
PANEL DISCUSSION 

A n d r ~ w  R. Chi, Moderator 
Goddard Space Iv'light Center 

MR. CHI: 

In a discussion period, u s ~ ~ a l l y  there's not enough discussion unless there is sornc stimulation. 
What 1 have tried to  d o  is to covcr thc three themes of thc papers gven today. The thrce 
thcmes are: the fiecluelicy sources; the distribution of frequency and time; and the applica- 
tion of f'recluency and timc. 

Since there are five panel mcrnbers and we havc about one hour's timc, 1 would like to  limit 
the time to  about five minutes per panel mernber, after which thcrc will be a short discussion. 
After we go through the series of presentations and discussions, if we have time we can go 
into other areas. 

The sequence which 1 would like to  follow is t o  give those panel members who did not have a 
chance to  speak today the first opportunity. So I will first call Dr. Knowles. His will be in 
the area of cllaractcristics of radio sources and how to select them for applications. 

DR. KNU WLES.  

I actually don't havc any preparcd discussion, so my remarks will be quite brief. 

1 think the means of selecting radio sources for VLBI applications is rather simple arid ob- 
vious. You want a source which 1s a point source and which does not vary. There has been 
considerable work done in the field of radlo astronomy toward selecting these sources. Wc 
have pretty well listed the sources by now: a list of quasars, which are known to be point 
sources over baselines o f  the diameter of tlie earth; and also lists of thc spectral linc sources 

It's interesting to note that it turns out  that the earth is a very good interferomctcr for 
natural sources for both spectral linc sources and for quasars. Most of these sources are, 
quite clcarly, heavily resolved by the timc you get to a baselinc the length of the earth. 

Now the pxoblern with this is that for possible applications, such as navigation systems, you 
have a fairly stnall percentage of sources to work with. For cxample, with the water vapor 
sources that Dr. Johnson spoke of, we expect that only between 10 and 25 percent of them 
will be viqible over baselines of the length of the earth. And this definitely lirnitq the utility 
of such sources and is a factor which hasn't qultc been brought out  in the literaturc on sta- 
tion locations, navigation systems, and related topics. 

1 might mention that, in the case of water-vapor sources, we discovered this resolution prob- 
lem during one expcrirnent involving three sources. 



Thc oflier thing I'd like to nicntion is f'or purposes of wing thcsc sourccs o n  any 
routine h;~sis for uithcr riuvig:itio~i systems, which tlic N:~vy has asked our  proitp to  look 
irito. or I'or station l o c u t i o ~ ~  or gcodesy, it is quite inlportant t o  havc son~tl program o f  
systchl~l;~tic: observations ol' thc positions of all thesc sources colicurrently and ally obscrv;i- 
tions of proper ~notioti .  1 Ih i~ ik  this is bcing done by a coi~plc of' groups with regard to  ttic 
cluasars. We arc  doing it to some cxtcr~t  with the watcr vilpor sources. But 1 think rnorc 
long-tcrli~ systcm:~tic prograln stucly of thc  source characteristics is a ncccssary part of n t~y  
attempt to uhe lhcsc on 11 rolrtinc bas~s for n~casuring station pusition, for uscs in naviga- 
ti011 systcrns. or ! 'or  anything tikc L i ~ ; i t .  
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I'he ncxt topic will be in thc area of VLBI applications for position detcrniination and thc 
coml~arison of  this technique with other teclrniclues such as Iasar tracking and so on. Oirr 
p:~t~cl member is Dr. Juyaram Ramasustry. 

What I would llke t o  talk about 1s this. Wc all hnvc been do1n.g VLBI cxperirncnts LIP to  
now, figlltlng a t  ccntimcter Icvcls, and submetcr levels. But I'd like to  focus attentton on 
what klnd o f  frequency stsb~ltties or fractions frequuncq devlatlons we have beeti observing, 
what gcodyn,~nllc proble~ns M.C will L x  trylng to 1nvcst1g:ite. what klnd of p11ilosophic;ll 
,tpproach we ~ho i i l d  adopt ln  tlie future, no ~ n a t t c r  ~ l i o  does the expenmcnt. 

First of all, I think wc allould thank Harry Peters of GSFC and Dr. Vcssot uf SAO and 
scveral others in  the precise tirllc and f req~~el icy  field for supporting all the major VLBI 
experiments up  to  now, and pray God to  give them long lift: and good health so that they 
can be o f  use to us all the time. 

C'onii~ig to  the frcquer~cy deviations, most of us doing credible work have been seeing one 
part 111 10' frequency stabilitius, sometirncs better, sornetirnes lower. 

It is now understood that it is no use doing a VLBI exprriment without reliable and well- 
performing prirnary-frequency sources. I n  the r n d ,  1 will bc talking about what I consider 
t o  be five coml-nandments of good conduct for geodetic investigators. I think that's what 
wc should keep in mind in planning l't~turc experirnunts. 

The four major areas of'geodynat-nic: investigations that we are concetitrating on in our  

Earth Physics Progarn are UT-I, polar [notion, solid earth tides, and plate motion I will 
gn in that order in my disck~ssion. In LIT-1, seasonal variations of randomness have been 
observed, and the conventional technique liku the PZT (photographic zenith tubcs) and 
tlie transit circles have not been able to give anything butter than about 5 rnilliscconds 
each. I t  sccms that VL,BI can providc about a half a niillisccond or bctter. We have 
derr-~onstratcd this in our  latest VLBI cxperimcnt betwecii 12gassi~ and Owcns Valley. 
And that's onc area wliere I think thilt VLBI  can con tribute signficantly t o  geodynarnic 
research. 



The second area is polar motion, which ic really the motion of the earth's mass around the 
rotation axis of the carth. In this area, VLBI,  as has been shown, can really provide very 
significant data, even though 110 dircct rneasure~nciits have cornc up to date. Ilowcver, I 
would like to point out  that Doppler traclung data ol'Anderlc and others have provided polar 
motion components at  the one-to-two-meter levcl. As far as lasers are concerned, Llr. David 
Smith ofC;SFC is, I think, the only person who has come up  with what 1 consider t o  be 
credible polar motion determination froni a few hours (six) of lascr rangng data. 

And it is not really well known n o w  whether lascr ranging is going to be a bettcr technique, 
or  VLBI is the one for geodynanlic applications. It doesn't matter, as long as we arc going 
to solve the problems confronting us. 

