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Abstract

Wc discuss a design for :i space based atoIl]ic  flcqucll-
cy sta I~daI Li (A1;S) based on 1 IF,+ ions  confined in a
lil~cal” iou t] a]>. ‘ll~is newly clcvclopcd A1:S Sl~OLIld lIC.
tl’cll  suited for space lmrnc applications bccausc it can
s~lpply  lhc ultla-l)igh  slability  of a 1 l-mast] l~ut its total
lnass is colllpalalllc to that of a  NAVS’l  AR/Gl’S
(’csiunl  clock,  i.e., almul  11 kfl. ‘lllis  pa])c] will com-
]}a]’c  lhc ]MO]K)SC(]  ]  ]~+ AIS 10 tllC ]) ICSCllt day  Cil’S
(’csiunl  standalds  10 alrivc al the 11 k!, ]nass cslilllate.
‘1’hc pmposcd  space  boIIlc  1 lg+ staIldaI  d is hscd upon
Ihc Iccc IItly dcvclopcd  cxlcndccl  lineal  ion tIap
alcllitccturc v’llicl)  has rcduccd  lhc si7c  o f  cxislil)g,
(lapped  11:,’ sta IIda Ids to a p]]ysics  package \vl]ich is
COlupa] able ill si7c  to a  [’csium  bean)  t u b e .  ‘lhc
dcl))oIlsl  I atcd  flcqucncy  slal)ility  to b e l o w  1 O’]s o f
cxis(il)g  1 1$, + sla I)da  I (1s should k lllaintaillcd  01 cvcll
ilnl~l  m’cci upon ill this llcw aI chitcclur  c. ‘ Ibis  clock
w(~uld  deli\’cl f:i I nlo]c flcqucllcy  slal)ilitv  ]ICI-  kilog,lall)
than any cur]cnt  d a y  s p a c e  qua]ificd  slallclald.

JntlotlLlclioll

lsolalion  f] on] clli’ilc~lllllclll:il  pcI tulbalions  dlii’cs  the
tccl]n(~]ogy  aIld dc\’clopmcIlt  of ail atomic f] cqucncy
slanda Icls. ‘1’lIc choice of aton~ used as tllc flcqucncy
disclinlillalillg  clcmcnl in a passive atomic flcqucllcy
sla IldaId dclcrnli]lcs  Illc scllsilivity  to Cxlcrllal  pcllul -
lmlions  anti coIlscqucIltly  Ihc dcgt cc 10 mhich Slliclding
fmlll  Illcsc  clll’irc>lllllcllt:ll  chat)p,cs  will bc ncccssary  10
I cacl~ a  ~,ivrn  level o f  slallility.  IIccausc  shicl(iil]p,,
usual]y  llla~llctic  :I]ld ll]cIn121, adds a f,Icat deal 10 the
l>uliiil;css  allcl comp]cxity,  it is cspccin]ly  inlpol  tant f’o]
sp:icc  lmI  I)C clock,  \\IIIc  I c low IIlass  aIld IIigll  I cliabilily
aIc pa JaI~lou IIt, tl)at  lhc stal~(ia~cl bc inhclcnl]y im-
IlluIIc  to cll\’iIolllllcllt:ll  changes so that oll]y  IIlodcsl
shielding is rcquilcci.  hlclcury ions wi~h Ihci] Iclativc]y
laI$,c lly}}clfillc  clock lcsoIla  IJcc.  frequency :ind la]gc
atomic Iuass arc far IIlOIC immul)c 10 cnvilonlncnl:i]
chang, cs than any of lhc othcI lllicmw:ivc  slanda]  cis,
i.e., hyd I op,cl~ nlascl”s, rubidiunl  gas cells, and ccsium
bca IH st aIlda  Ids. l;OI  example, lhc fl aclional  fl-cqucncy
sl]ifl  tyilh m:ifyclic  ficlci, (3/v Cl) Civ/dl 1 w 11/vo2  N’IICIC
11 is Illc IIlag!liludc  of the C-field an(i Vcl is lhc hypcl -
finc clock tlansiliol~  frequency. l:or Illc  saIllc  (I-field
bias Ihc 40.51 lg’ transition is less sensilivc  10 anlbicnt

