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ABSTRACT 

In house research and developnlcnt at Godd:trd Space Flight Ccntcr lo pro- 
vide advanced frcqucncy nncl timc stand:trds lor  thc most demanding npplic~t- 
tions i s  concentrated prinlnrily i n  fjeld operable ntomic hydrogen m nsers, 
Past work resulted In four prototype maser  standards which have bccn 
operational since early 1969, and have provided network experimenters with 
frequency source stability nt the highest levels. Marc recently, research 
with basic hydrogen mase r  systems has resulted in further significant im- 
provements :tnd two new experimental liyrlrogen nlascr standards have been 
constructed to operationally test and evaluatc the new systerns. 

e 
Some of the most importnnt go:tls for  t l ~ e  nc2w rnascr designs have been 
improved long and short term stability, elimirzation of the nced for auto 
tuning, increased maser  oscillatiorl level, improved hydrogen economy, in- 
creased operational lr'fc, rninimiz:ilion of operator control o r  monitoring, 
irnprovemcnt in magnetic isolation o r  scnsitivjty, and reduction in s ize and 
weight. 

New design concepts which hxve been incorporaled in thesc mase r s  to 
achieve these goals will bc described In this p:iper. The basic maser  
assemblies and control systems have recently bccn completed; the mase r s  
a r c  oscillating; and opcration:il tcsting has begun. Uata illustrating the 
improvements in rnascr perforrnancc is now available and will be presented. 

INTRODUCTION 

Amongst the growing family of frequency st:lndard devices based upon the atomic 
hydrogen hypcrfine transition, the ficld operational hydrogen mtiser is the most 
stable a s  well as the most fundamental device presently used for time and 
frequency control for  gcncral tipplications. (Other atomic hydrogen tlcvices: 
hydrogen beam, '' passive "Big Ibxtl  variable volume r n a ~ e r ~ . ~ ?  ) In 



conjunction with the other laboratory atomic standard devices, the hydrogen 
maser is also an exceptionally precise and versatile tool for  laboratories re- 
sponsible for  maintenance of basic standards o r  fo r  their utilization.13.1 

There a r c  seven continuously operating Goddard Space Flight Center (GSFC) 
hydrogen masers  at present, and six of thcse a r e  being used at GSFC at this 
time. Four of the scven masers  a r e  the NASA prototype masers (NP-1, NP-2, 
NP-3, NP-4). They were built at Goddard in 1968 and 1969, and have been used 
cxtensively since then in a variety of applications. 33 NP-3, the only one of 
these units not at GSFC, is at  the Onsala, Sweden, space observatory, where it 
has been used in various Very Long Baseline Interferometry (VLBI) experiments 
since March, 1973.18 Of the other three masers  at  Goddard, one is an older ex- 
perimental maser ,  NX-1, which f i rs t  oscillated in 1967, and the other two masers  
a r e  two ncw experimental units, NX-2 and NX-3. The two new masers  have been 
oscillating for about two months, and while somc of the external electronics have 
yet to be completed, there i s  presently available operational data which illustrates 
several significant improvements which have been made in the new design. New 
measurements have also been in progress fo r  several months with the NP masers,  
and thus wc now have much new experimental data which illustrates some of the 
remarkable characteristics of both the old and the new hydrogen masers. 

However, before discussing data on performance, a brief review of hydrogen 
maser principles would be  appropriate. 19 .2  This will provide the basis for  a 
short discussion of the important fundamental perturbations to the maser oscil- 
lation frequency, which much of the later  data will relate to. 

FUNDAMENTAL CORRECTIONS 

The atomic hydrogen maser  is basically a very simple device. As illustrated in 
Figure 1, molecular hydrogen enters the source on the left, where it is disso- 
ciated into atoms of hydrogen by an R F  dischargc. Neutral atoms of hydrogen 
emergc from this source in a beam which then passes through a magnetic state 
selector. In the state selector, undesired lower energy state atoms a r e  de- 
focussed - they a r c  separated from the beam and pumped away. The higher 
energy state atoms, still in the beam, pass into a large quartz storage bulb. The 
bulb is located within a microwave cavity, and due to maser action, the atoms 
give up energy and produce a coherent output signal at  the frequency of 
1,420,405,751.77XX Hz. lo  To complete an actual hydrogen maser frequency 
standard, there a r e  also, of course, a vacuum enclosure, magnetic and thermal 
shields, magnetic field coils, a thermal control system, amplifiers, synthesizers, 
and so forth. 



Figure 1. Atomic Hydrogen Maser  Schematic 

But not to neglect a small ,  though very important detail, i t  must also be men- 
tioncci that the wall, that i s ,  the insidc surface ol' thc quartz s torage bulb, is 
coated with FEP teflon; this tcflorl i s  carefully sintcrcd to the inside surface of 
the bulk, at high tcnipcrature and ~ m d c r  high vacuum. 'l'hc hydrogen atoms bouncc 
off Ihc tcflon wall with very littJ(~ r:xchange of cncrgy, and as we shall see l a te r ,  
there i s  thcrcfore very  little change in the output frequency due to thc 
~ a l l . ' ~ 7 '  5 3 1 b 3  17,20 E'ort~tnatcly hydrogen atoius do not attack, o r  chcmically reac t ,  
with teflon. Teflon r's extrcmcly unl-eacativc ant1 non-sticky fo r  most :111 rolnmon 
chemicals,  so that undcr the h~gli  l-:tcuurn conditions of opcrntjng hytlrogcn m:~ser. 
frequency stnndards,  the inhcrrnt physic:~l propcrtic3s of tlie wall S U ~ ' ~ : I C P  :ire 
prescrvcd ra ther  indcfinit(h1y. 

As  you esaminc thc things that happen to an atorn :LS i t  passes  into the mase r  
s torage bulb, and finally, after. 3 second or so  rac-clncrgcs :mrl is pulmped away, 
a good picture ol' thc fundamental forces  that disturb (or perturb,  as we say) thc 
oscillation frequency i s  easily V I S U L I ~ ~ ~ C L ~ .  Figurc 2 shows the most significant 
pcrturbations. 

The atom has a velocity, so  there  1s 3 Dopplctr shift, It is, however, only the 
spccial relativity l imo dilation cffcct. Thc atomic r:loch r)l the tr~lvcling hydrogen 
atom runs  slower than such =r clocli woulcl :f stationary 111 our  ohservcrs  labora- 
tory. Thcrc  IS no f i r s t  orcler f)cppirr shift in hydrnge!~ m:] s e r s ,  sincc thc avcrxgc 



PER TIIRBATIoM S EQUA T / O m  Q P E R A T I N G O F F 5 E T  ERROR 

Fig-urc 2, Most Significant Corrcctinn Factors 
to the Hyclrogcn Mascr E'rcyucncy 

velocity of thc  atom r's very effectively zero with respect to any running 
w:ives in thc maser cxvjty. 'I'he 130pplerb correction is given by Af, (the 
f i r s t  equation in Figurc 2). This corrcction i s  by far the largest correction to 
thc hydrogen maser I'requency. I t  is actually 4.5 x 10 ' . nut, it i s  also the 
e;xs~est perturbation Icr corrcct for ,  since thc velocity dcpends precisely on the 
t e n ~ p e r a t u ~ e ,  and a measurc~ncnt accurate to only .07"C is adcquatc to bring the 
Dnllplcr. c r ro r  bclow one part in 1014. In typical hydrogcn m a s e r s ,  we a r e  clealing 
with lempcraturc stabilities nlcasured in microdegrees pcr day,  so the Doppler 
cffcct has no d fcc t  on :;tability, o r  reproclucibility cithcr, and  ill not be dis- 
eusscd furthcr in this psiper. 