I'rn just reporting here that It~sers are providing thcse types o f  polar-rnotion data, and VLBI 
has not yct come u p  with it, but we fiope wc will soon bc ablc to do  so. 

The third area concerns solid earth tides, whcre rncasurcment of the tidal oscillations with 
gravimeters has yielded sufficiently good-quality data. 'There is another area where VLRI 
can also contribute. 

Plate motion and fault motion are tlie areas wherc VLRI car1 makc very significant contribu- 
tions. We have bee11 planning short-bascline experiments with combinat~ons of a transport- 
able dish and a main dish for fault-motion studies, and at the same time we arc working on 
transcontinental basclines wlth thc idea of mcasirring the relative motions between the trans- 
continental plates. In  this area VLBI can give much lcss illan ten centimeters resolution, and 
it seems as though in the next limr years wc should be ablc to settle down to  what 1 consider 
to be the observatory type of experitncnt. At present, we have rncasrlred transcontincntal 
basclines with an accuracy on the order of 40 t o  1(X) centjn~cters. Within thc next two years, 
we should be able t o  improve this t o  the five-centimeter lcvel. That means we will not be 
experimenting anymore with VLBI; but will be investigatinggeodynamic phenornena. 

Let me now sumlnarizc all the problems that arc involved. In this context, I would like to  
discuss the five commandments of good conduct which 1 nlentioned carlicr. 'They are: 

1. Never conduct experiments using statjorls of no geodynamic value. 

2. Never conduct experiments without stablc frequency sources and wideband 
recording systems. 

3. Never, under any circumstances, iinprovisc any hardware and software in any 
experirnen t. 

4. Know the difference between precision and accuracy. 

5. Tell the truth always. It pays to  be honest in the long run 

VLBI should receive its share of nlaterial support if all thc major error sources, including 
atmospheric cffects, are to be resolved in order to rcallze the five-ccntin~eter level a b  
solute accuracy. Otlicrwise, VLBJ will simply rcrnain a radio astrollonly tool. 
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I t  Ic.acls very ~i;rtc~r:illy in to  Ll~c* intcrl)olation bctu.c.c,n tllc sampling titucs. In m y  sys tc t~ i ,  

.Illst in  r-cbparti t o  tllc prc>vious coriimc~nts, :IS 1)r. K I I ( : ) M . ~ ~ * s  ~ ) o i ~ ~ t c c I  out, t l ~ ~  ~ ~ U ~ ~ C I I I S  

tllat  yo^^ arc ;rr.)iiig 10 t';it,c 111 time s y i ~ c l ~ r o ~ i i z ; r t i o ~ ~  is o n e  o1'av:til;iblc. rclativcly s t r o ~ i g  
soLirclhs, cspccially w h c ~ i  y o i ~  s t :~r t  syncIlroili/iny obcr Ic)~lgcr b;~sc~lii~c*s. 

Tllc sc~nsitivity y o t ~  C:III ;rchic.vc is a f ~ ~ n c [ i o r l  clircctly o l ' t l i ~  t i ~ ~ r i i t ~ c r  01' hits ;11icl o111y tllc 
ntlnihc~i- 01' hits yo11 e:in rc,c.oi-d pliasc L~olic~rcntly. 'Clicr-ct'orc!, yoill- cntl bits can he 
c l i s ~ r i h u t ~ t l  111 ally w;~y in tllc* I ' ~ . ~ ~ ~ ~ I C ' I I C ~  ~ l o r i i ; ~ i ~ i  t o  ~ i c ~ l ~ i c v c  tlic sallic clc~tt~c~t;ihility 01 
s v ~ ~ r c ~ s .  I'OLII- iclc-;i o l ' ~ l i ~ t r - i l ~ ~ ~ t i ~ ~ y  tl1c.m ovcr , I \  \viclc, ;.I f 'r~~clucncy r.;lrlFc3 as l>ossiblr5 is V L > I . ~  
I .  I w o ~ l l d  poilrt o11t thirt wilh 0111- r~~ la t ivc~ ly  cnrr~cntio!ial  cro.;s-co~,r-clation t c c l ~ ~ i l ~ l ~ ~ c h  
w r  ;lrc r o ~ i t i ~ l c l y  doilly tirilc, syr~cl l~-oi i i / :~f i i , r~  i l l  t11t' m n c  \ i , r l hcb  t l i~ i t  yo11 dcscrihccl t i ~ r ~ c  
synilirr>riir.:ition, t o  ~ I I L '  tc,ntll ol' the, \ ; i ~ i i l ) l i t i f  period i ~ ~ t ~ . ~ r v ; i l  ~11 ic .h .  l'or tile' Mark-1 
~-c~,ol.t!ing systebiil. is i n  t11c' 130- to 300-11a11osc~c~01irl titilc I-:lngc. '1'113t's killel o l ' o ~ ~ r  
ins l ;~n  talic.ous level oti a ~)e,r-talJc' b:i<is tinlc :ic.c,llr:icy. ; I I  t h o ~ ~ g h  wc Ii~lvc rlcnionstratucl wc 

0 can ac t i~a l ly  d o  it or1 what wc call u rcuol-ti o t 'da ta .  ~ . l l i ~ h  i~ two- tc~i t l i s  o l ' i ~  s c c o ~ i d  o f  
da ta .  th:r t is 130.000 hits; t h ; ~ t  LVL, can  ;luhii.vc llic 5;1111~ kiiici O F  :~ce.l~r;~cic\  if tlie so\rr-c.cs 
:rri, s t rong  c n o ~ i g h .  

Wc also find tli:it vtlry I 'rcqurntly wc. c.ail work down t o  tliirrgs Inore likc f o ~ i t  o r  l'ivc tiriles 
tllc rms noisP Icvel. still ac-liicving :I t ~ * n t l ~  [if thc  sanil)lirlg intcrvul. providi r~g t h a t  wc  

intrgr;itc t o  g ~ , t  to thosi, h ind i  ol";~,nsiti\iiti~~s, to t a k ~ ,  as n ~ ~ ~ c ' l l  d:rta ; I S  wi. ncc,d t o  llu 
that .  I3i1t wc  f ind t11;lt wi. c,;rn yct t11oht~ : I I : I , L I I - : I ~ ~ L ' ~  ;it t l l i '  5 si~r11;l 1c:vc~I r ;~ t l l~ \ l .  th;lti till' I0 
sigrna luvcl. 

