fig. 4. Thias figure shows a cross sectional slice of
a TEyyy cavity mode excited by =50 dbm (Q=100). The

contours are termed {scefficiency contours, since they
correspond to reglons in the clock cavity which
exhibit the asame efficiency for producing elock
signal. The reglon bounded by the innermost contcur
s the 90th percentile reglon for efficiently
producing clock signal as discussed in the text.
Essentially, the 90th percentile region s more
efficient than the 50th percentile region i{n producing
clock signal, which in turn is more efficient than the
10th percentile reglon.

The region bounded by the {nnermost contour
corresponds to the 90th percentile efficlency region
(i.e., tubes within this region exhibit a transmitted
intensity change that is greater than or equal to 90%
of the intensity change exhibited by the most
efficient tudbe), the region bounded the middle contour
corresponds to the SO0th percentile efficiency region,
and the outermost contour corresponds to the 10th




porcentile officlency roglion. Qther quantities asace-
fated with theae contours are collected in Table I1I.
In particular, the table andwa that over (0f of the
clock signal comea from roughly only a quarter of the
cavity volume.

Tadble III.
Characteriatica of regiona bounded
by lacefficliency contours.

Fractional
contritution Fractional caviry
Replon to total algnal voliz=e ccoupled
90th percentile 15,1 % 5.5 4%
50th percentile 62.8 6.3
10th percentile 95.8 66.0 £

In actuality thia 60% of total clock algnal ia
coning froa leas than 25¢ of the cavity volime, since
not all axial rogions of the cavity contribute to the
clook signal to tha saze dogree. The axial variatien
of the algnal producing efficliensy i3 i{ncluded In the
caleulations by modelling the axial diatrldution of
hyperfine polarization and the axial variation of the
microvave  magnetic  fleld  atrength, and  then
numerically  integrating the tranasitted light
intenalty over the lengith of the rescnance cell. The
result of the numerical Integration is a algnificant
laprovesent In  the apeed of the ealeulations.
Siaultancously, however, there i3 a reduction in the
facllity with which apatial information in the axial
dimension =ay be obtalned. Conaequontly, at the
present time wo can only say that the 255 !a an upper
bound to the voltme, though we do nol axpect its true
value to differ by more than about a factdr of Lwo.

Conatfdering the Inhomogencous nature of the
signal volume diacussed adbove, and how one Lypleally
{magines the olock signal a3 being dominated vy a
saall spatial region within the olock cavity, we ace
that while the three dimensional model provides scae
Justification ror this aimple deacription, It dues not
complately validate it. The model doea show that the
clock signal derives from a localized 3patial reglon
within the clook cavity, but it also shows that this
apatial reglon corresponds to a non-nugligable
fraction of the cavity volume. With the siaple
description of the aigna) volume a3 belng dominated by
a small reglon, there i3 the {mplication that the
perturbations determining the clock's frequency are
falrly well localized; thia, however, {3 not
substantiated by the three dizensional wmodel.
Considering Fig. 4 and Table lII {t i{s more accurate
to state that the clock'a frequency offset from soae
nominal frequency corresponds to a weighted average of
perturbations over a fraction of the cavity volume.

The isoefficiency contours can also be used to
{llustrate the fashion in which the Position Shift
effect  occurs, Fig.5 shous 90% percentile
{soefficiency contours for {nput microwave powers of
~50 dim, =-30dbm and -10dbm. Note that as the
microwave power {3 increased the 90% percentile
{soefficiency contour shows a macroscopice change in
fts position in the cavity, moving to the central
region of the cavity where the hyperfine peolarization
fs largest. If the atoms in these spatial regions
were perturded to different degrees, then there would
be an atomic clock frequency change. Consequently,
once the three dimensional model fncorporates
spatially varying perturbations (e.g., static magnetic
fields with gradlents), it should be possible to
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Fig. 5. In order to descnstrate the model's
capadllities for analyzing the Positlon-Shift effect,
the figure ahows a croas sectional alice of a T

cavity rmode Q+100}, and the 90th percentile
efficlency reg ona as the microwave pawer exotting Lhe
favity {a varled. As the microwave power 1a increased
the 90t percentile region ahifta towarga the center
of tha cavity. If the atoma {n these Gifferant
reglons experfenced different perturtations (i.e.,
different stutic magnetic field streagihs), Lhen Lhe
clock frequency would ahift.

