
'The interrncdialc t c r ~ n  Ircclucnc> stabilily of 3 gr.0~11 of jlew high-pe~formnncr  
ccsiunl i~cnrn lubc.s (1-Tcwlctt--I';icl.:nrtl Modcl 5UGlX  Optiorl 004) a t  t l ~ c  U. S. Nnvxl  
Ql~servatory is analyzed from twc: viewpoints: (I) by co~n1p:trison o l  tllc high- 
per1orm:incc. stntlclarcls to lhlc -11 T '\?;(ITSKC)) timt. s<~:111~ :lncl ( 2 )  by inlt+x.con)!j:i1-1- 
soils anlung lhc stanclards tlienlsc l;,:ls. 1 4 ' 0 1 ~  s:~mpling ti-rnes up to 5 clays, the 
Frt:cluc.ncy skibiljty oi thc ljjgli-l~t.r,Iorrnnncc: uriits shows signi1ic:tnt :mprovenicnt 
ovcr  oldc1' r:ornmcrci:11 cesium I)et)url stnnrl:trc!s. 

In the las t  yea.r, tbr? IIcwlctt-P:ic;lia~cl Compnny 11:~s hcgun procluction of a iiew- 
high pcrform;~xlcc: bear11 tubc fo!: il.s coinmcrc.ia1 cesiurr-i 1)e:l.m frequency st~nt l :~rci ,  
the IiP IrOGIA. Denotcd :is 5ClGlX Ol.)lion OO*, this nr.w ljcnxn 'cube rnay 1.w includcrl 
in llcwly purcilasetl T T L '  50( i3Afs  !:I!' may bc fittcxl :is n ~epl:iccn:cnt for  :I stantl:trd 
l)e:ur~ lube i n  oldcr Ill' ISCJCill\'s c)r 111> 55060~2's. Somc of the nloc1ific:ttions in- 
corporated jn tlzc new hcarn tubc includr: incrr:asrd microwave: c;ivity length, 
rccluction i n  cavity p!;ase--shiIt, nxltl irripr.ovemcl!nt in the I2 - f j  eld ho~nugene i ty  , 
a11 ol: which r.el:ttc to the acc-t1r:r c )  of the $1-cclucncji yrod~~cecl  by the k)e:~.m tube; 
i ncrcnsetl ccsiurn be;.im flux, sv1ii.v h shoulct ixnprovc thr: l~:cc[ucr*cy s t:~bil.i ty; :inc!. 
11cttcr. 1i1:l.gnctjc shielding, ivilic:!.: shoul~:l 1-c+tlucc f rcqueilcu; ::h:~.ngcs clue Lo cx- 

tc:rn:il rnngnelic field ch:ingcs. (.>t!lcr ~notlilicnti<j!ls lo tile new bcn~n tubc, in- 

c lu t l i~g  t h e  ncw clunl bc:til?. t-lt:sign, wt:rc m:i:iclc t,o ial;,)~:nvc: ?hc pcrf'or:~l;znctl (11 llic 
cesium b c a r ~ ~  st:lncla,rcl wht:n asui ns  :t p o ~ t : ~  ble clor:k anr! whctn usccl -in t'iclri 
applications. 

Tllc 'IT. S. ?Jnv;tl tI)i?se~-v:tti?t:,., eur5.rcntly II:~:; c.lc:vc31i ~ ' ~ ~ i u l j ~  st,:uld:it:cla w ~ t h  
the nc:w high porforn-lance bcarc tul~t i .  C) I I~ .  (IS ~:iic: st. :<t:incl;irrls h:ts b~:ctn in r:,pcr- 
ation for  rwer a year;  livc other..: jiave ol~c.rat~cl Ear. l i ~ : ~  7r:ontl:s \jr. :nor<:. F r o m  
f'orty clays to threc rrronths w o ~ t i :  u l  c?:itn f u r  I,!l.rcr: more  :illits is: also :~v:iilahlc. 
' Ibe  purpose of {,his rc:purl is tcj cjiscuss thc preuision anti iccrjucncy slahility of 
the ncw high ~.)crfor'~~~:tnc:r. '  i)e:lnl tui:c l o r  avr:::~ging ti1nc.s iron1 o w  li(jur- to fjvt* 

d:t,y:;, with some tent~itivr: results for avt.r:~ginp; t i m e s  iu; to iwenty days. 



For  PTTI applications the additional cost of the new beam tube would be justified 
if a requirement exists for increased frequcncy stability in sampling times 
greater  than one hour. In this rcgard, there is a prcliniinary word of warning 
about the frequency stability values reported here. All of the frequcncy standards 
a t  the U. S. Naval Observatory have good operating environments. In the clock 
vaults, temperature varies typr'cxlly hy no more than one o r  two degrees Centi- 
grade for  periods of months. Heasonal~le care  i s  taken to insure that thc fre-  
quency standards a r e  undisturbed by other electronic instruments, power out- 
ages, and operators. For  poorer environments the frequency st;tl)jljty of the 
high performance beam tube will decrease si~;nific:mtly. The results reported 
here a r e  valid only f o r  cesium beam standards operating in good environments. 