Thcrc  is, pcrlla1)s. a point t l ~ a t  i j  11ot wc.11 unticr\ tood by sor-nc rnc1ribcr5 o f  t l ~ c  a ~ t d i c ~ ~ ~ c  
witli rcgsrd to  what  it takr{ it1 the  ot' ~ I I I I C '  ~y1icl11-~)1ii7;itio1l. 

F o r  ins ta i~cc .  in thc rcsults wliicli I l la\i~, so:-t of' 11rcvii.\vi.d vtiti wl1ic11 ;ire g o i i ~ g  t o  b~ 

givcn :it tlit' A(;IJ wit11 rcgarcl t o  thc  t'oc~r c c l i t ~ ~ l ~ ~ ~ t i . r i  iri t l l i - ~ ~ ,  diiiicnsiolls. I t  is nc;t fair. 
t o  c o n c l ~ r d ~  t h ; ~ t  t i ~ ~ i r  s y ~ l c l l r o n i / ; r t ~ o r ~  per i c  .,\as :~c~l l icb~~ci  a t  thc 150 pic.ri\ci,onii I L ~ L ( ' I .  

4 Thc way tha t  we h:ivc :~cliievcti thi. t h ~ ~ c c ~ - i l i i i i e ~ n s i ~ l  r~~i .as i i rcmcnt  i \  1.15' tllc ~ ~ ~ l l c ~ i i e  thnt  
Dr. Hurd alluded to.  whicli is a kind ol'syritlit.sis proccss 111i1t  I \rll)pusc is cl~rc lliuitily to 
Dl-. Kogcrs a t  MIT. What we'r'c cluing 111 tht! jP1. ~ ( u l - k  ;it Ic:~~;t is tllking t w o  
windows tha t  arc svparntcd by  40 nli.g;llict.tr., drriviny t l l ~ ~  fringe philsc a t  cae,h o t  tliose 
t w o  windows, 2nd allowing thost. t w o  p1i;isv pattc*rlis t o  beat  :~gairist o n e  allother.  



What one come\ out with is a 1iicasi11-c of the dlffcrcncu bctwc.cn the. geconictr-ic limu 
delay a i d  tllc OIIC that yo11 ~ ; I V L ,  L I  priori r~iodcli'd in t l ~ c  ~ o ~ i I j ) i ~ t e r .  so tli;~t you c;111 ;~d j i~s t  
the model par:lmetcrs to get thc hascltnc. p:rr,~mctcrs. I'or instance. 

Now, uach of thc in~liv~clu:~l ch,innels thc~~isclves at lea\t 111 tlic JP1. wol-h !I:]\ hccn 
rccordcd a t  a 48-kilobit-per-second ratr. So wc. n ~ u s t  bc- ablu to extract tliat pliaw from 
each of t l~osc  two channels, which arc ~ a t h c r  narlow. SO what wc had to d o  w:is to  gct 

the, hrts alignctl to the samplc L I I I I C ,  wiiicl~ 1s ;lhout ? I 1111c.rosr.zonds. 

So if yo11 askcd what wa.s the ti~rlc syncl~roni/:~tioti rcqulrclncnt for that cupcrtmcnt, thc 
answct is solncthing like tcn ~nicrosccotids. And otz that basis of that tell r ~ i i ~ r o ~ c c o n d s  
wc takc i t  down :~nd beat thc lwo signals togethcr a n d  clcdircc 3 parnlrlctcr which we call 
intcrprt't In a gcopliysical senw cquivi~lent to  about o11c tenth of a nanosecond . And ~ t ' s  

kind of 3 trick, it has u certain convunicnce, an11 i t  has the I~omely vi~i i lc  that it can 
be donc. 

I just would like t o  rcpc;~t my rc t l~~us t  that i l  thcrc is ally operational ci~pahility arlyw11cr1' 
nedrby, that wc would ltke to know ahout that. I t  would bc extrclucly ~twfirl, for 
instance, t o  l~avc  traveling clocks in I:rbor,~toric\ wliicti have bern \ynchrotli7cd to. Ict's 
say, 100 tianoseconds. It woi~ld bc rcnlly uccful in stirdyillg a nurnbcr of things wh~cli  art. 
quits pu~z l ing  : ~ t  thc present tirnc. That is onc remark in rrgards t o  thc clock 
synchronization. 

I have anothcr rcrnark on the cluesl~on of' polar motion and UT-I dctcrrnination. And 
that is that i t  seems to tne that one should look for some agreement in tllc scientific 
com~nnnity about refcrcnce observatnrics, slrnilar to  what wc actually use today as a 
del'inttloti of the conventional pole, thc OCls dcfined by location of' I'ivc latitude stations. 
Thc latitude has once more becn defined, and tliat is the origin of the ~ntrrnatronal 
convel~tinn origin. Something like that is lacking in these more recent experiments and 
thc collsccllrence of  that, what we are 311 referring lo ,  is changes or  difkrences of latitude, 

or chal~gcs or  differences in UT- I .  

1 feel, sc~cntifically speaking, that it wo~ilcl be dzsirahle t o  propose and agree t o  a 
rcf'crence system for thesc other purposes. 'That would seem t o  mc the only way that one 
can rcally stuciy longer-period phenomena cxtcnding, Icl's say, ovcr I 0  ycars or 25 years. 

DR. JOHNSTON: 

Still going to thc VLBl's applicat~on to the carth's rotation, interfcrnmetry has a 
sen\itivity to  absolute declination. But the parnme tcrs involved in the earth's rotation are 
sort of free-floating. Tlzcre arc three scnsitivc parameters: the longitude of  the baseline, 
t l ~ c  rlght ascension of tllc radlo solrrt;c, and the irrlivcrsal time. 

So  if you want to  start i t ,  it rntist hc a start hy fiat, and J would suspcut tlllit onc  cannot 
fiat such a start until there is some dcgrcc of consistency, or  a n  agreement on thr  part of 



how the d a t , ~  is going t o  bc t:lkun ancl liow ~t 1s gotng t o  bc reduced. It's kind of a n  
~ r b ~ t r a r y  thing and I woitltl sitpposc one could back up. you know, and if wc discover 
1:1tc1 tliat cilrrcnt applic;~tion\ wcre goocl c ~ l o i ~ g l ~  in principle wc could just back it up. 
Things havc hceri backcd u p  t o  1C)OO lor origins in tlic past, so 1 giruss we could do it again. 