field ch:IIl~cs tll:in (~csiunl  (lp’ 19X), l{ubidium (l~y
35X) aI~d l]ydIop,cn  (Iy 837X). ‘J’l)is  is \’cly in)poltailt

fol space borne stan(iar(is  whcI c Ihc s])acm  aft mag-
nclic  cl)vilollmcnl  is II)ucll  II)OIC  valial~lc  Ihau an caIlll
b a s e d  f] cqucncy stal)(ialcls  lalmraloly. ‘1’hc Cxlla
sl~ic][lil~g,  lcqllilc(i  fo] IIlc l);i ISll CI cn\’itonlllCllt  llltl  S
Contl  ibul cs Cvcll Illol  c 10 the clock Dlass u’hich  con~cs
al a ])lclnium.

Sin)ila)]y, ]1-]))ascls  ]Cqt]ilc 10”4  ‘(l :ictivc  tClllpCl:ltlll  C
lcg,ulation  10 Icacll  lo”]f flcqucncy  slability  while (;1’S
(ksiulll clocks lcqtlile 0.1 0(: tcmj)clatu]c stability 10
ICacl) 10”14. IIy Contlast> lllc 1 If,+ flcqucncy  S(al)dal(l

lcqtlilcs  ().1 *CI Icn)pcra(ulc  St:il)ility  to leach  10”15
flcqucncy  sl:ibility,  shcm’inp, Ihat 1 lg” is additionally
Ihc nlost it~lll]ul~c  10 clll~ilc)lllllcllt:il  Icmpclalu]c
chaIIg,cs.  ‘1’hcsc. conlpal isons dCIIK}IIStI atc that  t h i s
sta I)(la Id is a]) atllactivc  cal)didalc  fol s p a c e  lmlnc
ap]llicali[)ns.

Applications of Space-based 11111 a-slal)]c  ~’locks

‘1’hcIc  alc scvclal tlscs,  sciclllific  and opclatiollal  fol
slab]c ato)llic flcqucllcy  stall  da I(is 01} l)c)a  Id spaccclaf[

ill caIllI  oll~it,  })lanclaty  olbil  C)l flyby,  and itltclplanc -
laly CI uisc nlodc. II) gcllclaling  l)op}JlcI  (Iala Illc
gIouIld basccl  :intclll)a  Olxclwitiol)  Iinlc  i s  ICdllccd
gIc:itly  fo] s/c navigatio]l  at tllc oulcl  plaIlcls  lvllcn  Ihc
Iwo way  uplil)ii-sk  II :{l)s})ollcl-Llc)\YJlli])k IOtIIId II i]) is
I  cl)laccd  by IIIC onc-m’ay clmvnlil~ii  f~om lhc s /c  to
caIllI  statiol). ‘1’his ICCILICCS  tllc lluldcll  01) F,l’otll)d

based 11 ncliinf,  facilities 2s the IluIllllcI  of s]~acccI aft 10
bc 11 ackcd  gl OR’S  l:llgcl  . ‘1’hclc  :ilc Olllcl  aciwinlagcs
fol tlIc. oIlc v’ay (io\t’l}liIlk,  in the alxcnce  of all unlink,
nlcdia  ])1 c)pagalio]l CIIOIS  alId IIoisc sou]ccs  a~c
I cducc(i l)y oI~c half. Additionally, when Ihc gIOLIIICi
station is  con figul ccl fol listen oIlly  ol]cratioll,  the
I cceivcl noise lcmpcl  al u] c is lm’cl  [1 ].

‘1’hc scientific uses for ullIa-slablc  alomic  slandalds
on Imal Li spacccI aft il~clucic tcsls of g,tavilationa]
Ihcolies  all(i  clctcclion  of low fIcclucncy glavitatiolla]
\!’a\’cs. 1’01 Cxamp]c, al) Ult:i-stalllc  clock aboalci  a
SolaI I’Io1)c a])p]oacl)ing,  Ihc stlI1’s  CCI)lCI  10 within  4
so la r  ]a(iii coul~i IllcasLIIc  the f,l:ivitaliona]  ~ccishif(
~t’illi :in  accu~ acy of a few pa I 1s in 109, nca I ly 5 orcicrs
of magnitu~c iln]llovcn)cnt  mTCI pI cscllt  (iay tcsts[2].