All US tlre data presented here were collected by the Time Service automatic data 
ncqursstion system. Once per  hour, an H P  5360 Computing Counter measures 
the five MHz phase differcnce a t  the positive going zeru crossover between all 
of the frequency st'mdards and three reference st,mdards, which currently a r c  
two of thc high perl'ormrmce cesium st:md:irds ,and the Ti. S. Naval Obscrvatory 
hydrogen maser. Typically, the counter requires less  than one minute to mcas- 
u rc  the phase difference betwccn all of the frequcncy sttmd2trds and one of the 
refcrcnce standards. Since both the high perforrnancc cesium standards :mtl the 
hydrogen maser  havc excellent stability for  averaging timcs less  th,m one min- 
ute, and since for this paper the interest is in averaging tirnes much greater  
than one minute, onc may regard all the phase difference data a s  having been 
collected simultaneously. The noisc contributed to thc phase difference values 
by thc rncasurement system itself is cstimated by comparing a five MHz signal 
from a rcfcrence standard against itself through a cable loop. For all averaging 
times consitiererl hcrc, the me;lsurernent noisc is at least one order  of rnagni- 
tutle smaller  than the best results  obtained for frequency stability. To a very 
p;:'.jocS ;jpproximation the measurement noise may be regarded a s  zero  in all the 
i t~r~iput a t '  ions. 

01,. final question prior  to the analysis of the data i s  that of independence of the 
frequency standards. Care is taken to insurc that all of the  frequency stnndards 
a t  the Observatory operate independently of cach other. The frequency standards 
a r e  separntcrl clcctrically and spatially a s  much as i s  practically possible. 
There are currently seven diffcrcnt locations at the Obscrvatory where con- 
venlional cesium standards and the new high performance standards a r e  placed. 
Tllcrc i s  no re:ison to believc that there is any correlation 01 frequency varia- 
tions between ,my of the frequency standards a t  the Observatory. In addition, 
:ill of the cesium bcam frequency standards havc been aligned and adjusted ac- 
cording to manufacturer's specified procedure to protluce the best possible value 
for the frequency of cesium from each unit. 



DATA ANALYSIS 

F o r  a detailed look at the precision and frequency stability of the new high per- 
formance standards,  thc forty day period from 16 August, 1973 to  25 September, 
1373 (MJD 41910 to MJT) 41950) will a lso be considered, whcn nine high perform- 
ance s tmdart ts  were  in operation continuously a t  the Observatory. In this same 
time period, 21 conventional H P  5061A's operated continuously. We may cst i -  
mate the precision in frequency of both of these groups of cesium stltndards by 
calculating for  each group the average frequency with respect  to MEAN(USN0) 
over thc entirc 40 day period and the st,mdard deviation in frcquency of each 
group. The resu l t s  of thesc calculations a r c  given In Figure 1. While the nver- 
age frequency of each group is quite close (diffcring by little more  thsm 1 pa r t  
in 10"), t l ~ c  standard deviation for the high per formmce units i s  somewhat 
lower than  that for  the convel~tional standards. Thus, the high performance 
stanciards were a more  precise  group of Ircquency ~ t ~ m d a r d s  thnn the group of 
convcntional cesium stculdards. Both of thesc groups of cesium standards in- 
dicate that MEAN(USNO), the internttl time scalc generated by the U. S. Naval 
Observatory, js high in frcquency by 3 o r  6 pa r t s  in 10 ' '  . 

x = AVERAGE FREQUENCY OF ENSEMBLE WITH 
RESPECT TO MEAN (USNO) 

S = STANDARD DEVIATION OF ENSEMBLE 

N = NUMBER OF FREQUENCY STANDARDS IN 
ENSEMBLE 

HIGH PERFORMANCE CESIUM CONVENTIONAL H.P. 5061A 
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I 

Figure 1 . Prrwision of 1Tigh 
l-'ci-formancc Cesiurn 13e:trrl 'I'uX)e 

F o r  est imates  of frecluency st:~bility, the squa1.e root of the Allan vxrittncc 
i s  used cxtensivcly. Fo r  the uasc where two consecutive frccluency mcnsurp- 
ments a r e  made with no dcacl t ime between rncnsurerrlcnts, thc Allan vxrinnce 
may he estimated by the following: 



In this formula, Yp is tllc average frecyuency of stantlard i versus standard j in 
the 9th interv:il of duration r. All n -f 1 inlervnls a r c  consccutive and non- 
uver1:ipping. This csl.im ate of frequency stability is based upon the 
frequency variation I rom one t ime jntcrval of lcng;tl~ z to the next intcrval. T h o  
nvert~gc: frcqucncy for  slnndard i versus  starrdard j in any tirnc intcrval is esti- 
mated by differencing tlrc phase to p h a s ~  niensurcrncnts bciween Lhe two standards 
taken at the l~eg-jnning and the cnd 01 the t ime interval ant1 clivitling k)y a scaling 
S:ic tor. 

The follov~ing- cqustion is also i~nportnn t: 

This equation s ta tcs  thst,  if standarrl i and stnnd:rrd j a r c  statistically independ- 
cut, thcn thu varii2nt:e of :+tnndarrl i cnrvllrarcd lo st:~ndar.d j ecyunls simply tllu 
vm-inncc of  standarc? i :done plus the varr':ttzce uf st:tndard j rtlonr. 