launch a coagrehensive theoretical tnveatigation into
the Position Shift effeoct. Such an inrveatigation
would serve the purpose of guiding exparinental
tesearch into drift, thus making the oxperimental
effort more efficient.
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We have developed a three dimenajonal model of
the gas cell atoale frequency standard based on our
previous one dimensional elock model, and we are in
the process of exploring its capabliities. AResults
presented here show that the Allan deviation's
dependence on microwave power can be reasonadly well
modelled by power law formulas both below and above
the clock signal saturation regime. Additionally,
isoeffielency contours can be calculated and used to
examine the change In position of the clock signal
voluze within the micrawave cavity. In the near
future we plan to Incorporate spatially varying
perturbations to the microscopic signals, and in this
way to calculate atomic clock frequency shifts.
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STUDY OF SEVERAL ERROR SOURCES IN A LASER RAMAN CLOCK
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Wae are investigating the development of a cesium clock / )
using a laser oxcited rasonance Raman interaction in place Gy \* N
of diract microwave excitation, Such a scheme, employing tal oo
only semiconductor laser excitation and exploiting fiber optic / N
and integrated optic technology togethar with a simple T M
atomic beam design, may lead 1o the development of Lo ke
smallar, lighter and parhaps cheaper atomic clocks. So far, R (TR e s
we have been studying a sodium Raman clock which
consists of a sodium atomic beam, a dya laser, and an
acousto-optic frequercy shilter, used for the generation of Cihen
tha second laser froquency. Racent performance showoed a . } !
stabllity of 1 x 10" for a 5000 second avaraging time. Tius A
comparas favorably with commercial cesium clocks, when RASI l . |
dilference In atom transit time and transition frequancy are tb) jt St r’l"“'é'
taken into consideration. In this paper, we describe the .
results of a study of long torm error sources unique 1o the W
Raman clock, which include: laser beam misalignment e
elfects, arrors caused by the laser {requency being sfightly
ofl-rasonance with the intermadiate state, laser intensity
elfects, and so on.

»-—

(a) Schamatic of laser 1nduced resonance

L Introduction and Background Raman 1nteraction.

(b) Schaematic of separated fi1e¢ld
We have been investigating the performance of a clock excitation.

based on laser induced resonance Raman {ransitiva in an
atomic beam to determine the feasibility of such a scheme
and lo demonstrate any possible advantages over
conventional microwave excited clocks. Although we have
been conducting our experiments so far using a sodium
atomic beam and dye lasers, this Raman technique is also
applicable to a cesium atomic beam employing

The stimulated resonance Raman interaction is
illustrated using the three level system in Fig. 1(a). Briofly,
I Raman transitions are induced between states 1 and 3 using
semiconductor laser excitation and may lead to the

davelopment of smaller, ighter and lass expensive cesium two laser fields. at frequencies w, and w, simultaneously

beam clocks. Among the advantages of such a ciock over a resonant with the .ntermediate state 2. Earler sludies 1,2

conventional ceswm clock are the absence of state seiection ~ Show that, for copropagaling iaser fieids «nteracting vath an

magnels and a microwave cavily, and that all a:gnments can atomic ‘beam at right ar.gles, the Raman hnewidth s

be made using optics externa! 1o the vacuum system. determined by the widths of states 1 and 3 only. State 2
greatly enhances the transition probability, but does not
contribute to the linewidth. Thus, for long lived states 1 and
3, the Raman linewidth becomes transit time limited, just as
{or direct microwave excitation.

* Rome Air Development Center,
Hanscom AFB, Bedford, MA 01731 :
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Yo obtaln a very small transit time lnowidth we use
Ramsoy's method of soparated oscillatory fields [3), a5
illusirated in Fig. 1(b). in analegy with conventional
mictowave techniquos. In separated field excitation, tho
atom-ficld suparposition states, excited i zones A and B by
the two-photon Raman intecaction, intadere quantum
mechanically. Thus, the rasulling Interlerence fnnges, as in
tha microwave case, have frequancy spaangs which are
charactenstc of the transit ime botwaon tha ntgraction
20Nn05.

xpormontial Sn

Tho oxpedmentsl setup {4.5] usad to demansirate
Raman clock applications Is illustratod in Fig 2 The lasor at

frequency w, 1s oblauned from a single moda dye laser
locked to the sodium D, transition, using fluorescence from

the atomic beam. The laser fiold at lrequancy w, is

gengrated dirgctly from that at ¢, by an acousto-optic
frequancy shilter, drivan by a quanz stabilizad microwavo
oscillator near the 1772 MHz sodium hyperfine transition
{roquency. This groatly reduces tho effects of laser pitar by
corrolating the frequancy fitters (2] of «, and «, so as to
produce a highly stable diflarence frequency. Allor laaving
tho A/O, tho laser beams ot o, and «, are combined in a
single mode fiber, 1o ensura copropagation, belore exciting
tho atomic beam at the two interaction zones, labeled A and
Bin Fig. 2.