Thc sccond perturbation, 41, _ ,,, is thc result 01 both cavity pulling and spin- 
cxchangc pulling. " '0th cavity pul ling and spin- exchange are proportional to 
the atomic lirlc width, This i s  given by in the second equation. 'I'he line 
width can be changed very quickly and easily in hydrogen masers by changing 
tlir clcnsity 01 atoms in the  storage bulb. Many pul~licatjons describc automatic 
(as vy.cll as mtunual) sgsic~n:: for  correcting f o r  czvity and spin-cxchangc 



such "Auto Tuner" on maser stability. 

Thc actual operating oIIsel due I,o cavity and spixl c s ch~~nge  pulling is zero when 
tuned, and thc absolute e r ro r  is  less  than one part in 10'" However, in certain 
operational situations there can he snl:~ll uncoi.rcctcd ranilo~n variations in C ; ~ V ~ L J T  

Prcyucncy which effect rnaserb stabjlil), :is s h d i  h c  sccn latcr, 

'i'he third pcrcurbing factoi:. shown in Yigurt: 2 is -2 I,, h i s  is the variation ui' 
nlascr I'rcqucncy wj.th applied iatcnlal mag-i~etjc: field. ., .Ci, is a quadra.tic ellc:~?,, 
so magnetic instabilities become very srrlal!. 3:s the  field is rcc111ccd low:trds zerc. 
(See Appcndix 1, for more details 011 field inaccuracy cffccts.) Hydrogen lnascrs 
opcralc at extremely small val.ues of r~lagnelic. ficld. The two new cxy~c~i~-rreutal 
masers oscillate well xi fic!r'xs be1 .u~  10  rllicrogztuss, :ind the older iL'P units cay) 
gi) lower than. 30 microgauss. f i t  typicaJ operating fieltls 01 700  n~icroga.uss, the 
cfitire magnetic eorrcctinrl is oniy i 4.: 1C) -  l2 , ztntl the f ie ld  can bc nlcasurcrl or 
set with ext rcl~zcly gre:l.t accur:Lc;y by using % eernux irVcy ucney n-ieasu rements . ', '" 
giac part in 101%is sil?-~pjc tiij. Znter,  sonic curs:cs :ire given which illustrate 
the pr.r:cision of t h e  ~llagnctic currcc:tiox;, as s\rk!ll as t l ~ :  s~abl ' l i ty of the Iiclcl c ~ v c ~  
long periods of f;in;e. i>ce 0:' thc r1.1.cisL i~nlmstant points for users of hydrogen 
masers  i s  that these field Il.l.e:isilrcynenes can be xn:~.cic sltnpjy and quicl.:!y without 
disturbing the output phase o r  Ircqucnc:)i significantly. 

'!'he la.st la.cl-or shown if:: thi: ~val!  shift: gls~en by .:. f , . .  TI-le wall shift vztrlcs prc- 
eisclg with the. surface tc; :;rol~z.lr:i: ratio (A/T:) of .the s-tr:rage i ~ ~ i l h  (SCC Apj~endis I;,:, 
It zlso varies slightly v-ilh tc~nycr::ilurc - l}]is ;,? g i : ~ e ~ - ~  72;: ( 7 . : .  '' 'I.'; but  the te111- 

, . 
perature lactor  i s  less than I.':, :A :I;<: total , x !nc i  r:!rc=nl:c.s ij:: problem, s;: (~11)- the 

8 ,- surl'ace t :~  vcrlumc fztetor nccd bc: cliscusseo, !'Ire t:)tal ~ca l ;  shift is t ,x~ical ly 
2 parts  in 10" in. oscillating h,ydr.ugcr; r iasr : rs  ! "  ( & . A M  L X  a l c l  K P  masers) .  
Fb~rever ,  one special desigrl "Srg 30s" axl~cri-:1~.c1;t:.t1 :nascr' devicc, which was 
conccivcrl by scientists :il; FIi2vral-i:; ~:niversit~,'-~'~ has ti 1sn.i1 shif? a f'acl.c,r. of 
li.C sn?ailcr, :tpproximzt~!!gr 2 p:?rts i n  10 '"  I T  ir; ver): lortwate tk t t  thc -r/vx13 sl-rif~: 
I s  not a large eli'ect, R ~ I I C C  then i t  :.tc>c~ li!31, rc3! J y t.;il:.!: B ;;cI:~ precise e>:pert n i e l ~  

ttr :!c-terrrlinc t h c  olfsci; :ti;~~~r;ttci>'.  I11 tlic j~ ; ;?, :  l..iii: rxi3:n 1.rlcthcl6 r:~f deternlii;:-!tlr;n 
k2.s Seen to opcratc thc viascy m.itl.1 bi r lb~,  ~f diff'i'e;.t?~-~r vo;.i?.~;-~es, :md by (Xoil~j; tl~jl:; 

. .. ,nja,ny rcsexrch j.3bol-al,cJ7:'(+s .;, .' ,4. 5 1 .! 2 ' ha\,-c :)?L!, ii s~c 'c . !  :LCC L L ~ ~ ~ C ~ C F  of' !j~l.'l;i.!' 

thari 8 parts iii li:". 



HOW FREE IS T H E  HYDROGEN ATOM? 

Since the wall shift i s  so important for  metrology, a s  well as fo r  understanding 
the methods for making good hydrogen mascr  time and frequency standards with 
long term stability and uniformity, i t  i s  important to examine in more detail the 
conditions under which an atom exists within thc maser  storage bulb. An impor- 
tant question, it i s  clear ,  i s  "how FREE i s  the atom?" And also, how scientifically 
understandable a r e  the methods for  determining wall shifts? That i s  the theme of 
Figure 3. Here we have a 5.5 liter bulb. 'I'hc atom enters the bulb with a velocity 
of 2.6 kilometers pe r  second, bounces around approximately 20,000 times, and 
aftcr a sccond or  so dcparts. The average distance traveled between wall 
bounces is 12  cm. The atom also collides about 50 times with hydrogen mole- 
cules, which has negligible effect on the f req~ency ,~%nd about 4 times with other 
hydrogen atoms. The latter results in thc spin-cxchangc corrcction, with a very 
small frequency shift effect which is accurately corrected for by auto-tuning, a s  
discussed previously. Only when the atom i s  within about 1 A (10 -8 cm) of thc 
wall is  thcrc any appre$iable energy cxchange o r  perturbation, so the total dis- 
turbed path length i s  2 A per collision. The ratio of perturbed path length to f ree  
flight path length is  therefore one part in 10'. 