For tl-le for'iy tl:ly pcrioc! under consider~~..lion, frcqz~eticy stabj.l.itics for  thc: high 
performa.nce frequcnt:gr stsnciards nlsy be derived jn three diffcrcrrt, though not 
entirely ii~dependent, ways: by cornparison GI Ihe high performnncc units, f i ~ s t ,  
a.g:x.inst M+.XN(USNO), t l ~ c  h t c r n a l  lime scnlc oi' the U, S. Naval (1bservato1-y; 
second, aga,inst XMOS(IJSNO), a speci:ill.;y constructed experi-rnental tirnc scalc!; 
arlrl t h i ~ d ,  against each other. a 
IF the f i r s t  method, MEAN(USN0) is uscd to cstixnatc the frequency stability of 
cnch of the uinc high pcrformance slaniii~rds.  In iCquntions I and 2, st:intl;~rtl i 
woulci bc  a lligh pcrformance unit, while standard j would be1 the MEANiUSNO) 
l ime salt:. Fo r  this discussion, :i b r i ~ l  review of tl-lc salicnt fcaturcs  of th r  
MErIN(USN0) time sctlle is hellri'ur. Basically, out crf :liI the ci:sium st,mdsrds 
:~vnilr,Slc a t  the Ohscrv:itory, the best 14 to 3CJ of tllcsc arc  selecleti to generatr  
lW3<AN(IJSNO). Each st:tntI;irrl included in MF:Ah(USNC)) is given a weight of 
oac, so  that the t ime scale  will not tlepend on thc hchaviour of two o r  three 
seemingly well-hehaved standards.  4 In the forty d:~y perinrl unclcr ronsidcrat~or;, 
LIEAN(IJSN0) was generated by eighteen cesium sL:~ndar*cls, of wlliclr fourlcc:: 
wcrc corlvcntiorial starldards 2nd four of wllicl: wc rc  I~iglh pr.rforrn::ncr sl:~nd:lrds. 
bl using MEAN(USN0)  1,o evnlualc llie high nerformnnce stt-rnciards, tbcrc is 
some :lll'ficullji, s i n c e  four of t l ~ c  ninc hi::11 per!nrmnnce u n ~ t s  wcrc) contr ibutu~ 5 
tc; MEAN(USNO), 'l'heoretir8lly, f r e q u ~ n c y  stability mcasures i c y  thr.:r<o i:mr 
urrjts would bc too optimistic. In pr:ictice, I~ownrcver, slr,cc t . i ! ~ h  standard con- 
slitulecl t i  i j t t lf$ 3css thnn Gr/,, of MEAN(TJSYC)), t,c, ;i rc;lsonxLlc l'irst approxixna- 
tiofi, any one o f  Ihc contributing staciarci:; m:ty 3:: C O ~ I S ~ C J C ~ C C !  ;IS being iodependent 

of XTEANr'USNCI). ,4 rnor r -  se~-iorrspr.c,,l~lc~lz is t!lcfaliorvjng: iuFquation 2 ,  9 s t a -  
bility estirn;ile is rlerivcd ior  i,hc IcIt 11ni:tl szde oi :I;&) eq:x:rlion, t h y  vnrrnnce uf 
st:md:~rd i vr3rsus WMK~AhT!iJShiC))4 'Iri cs<i r~ ls tc~  tht> variaibcc ol' s t andnrd  i alont:, 



:.in csf;:.~r~a{:t oj: l,hc y:j..cimce 01 MEA.Y(IJSNO\ is rt?quiri'cl, For avcragiilg t i m c ? ~  
loss  tll:m 2 da.ys, good est,in~:tlc:s of' this -bTa r i s~cc  T - ~ Y I ! , ~  /ICL cjeriveci? but for longe:: 
aveu.:tg:ing til~).i:s, gotrd es l i rnate~ LiTi: generally not availi:ihlc, l - l o w e ~ c ~ ,  if i t  is 
;issunled tha t  $ 1 1 ~  vn.rian(:c of' R/Ib:AN(I!SNO) is cclriatet.i to tlrt: v:!ritmcr: of s1:anchrd 
i a]r,ne., thc+n :.in upper hr)~l~il. C O Y  tiit? 1.-:iriax~cc- 9.C stavti;irrl i sf.onc is r_~lroduccd, 



Figure '2 shows the results of the thrce types of frequency stability analysis for  
thc high performance standard denoted a s  Cs  C ~ G O / ~ S .  Here the square root of 
the Allan variance is plotted as  a function of thc sampling time. Cs  6 6 0 / 1 ~  was 
not n member of MEAN(USN0) o r  consequently of XM05(USNO) during the 
forty day period under consideration. The high performancc beam tube in Cs 
660/1S i s  thc original beam tubc for the unit. Cs 6 6 0 / 1 ~  was in operation fo r  
approximately two months before the forty day period analyzed herc. All three 
cuves follow approximately the T-' behaviour typical lor  cesium beam standards. 
As  is to be expected, the three corner hat estimates for the frcquency stability 
a r e  smaller than thc upper bound estimates produced by comparing Cs 660/ 
1S to MEAN(USN0) and XMOS(USN0). For shortcr sampling timcs, the three 
corner hat cstimates a r e  considerably bclow the other two estimates. Both 
time scales a r e  limited in these sampling rcgions by whjtc noise. For  
longer sampling times, the three estimates hegin to converge a s  the stabilities 
of both MEAN(IJSN0) and XMOS(USN0) a r e  improving faster than the stability 
of Cs 660/1S alone. For T equal to fivc days, all three cstimatcs differ by less  
than 2 x lo - '  4 .  The most bclievablc estirnatcs over the entirc range of sampling 
timcs a r e  the unbiased three corner hat cstimates. 