A magnetic fliclo is applied externally to separate out the
diflerant m-lavals and rght circularly polanzed light is used.
The m=0 and Ama0 Raman transition is then selectod so that
the clock frequency be insensitive to external magnetic lield
variations {o first ordar.

s O
R
N i3 —
~Nref beam A U -~
1 ”»
uwy A0 e, #u,u.
ave |0 L L e P NV A LL
faser W ¥em.
l ¢ libee
V. -
~1.8 Oz
‘ v(o
o Allan
viock varisnce
Fig. 2

Schiematic of the experimental Raman cloch
setup.

Typical Raman/Ramsey fringas appear in Fig. 3(a).
These lingos aro obsarved by monitoring the fluorescence
inducad in 2one B while scanning the microwave frequoncy

with o, locked to the D transition  Tho centra! Iringo has a

widih of about 2.6 KHz (FWHM) which s congisient with the
transit tme for the 15 cmanteraction zone separation

To stabifize the frequency of a nucrowave osc:llalor 10
the cantral lunge in Fig. 3i0), a discnnunant s needed This
disciminant, shown in Fig. 3{b), is obtnined by {raquency
modulating the microwave source at a ratg i, = 610 Hz and
demodulating the zone B fluorgscance signal with a lock-in
amplifior. Tho output of the lock-in amplitier is then used in a
fcodback loop 1o hald the microwave oscillator frequency ol
the ceniral zoro of the discnnunant. Tho stability of this
osaillator s measured by comparing it with a commarcial
rubldium clock.

[N "SI Y D BRI BN LT

kig. 3

ta) lvprcal Raman/Ramgay fringe lineshape
tor a 1% cm 1nteraclion zone
saparation.
Fhotomul tiplier photocathode current
levels as shown.

(L) Discriminant obtained using frequency
modul ation,

(2] nce

Figure 4 shows a plot of the measured {ractional
frequency stability of the stabiized microwave oscillator,

oy(r). as a function of averaging time, 1. For t = 5000 secs.,

the stability is about 1 x 10°'Y, The data in thus plot is very
close to tne predicted shot naise imit, shown by the upper
dashed line. The lower dashed line in the figure 15 the
projected stability expected if cesium were used in place of
sodium, the diflerence being the result of the larger transition
{requency and mass of cesium. As can be seer, the
projected cesium resulls compare favorably with commercial
cesium clocks.
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Fractional f{requency stability vua.
averaging time for the sodium Raman clock.

nQUOn r S )

Wo have been studying potential Sourcas of orror that
can cause long term {raquancy deifts in thae Raman process.
Soma orror sources are similar 1o tho3e of microwave Clocks.
Thase includa the olfects of path length phase shilt, magnouc
field, background slopoe, atomic bean misalignment,
second-ordar Doppler, as well as errors due 1o electronics.
In addition, there are arrors unique 10 the Raman clock, such
a5 those caused by laser frequency deluning, laser intensity
changes, faser beam misalignment, optical atomic rocoil, the
prasence of nearby hypaorling lavels, and other smaller
clfects.

Hare we will considar only error sources that are unique
1o the Raman clock.

(a) Corralnted lasar roquoncy detyning offocts

Frequency errors can arise when w, and w, are
of-resonance {by the same amount) with state 2, as shown
In Fig. 5(a), whore 4 is the coreelated dotuning. The typical
allec! of 8 on clock frequency arror is shown in Fig. 5(c). To
scan §, the relerence beam in Fig. 5(b) is frequency shilled
with an A'C, 50 thal «, and «w, can be tuned with reference to
the D, resonance. As can be seen, the clock frequency
depends strongly on correlated detuning. However, for § = 0
this dependance is small For the data shown the slope of
clock error near §=0 is 0.43 Hz for a detuning of 1% ol the D,

linewidth {equivalent to a fractional error of 2.4 x 10 '° for the
same amount of detuning).
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Howavar, this slope depends on the laser inlensity in
the interaction zones as well as the intensity in the referenca
beam. For example, Fig. 6 shows the ellect of interact:on
zong intensity on this slope. Here, clock error as a function

of § is plotted for three differen! inleraction zone inlensities.
As can be seen, the slope is smallest for the interaction zone
intensity of 0.8 mW/cm¢. Similarly, we studied the
dependence of this slope on the reference beam intensity.
The minimum slope achieved so far is, in fractional error, 2.4
x 10"*" for a detuning of 1°% of the D, hnewdth and it should

be possible to reduce this further.
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Plots of clock arror as a function of
correl ated laser detuning §, for three
ditferant interaction zone intensitien.