AnotlIcI class of scientific a]q~lications  tlI:it  will IW
ilI}lJIo\’cd  upon wilh an 01)-lmal(i clock o f  Iwllcl
Stallility  i s  lllc lcmotc scnsillg  of planclaly  atlnos-
p] IcIcs (Iuling occu]ta(ioll  of lhc s/c, ‘J-llc p~csslllc  vs.
tcIn])cI:ItuIc  of tlIc plancl’s almospllclc  call bc dcli\Jcd
fton)  Illc ]Jllasc valialion  of Il)c  ]adio si~l)al dll]il)g

occllllatiol~  [1,3].

Navip,  alien oIl and nca] lhc caIlh’s sulfacc is Iwillg
I cvoluliollizcd Ihrough Illc  spaced based aloll~ic  clocks
\vllicll  com]l I isc lhc (ilolm]  l)osilioning  Syslcm. llul>iCii-
uIll all[i  ~’csiu]n s[andaIds  aboa I(i t h e s e  satclli(cs
gcncI:Ilc  Iinlc codcci  sif,lla]s  10 b]oa(icast  10 llaItll
b:tscci  I cccivcls. SInall  han(ihcl~i ]cccivc~s pIoccss

si~,]]a]s silllllll:illcotlslj~  rccic\’cci  fmm (iiffcl  cllt sJlacc-
clafl 10 dclcllninc Ihc. usc]s posilio]l  \vith  all accu Iacy
of ]Ilclcl  s.

suIvcv  o f  S])acc-lxisc(i  Atomic  llcqucncy  SIaIId:IIds

(;1’S/(;1  ONASS (ksit]l))  (’locks

AltlIcIIIglI  still ill its youIII, tllc lcchlmlogy  of S})acc’
basc(i clocks is bcillg lcfil]cci  lhIoup)l Ihc Lic\~clo])Il]cIlt
c~f lhc NT AVS’J’AR/[il)S  an(l (i] .OINASS ]>10/,1:111)S.  ‘] ’IIC
(;1’S  lJIOgI:IIM  has lauIIclIcd  40 s:itcllilcs  i]llo o]l)its of
12 110111s  at allitu(lc  2(1,000 kl~l cacll  \Yill) lh]ce 10 fotll
Al f+ :Ill(i b: ICiill])  \7t~oS [4,5].

Silllil:lly, the ]lussi:tll (i] .ONASS ]J]c)~,Ia!I)  ]l:lS
laullc]lcd  sc\fcl  al ])a~rigalion salc]litcs \villl ]]lu]ti])lc

1 C(illn(ial)l clocks 011 lmaI’(i.

in this section  \vc I cvicw the })hysical chal aclcI islics
o f  IIIC ccsiul~~ c l o c k s  alma~ Li Ihc ATAVS’l’A1{  :IIICi
(;1 ON ASS spacccI aft since tlIcsc aIc pI ol~al~ly  tllc
11)0s1 a(i\Jallccci  S])acc basc(i clocks  J’cl (icvclopc(l,
Althou~J~ IIIC G1)S sntcllitcs  h a v e  flo\]l~ moI c I{(J
sta II Li; IIcls, I]lc (k sla I)da Ids :iIc. co])sidc]cd  plilnaly
bccausc o f  Illcil  nluch lo\\’cl  f] cqucncy  (i] if( fiIILi
cll\’it[)l~ll~cllt:ll  scnsiti\’itics  [5]. Ad~iitioIlally,  as viill bc
sl~o\4111, llIC 1 lg+ ] ,1’1’1{  slandarci  caIl bc Inacic  silllilal  itl
pllysic:ll size :In[i layout  10 IIIC (’s l~c:iln slalld:llci.