The stability curves for Cs ~iGO/ls  given in Figurc 2 are  typical of the results 
obtained for eight of the nine high performancc units. The results lor  thc ninth 
unit, C s  783/1~,  a r e  shown in Figure 3. At intervals varying from onc to thrce 
days during the forty day period under consideration, C s  783/18 was physically 
invcrtcd 180' and left jn its new position until the ncxt inversion. Whilc this 
procedure is not a definitive test of how the high perform;~nce bcam tubc will 
perform uncler non-laboratory conditions, i t  does indicate that disturbances to 
a high performance unit decrease its frequency stability significantly. Thc 
standard dcviation for Cs 783/1S for averaging timcs of five days was a factor 
of four poorer than that for the undisturbed Cs 860 /1~ .  

To supplcmcnt this statistical analysis, wc woulcl lilrc to know how much con- 
fidencc to :ittach to the estimates of thc square root of the Allan variance. For 
thc MEAN(USN0) method and the XMOS(USN0) method, the variance of  the 
Allttn variance may bc estimated using thc methods discussed by Lesar;~ :~n.ncl 
Auc-loin. li For the thrce corner hat method, however, it is not clear how to pro- 
duce a confidence interval for  the estimate of thc variance of a single stantlard 
alone. To checlr the three comer  hat method roughly, consider the following 
procedure. Estimates have been produccd both of the variance of cach high 
performmcc unit versus MEAN(USNO) rind of the variance of cach high 
performance unit alone using the thrce corncr method. Combining these 
results for each high pcrformance standard (exccpt for Cs 7 8 3 / 1 ~ ,  the unit 
which was bcing inverted) produces cight different estimates for the vari,mcc 
of MEAN(IJSN0) alone. The results for thcsc computations for r equal to two 
days a r e  shown in Figure 4. Sincc the standard deviation of thc standard 
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clcvj:~tion ok 51 EAX(USN0)  is cjuitc small  (5 2; 1 0 - '  ' ), o ~ l e  rliny conclutle fllnt the 
ostirnates produced hy lhc tlircc t:orbncr' h:tt ~1jcLIlo~i a r r  reasonably good. For, 
s:irrlpling t imes  l c s s  tl-1x11 two days, the rcsu l t s  : ~ r c  slmilarb. Forb T crlunl to 
five ri~xys, ihcrc :trc some pi-ol~lcrn 6 with neg:it jv~ v:ir.i:lncc again, but i l  tllcse 
v:tlucs ni-c disxbt~grtrrlc~cl, t11c resu l t s  loolr fairly goorl. 

For. tllc purposc: oS co~~ip;trisncl,  onc in:ly cstimsitct thtt vari:~ncc of scvcrnl cw,n- 
velltiot~al ccsiuni s t a n d ~ r r i s  osTc.r. tllc s:.ililc forty c l n i  pcri.or1 by using thr? thr-ec 
corner  hat mcthoc?. 1Ier.c 3 convcntion2l cesiur~i  st;tndartl is coiupxrcrl against 
a11 possiblc coinbinations of tcvo of thc cigh t unclj s h ~ b c d  high performance units. 
Sincc: two strznrlnr*cls with srual.1 v:iriancchs a r c  usecl to cstimatc tllc varj:mce 
of ti tllirrl standarbti with n l : t rgc~  v:iriance, we should gct gootl cstim:jtcs for  t l~c  
I'rcquency stability o f  :I cnnventional ct.siuin stantl:~rcl. Figure .) shours fr*cqucncy 
s1:tbility plots fo r  t h r w  convc~nlioilnl cesium sl:i~icl:~r.tls ( C s  &'lli, Cs 117: 1, :ttlc! 
Cs 533/'1) and one higl-I pc:rfor-iiinncc unii: ((2s ! i3 i . ' lS )  for cnrnp:~ris!in. Cs 271; is 
a 111' 5OliOA which has heen in opcratiot: sinw Cjcl,ol?c:.r. 1% 7 .  Cs 147//1 i s  :in 
ear ly H P  SOtilA wh iul: h:is oper:tlcc-I sincc Llc!c.eml~cr 2 9(:; -.. C:s .5:33,,'1 is :t rrlnrr: 
recent H P  5061A which has ijvcn in operation si!7ce hI:i>' 1072 ,  ,dl1 I'our stnbil_it,~ 
curvcs in E'ig-ure 5 s11ow ~ h c  .-''I i~chsvioul* clla~'rcc.tt?ristic 01' ccsiu~n stsndarbtis. 
C s  ~ 5 3 . / 1 ~ ,  the f-~igh perfnrm:~ncc ~ i n i l ,  wns  :i:. lcasl; t1.1rcc timcs rnoi,c stnt~lt .  thnn 
any of the convention:il ce:;i.clnl stn nd:j rcl s ,  