Considcr thc diagram in the center of Figure 3. The total f ree  path distance, in 
f ree  fall, within an ultrahigh vacuum environment, i s  2 kilometers; that is  over 
one mile, while the total disturbed path distance i s  2 x cm. So one of the 
most appropriate visualizations of the hydrogen maser,  i s  that i t  i s  equivalent to 
a f ree  atom beam tube over a mile long between disturbing interactions with thc 
ficlds at thc ends. You can, if you will, compare the end fields (the walls, that 
is) to the R F  fields, the phase shifts, and other mode fields o r  misalignment 
problems, etc., encountcrcd in some atomic beam resonance standards, where 
the disturbcd path length is  the half wavelength of a 10 GHz t r a n ~ i t i o n , ~ ~ , ~ , ~  
1.5 cm, compared to 2 x cm for  hydrogen. 

That i s  r e d l y  a very good analogy - and this picture also illustrates why the 
othcr perturbations, magnetic fields, tempcraturc, ctc., a r e  so small with hy- 
drogen masers;  this one mile hydrogen beam tube i s  folded over and entircly 
contained within the volume of a single mode cavity, so that the magnetic and K F  
fields a r e  effectively identical over the entire one mile distance. A single mag- 
netic field measurement on a maser establishes the I'ield valuc over the entire 
path. Peoplc working with cesium beam basic standards, where many Zeeman 
coils a r e  often placed at scvcrd  intervals along the beam to mcasure the field, 
and the cesium atom only has one shot through thc ficld, so to speak, may par- 
ticularly appreciate this analogy. 





Note that the phase shiSt per wall bouncc i s  vnly 2 seconds oC arc!  And this is  
at  the frequency of thc 2 1  cm linc of hydrogen - 1120 M I X .  J t  laltes an atom 
4G microseconcts on the average, to go the 1 2  crn from wall to wall, and this cor- 
responds to 65,000 cyclcs of thc oscillation, in uilpcrturbed space, while one 
cjrclc is  pcrturbetl to Ihc extent of 3.5 seconcZs oS a r c  (approximately 1.2 x lo-'" 
cycle). That i s  what accounts for  the 2 parts  in 10 offset in maser frcquency, 
due to thc w d  I. 

VARIAHLE VOLLTJMT;: MASEK. 

Tsut why can wc predict inaccuracy effccts no larger than 1 x 10-l4 for this tre-  
mendous, clongatccl, beam dcvicc'? The main reason is that w e  can change thc 
path Icngth, the cffcctive distance betwccn w:~ll interaction regions, without 
changing the wall ;Iren, o r  its basic properties. Thus we can change thc number 
of wall bounces per  second, without changing thc wall. That i s  thc iden of the 
flesiblc lo~llb rnascr. 47 2 7  

Figure 4 shows one ncw and ~ t t t r a c t i v ~  en~bndin~cnt 01 thc idea. This is a "Vari- 
able Volun~e" mascr.  'I'he storage bulb i s  of teflon sheet, which i s  formcd into a 
convoluted, flexible, bcllows. Thc volume is changed mcrcly by coml~ressing o r  
cxtcnding the bcllnws. The frequcncy shift i s  approximately :: parts in 10" when 
extended, and twicc that amount when compressed to half volurne. Thc curve at 
tho lowcr right illustrates thc case and accuracy with which onc c:m extrapolate 
to infinite bulb voluxne. Thcsc flexible bulb lrlascrs complctcly overcorrlc the 
problcn~ of "undcrstttnding" the dctails of thc interaction of the atorn with thc 
wall. Just by changing the numbcr oS wall encounters per unit path length, the 
prnblern is recluccd to precise gcornetry. W e  do not have to solvc the wall inter- 
action, it is circumvented, in 3 c1e:tr cut, scientific:llly valid manner. Appendix 1 
gives a more cletailcd cliscussion of potential c r ro r  sourccs with a variable vol- 
u r ~ i c  hydrogen mascr which is prcsently hcing rlevelopccl at ((;Sli'C. 

MAGNETIC FTET,T) AND CAVITY TUNING 

Leaving the wall shiSt for tbc present, some data on thc other pYrturb:itions will 
now bc: prcscnted. Figurc 5 shows thc variation of the frequency of thc N P - 1  
hycirogen mascr as the intcrnal rn;~gat.tic ficltl was changed. 'rhc frequency of 
NP-1  was measured with rcspcc2 to NP-3, li'or the pcriod of thc mcasurcmcnts, 
N P - 3  was sufficiently stable to introduce negligible e r ro r  as a rel'erency stan- 
dard. (See Section V1 on stabjlity.) 'I'hc rnagnctic field was lncasured by nlalcing 
Zccrrlan frequcncy niensuremcnts. The horizontal axis givcs the Zceman fre- 
qucncy; the fractional change in maser frcclucncy is shown vertically in parts  
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Figure 5. NP- I  Hydrogen Maser Magnetic Correction 

which havc been published in the literature, as discusscd later. Fibare 5 also 
illustratcs that in the usual operating range of the N P  and NX hydrogen maser  
frequency standards, bctween 500 microgauss and several mil ligauss , thc mag- 
netic correction proccdurc i s  fully valid. 

Another very interesting experirncnt which was performed in conjunction with 
thc magnetic field cxpcriment just discussed had to do with thc accuracy of the 
cavity tuning correction. Using the NP-1 and NP-3 masers,  which havc auto- 
matic tuning systems\ thc corrected frequencies of thc masers,  a s  well  as the 
cavity tuning corrections, were obscrved while operating at  ficlds from less  
than 1 milligauss up to fields of 10 milligauss. There was no change in thc tuned 
cavity frequency a s  thc field was changed from onc value to anothcr, nor were 
thcrc any differences in the absolutc frequencies whcn proper correction was 
rnadc for the field. Thc precision of this experimcnt was three parts  in 1014. a 

292 



This, as well as other data, shows there are no significant tuning anomalies with 
the N P  design of maser. Tuning discxepancics have been published for very 
different designs of laboratory experimental masers  when magnetic field inho- 
mogeneities were known to be p r e ~ e n t , ~ ~ ? ~ ~  so the present experiment was an 
important one to confirm the NP tuning accuracy (see Appendix I, for  further 
discussion of this point). 

The next question regarding magnetic fields may be, how stable is the field with 
time ? Figure 6 shows the magnctic field corrections which were measured on 
one of the N P  masers  (NP-4) for long periods of time. The upper curve shows 
eight months of operation, using a nominal field setting of 700 rnicrogauss. The 
field was checked at weekly intervals, and only if the e r ro r  exceeded 10 microgauss 



was it reset. Many  of thc rcscttings rnade were duc to laown external causes, 
such as ncarljy cyuiplnent movement, o r  to cxperirnental worls going on nearby. 
Tllc nlascr was not in nn esceptic~nally isolated environment for either pcriod 
shown hcrc. 

On the average, the dula shows thxt there will alorrnally 5c no change in corrcc- 
tion over one o r  two parts in lol"rom timc to time, rtnd it also shows that the 
fi~hld does not drift badly over extended pcriods. In the lower curvc, the field 
setting WYS a t  1.4 milligauss, twice that in the upper curvr, Thc fielcl perturba- 
tions a r c  cxpeeted to incrcasc in proportion to the ficld vttluc, sc the larger dc- 
viations shown in the lowcr curvc a r c  exactly what may be cxpected. 