(bj Lasorintensily offecls

Frequanny errors can also atise when the lasor intensity
changes in w,.», and the reference beam, together or

separately, For 5«0, the prodicted intensity induced etrors
are due 1o any fluorescence background slope, the presence
of nearby hypaslino levels, oplical atomic recoll, and so on,
Howaver, if correlated detuning & Is nonzero, then the
amount of intensity induced error is determined primadly by
the amount of detuning.

To illustrate this strong dependence of intensity induced
ercor an deluning, we refer to Fig, 6 again. As can be seen,
clock error Is least sensitive 1o changes in Intensity when
detuning is nearly zero, We can find an optimum operaling
point by adjusting the amoun! of detuning. Around sucha
point the minimum slope achleved so faris 2.5 x 10°12
{ractional ercnr for 1% change in intensity.

Elforts are underway to study the individual causes of
Intensily induced errors mentioned above. For example, to
determine the elfect of nearby hyperiine levels we propose to
study other transitions where this effect is expected to be
different in magnitude.
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(c) Lasar misalignment effecis

Lasar misalignment also causas clock errors inditacyly.
For example, vertical misalignment causes effective laser
Intensity changes, as shown in Fig, 7(n), because of the
translation of the Gaussian profile of the lasar beam with
raspact to the atomic beam. Horizontal misalignment causes
both transtational and angular effects, as shown in Fig, 7(b).
The angular misalignment creates elfective correlated laser
detuning dua to the Doppler atfect. The transtations!
misalignment generates inteasity error due to the transiation
of the laser beam relative 1o the dotector. Misalignmant in
general can also cause Imperfactions in the standing waves
that are used to reduce tha alfects of path length phase
shifts, Imperect standing waves cause arrors bacause of
changes in effective intensity as well as in path length phase.

To experimantally measure iaser misatignment elfects,
we first lind an optimum operating point at which laser
deluning, laser Intensily changes and path langth phaze
shits have minimal elfacts on clock {requency. Path length
phase shift errors are minimized by adjusting the path
lengths so that tha clock frequency Is the same for standing
and travelling wave excitations, Around this optimum
operating point we found that errors duae to translations of the
beams are much larger than those due to angular )
misalignments. Typically, the {ractional error due to beam )
translation Is about 3 x 10°! for 2 0.1 mm beam
displacemaent,

Na beam

laser beam

‘:f s bage
-

laser beam

f
Fig. 7

(a) Schematic fllustrating how vertical
misali1gnment causes effective laser
intansity changes.

Schematic illustrating how horizontal
wisalignment changes correlatad
detuning through angular effects and
effective intensity through
translational effects.
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Potantial frequancy-error sources that have not yot baon
siugdied includo the effects of fluotoscance lrom tho
interaction zones, the sucond-ordar Doppler shifis,

Emitations of singlo mode tibers, and so on.

As montionod carlior, one of the more pronusing
opplications of the Raman technique is to dovelop a cezium
atomic heam Raman clock, using semiconducior lasers.
Such a clock, in which tho two [requencies are intensily
modulation sidebands, is nearing complation. As projectad
in Fig. 4, uso of cosium is expected 1o increase the stability
by a factor of 16. Also, this setup will have a more compact,
recirculating cesium oven, with an atom throughput much
largor than that of our prosent setup. Coupled with planned
improvemonts in fluorescencae collection elliciancy, this is
oxpected 1o enhance the signal (0 noise ratio considerably.
With all the beams, atomic and Jaser, on the samo table,
misalignment will be greally reduced. Also, the new beam
will allow for much better shiglding and contral of magnetc
filds. Allthese are expacted to enhanca our ability 1o sludy
the ramaining error sources with higher rasolution,

We are also conmidering the atlractive possibility ol
axtending the resonanco Raman technique into the
mm-wave region of the spectrum. At these much highor
transition lrequencias, {t may be possible to achieve bolter
clock stabilities and many of the experimental problams
associated with exciting mmewave transitions in an atomic
baam could be avoided. Finally, the Raman technique can
also be readily applied 1o slowed or trapped atoms, possibly
without greatly increasing the complexily of the experimental
selup, since many of these techniques already make
extensive use of rasonant kght.
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In ceslum (Ca) deoan tute {CUT) clocka wenly 3
saall fractlon of the Ca atomy ¢ffusing froa Lhe oven
travel through the