ICnough dstn have  13ce:n col1ct:teti to prboclucc pi~~lixiiin:ii,y cstiin3tcs of thc frr:- 
yucncy stabjlity of the! high prrforr~lnnce bcmn Lubch for  accr-:igiag times L I ~  to 
twenty days.  F o r  thcsc: lo r~gcr  :~versgir:g t imes, thc. t11rc.c ci)xbtlc1: hnt mctho(! 
is not appljca.ble dut: to insufficic:nt cvcrl:~p of av:lilabic rli~ta. S1:ibility estim.ntes 
l o r  these avcr:tging t imes a r e  tlcrived 11y comparing ~l rc  high pcrforninilce units 
agzi n s t  MEAN(USN0). 





Before producing the standard sigma versus tau plots, it i s  useful to examine 
a few frequency versus timc plots. These plots contain some information which 
is lost when conversion is rnade to thc sjgrna versus tau representation. For 
the purpose of comparison, Figure 6 shows the five day avcrage frequencies 
(computed in onc day increments) over a 360 day period Ior a thrcc ycar old 
conventional HIJ 5061A, C s  497/1, against MEAN(USN0). This cesium standard 
is one 01 the bcttcr conventional lip 506;lA's a t  the U. S. Naval Obscrvatory. It 
was a contributor to MEAN(USN0) over the entire period shown in E'igure 6, 
Thc pcak-to-peak variation in frequency of Cs 497/1 versus MEAN(TJSN0) ovcr 
this 360 day pcriod was about 6 x 1 0  - I 3 .  

CS 497/ 1 VS.  MERN LUSNUl (MINUS R CONSTANT1 
FIVE DRY FREQUENCY RVERRGES 
(ONE DRY I NCREMENTSl 
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Figure 6 

Figure 7 shows the frequency variations of Cs 571/1S versus MEAN(USN0) over 
the same 360 day period. Cs 571/1S is thc one high pcrformancc unit which has 
been in operation for over a ycar. For the f irst  120 clays shown i n  the plot, Cs 
5 7 1 / 1 ~  was not a contributor to MEAN(USNO), but after that period it was 
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included in  the time scale. Thc PC'&-to-pealr variation in frequency with respect 
to MEAN(UYN0) over the entire 360 day period was about 3 x l o - '  -! There was 
no significant drift in the frequency of Cs 571/1S over this period. This pcr-  
formance was typical for  the high performance unjts with two exceptions. One high 
performance st:tndard exhibited a drift infrcqucncy wj th rcspcc t to MEAN(USN0) 
of 3 x 10-l3 lor  the 180 day period it was in operation. The frecluency 
variations of the second exception, C s  431/1S, a r e  shown in Figure 8. C s  431/ 
I S  js an I1P 50CjlA wjth a high perlormance bcam tube a s  a replacement for its 
original conventional bcam tube. The high performance bcani tube in Cs 431/1S 
was one of the f i r s t  made by Hewlett-Packard. Gcncrally this standard per-  
formed well, but it exliibitcd some large frequency excursions. In particular, 
there was one lrecluency cxcursion of 7 x 10-I and another excursion of 4 x 
l o - '  in theopposite direction. Alter both of thcsc excursions, the frequency of 
the standard returned approximately to ,its previous irequcncy. This anomalous 
behaviour has not been obscrved In any other high performance unit. Thcre a r r  
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no obvious exp1:tnatjons folb tl-i ~1::r treclucncy cbscur'slo ns. Forb tl~c, forty tl:iy pcriurl 
discussed enrlicr i n  this ; )apcr ,  ;hl ,s stanclnrd pc~,l'ool-n~c~ri ns wcll  L ~ R  :my o l  tllc 
otlncr high pcrfonn:~ncc units. 

Fi~wrc II shows thc sigm:i vcrsus t:~u piot for  C s  .;71/'1 S ve r sus  M.EAN(USNC3) for 
the snxne 360 day jntcrv:il s h o ~ r , ~  ; i ~  Figure. 7. The e r r o r  b a r s  :Ire basccl on I;he 
uncertainty in the ch;~ractcriz:it-ion r , i  freryucncy s t:~l.)ility for f - '  noisc, a s  cie~:~ivetl 
by JAesagc and Autoin. 5 Forv :ivcr.agiiig tinlcs Ionge;. Lhxn clays, it i s  qucstion- 
ablc whcther thc high pcrmfor:ma::cr: beam t ~ j 3 ( 3  is xi l0 . r1 f i  stak)lc: thxu Sonic.: 01' the 
bel tcr  conventional be:~rr-I I..ubcs, For Ihc othcr  hig'll pcrfc)rm:l.nc e units (except l o r  
C s  431,/1~), the stability cs t in~atca  f o r  s:tmplii~g t imes gccatc:r than I'ivc clays 
wcrc  about thc snrne. 