I just want to m ; ~ k c  sornt, cot-nmcnts o n  Dr. Wit~klcr's Ihoughtc o f  just a rni~lutc  ago. First 
ul' all. I tlltnk we .just started out .  as 1 s a ~ d  before. 1 o m y  knowlt,dgtb, nobody hitd deter- 
1111lli~d tlic. polar motion with one station in six Ilc>nrs. and ~t W,IS just ;L prclimitlary 
c x p c r ~ m e n t  to w c  if tt workcd anil rf \o how well. 

1 :Igrcc: with his st:rtetncnt hilt nt the prc.sc,nt t i r ~ ~ c  I think it's juqt t o o  early to discuss this 
As soon n s  wc gct some additional rcsults fro111 thC VLDI and the laser s ta t io~ls ,  I think 
thcsc questions will l,c resolved. 

F o r  instance, we lust finished tlic San Andreas Fault cxperimcrlt We operated two  laser 
station5 ovcr the last thrcc month\  t o  dctcrmine t~ltitn,ttcly thc motion between the pli~tcs, 
but a t  the  same trmc thew ~ n c , ~ s u r c ~ n c n t \  wlll bc uscd to  dotcrn~rne the pole tnotion. A t  
the prcscnt time only rclat~vt. motions arc rneasurcd ot  c o i ~ r w .  a n d  absolutc r n o t ~ o n  will 
come w~tlz tlmc, I think, rnaybc In two or three yyars, 1 t i o \ ~ l d  gt~css  

M K .  MACDORAN: 

Cat1 y o u  give us somc inclination o r  somc early information on how the "SAFTf-" ex- 
pcrimcnt o n  the San A~ldrcas  went'? 

DR. VON BUM 

N o .  because we just finished the experiment a l ~ d  are collecting the data a t  this time. I t  
looks likc. very preliminarily, that wc probably could determine t l ~ c  distance bctween the 
two  stations t o  ~ n ; ~ y b e  10 or 15 centimeters. It is better than wc hopcd for.  Again, this 
is just the first trial run that wc did thic ycar,  and we expcctcd it woi~lcl be in the  20- 
centimeter rangc bu t  it looks likc the  data are better than expected. 'The lasers we are using 
right now arc 20-centimeter lasers. We arc bringing these instrunients back as a mat ter  
of fact thcy are jirst on their way now to  be modicictl t o  a 5- o r  10-ccntirneter range. Next 
ycar we'll send thcsc back again, t o  continue the cxprrirnent. Right  now I would say we 
are in the  15- t o  70-ccntirncter rangt., safcly. 

MR. MA C'UORAN: 

How well will you be able t o  ~ncicpendently confirm thc accuracy o f  the mcasurcrnents'? 
I'd gucss this is about  an 800-ki lo~netcr  baseline 

DR. VON BUN: 

We will try t o  d e t c r m ~ n e  tlle d~starlcc in two or  thrce batches dnd then see how they 
compare relative to each o t h e ~ .  1 really can't glvc y o ~ r  ~ 1 1  cxdct ~lncwer to this bec,~use we 
haven't evaluatcd the data yet. 



I;roln tlic polar mot io~l  cxpcrimcnt we did, wl~cre wc had lascrs in the 30-ccntimctcr rallgc, 
we arc cotning down to the 30-ccntimetcr accuracy in the basclinc. So, assuming a 
linearity, 1 would ;issunic if we Il,~ve a 10-c.cnt1111ctcr lascr. wc may come down t o  tltc 10- 
ccntimcter distancc, and with :I 5-centimeter I:~scr wc wily come to a 5- or  10-centimotcr 
distrtrico. 

But at thc prcscnt timc we just finished the expcrlmcnt taking tllc data and no analysis has 
hecn nude  yet. As a riitltrcr ol' l'act, we don't have the data here yet;  we still havc it tit 
tlic station. 

110 you  sce an opportunity any tinic soon for collocation with the VLRI'? 

DR. VON RUN: 

I llopc so, because I consldcr this as an important experinlcnt. becausc if we do so~nethilig 
cithcr with VLUI or with lascr yoir will really nevcr know what the a b s o l ~ ~ t e  accuracy is; 
and I think a vcry gootl i~ldcpcndcnt test w~ l l  Iiavc t o  bc made, and I ltopc wc can soon 
wake 11. putting two lascrs side by side with thc VLBI systcnl and rcally determining the 
distancc belwecri the two stations indcpcndcntly with hot11 systetns. We have both the 
lascr and the V1,BI capability :it (;SFC', so such an e x p c r ~ m c t ~ t  is not a problcnl to  us. 

MR. izlAc?DoR/l~V: 

It1 thc (;oldstonc i,xperiment we havc a design featuring that experiment to  cornpare 
;~gai~lst  thc National Gcocictic Survcy over that 16-kilornctcr baselint.. dnd thc Natlonal 
Gcodctic Sirrvcy gl~ara~itccc thcir work a t  thc 30ccnti1nctcr Icvcl, and we have a colizpar- 
lhon to within 12 ccntimeters of that. So 1 gl~css I take a little bit of issuc with the strict 
interpretation. 

DR. VON 13UlV: 

Well, Ict nlc glve you a n  examplc on the polar-motion experiment. We determine not only 
the polar motion but also thc drqtance between Goddard and tlic station in Seneca; when 
we evdluated the d~stance. ~t fell exactly within tlic r a n g  wc got from 3 survey, which 1 
th~rik IS a c o ~ n c ~ d e n c c  bccsufe I jirst can't believe we dcterrnined thc position of the two 
stations t o  3 0  cent~riictcrs, and this is - in three dimensions - exactly what we got from 
a survey w h ~ c h  was takon a year bcfore tlic instrument was started. 