A most jrnjlortant point for lcccpcrs of standard frequency and timc which is  
deurlonstrnted by thcsc curves, is  that one c:ln mcnsurc the nlagnctic correction 
in thc hyrlroger, m a s w  precisely ant1 rb~peatedly without intcrbruption of the rrlascr 
ol~tput signal, vl ith usually ncgligiblc cffcct on thp phase, m r l  wi th  no remnant 
eflect or1 thc frcqucncy of the maser. 

'i'hcsc curve:; show only thc long tcrrn c1f:fec'cs - thc shorter Iertn variations of 
ficid nrc usually quite sl~lal l ;  in n t ~ > i ~ : l l  l a h o r t l t ~ ~ ~ y  thc 1~1ilinutc: tc7 rninutc and 
d:ty lo clay vnritttions have been obscrvvd, :tnd thcsc xrc usually less than a l'ew 
r~~icrogttuss. Sn rnagnctic variations typically h:~v(> sr-rlall rfSed,s on rrlnscr sta- 
billty, :llthough a s  w c  arc now pushing stabilitjes into the 10 - ' or  1g-l6 range, 
ficld v:trjallons o r  corrcclions Insy bccourle much more inlportanl in the futurc.  

Figure 7 givcs three I'requencv comparisons betwccn hyrirogcn nluscrs under 
diffcrcnt opcrnting conditions. Fi rs t  consider Ihc  buttorn plot. This shows the 
frac:tional frcquailcy variation between thu NP-  3 maser xnd rmc. 01 lhc ncw masc\ibs, 
NX-2, 'I'hc 1,000 seeontl to 30,000 seconri stability is betwc:cn :: to 5 parts in 10':' 
(Allan variance2"). There is I]:, significant drift. Notc thxt tllcsc rnasel-s were 
not hcing iuncd -- it i s  the Erec running stability in the l o u , ~ r  ~ u r v c . ,  The a v e r q r  
untuneci linear drift rrttc, duc to cavity drift, among thc NASA ~ir'ototyy~e (NP)  

1 5  masers  1s 5 x 10 - per  day. 'I'hus when using tllcsc masers  i11 ficld applications 
for periods crL a kew weclcs o r  less,  on(. would not usually want lo ilsc nuto t,uning 
except, perhaps, in thc initial setup. 

If you have a second hydrogcrl rnascr, alld use il for. a tuning rel'erenre, you can 
tune lo and maintain less  thLm one part in l 0 l 4  tuning correction on a daily basis, 
In lhc centcr plot in Figurc 7 ,  the frequency of NP-3 is conllmred with N P - I ,  ant! 
both maser  cnvitics arc bcing independently tuned with respect to a third rnaser 





(NX-2). The fractional frequency deviation (Allan variance) is 9 x 10-l5 for a 
days averaging time in this plot. The absolute tuning correction quickly becomes 
negligible for longer measuring times when tuning with respect to a second hy- 
drogen maser. But even so, when looking for a few parts in 10 stability for 
times shorter than a day, auto tuning would not normally be used (or would be 
discontinued during the period of a particular measurement). 

In field operation situations, where one N P  type hydrogen maser is available, 
and an absolute frequency referency is still desired, the maser may use a good 
crystal oscillator as the tuning reference. However, the day to day frequency 
variations will then be greater, and this is  shown in the top plot in Figure 7. 
Here the frequency variation between NP-4,  with its cavity tuned continuously 
with respect to a crystal oscillator, was measured with respect to NP-1, which 
used another hydrogen maser a s  a tuning refercncc. Due to the randomness of 
the crystal tuning data, the stability for a days averaging time is now 3.6 x 10-14. 
But the e r ror  tends towards zero a s  the square root of time, so even with a 
crystal tuning reference, very long term (months) inaccuracy due to cavity and 
spin-exchange pulling should become less than one or two parts in 1014. 

The linear cavity drift rate has not yet been resolved accurately on the NX-2 
and NX-3 masers. From measurements for periods of a few weeks it appears 
to be less than two parts in 1015 per day. But much more time will be required 
to measure this effect on the new masers precisely. a 
In many ways, the most informative and satisfactory description of performance 
of a frequency standard lies in the real time frequency or  phase comparison data 
under conditions similar to those in which the standard is to be used. For very 
long baseline interferometry, the usual signal frequencies may run from 10 MHz 
to 20 GHz or  higher, and one limit to the useful integration time is set by the 
stability of the local frequency standards. 30 

If you are  looking at VLBI fringes you a re  in effect beating the two local oscilla- 
tors together at some high frequency, like 10 GHz, and do not want the beat fre- 
quency or  phase rate to change by more than some small amount, typically 1 ra- 
dian from the average, during the measurement interval. Also, any random noise 
on the local oscillator directly contributes to the uncorrelated noise flux. - So 
if the output frequencies of two standards a re  multiplied to 10 GHz, and the phase 
and frequency variation observed directly, a vivid picture is  obtained of how the 
standards affect the data. Figure 8 shows beats between two hydrogen masers 
(NP-3 compared to NX-2) in which the usual 5 MHz output frequencies have been 
multiplied to X-Band, 9.18 GHz actually, and these X-Band signals a re  combined 
in a balanced mixer whence a beat (difference frequency) is obtained. Figure 8 
is a photograph of the strip chart data. The same nominal beat frequency occurs 
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in all of thc three plots, but near the hottom the char1 speed is  P inch per  hour, 
in the centcr it is 15 inchcs per hour, ttnd nt Ihc tola 1 inch per  minute. 

For those who rnay be familiar with 1 microsecond phase plots taken bctween 
two I MHz signals, Figurc 8 i s  similar, except thcrc- is 10,000 timcs greater 
rcsolutic~n. Onc cycle corresponds lo 109 picoseconds (1.09 x 10-lo sec) accuxulw- 
Jation ol time bctween signals. Thc tlvcragc frequency difference is 2.6 cyclcs 
per hour, which corresponds lo :I fixed frcquency ofIset betwccn signals of 
8 par%s in 4014 (8 nanosccvntl,.: pcr  day). A change of 1. cycle pcr hour in bcat 
frcquerrcy is equivalent to a ch:ulg:.c of 3 X 10- l 4  in signal frcquency. A s  seen 
i'ronr the onc day's d a l s  at the bolt an^, wherc ?hc nurnbcr of cycles pcr h o u r  is 
shown, typical changes arc ol  the order ol' 0.1. cyclc per hour, o r  3 parts  in 
A statislical mnlysis jflilan variance) givcs 2.63 X l~- '"ra~ctional stability for  
1 hour r~leasuring intervals, ant1 4 x 9 0 - - 1 5  Ior 10,800 seconds (which is  about 
3 hours). At the h t t o ~ r )  of' Iq'igurc 8 the hourly frcquency t ariation is plotted, 
with n scale of 2 x 10-I". Thc perk to pc=~lc cxcul-sion in this 28 hour periocl was 
:4 pxrls in l o i 4 =  

Analys~s shows Lhat in n VLET a,p~)lication, i f  using thcsc two nlasers, i l  woulri bt: 
f'easiblc to irrtc:grate lor at lcast 1 hour at X--1"lnnd (for I radian e r ro r )  ancl for  
over 4 hours nt S-Haad (2 GIIx). 