Figure 3C) surrlmsrizcs thc: fr.ec1ucni.y stability resu l t s  preaontecl in this paper. 
F o r  ztveraging tirnes Less than f ive days, the 1ypjcaX stanclarcl i1evi;ttion listed In 





T TYPICAL o ( r )  UNCERTAINTY 

1 HR 1.5 x 10-I 0.2 x 10-I 
12 HR 0.4 0.1 

1 DAY 0.3 0.1 
5 DAY 0.3 0.1 

10 DAY 0.4 0.2 
20 DAY 0.4 0.3 

Figure 1 0 ,  Summary of IIigh Performance 
Bcaln Tube Behaviour 

Figure 10 is bascd upon the three corner  hat method. Fo r  live tlliy averaging 
t imes  frequency st:ibillty, estim:ites I'rom the three corner  hat metliocl ancl the 
MEAN(USN0) method were comblncd to produce the typical st,mclard rlevintion. 
F o r  avcraging t imes grea te r  than five days, the M K A N ( U S N 0 )  nlcthod alone 
was  used to derive the t;ypic;~l standsrcl tlcviation. The values for  the uncertainty 
include botli thc variations in frecyuuncy stability found among the high perforxn- 
nnce units and the uncertainty in the cstirrlatcs thcrnselves. 

I would like to thnnlr Dr .  (;. hI. K. Winlrler, Dr. R. G. IIa11, :~nd niy other 
colleagues :it thc U. 8. Saval  Obsclrvatory for  them helplul cliscuss~nlls a11r1 
comments, and M r .  D. W. A11:ln 01 the Yat~onal  I<urenu ol St;inclartls for -  a vcry 
helpful discussion on thc t h r t : ~  corner  hat methotl. 
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DR. RELIER: 

Your peak to peak variations show a very pronounccd oscillating behaviors. Do 
you have any explanation fo r  this ? 

DR. VESSOT: 

Fri tz ,  i t  i s  a mood cycle. It i s  every 30 days, I noticed this, and then some of 
the others had a 90 day mood cycle. 

MR. PERCJVAI,: 

If you look a t  a lot of time ser ies  data just eye I-~xlling it, T have an iden that 
your mind picks out periods that don't actually exist. What you a r e  looking a t  
and what you think a r e  periods, a r e  not really found if you made n time ser ies  
analysis of these things and tried to dig out the frequencies. 

DR. VESSOT: 

Dr. Reder and I have used our  own eyeball spectrum analyzers and sccn this, 
and I thought 1 was the only one. 

MR. PERCIVAL: 

Yes, i t  would be something to follow up, and I agrcc, they {lo look rather  
suspicious. 

DR. BARNES: 

J im Barnes of the Dureau of  Standards. 

I would commend you on a very fine papcr. 1 enjoyed it. 

I would make one commcnt only, in that people commonly use non-overlapping 
estimates for estimating thc Allcn variance, and if you (lo that, the paper 
gjvcs you a very good means of estjmating confidence intervals. 

If you a r e  willing to givc up that method of estimating confidence intervals, you 
can use overlapping cstirnates and get improved confidencc. You don't always 
know what i t  i s ,  but you know it  is a t  least a s  good a s  the last  you have run. 



MR. I'ERCIVAI,: 

Y e s ,  hut I was using the m equal 2 case  here ,  in which case there is no real 
difference. You would only get that if you :irc using m equal 4 to s h i f t  along 
:~nd get the thing. 

If your s: impl~ is displaccd, iS your one sanlpic t ime,  tau, i s  displaced a s rnn l !  
increment o r  small  fraction of tau 101. your, next ~ s t i m a t c  -- 

MR, Pl?RCIVAT,: 

Oh,  I see.  Jn othcr words, shift jn s;iy 15 minutes, o r  something like tl-r:~t. 

IIK. BARNES: 

l1sc a l l  nf the dnt:~ avai lal~le  for- each Allen v:irianuc saniple. You cnn improvc 
thc confidence Intervnls hy :in unlinown amount, 

MR. PEKCTVAL: 

Right. 

1 find that the most h a i r  1-xising p:irt o f  this is the r)ossibil.ity of gctting a n  
imaginary value of sigma, which rlocsn'i: givc you imuch c ~ ) n f i ~ i ~ l n c t \  i n  st:ltistics. 

MR. WA LCEK (Hewlctt-13:iclcti t:(l): 

I t  seernetl to mc t11:tt you said that 431 ivns n stnntiarrl 5061 with a rctrofittcc! 
high performance tube '? 

MR. PERCIVAIJ: 

Y e s .  

DR. WINKLER: 

That cesium 431, to my knowledge, was a standard cesium ~rrith st:lnrl:ird 
electronics. IIowever, i t  uras outfi ttcd from thr ix~ginning' wit11 n hlgh perfo I-m- 
ance beam tube, one of the f i r s t  lwarr-~ t u h ~ s  which w e r e  produced i n  the sprjng 



MR. WALCEK: 

Well, I think i t  will turn out that that tube was nn ear ly version of the higher 
perfo rmnnce tubc. 

T thinlc that is cor rec t .  

MR. WAT,CEl<: 

Tt probably is not representntjvc ol' thc so-cnlletl stnndarrl tubc, 

XITI. WMZ LEK: 

I don'l thinlt Mr. Percjval  has c ln j rn~d  that. In fact,  he has pointccl out Lhnt i t  
was :in ear ly  birrl. We have moved It :tround I rom one site to the other ,  
initially when we  got it,  and we have noticed n considcrablc trrnpernture 
sensitivity. 