DR. MCC'OUIIRE Y:  

Andy, I just havc a question about lhc vcry long bascli~ie interferometry. In thc discussion 
today I didn't hear any discussion of the possiblility tliat the presencc of  the earth betwccn 
these sensors, betwccn the antennas, may lcatl t o  cffects, and 1 wonder if it does. 'The 
advancing plane wave murt certainly be distclrbcd by the presence of the earth between 
the scnsors, and 1 woi~der  if t l l~s  is taken into account or  if any large effccts ac~ilally do  
occur'? 



Wcll. on rn y l ~ r  chart ,  thcrc werc thrcc separatc bars that addrcsscd that .  'rlicl u's sonle- 
thing labeled lonosphere and the wet and dry tropo\phcrc.. And  those werc phase dcldys, 
and  that's thc conccrn hcre rathcr than, say, a ray-hcntiing type o f  tlli~ig. 

My cluestion really relates more t o  the ray bending. F'very part of the  5urfacc of thc earth 
bcco~nes  L~ scattering point, and signals from thosc points r-nllst in  tc'rfcrc with the  adv;~ils- 
ing planc w,ive before it comes. . . . 

You nican scattering, fro111 thc ground a r o ~ ~ t l d ' . ~  

DR. IZIC'C'OT!HKC'Y 

- MR. IZIACDORAN. 

Oh. well, the  antennas lliernselves reject that  t o  ,I vel-y high dcgrcc. I mvan just thr 
natural bcarnwidth of' tllc 'intenria ttsell'givcn by thc rccrived wavelengtll In the  aperture 
o f  the antenna will, you know, c ;~nccl  o11t the t l i inp  in tlic background. 

You get such cf'fects as spillover. WL' 11,1vt' 9 I I ~ ~ U ~ O W ~ V C  recclver looking down in to  the  
optics, and there's a diffraction pattcrn that tends to scc the gronrid around it and raise 
the system temperature, but the a t t c r ~ u , ~ t ~ o n  of the \cattcred signals is very tar down,  30, 
40, 50, 60 dB. 

DR. MC'C'OUBKLVY: 

These o ther  effects you  ~ n e n t i o n c d  the tropocpherc and the wet and dry atmosphere 
and so  on - really lead t o  refractive effects, don't  tl-ley'? 

M R .  MACDIIKAN. 

We tend to interpret i t  more convcnientlq I n  h o w  tlic wave is slowed down rather than how 
it is bent,  b u t  one  could i l~aku a n  intt.rl-)rctation in  bending; tt's just not  as ilseful. 

DR. KAMASASTR Y: 

1 just want t o  cornment n hit. 'l'lic p ~ r a b o l i c  re t l t~i tors  havr a strong rejection capability 
as cornparrd t o  the  hcmispl~cric a~i tennas .  Thcr-c is iitt'initc antenna pattcrti, and 
sidelobes arc a smaller fraction of the niain lobe. L>iffruction patterns l o  ground are 
mainly rejected. So this is n o t  a scrioirs pr-oblc~ii. 



MR. CHI: 

I'd like to  go on to the next arca, that is in the relativistic time correction. There is much 
talk ; ~ b o i ~ t  the measurement and the theory to  prove the theory. Once the theory is 
proven t o  be correct, when or where is the correction of time needed? I'll ask Dr. Alley 
to  discuss this. 

DR. ALLEY 

I'd like to  supplement some of the remarks I made this morning about the way in which 
one could iisc a traveling package of accurate clocks to  distribute accurate time once one 
has convinced oneself that the relativistic corrections that are normally calculated do  
indeed describe the situation. 

We have undertaken the dovelopnient of a small compact package of clocks to  serve not 
only for this possible space relativity experiment, but also to  serve the USNO in actual 
clock trips. That is, the ability t o  have a very small package with the infer comparison 
of relative phases quite frequently as one does in the master clock system there, and have 
this all done automatically, would let one transmit the time with an accuracy of perhaps 
100 nanoseconds over a trip of reasonable length. 

Now, when you come to  trying things in satellites, 1 point out  that for Skylab the corn- 
bined velocity and potential effects lead to  a rate change of -3.3 parts in 10' ' which is a 
change in epoch of the recording clocks of about 1.01 microsecond per hour for the orbit 
of Skylab (-400 km). 

Now, one important aspect of the proposed space relativity experiment is that there are 
communication links on these manned spacecraft, namely, the frequency modulated TV 
link which is also used for hidl  bit rate telemetry dumps, which has a bandwidth of about 
2 megacycles. And one can readily transmit seconds ticks down. We have designed into 
the package a composite output which consists of 3 seconds ticks, one from each clock, 
clock A being 1 microsecond wide; clock B, 2 microseconds; clock C, 3 microseconds; and 
the rise on these pulses is very sharp. It's determined by opening a gate to let through a 
shape portion of the 10-megacycle rise sine wave, and we have something like a 5- 
nanosecond rise. 

Now, the 2-megacycle bandwidth of this transmitter will limit you to  something like 
half a microsecond rise, but receiving this pulse repeatedly, you can d o  a certain amount 
of averaging, and I think it's quite reasonable to expect 100 nanoseconds or  so with that 
kind of a bandwidth. 

Now, if you could have a wider bandwidth-which is very practical i t  seems for low 
orbit satellites-I mean, at  the distances of  the moon i t  becomes very expensive to  
transmit anything more, but at  a few hundred kilometers very wide bandwidths are 
certainly possible. In fact, one could even go t o  optical transmitting systems-for example, 
semiconductor junction lasers with pulse rise times of a few hundred picoseconds - and be 



; ~ l > l i ~  t o  usc tllcsc t r a ~ i s n i i t t ~ r s  to s y ~ i c l i r ~ ~ i i ~ i :  g r o i ~ ~ i d  clocks t o  this acc.tlracy as thc satullitc 
gochs aroul~rJ.  S~ic.11 ;i t cc l~nic l i~c  o b v i o ~ ~ s l y  r c c l t ~ i r c  k ~ ~ o w l ~ d g c '  01' tlic satcllitc d i ~ t i l ~ l ~ ~ '  to lligli 
; i ~ c i ~ r ; i ~ ' y  so  t l i ;~t  tlic propagfitioli dc1;iy c;tn hc i o r t - c c t ~ ~ l  t'or. This  is readily iicc.omj>lisllc.d 
wit11 lascr rat lsrig tuChniclt~e.;. S ~ ~ h ~ ~ a r i o \ t ~ c o n i i - r a n g c  timc tnc;~surcrnc~; ts  ;II-c beillg r ~ ~ ~ l i ~ i c l y  
r ~ ~ a d e  in tllu Iirnar lascr rallying c.ipc~-iiiient. 