NEW MASKIt CIIAFL4CT TCltISTIC3 
e 

Only a bricf de sc r i p l i o~~  of the improvccl design cha c:ictcjristics 0,' the NX-2 and 
NX-:3 hydrogen masers  will be givcn at  this timc, since the final receiver and 
auto tuner systcms arc. just now bcing complotcd. The stabi1it.y & ~ t a  is  Lhus 
presently lirrlited by Ihc noise levcl of thc! breitdboard receiver systern used. 
Also, considerable time will bc rccluircd, of course,  to fully eva lu~ t e  lgng t c r n ~  
pcrforrnance. 

Thc new mascrs oxciliate with bcn times rnorc powcr than t'rlc oltler N P  mascrs ,  
5 x 10- l2  watts o l  beam powcr versus 5 x 10- I' watts. Thc theoretical stability 
for one seconci ~ncasuring intervals is  2 parts  in 1014 wr'tln a 10 Hz b a n d w i ~ l l h . ~ ~  
Prcsent rneasurcrnents givc 2.5 x TO-' for  onc second averaging, and 2.5 X l o - '  
lor  100 seconds zveraging. For 1,000 scconds to 10,000 scconds thc stability is 
3 i 2 1: 1 0 ~ ~ ' "  The long tcrni  drift of thc new rrlasers, without cavity tuning, has 
not becn precisely dctcrrriined, but prclixriinary ~ncnsur~ernents of a fcw wcelcs 
duration indicate it is of ihc order of 2 x 10 ' per day o r  Icss. 

The ncw masers  also operate with approximately hall' the hydrogcn flow of the 
older N P  mnsers. Thc N P  units have pump element life expectancy, as determined 



cxpcrimental1.y by ar:celarbaz-c!i_i :i if c ti:s ~s , of 10 to 15 years {see L4ppcnclix 11). 
They have bccn operatjn.g crjntinucjtri:;I.~~ now for. bi:ti.vr:cxl 4 to 5 years with no rc-- 
@l.ncement yequir::d, TII~JS the niiiLr liiascrs shou1c:l hnvc 92 thc order  (;i '20 years 
of pump e,;.ernent lif c c!,xpcccslic, y :k,r<? -to hydr.:lgen satw rnti on. 1-iowcvcr , the new 
maser. p~enip connoctinns hieve l~ign *,/ZC'LII*IH ~:i!\ii:s ~ ' h i ~ h  ~ 2 t i l  of1 t.12~ I ! ~ X Y C ~  

v-acIn.lrr1 ,iysi;c:r.fi f ro  n:; Lh.c pumps,  so thnt a ~,i;j-i:p ;!:ay !:c quicki :/ exchnngec! ~ v i ~ h ,  . 
out hrca,icirrg :nsaer -LTac-i:l?..lm. 'I'l-iel:c a.rc i.wc$ lofi I:U~T-I~)S t-7~1 the new s;is!,c~n, one.: 
01 these ov:,tcual,cs thi. i:.l;IEd-:Y' s t ( i r~g(? 131.11!) :iai\ f~)::;1:;8'i11g !~-i~gli~:t regior*, xnri 
;>urn]?:; essenti a1 I\: ilnlh. hy c.irogcx~: lh:; ijtht:::. ~ I J  1.1. tp c? GLL: L:.;LL 25 L!I<~ L ) ~ I . I : F ~ - ~  vai: LI LI I!:. 

sy StcIll, an:: &i j  I:ClUOvch :in) c:<tC'Kiri.l g:lr-, ali?j{:!-1 dj~il.;~r::;, t,h;.u [;hc 1;.1.3iil \iiiCibLil-rl 
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p ~ e s s u r t :  jn the ;aasce. hiill>. :itili:l' ilan h y ~ l ~ u g e ~ ~ .  1s ;-?.i!pr c..;lrc1~ci!; I I - ) ~ ? . .  .ind ~,~I:.LI 
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oxygen. 



proportionately less significant than the NP results previously described in 
Section V. 

The cavity frequency control system and the tempcraturc controls on the new 
masers a re  similar in principle to those on the N P  units.3 The cavity is  of 
aluminum alloy 6061T-6, and the external frequency control is accomplished by 
varying the balance conditions on the temperature sensor bridge. Improved in- 
tegrated circuit operational amplifiers were available when the new masers were 
designed, and additionally, temperature servo time constants, and other details 
of the system have been improved. The use of aluminum for the cavity, rather 
than a material with smaller temperature coefficient of expansion such as  metal- 
lizcd fused silica, C E R - V I T , ~ ~  o r  ULE33 titanium silicate, is  an outgrowth of 
early experiments with aluminum cavities at GSFC which were originally intended 
to establish the realizable limits of temperature control stability3, a s  well as to 
determine the relative predominance of factors other than temperature which 
affect cavity frequency. At this point it is interesting to note that the present 
stability of the NX and NP masers of 2.6 parts in 1015 for 1,000 seconds mea- 
suring times means that the cavity is electrically, mechanically, and thermally 
stable to 2.6 parts in 10IO. (The cavity pulling is proportional to the ratio of the 
cavity Q to the line Q, which is approximately in the present designs.) 
Since the cavity diameter is  25 cmo(10 inches), the above stability indicates that 
the cavity diameter is  stable to . 6 A  ( 1 A  - cm). This is less than one 
atomic hydrogen diameter! Needless to say, m5ny factors other than tempera- 
ture enter into stability considerations at the 1A level, and such things as high 
thermal conductivity, thermal isolation, mechanical rigidity, electrical opaqueness, 
etc., a r e  indeed very important. Since aluminum has an expansion coefficient of 
approximately 2.6 x 10 -5 at operating temperatures of 40°C, the present maser 
stability indicates tho cavities a r e  thermally stable to 1 0 - 5 0 ~ .  

Long tcrm temperature stability data has been accumulating for many years with 
the N P  maser design. The corrections which the auto tuner makes to the maser 
cavity give a maximum estimate for thermal drift. The average value of 5 x 10-l5 
per day for the NP masers (NP-1: 1 x 10-14, NP-2: k 1 x 10-15, NP-3: 2 x 10-15, 

NP-4: -7 x 10-l5 ; per day) gives an average thermal drift of 30 microdegrees 
Celcius per day. Experiencc with the NPfs has shown that this drift is  due as 
much to the instabilities of the "fixed" metal film resistors used in the thermal 
sensing network a s  to the instabilities of the selected thermistor beads used. 
(Veeco TX1821 preconditioned glass thermistor bead-in-glass probe; these are  
nominally 50 K Ohm probes which a re  guaranteed stable to .l% per year.) In the 
new masers, the bridge resistor temperature coefficients were evaluated, and 
the completed bridges independently tested for temperature coefficient. With the 
above precautions, the NX-2 and NX-3 temperature servos are essentially the 
same simple DC bridge and operational amplifier system used on the earlier 



masers. A significant improvement in thermal control is  obtained with the new 
masers,  as indicated by the present stabilities; however, xrleasureilicnt of the 
true level must wait until the final receiver system i s  completed. 