‘1’dl>]c 1 sunllllalizcs some of tl]c  fcalu; cs of the (;1’S
all(i  ~;] .ONASS C](JCkS,  ‘lhC I)1OSSCS Of Il)c (+1’S (k
AISS I: IIIF,CS f~o])) 13 kg fo] ]]]ock 11 St:{l)(i:tl(iS  to 8 kg
fo] lIIC lllocli  111{ IC]dacc’l))cllt  ck)cks[6].  ‘1’llcsc  \Jalucs
a] c. fol the clock  alol)c allci Cio not il]clu~ic  apl)l oxi-
IIl:~tcly 1.8 iif, ( 4  ]muncis)  o f  ladialion  shicl(iitlg  10
plotcct Illc stall  ciald flo]n natula]  and polcnlial
lIlallnladc  la(iialion  sou Iccs,

‘J’IIc  G] .OIQASS clocks arc soIIIc\JIhat  IIJOIC ll~assivc
aIICi bulky [71, ‘Jhc hfAl .AKII1’I’  is an implovcll]cllt
O\’Cl thC (i] ~.hl S] V{ CCbOl llC (k Al~S :IIId :I]l]IOUF,]l  ]1)0] C
IIl,assivc,  it is cxpcclcd 10 be longc~ li\’c Li and lml c
inllnul~c to cnvil  ol)n)cnlal  cllangcs  [7].

‘JIIc lcIIJpcIalu  Ic variatiol)  in Oll)il c:in lc:id  10 ])lo-
Imtl  IIccci ftcqllcncy cha I~F,cs  in the Rb A1:S [8] an(i to
a IC.SSCI  exIcllt  ill IIIC (k A1;S [ 9 ] .  ‘1’hc ILb Al~S :iIc
scnsiti\’c  Cllough  Illal -i 0,1 [: acti\’c lcIIl])cIaluIc
conl  Jol \\I:is  illl]llclllclllcd  [8]. ‘1’cln])clatulc  validations
cxpc I icnccd by Ihc sjc a]ld 011-boal  ci clocks arc stlollg-
ly col Iclalc(i to Illc ~A\~S’]’A]< O]bil  01 icntalion
~clativc  10 lhc callh-stln  lillc. 1:01  Cxalllplc, l\\’icc a
year, fol’ almut  {i 25 (iay il~tc]  va], NAVS’1’A1{  16 goes
into the caIlh’s sl}ado\\’  dulillg  a poltion  of each 12
hollI olllil.  ‘J’llis  callscs  :i 1-3 (~ (ilop in Illc avcl:ifI,c
(cIIIpcIatuIc  o f  (lIc s,k aIl(i flcqucncy ~Juliing of lllc
(lA1;S r:inging,  floln 2-7x 10”13 [9).

]1-m:lscls

Although SC\’Cl:ll  ] ]-n)asc’~ flcquc!lcy  St:lll(i:llLIS  lIa\’c
been (ic\IclopcLi  fm spacclm I)C applications [1 O-14],
oI~ly ll}c NASAKA() (i I a\lity I’I{)l)c A sulx>ll>ital  ftig,ht
( J u n e ,  1976) ]):Is cal*icLi an U](I :1-s[ablc  fl”c(]umy
sta I)cia Id into space [2,1 S]. Ill a 2 houl flif,ht  a 4S Iif,
1 l-IllascI \\ws lif(c{i 10 al) allitudc of IO,(KKI kill abmc
t h e  c:i IllI’s  suIfacc.  wlIclc  tlIc :,1 ;Ivitalio]l:ll  ]cdshifl
sl)ccds  ll)c clock Iatc by 4 X  10”](’  lclati\~c 10 an caItll
based clock.  ‘J’llc  lilcasu~cd  11-lll:tscl  S(allility  ill flight
vws U)(T= IO(K) SCCS) = 6X 10’]s anti \FCI  ific(i  the gla\~it:l-
Iioll:ll  lcdsllifl  a s  plcciiclcd  l)y llillstcill’s  (icllc I:il
Ilel:ili\’ity  10 :ibout  1 palt ill 1(Y.