Noh. ant, ot ' t l ic  uncc~rtaintics in all o f  this : s  1i~) i i  [ I I L ,  i l o ~ k h  j )~rI -vrm ill ;I ~ ~ ' r o - p r ; ~ \ ' i t )  ~ 1 1 -  

v i r n n n ~ c n t .  wlicri tllcy go  in to  free l';1!1. irncl t l i i3  1s pr,~ztically i~nposs ib lc  t o  s i r n u l i ~ t ~  o n  the  
c a r t l ~ .  'T'hc best 4.011 C;III  d o  is tilrll t hc  c.10c.k~ i~psidi '  dowti in the eartll's griivitational iicld, 
d o  that  about  varic?l~s axes, alld we 11avc I J C ~ ~ I I  cloing \o111t\ of  tha t .  :lnd wc'll hc doing 11iorc. 
The proposed spacc-llight relativity rcst 112s :irouccrl sonic cor~sirlcrablc ir~turest  a t  high 1rvt.l.; 
in thi\ Dcp;~it l l icnt  of  Dcfcnse fo r  possihle fu ture  svstcms wl.iere o n e  might want t o  fly liglit- 
wciglit, low-power.  m a l l - v o l ~ ~ r i ~ c ,  clocks and  whcrc pcrforrnance in a n  0-9  onv i ronn~un t  is 3 
very impor tant  ~ I S E ) C C ~  of  s i~cf i  sy t i t c~~ i s .  

So ,  just to sonin~arizc ' ,  not  only  is it impor tant  t o  carry cloc.ks out Into space. gct Inrgc 1.~13- 

tivistic cffccts, and  bring t11t.m buck to c o ~ ~ v i n c e  ill1 tlic do11htcrs that  thcsc cf'ccts arc really 
thcrc t o  high aci'ur;ic>y, hltt o n e  cc)ulcl Icave 3 packagc of cli-icks in orbi t ,  ;tnd wc M / I ) I I I L ~  likc t o  
s ~ c  SOIIIC c l ~ l c k s  l c f ~  oil-bo;irci Sky lati 311d liave somc 111ini111al power muintaincd,  if tliis could 
be done ,  i f  t hc  rxperir:icnt uoulrl bi: f lou~! .  so tha t  ort ic rllc trlativity mcasul-el~ient 11~1s b c c ~ i  
~n.:ldc, this ki11d of  system call be ~ ~ s c d  fur d i s t r ib t~ t ion  of tirnc. s s  liac been cionc with crystal 
oscillators on the Timat ion sntcllitrs thnt  Koger La3ton and Al Bart l io lon~ew a ~ ~ d  otliers h:~vc 
hue11 worklng on.  

0 Wc.11, let m e  j ~ i s t  stop thurc t o  w e  ~f t h e w  arc cluestlons. 

1 would like t o  second tlic cornmcnts by Prot'cssor Alley. 111 t'act, 1 syrcc I 0 0  pcrccnt with 
his t7rst s ta tement ,  tliu utility of knowing and hcing able t o  tni3t corrections to be a l ~ p l i ~ d  
fo r  relativity zffects. '(his capability could really bc vt'ry tisrful. As u nlattcr  o t  fact .  during 
the recent general sssembly in Wdrsaw. th? IJRSI asst1nb1y. just t o  get the  discussion going 1 
made a provocative statcrnent which I w:i~it t o  repeat  hcrc. ~ n s y b t .  t o  set: w1i;lt yo11 h;wc to 
say t o  that.  

I bciiove that  we will always hsvc t o  I-iavc as a last calibration rcfcrence a portable a to r l~ ic  
clock o r  clocks, and  af tcr  the experiments done  by Hcfclc sr;d Kcating, I want to remirid 
you  tha t  in their  analyses. JS published i l l  S(,icrzc,t>. thc larger r i f cc t  was not tlw perform:lncc 
of the  clocks: i t  was in o u r  nhilit! with p r ~ s e n t l y  :ivail:ihle nnvigstion rnetllods t o  c\;:~ctly 
assess the relativity effects.  cv rn  a s su~n ing  that  thfy arc aicuriltc. 

In tha t  rx t rapola t ion of the effect .  o r  thc  prudictton of the i'ffi*ct, the p rcc i s~on  u,is In thc  
order  of 20 nanosecnndc Wl~ereac  tht, onex slyma valuc~ ot tllc agreement of thcsc l'our c l rxks  
using the correlated rate-uliangc rnethori, 2s flefclc tind Kcutlng call i t ,  there the  slgnl;is wert. 

1 i n  the order  of  seven to ten nanoseconds.  



So we have to  keep that in mind, and I want to repcat that rnaybc 3 portable set of clocks 
will remain the most precise way to sytichronize, to certify synchronization bctween a n y  
two points provided that they can really trust the theoretical relativity corrections, and 
that has to be established with high precision. 

DR. ALLEY 

Could I just add - it is obviously csscntial to  know the velocity and gravitational potential 
in which the satellite finds itself. Now, one of the very attractive featirres of these manned 
space flights is that thls is all done routinely with the i~nificd S-band systcm. Rcpeatcdly 
onc gets the range to 15 rrletcrs or  so with thc pscudorandom noisc codc, and onc 
has the Dopplcr tracking to  rrlillirnetcrs per sccond so limited by thc atomic clocks 
at the tracking stations. One would have t o  continue keeping that information. For 
example, on the transfer of the seconds ticks you havc got t o  take ~ n t o  account the 
propagation delay. That is, you've got to havc a combination of radar plus clocks on 
board the spacecraft, and it's this combination of the two that 1 think lends grcat 
strength to  the accuracy of time d~ssemination by means of  satellites. 

And, again, one can get thc rangc cxueedingly accurately by passive mcans, with ground- 
based lasers. It's so striking how the developments in quantum electronics keep coming 
up over and ovcr again at this mce ting, not only atomic clocks, but in other areas. 