The new maser standards retain all of the desirable l'eatures of the N P  masers. 
They a r c  self contained (on a single chassis), opcrate for  up to 6 hours on stand- 
hy batteries, can be easily moved on their own dollies, and have several well 
buffered standard frequency output signals. They also contain a very stable 
crystal oscillator (Oscilloquartz 3" 5400) as the cavity tuner reference, and 
they a r e  smaller than the N P  units, being only 132 cm (52 inches) high (versus 
182 cm for  the NP's). 

Most of the design effort has been directed towards optimizing performance, 
since the main goals of the hydrogen maser rcsearch program havc been to pro- 
vide the most stable, reproducible, accurate, long lived, and reliable standard 
for those ground based applications where these factors a r e  most critical. Pcr-  
haps the most critical of considerations, considering thc long term cost of 
prcsent time and frequency standard systems, is  the fact that the components 
which a r e  most likely to loc unreliable in the hydrogen maser standard a r e  ex- 
ternal to the vacuum system, and these factors, such as receivers, synthesizers, 
power supplies, electronic components, etc., a r c  easily <and inexpensively main- 
tained o r  repaired without changing any basic maser frequency determining ele- 
ments, o r  the long term properties of the maser as a standard. 

Experience has also shown that therc a r e  no large variations in the stability 
properties of one maser o r  another of the N P  (or NX) type, so that selection of 
best units for time standard ensemble systems, a s  presently practiced, would 
not be nearly so  important a s  is the case with the othcr standards jn use today, 
With the cxception of the very long term instabilities which may be related to 
changes in the storage bulb surface, all  the irnportant fundamental corrections 
to the rrvascr oscillating frequency may be yuiclcIy evalttnted on operational hy- 
drogen mascrs. Thus a most important characteristic which separates opera- 
tional hydrogen niaser standards from other atornic standards, i s  that each unit 
is ,  in itself, a standard which is most closely relatcd to an invariant atomic 
transition Ircquency, and so has "intrinsic" accuracy, rathcr than being neces- 
sarily related through calibration procedures with partxcular instrunlents which 
a r e  evaluated for accuracy :md maintained l ~ y  specialists, usually in national 
standards laboratories. 



WALL SHIFT INACCUIUCY EFFECTS WlTFT VARIABLE 
VOLUME HYDltOGEN MASER 

The particular dcsign oI thc variable volurnc rnaser r ' l  lustrated in Figurc 4 has 
several features which nlinirrlize potenljal e r ro r  sources. A brief outline oI 
these e r ro r s  :md the tcchniqucs av3il:ible fo r  thcir determination will be given 
hcre.j5 A variable volume maser as illustrated i s  presently being dcveloped at 
GSFC, and n rnorc cornprehensivc prescnlation of this work is mticipated at a 
later dxte. 

a. W d 1  Shift T<elationshin 

lt' ci, is the phasc shift per wall collisjon and ;I( ,  is the avcragc phase accurnu- 
lated in the timc T,, spent by thc atom at average velocity to go the averagc 
distancc bctwcen wall collisions, b , then to a very good approximation, 

W e  wish now to find A for  rt bulb 01 arbitrary shapc having a volume V and 
surfacc arca  A. 

From elementary thermodynamics the total collision ratc of atoms with the wall 
is  given by 

Here n is  the atom dcnsity, If N, i s  the total numbcr of atonls in the bulb, thcn 
the collision ralc pcr  tttorrl (Irequency of wall collision lor  each atom) i s  given 

by 

Sincc 



it Solllows that 

The cffcct ol  thc bulb col l i~nator ,  u:sy be  t r~ken into account by noting thzlt tllc 
:everagc pressure in ihe col!ijl~~ilur I:; 1 / 2  ihc bulb Iarcssurc, so Ihxt the cff'ective 
bulb volume is 

and thc effective bulb arc3 1s 

"Yhc ;xbnve appro;.i.n1ati(:n ;s c~cit ' lefit  $ir,cc typie::ii <:o? ii:?~ator -v(.jlunlca :md are:is 
are less than one part In 10' ol' ihci Izulh v:ill.~~..;. 

Using (A%j in ( A l )  we obtain 

'I'hus the relxiionship ~ , f  i::ii1 shift r::~ the r1;itiu r3i S ~ F L C L C C  t~rr:::~ :md x b ~ . ~ l ~ ~ ~ ~  is ;I 

VQTV precise :uicl fundt~ment:il. c!cpcnt.ieilcc?. 'Thr p:.t.r:isi.;,n depentls !.)11lj 911 ;he 
" .  - 

assun~pt jon  that hydrogen bchaves as :in :.dc:t.i g : ~ !  nrlri tilar. ;wc!ssi;rc :u~d  tern-- 
peraillrc cquilibriuxr; c!ccr;-rs; thcsi: XI-e v:llici :issu.mptron:s c ( i  many r!l'r!t'r~ 01 



The storage bulbs in thc N P  and NX masers  a r e  cylinders with straight section 
length L - 28 cm and diameters D 15 cm and with hemispherical ends, also 
of diarncter D. For this case it is found 

A is calculated from the above equation to be approximately 12.1 cm. In the case 
of a spherical bulb, which is typically used in many other hydrogen masers,  it is 
seen that (A3), with L = 0, rcduces to the more familiar equation. 

b. Surface to Volume -. Ratio .. - .. Determination , . . . 

Several methods a r e  available for  determination of the effective value, o r  change 
in value, of surface to volume ratio. First ,  it may be measured initially by gas 
volume measurement o r  similar  techniques. It may also be calculated from 
scaled measurements. If ca re  is taken in making the bcllows, so that the diame- 
t c r  remains constant as the bcllows i s  comprcssed o r  extended, then the volume 
change is directly proportional to thc change in length, and may be easily deter- 
mined by counting thc turns of the compression scrcw. 

'rhe bulb relaxation time constant i s  given by T = V/F where F is the collimator 
pumping speed. Thus measurement of line Q changes, which depcnd upon T, 
give the effectivc volume change. One of the simplest methods to measure line Q 
is to measure thc change in maser frequency as thc cavity frequency is changed. 
If the cavity Q is constant, o r  if it i s  measured carefully, thc line Q and thus the 
effcctive volume change can be  measured precisely. Other techniques such a s  
pulsed stimulated emission, decay rates using shuttered beams, and transient 
responsc rnea~u remen t s ,~  may also be uscd. These techniques a r e  well estab- 
lished, prccise, and straightforward. It should be noted that basically only the 
ratio of volumes (or ratio of measures of T,,) a r e  required to make the absolutc 
wall shift determination. 



c. Change in Wall Surface Properties Duc to .. Strain ?. . 

It i s  estimated that there will be on the order of 1% surface strain a s  the bulb 
volume i s  changed. There is no reason to suppose that the phase shift pcr  col- 
lision with the wall i s  a very strong function of this amount of ~ t r a in ,~%oweve r  
the experimental conditions a r e  designed to minimizc any associated error .  For 
example, if the change in phase shift i s  a lincar function of the strain, it will 
cxiecl in the bellows maser design, since the convex concave convolutions 
alternate in compression and extension. That i s ,  as the bulb is compressed, the 
inside oblxse angle surface will be stressed positively (stretched), while the in- 
side acutc angle surface will be stressed negatively. 