‘1’ab]c  11 Sullllll:tl  izcs solnc pllysica]  cha] aclcI is(ics  of
I\\’[), 11101 c 1 Cccntly  cicvclopc(l  1 l-ll):iscl  s fol” S]):{cc
lviscd operations [1 1-13]. “1’hcsc. 11-n~asc~s  arc highc]
pcl fol lI):II)CC but solllc\vhat  nlol c lllassi\’c  lll:ill  Ihc
1976 (il’-A I~lascI-. ‘1’hc III;iss  of tlIc III:ISCI  i s  Inadc,
laIF,c by tlIc laIf,c  si~c of lllc hi:,]) Q ‘J J;oll  Cylincil  ical
ca\Jily  tog,clllcl  \\’itll  Ihc inllcI cllt ll~a.gtlctic  scllsitivi!y
of lhc IIy(ilof>  cl] a t o l l ] . ‘Ijqlical]y  4  to 5 laycIs o f
ll]:tf,l~ctic  sllicl(ling  :ilc lcqtliIcCi  10 pIc\’cIll  allll>icnt
fic]d changes fronl l)ulling  tllc :tlolllic  flcqllcncy  anti
(icgI ading slabilily.  ‘1’llc shields n~ust bc laIgc cllough
10 cnc]osc Illc a]lploxinlatcly  30 Clll(l  ?.”) ciianlclcI
ca\’ily  :in(i conscqtlclll]y  cent Iii~ulc  38 kg to Illc total
=70 kg III:ISS  of tlIc  II~ascI [12]. A ciiclcc(~ically  loa(ieci
cavity of I Cdtlccd size for space based 1 l-luasc]  appli-
catiol)s  \vitll  soIIlc\vhal  ]c(iucc~i  l)clfolnlallcc  i s  dc-
scIilJc(i  ill lcf [14].
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‘1’ab]c 111: An itcn~imd lis[ of the cojltlihutols  10 IIIC mass of IIIC 11~+ 1.1’1”1; atolnic flcclucllcy  st:i]~da]d.  ‘1’his
list sunllllal  iws Con]pollcllls  in the physics pacliagc  of the 1 lg+ stalld:il  (i and is allalogou~  to Iilc (’csiunl  bcaln

. .

Iul)c  of tlIc (’csiulll  flcqucl~cy  st:iI;d:{lci.

SCI \~[) 1.0 to Atom Micloploccssol,
l;]cqucncy nmduloliol),

Clc.——. . . . . .— - . . . ..— -
llias/pml’cl  supp]ics llg[)  oven, (I-field,

ion pun)p,
c-gun, l)hf ’l’, ion g:iuf,c

\7(;~() Supcl  Vmo, u): 10”’3
1760 ~,ll)s.— -

llcliuln  lcali  heatc~,
Additional supp]ics 1 .anlp drivel,

‘1’]ap If dlivc.

(1 ktiln:ltc 5(KI gin)

mmiulatc,  ILIIIC V(XO
Ctc.

Not Apl~licalllc

hfluch of tllc clcl;ol~ics  is comn~o;~”to  both clocks. ‘1’hc 1 lg’ ‘clock needs a supc] \~(IXO to rc:ich  stabilics  of
a fcm’ p:Ills  in 101c  al 10$ s e c o n d s ,  SoInc  ad(litional  lIcatcIs  al)cl  If sup])]ics aIc. nccclcd for tllc IIg+ s(ancl:i~(i.
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l;i~ulc 2. A summary of clock  flcqucncy slability  vs.
clock  IIlass fOI Illlcc S]”)acc bascc] flcc]llc’l)cy  slal)da  I(ls

discwsscd  ill t h i s  ~~apcJ. ‘Ihc’  ]“llopmcd  IIg’ I.1’J’J;  c a l l
sNp])ly slal)ilily  Of a mascI in a Iol:il]):ick:i  F,c\vill)  I))ass
c.ompaIal  Jlc. to Ihc curIcI)t  clay G1’S Cs stancl:ilds.

‘lhc ullla-stable llS+ standard  dcsclibcd hc]e call
dclil’c~  fa] IImle stabilily  pcx kilOgram  lhan ally Of the
p]cscnl clay space based stancla~ds. ‘1’llis  isg~aphically
illustlatcd  in l;igulc 2 li’llc]c  ll-mascls,  GI’S (’csiums
:illd Ihc plcq)c)sccl  IIg’ stand alcl :{IC  plc>ltcci 0]] a
slabilily  vs. mass diafy am. ‘l’hcllg+ Of fclslhcbcslclr
both Of Illc OII)CI  space based standards, that is, the
stabi]ilyc)f  an 11-nlascl  fO1 tllc nlamof  [i (~csiuln ClOCli.
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