DR. W I N K L E K :  

Can I add to  these c o n ~ n ~ e n t s  again'? My only point of slight hesitancy in cndorsing cvcry- 
thing you said down to the last comma is in regards to  the utility of systerns. When we 
look for operational distribution of time, we ccrt;iinly want t o  use a system where forever, 
or for the duration of the system, the bookkeeping alid orbit calculations are being done 
routinely as they are being done in thc Transit system or as they are being done even with 
the Timation navigation system. I t  is for these reasons that 1 feel that for operational 
dissemination of  time t o  passive users, a navigational satellite system is the one to  con- 
centrate on. 

Now, this does not mean that 1 d o  not agree that it would be a good idea to leave such a 
clock maybe on board of an experimental satellite t o  make these measurements, but I 
just want t o  be sure that we understand when we, as part of our conference intends to, 
look into the future for the design of systems and specifications of how do we want t o  
bring time to  the user, t o  a large number of users; I think the navigation satellite will play 
a very important role. 

DR. ALLEY:  

Yes. I think leaving a clock package on Skylab is not likely. I think it's going t o  be very 
difficult to maintain that. But I think a satellitc dedicated t o  that purpose, perhaps along 
with related purposes, and continuous replacement of such satellites is going to  be needed 
in the future. 



M R .  CHI 

I'd ljkc to  call o n  Dr. McC'ouhrcy. I n  1 0 6 5  I I ~  had a vrry good rcview :irticlc oli thc  status 

ol' t'requclicq' standards and their capability. At this timc, 1 woi~ld  like t o  ask him to  
review again and perhaps projcct into tlic 1'11 turc the capabilities o f  prccise I'rcqucnuy 
so11 rccs. 

DR. A'lCC'OC/HKEY: 

Well, I tliink i t  is useful to look I~ackwards and sec wliat has happened in thc past sevcral 
ycars to prccisc fri 'qt~cncy sollrccs ancl tllcn perhaps t o  try to look ahcad and sec at lcast 
what tlie driving for-cc5 art, that arc going to cause thc changes in the next  scvural ycars 
and pcrli:~ps be sure that we recogtli7e thcsc gt~iding forces and know wliat tlicy are. 

1'111 not silrc I could rc:~lly d o  a very good J o b  of this now, but l 'm surc that thcrc arc 
others licrc wtio will havc ideas to  ~ ~ d d ,  ant1 1 think they sl~oilld do. but in just looki t~g 
back at the papcr wtiiuli is xvcr:il ycars ago now, and looking at what happcnod. tlierc: have 
been sornc cli:~nges, of cuurst~. Many of' tlic cllanprt; havc bcen causcd by thc applic;~tions 
wliich havc during that tilnc hccomc i ~ i p o r t a r ~ t  i l l  tlie case of all of  tlic atolniu osiillators. 
Thcy've become t11~1c11 rnorr ~-c*lii~blc ,gcr~urally througll thu expcricncc that peoplc Ii:~ve 
had in  using t11t.m ; ~ n d  in ryfining thy detrrils of their opcriltion. and  I think this h:il)r)c~~s 
this i1pplit.s to tlit: hydrogen m:tsttrs. thc rubiriium oscillators and thc cesii~m oscillators 
and standards. * In the casc of thc crsiun-I, of course, tlicre havc buun substantial advances in thc direction 
of high pcrformancc - high pet~fc)rnlanue particularly with regard t o  short-tcrm stability 
which makes it possible to  usc them in relatively sliort periods of timc, shorter pcriods of 
time. 

Also, tiicre have hccr~ adv~nccs  111 n-1:lking them morc compact. compatible with systems. 
sucli as collision avoidariuc systrnis, and  3 good deal of cxperience in using them in the 
envirol~riients of such systenls. 

I think in thc past several years tliere havc bccn qut.stions; in the case of thc cesium, push- 
ing the sigma tau plots o u t  into longer period of tirne, til-lies wlicrc the parts i n  10' 4are 
becoming importalit, and I think there's a lot still t o  understand there what is the truc 
nature of the statistics, statistical pcrfoi-inancc of  these stiu~dards ou t  in thcse arras of a 
part 10' oil t towards n part in 10' ; what is the physics of thc operation of thc system. 
I think thcre arc sortie frontiers still to  he advanced into. 

In the case of the rubidium just looking ;it thc fiigurfs wc talked ubout this morning and 
where it  was 5 or 6 years ago is a little easicr to do. Five o~ six ycars ago we didn't have 
the heart of the rubidium standard separated frotrl tlie rest of tlie electronics that 
make i t  into a useful frequency standard---it's power supply and things of that  sort. 
So, one can't rnakc a direct comparison, but it is possible t o  comparc a rubidium 
freclilcncy standard of that day with what's available now, and a t  that time 1000 
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cubic inches was roughly what was available in the smallest configuration that jlou could 
plug into the wall and use as a frcquency standard. 

Now, you can d o  the same thing with so~ncthing that's about 750 cubic inchcs. I'm talking 
about a little morc than the modular oscillator, but that has a standby battery in i t  whicli 
will operate for n couple of hours, and so 1 think probably the volume has c o ~ n c  down 
effectively by a factor of two or  so. The weight should certainly come down by a factor 
of two on the sanle basis. 

Cost in the rubidium casc has come down rnore than it has in the other cases - to  pcrl1ap.i 
three-quarter< of what it was five or  six years ago. 

In the casc ot'hydrogen, it's hardcl- for me to comment. I think Harry Peters has done this 
very well. Certainly there have heen a lot o f  refinements that relate t o  the convenience of 
using thcrr~ and the confidence in what they do. Refinements involving the automatic 
turning of the cavity to corrcspond to the frequency of the maser oscillations, nominal 
frcquency of the hydrogcn resonance; there's been a good deal of advance in their 
reliability, and J think generally this has come out  of the experience in working with them 
and in making the changes dictatcd by this experience - generally, eng~ncering changes. 

I think there remains a good deal to d o  as far as the wall shift is concerned in gaining rnore 
confidence in the st,ibility of this wall shift. There is good evidence now t o  the effect 
that it has remained constant for a number of years, but a larger volume of measurements 
is certainly necessary. 

One other matter comes up  in looking backwards, and that's the question of what new 
inventions have occurred in this area, and I'm not sure, but I don't think any of them have 
been mentioned during the day yet. Thc one that occurs t o  me involves the methane 
stabilized laser, and I think in a few minutes it might be interesting to ask the Bureau of 
Standards people - eithcr Dave Allen o r  Roger Beeler t o  comment on the status of that. 