If, however, the phase shift i s  a function of the absolutc magnitude of the surl'ace 
strain (a quadratic function for  example), then a non-linear curve of frequency 
versus inverse volume will be obtained, and the e r ro r  niay be determined by 
making measurements at one o r  more intermcdiatc volumes. Additionally the 
strain i s  maximum only at localized areas of the surfacc, so that the net wall 
pulling of that part  of the bulb i s  only a fraction of  the total effect. Thus, it docs 
not appear likely that surface strain effects will be a very significant limitation 
to accuracy. 

d. Cavity Instabilities Uue to ITlexible Bulb 
- -. -- - . - . - - -- - - - 

The material of the bulb sides is .5 mm thick tcflon. 'I'he ends a r e  teflon coated 
quartz plates. The R F  clectric field is approximatcly m ~ ~ i m u m  at  the side wall 
position, so the cavity frequency changes due to dielectric position changes a r e  
primarily a function of thc tcflon wall position (or of thc quartz bulb side wall 
position in fixed bulb masers). Thc tcflon thicl~ness is 3/10 the thickness of 
typical quartz bulb walls, and the dielectric constant of tcflon is  :ipprosimntely 
1/2 that of quartz. The frequency effect is proportional to the square root of the 
dielectric constant, and to the relative thiclmcss, so thc teflon bulb cavity pulling 
cffect is approximatcly 2/10 that of a quartz bulb. In addition, in the expanded 
position the bulb volume is approximately twice that of rtn N P  maser bulb, so the 
line Q is increased by a factor ol' 2 ,  with a corresponding clccrease in cavity 
pulling. 

In experience with experirncntnl masers using relatively loosely mounted quartz 
bulbs, it was found that a s  long as the xnascr was  not physically shalrcn o r  vibrated, 
no unacceptable instabilitics arose in regard lo cspcrirrlental nle:tsurements, 
Since both the mass of thc lcflon material :mcl its cffcct on cavity frequency arc 
reduced by as  rrluch as a factor of 10, it is not anticipated that instabilities will 
be a fundamental problem. Additionally, such instabilities a s  may occur a r e  
random, rather than systematic i n  nature, and long tcrrrl Ireruency determinations 

a with regard to stable fixed bulb masers will rrlininlize any instability problem, 



e,  Filling Fa.ctor 
- 

To assurc  oscillatjon the filling factor of the xnaser r-nust cxeced ;l. ccrtain mini- 
rnrinl value, (Scc ReI. 19 for dcfiniiion ol filling factor and olhcr maser oscilla- 
tion condjtinns.) For a centrally located cylindrical bulb 15 cm in di:lmcter and 
40 cm long, within a cavity 25 cm diameter by 50 cm Long, thc filling factor 1s 
calculated to by .48. At a contracted volume ol' SO%, lhc filling factor i s  -24. 
With the favorablc oscillation thresholds 01 n maser using the NASA slongalcd 
cavity desjgn, these factors nllnw a relatively widc rrxige o i  bcam intensity 
v:triatioii whiic oscillating. Thus timing corrcczions can be accurately madc, 
ancl expcrirncntnl deicrminations of wall shift rr1a.v be madc at several sig-nifi- 
cantly different f l ux  lcvcls so ns to evaluatc sccontl ordcr inact:uracy cffccts. 

f. I3rrors Due to Density Variations 
- .  - .- - - 

First ,  i t  should bc noted that the position of the bulb boltowl end, :IS wcll a s  the 
size and shape of the bulb collirilator illustrated in Figure 4 ,  a r c  to remain fixcd 
as the volu~ne is changed. The collimalur is  also designcd so that the bulb time 
zons t~~n t  is ]much Less than other. rclzt.r;ntion tirnes at l ow  osclllaljon Icvcls. Since 
the cxit puxxiping spccd of thc cullir~lator docs not cl-lttnge, thc prcssure in the 
)3~11h, which is thc product of the colllmalor spc*c~l :inti the throughput, may bc 
hcpt cunstai~l, cr. bc cllanged controllably, int'lcpenciently of thc bulb volurmc.. 
'Thus wall surt:icc properties whicli arc solcly a function of thc density nf alnlm:, 
(or mnlcculcs, hydrogen o r  olhcrwisc) wjll uot change as the volumc is changed. 
Therefore thc rnascr may be tunr:cl for rcrvloval o f  c:wity culd spin-exchange 
pulling while mainktinin:; irlenM cal density conditions f o r  both Ihc expanded or 
conlr:tcterl volume, nt cithcu. high or low bt:arr:  flu^^ 

As  n precaution against baclcgrnund gas pressure being significnlltly high, o r  to 
minimizc prcssure changes duc to manipul~tttion of thc bulb, Lhc bulb is evacua tcd 
by a scparate system a s  in thc ncw NX masers.  Ultrn high vacuum conditions 
a r c  nlainlaincd by using only ion pumps, and bcilows type rotary fccd through5 
are used for rnanipu1:ition. Thus accuracy cvnluatirms may bc  donc repeated1 y 
ovr:r long tirnc spans without contaminatioa of the systcm. 

g. Covity and Spin-Exchange . -- - -. - - .. Tuning .- - Er ro r s  ..- 

Due to Magnetic -- . -. .- Field hhornogcnictf ... cs 

1: has bcen shown by ~rarnpton" that ccrtain types of ~nagnctic f i r ] ~  i~~homogc- 
neitjes can c:tuse :m e r ro r  In thc cavitjT and spin-rxcl-lange cclrrectln:: 7;rl.occciurc~. 
llowever , the ficld inhomogeneiti r:s rcquircd to crept(: sig~if icanl. c . r ru r  ;ll re very  
rrmch g ~ c n t c r  than lhosc prcscrlt in the C;SI'C7 hycirng-cn l r laser  designs, 'Yhc 



prim a?-y sou rtcc of t i le 1x0 sl c1.i lit:?? ty?e of inl-IOU: ogc.r:ci :;q9 r!:c:-neiy r':i tlia.1 !?i" 
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tioning, so it is simulating quite well the ideal conditions which occur in pumping 
experiments (where gasses other than hydrogen a re  essentially excluded). Thus 
15 years of continuous pump operation should be conservatively expected, and 
20 to 30 years life may actually be experienced before replacement is required. 

It should be mentioned in fairness to all manufacturers of vacuum pumps, that it 
appears that most Penning discharge type pumps (ion pumps) with cathode area 
comparable to thc pumps mentioned, would likely work very well at the low hy- 
drogen flux of masers similar to the N P  and NX designs. The magnetic field 
conditions, size, shape and cost, may be the most significant differences to 
consider. 



REFERENCES 

1. N. F. Ramsey, "History of Atomic and Molccular Standards of Frequency 
and Time," IEEE Trans. on Inst. Meas. IM-21, pp. 90-99, May, 1972. 