The f i r s t  environment, into wliic!~ i t  was put, was not 3 temperature control1c1-1 
room, it was in  fact subject to consitlcrable fluctuations, I would say,  f i ve  
tlegrees centigrade typically, and the cesium bch:~vcd very poorly. In fact ,  
you could see on the ph:lsc plot, 100 n:tnosccond full scale  phase plot, you 
coultl s e e  the instant of n temper:iturc change. 

And then it wtis moved into one of ou r  best environments, and I thinlc almost a l l  
of the data referred to these environments af ter  that moment. 

MR. PEKCIVA L: 

Y e s ,  right. 

Are there any o t h e ~  yucstions? 

MR. LIJ3RERMAN (NAVE1,EX): 

On the 783, which you said was inverted 180 degrecs,  do you think that was due 
to the tubc, o r  the c rys t a l ?  Do you find the same  thing on the standard tube? 



Well, I nm so r ry ,  k>ccause I don't Ihinh 1 c3n answei- your cyuclstion. T don't 
lznow rnougli ahout the c l c c l ~ o n i c s  inrrolved tn :Inswcr j t  compctrntly. 

LVc haven't rcal ly  pe14'o~-nzcd these typcs of tes ts  oil any of ou r  other st:ind:~rds. 
We wc1.r nslzcd to do this folb 1)rofessol~ Ailey a t  t l ~ c  ITrlive~-sity 01 Ilnrylnnrl i n  
o rde r  to gjvc hini nn idc:i ol' \vhnt this thirlg woultl (lo in outer space, :ind so wc. 
just hiild ol  did it :is :I sicle expprimcnt, :~nd nrc have never triccl thjs :is a n  
exact csperirnent with a convcnlionnl . ? O f i l ,  

I thinli i t  ~voulrl hc ~vor~thcvliiir l o  tr>y, I~u t  Ihc trouhlc is that u c  l ry  to rr1njnt:iin 
all of our7 stnndartis n l  t h c  o11scrv:itory in good environmrnls so wr can use tlicm 
f o r  ou r  time sc :~ lc .  7 hat is our  h l~s iness .  A~lcl we re:llly aren't  i n  thr  husiness 
of testing tlic duu.:lbility of st:~ntla rds under. stla:ingc cnnrir'titrns. Auri to m:il<s:, 
o f  course, :i thorbough nn:i!v:;is, jTou woultl w:ant to sh:ikr the unit and vibmtc i t  
and twist it. 

O h ,  we c;ir~ clo th :~ t .  

nrt. vr-.:ssor: 

Was th is  tuljc rc:llignecl m:~gnctically nftcr 1)c.ing invc~~tc t l  ? 

hII1. PERCIVAT.: 

Yo. 

In that c:isc, it is possible tl-le ;.c (.:-:is ao:-1-lt. c-il:ingr: in t l ; ~  c:1:<t--\vc1~t :\xi S ,  :1iltl 
you rotated i t  that w:iy. 

KO, mro . Thc I)e:?-n1 tub[' W:IS not i .~:id,iust~i! :ic:corcliug t:j procpdu~-c., ;in(] i t  is :my 
beiief' that wllnt we st3c3 i s  :In : I  t'i'cc!~, of rnecth:~n-icsl stress in t l l ~  c;~vi?:y. If 37ou 
turn thc he:im tu l~c  upside clown, tile n?cchanjcol s i t , u a ~ i o ~ ~  \ $ , i l l  ! 7 r  (dlffe~:c!r!l;. 
From sornc of the clat:~ tl1;it ; li:i~,-(2 scc.n, tlir fi.cclut~ac.~~ :;Tlif't n-ns i;ujtc -r-.cpc~:il.nlji~~ 



Remember,  on one s ide we had a frequency shift of two pa r t s  in 10 to the 14th 
different f rom the reference standard, and the other  side there was somcthjng 
like between 8 and 1 0  par t s  in 1 0  to the 14th. 

So, the very fact that i t  produced a ra ther  repeatable frequcncy variation, n 
little l e s s  than about 10 to the 13th, makes m e  believe that what we s e e  is an 
effect of the mcchanjcal change, not of a magnetic change, which would be very 
difficult to explain (jn view of thc observed remanences and hysteresis)  why i t  
comes back to the s a m e  frequency within pa r t s  i n  1 0  to the 14th. 

UK. VESSOT: 

These a r e  reproducjble affects. 

DR. WINTCLER: 

Well, I don't doubt that the magnetic field isn' t  a major  influence in al l  atomic 
Ircyuency standards.  No y uestion about that. But in that par t icular  instance 
of turning a standard upsjde down regularly I believe i t  i s ,  forenlost, :I 

mechanical problem. 

nR.  VESSOT: 

Thc ear th magnetic ficld alone i s  more  like a half n Gauss in this region. 

nut  jf you were to invert  thc f ic ld ,  I would thinl; you might s e e  something lrorn 
magnetic reasons :]lone. However, this i s  moot, a moot point. 