But l'd just like to comment on the importance of  it. Certainly this is an important step 
in linking - coherently linking the radio spectrum t o  the infrared spectrum, and it holds 
out  the prospect for linking the radio spectrum right into the optical spectrum. I'm sure 
this has many important consequences, oilly one of which is the possibility for a single 
length and time standard. 

I think I'm going to  leave those comments now and try t o  look ahead a little bit and ask "- 

or raise the question of: Just what are the driving forces which arc going to  cause the 
changes in the future'? 1 feel that there's no  pressing need for new advances o r  new 
inventions in any case. There's much t o  d o  in terms of application and the refinements of 
the present technology which is available. 1 think the emphasis is certainly going t o  be on 
the applications and thc choice of a right type of a precision oscillator, the right config 
uration of that type of oscillator t o  d o  a particular job with particular applications. 



Certainly it will become more important for systems, particularly those that will require 
a large number o f  precision oscillators. It  will become more important for attention to  be 
given to this question of how much docs it cost t o  run one for an hour. And, or  run one 
for a year, or whatever lcngth of time that is important in this application. In the case of 
satellites, for tlle lifetime o f  the satcllites. 

As far as cost is concerned, it seems to me that it's really a question of: What is the scalc 
01' thc application? How many are going to be used'! Actually, if you consider a frequency 
standard or  precision oscillator, there's really less techriology in it than there is in a tele- 
vision set, and the only difference I think really is in the scale of the application, and that 
scale is cctainly going to  affect the advanccs towards lower costs, srnaller sizes, and so on. 

Othcr questions of advanccs which may he desirable or necessary: In the casc of rubidium, 
I think ~t woi~ld be desirable to set: a bctter understanding of the aging effects. It'q my 
own opinion there are several physical effects involved there, some depending on the 
physics of the situation, others depending on the chemistry of the situation. And, while J 
think advances would be desirable, 1 don't think the application of the rubidium standards 
is in any way contingent upon these advances, and the applications will occur even with 
the technology as it stands insof'ar as aging is concerned. 

I think llle rubjdium standard is going to be a contender for many of thc applications of 
quartz crystal oscillators in the past. I rncntioncd one figure tliis morning I think which * may be a little bit In error that I learned later, namely, this cluestion of warm-up tirne, the 
rubidiurn oscillator can warm u p  very rapidly now, arid 1 think tliis morning 1 suggcstcd 
perhaps the state-of-the-art is such that a rubidium vscillator can be warmed up, up to 
1000 times faster than a quartz oscillator. Since this morning, 1 have discovered that 
Hewlctt-Packard has quartz oscillators that  warm up in 30 minutes t o  within a part in lo9. 

In the casc of the hydrogen maser, I've already mentioned the wall shift. I think 

rnore understanding of the wall shift is going to  be more important and those 
rcsourccs that can be applied to  this question should lead to a clarification. 

l'd like t o  suggest that we ask Roger Beehiel or Dave Allen to  say something 
about the status of that rr~ethar~e-stabilizt:~! iaser. 

DA V I D  ALLEN 

Helrr~an Helwig at the Burcrtu of St:,nd:irds ha\ ptrblishcd some results on that and his 
results at that rime whicli were wperlor to any s tabi l~ty results of any oscillator. And that 
was essentially stability to oile part 1 3 l b r 1  a sample timc of  ten seconds. 

Since thcri, sorlle better stability ~usults  hsve bccn achieved, but interestingly enough these 
have been in noncluarltu~n electronic st~indards. Stein and Ewer at Stanford, using a super- 
conducting n l o b ~ i ~ r n  cavity have achieved stabilitics better than this with an X-band source. 
In the future. this appears to bc a real competitor. 



The methane device, of course, has a very impressive stability, and onc has to  ask the 
questiorl, "How can y o u  use ~ t ? "  A t  this datc,  doing synthesis in the optical or  the 
infrared 1s very difficult. This t~nr-loubtedly will improve as tirnc goes o n  and is ilnproving 
right now. But currently you can't really utili7e it. 

I would like to, if' I may, backtrack a Iittlc on Or-. Winklcr's cortiment regarding portablc 
clocks and whether or  not you always need to  rcly upon this system. If' you look at sys- 
tems in general, the optical region of the spcctrum is thc onc with the greatest bandwidth 
and has some cxtreniely i~-nprt.sstvc prorriise in niy mind. If  you look at a portable clock, 
all i t  is, is a portable transmitter, and you usc, a coaxial cablc t o  propagate the signal. The 
stabilities in the optical are very impressive, say, from satellite distances. Thc comer 
reflected signal fro111 thc moon is a t  such a large distance that using it decreases your signal- 
to-noise quite significantly, but, if you h:ld a corner reflector on a satellitc; and if you 
fi~lly u t i l i~ed ,  say, synthesis using metllanc-stabilized lasers in the optical region, to me the 
assumptions of reciprocity in this region might lcad to  future time-synchronization 
methods in the subnanosecond regon. Thcorctically this secrns achievable, so this is kind 
of a projectiorl on your comment that perhaps the ultimate systcrn will bc a portable 
clock on a satellitc. 

MR. BEL'HLER: 

NBS is about rcady, we hope, to go into an operational phase on our new NBS fivz- 
frequency standard. Now, of course, this js far different from anything we've been talking 
about here today, because this is :I s~~b-20-foot-long ~lltilnatc ccsium standard which is 
designed strictly for laboratory standards use. 

But, in terms of performance, i t  is also pcrhaps the kind of ultimate in that we envision an 
absolute accuracy for this device of one part in 1 O1 and a 1-second stability of about two 
parts in 1013. The standard is put together, it is under vacuum; we are, we think, within 

a few days of obser-ving the first bean1 in the standard. 

MR. CHI: 

I'd like to take this opportunity t o  thank the panel menibers, the authors of the papers, 
and the audiencc. I also want t o  rcrnind you that one reason wc have these discussioris is 
in the hope that we can cxchangc knowledge and viewpoints between the users arid the 
people who actually generate frequency and time. I'd now like to turn the meeting over 
t o  Mr. Wardrip. 

MR. WARDKIP: 

My thanks to you, Andy, and also to  thc speakcrs and panel members of today's session, 
and, of course, the audience. 