MR. ACRIVOS: 

Ry the way, NAVSAT did produce a rcport  on thjs test .  It was done in :i mag- 
netic environment tes t  several  yea r s  ago, and there wcrc two atomjc types of 
cesiums tested, one was an H. P. and the other was an Atomichron. It was 
done for  n magnetic test .  It was inverted, and it did show differences, and 
these were recorded in the report.  

I believe i t  was Navy Facili t ies a t  Patuxent that did the test .  

DR. REIIEK: 

One question on the same  point. J have a question to so rnebdy  who knows 
something about crystals .  



~ 
Isn't  i t  so that when you turn a crystal oscillator upside down that you get n 
rather  large change? The answer possibly i s  that if the crystal wasn't exactly 
adjusted, the servo gain wasn't enough to bring it h:tck. 

VOICE : 

That was my question, that if you do get enough changc in the crystal -- 

DR. VESSOT: 

I think the point is that i t  is ~emar l inblc  that i t  stayed a s  stnble as it  did after 
hcing changed a s  much n s  it did, 

Another question. 

QUESTION: 

I would like to pursue the yuestion that the gentleman raised a while ago. 

Have you ever applied barometric test data in  your. nnalysis to question any 
dependency on this parameter?  

MR. PEHC1VAT.d: 

Maybe I should talk to you afterwards to get a hotter idea of what exactly you 
mean. 

DR. VESSOT: 

I think the question raised was  that is it possible that barometric pressure 
fluctuations might affect the ratc of the cesium cloclcs differently, and thus 
show this seemingly very large excursion. 

I can tell you that we have seen such affects with hydrogen masers ,  and learned 
how to fix them. However, I can't visualize a rnec11:inism for thc cesium beam 
tube that would do it, other than some flexure of the cavity. 

DR. ALLEY: 

I would like to explain just why we have asked for this to be done, to turning the 
clock upside down. 

The point is, it i s  exceedingly difficult to simulate the conditions of free fall on 
the Earth for any length of time, and one way of approximating what might 



h:tppcn to :I clock in f r e e  fall i s  to see what happens whcn you change the accel- 
0 

eration by 2 C:, rather than by 1 G. If i t  is rcproduciblc, one Elas some confi- 
t l ~ n c e  that when i t  goes to Ircc 1311, you would know that it  would fall in between 
these two extremes. So, this is the baclrground. 

IIK. VESSOT: 

Thanli you, Dr .  Alley. 

Mr. Kern. 

MR. KERN (Frequency & Timc): 

During thc period of your mcnsurements, were there any :lutomatic dcgnussing 
provisions in this equipment? 

MR. PERCIVAL: 

No. The units wcrc aligned initially and placed in one of our  vzzults, and just 
left to rum with no further degaussing a t  all. I t  was  initially degaussed, hut not 
during the  test. 

DK. T3ARNES: 

One vcry qujck question. 

You turned the instrument so it went through a full cycle in two days, is that 
co r rec t?  

MK. PERCIVAL: 

Approximntcly, yes. 

DR. BARNES: 

Did you have n data point a t  two days?  

On thc signla tau plot, was it  1, 2 ,  5, 1 0  '? 

MR. PERCIVAL: 

Yes ,  i t  was two days, right. 



nx. B A R ~ ~ E S :  

If i t  were exactly r.cpr.oducible, :inrl you were nlodulntjn:; ;it :i period of two 
(lays, then i t  woulcl have to In:ivc a11 inordinately low value a l  two dnys. 'I'he 
fact t1i:lt it tlj(1n1t irrrplies that thcrc i s  liystel-csis, 

I am SUIT jt m7:tsn't clone es:lctly rvcrby two clays, bec:iusc ivc tlidnll, have some- 
l~orly conlr in on the weel;cntls ancl clo j t .  TS7c : ~ t  1c:ist hacl a \veekenrl vnrlntion, 

D r .  Ttuegel., 

IIK. RIIEGP:R (APL.): 

LYc wcl-c ~vontlering about t?lc u sc  ol' invc.rting lihe tlris, too. K:ithcrb than bc i~ ig  
the pllysjcnl l'orccs, thc l l~crmnl  gr:ldients, ~ v c  thought, would h r  upset,  and we 
thought th:~t might be :I 1:irgcl. :iflrct than the s t r e s s  on thc rnccllsnical pards. 

I thjnl< you may have hit on a nerve. 

MR. HYATrI': 

1 thirdl the comment Irom APT, i s  col*rtecl. I t  is   no st lihely n tllel-m:~l effect. 
A t  Icasl,  to our- l+aowledge, t11:it is thc 1:lrgcst cocl'Iicicnt wc  havc, :incI the 
mngnetic o~'ient:rtion lo r  3 lrvc7 ::suss chanp;c prbohably could only cxplain :i part 
in 1 0  to the 14th. The oscillatorb, being sensitivt. to o r i ~ n t a t i o n  is also in the 
o r d e r  of two o r  three p:11-ts i n  10  to the 14th. 

TTowcvcr, there i s  n sensitivity of approximately a par t  in 10 to thc 12th perb 
degree C on the overall  instrumrnt ,  and cer t t~inly turnlng it ovel- will  ma le  :i 
significant differencc i n  the cooling, 

DR. VESSOT: 

A s  1 see  there a re  no other questions, we will 11:ivc our  cofl'cc. 