2. C. Adoin, 5. P. Sherrnann, and P. Grivet, "Physics of the Hydrogen Maser," 
Advances in Atomic and Molecular Physics,  Academic P r e s s  1, 1,  1971. 

3. H. E. Peters, T. E. McGunigal, and E. H. Johnson, "Hydrogen Standard Work 
at Goddard Space Flight Center," 22nd Freq. Cont. Syrnp., USAEC, Ft. Mon- 
mouth, N.J., 1968. 

4. D. Brenner ,  Bull. Am. Phys. Soc. - 14, 943, 1969. 

5. V. Reinhardt, l lFlexible Bulb - Large Storage Box Hydrogen Maser," Proc.  
5th NASA/DOD PTTI Meeting, GSFC, Greenbclt, Md., Dec. 1973. 

6. D. J. Glaze, H. Helwig, S. J a rv i s ,  and A. E. Wainwright, "Recent P rog res s  
on the NBS P r i m a r y  Frequency Standard," 27th E'rcq. Cont . Symp., USAEC , 
Ft. Monmouth, N.J., 1973. 

7. A. G. Mungall, R. Bailey, H. I)a,zms, D. Morris ,  md C. C. Costain, "A Pre-  
l iminary Keport on Cs  V, New NRC Long-Beam Pr imary  Frequency and 
Time Standard," 27th Frcq. Cont. Symp., USAEC, Ft. Monmouth, N.J., 1973. 

8. H. E. Pe t e r s ,  "IIydrogen as an Atomic Beam Standard," 26th Freq. Cont. 
Symp., USAEC, Ft. Monmouth, N.J., 1972. 

9. H. E. Pe t e r s ,  "Topics in Atomic Hydrogen I iesearch and Applications," 
Proc. of the Frequency Standards and Metrology Seminar, University Laval, 
Quebec, Canada, 1971. 

10. II. E. Peters, R. G. Hall, and D. I3, Percival ,  "Absolute Frequency of an 
Atomic Hydrogen Maser  Clock," 26th Freq. Cont. Symp., USAEC, Ft. Mon- 
mouth, N.J., 1972. 

11. H. E. Peters and I). B. Percival ,  "NASA Hydrogen Maser  Accuracy and 
Stability in Relation to World  standard^,^^ Proc.  4th NASA/DOD PTTl 
Meeting, NASA, GSFC, Greenbelt, Md., 1972. 

12. H. Helwig and H. E. Bell, "Experimental Iiesults with Atomic Hydrogen Stor- 
age Beam Systcms ," 26th Frey. Cont. Symp., USAEC , Ft. Monmouth, N. J., 
1972. 



13. 11. Vessot,  ct al . ,  "An Intercornparison of IIydrogen and Cesium Frequency 
Standards," IEEK Trans. Jnst. Mcas. 1M-15, No. 4, pp. 165-176, Uec. 1966. 

14. D. Morr j s ,  "ITydrogcn Maser  Wall Shift Experiments at the National Rescarch 
Council of Cnnada," Metrologia, Vol. 7,  No. 4 ,  pp. 162-166, Oct. 1971. 

15. P. W. Zitzewitz, 4;. E. Uzguris, and N. b'. Kamsey, 'Wall Shift o l  YEP Teflon 
in thc IIydrogen Maser," Rcv. Sci. Inst. 41, - 81, 1!170. 

16. Ii. lielwig, et  al., "Mcasurcnlent ol' the Unperturbcd IIydrogcn Hyperline 
Trttnsition I~requency," IEEE Trans. hst. Mcas., IM-19, 200, 1970. 

17. C. Mcnoud J. llncine, "Stabilitat lmd Gcnauigheit d e r  Frequenz von 
Wasscrstolf-NIasern," %. angew. Math. und Physik, Vol. 20, pp. 578-584, 
1970. 

18, T. Clarli and I. I, Shnpiro, "Tirne, Cieodcsy and Astrornetry," Proc.  5th 
NASA/DOD P'l"l'11 Meeting, NASA, GSFC, Greenbelt, Md., Dcc. 1973. 

19. D. IClcppner, H. C. Berg, S. B. Crampton, N. F. Ramscy, R. E'. C. Vcssot,  
11. E. Pe t c r s ,  ,and J. Vanicr, "Hydrogen Maser  Principles  and Techniqucs," 
Phys. Rev. 138, No. 4A, A972-A983, 17 May, 1965, @ 

20. J .  Vanicr and K. F. C. Vcssot,  "H. Maser  W a l l  ShiIt," Metrologia, - G ,  No. 2 ,  
pp. 52-52, 1970. 

21. 11. C. Bcrg ,  "Spin Exchange a n t i  SurIace l<e l~xat ion  in the Atomic Hydrogen 
Mascr," Phys. Rcv. 2,  Vol. 137, No. GA, Mar. 1965. 

22. 11. G. Andrcson, "Mcthods and Rcsuits fo r  Rcducing Cavity Pulling Effects 
oi' the Hydrogen M:lscrb Yrcquency," 19th E'rcq. Cont. Symp., USAEC , Ft, 
Monmouth, N.J., 1965. 

22. R. Vcssot, M. T,cvinc, T,. Mucllcr and M. Bnlicr, "The Desigm of zm Atomic 
T-Tydrog:.cn Mascr System for  Satellite Esy~crirnents," 21st E'recl. Cont.  Syr~xp., 
USAEC, Ft. Monmouth, N.J., 1967. 

24. G. Busca, M. Tetu, and J. Vanicr, "Cavity and Light-Shil't iri the lib" Maser," 
27th Il'req. Cont .  Symp., USAEC, Ft. Monmouth, N.J., 1973. 

25. P. Pet i t ,  J. Viennet, R. IWri llet, M. Desairitfuscien and C. Adoin, "Dcvclop- 
rvlents of Hydrogen Masers  as Frequency Standards at Orsay," 27W1 Erccy. 
Cont. Syrnp., XJSAEC, ljl. Monmouth, N.J., 1973. 



2 ~ j ,  I;, W. Anclersofi, Francjs 11. Pipliin, 2nd J, C', Eairtl, Jr., "IIyperfEne Strurr-- 
t u r c  nS Hytlrogcn, neute~:.i~i-rn an0 Tritrium," I?hys, .%>v. 120, No. 1, pp. 1279--- 
1289, Nov. 19GO. 

') " 
, i . P, F, Debely, "IIydrngen. Maser Llflorrnxi~ i c ;+tc.!r.:.gc: Bulb,.' 24th Frcri. 

C:ont. S_vn~p., IJSAEC? Fi. Alonn~outlr, S . J . ,  1970. 

28.  3. S. 13:;. C:rax1lptonr "Pw.r,spccts f o r  the .\lol:)ic Tiyir~ogcn hIaser: as :I P r i r n ~ i r ~ ;  
Frc,quency St~nclard, ' '  I.lroc. Frecl. St,cir.:;, and ?,letr'ology Scnlinnr, !.Jriibc:~:- 

s i ty  Ltzral, Qu.ebcc, C:mails., 1.971. 

28. b. S. H. Craxnpton, T3'illirtms Co!lege, ~ i ; l i a r n s t o ~ ; ~ . ~  S'Iass,, ;?n 2n:d;ysi?< 
of :hc freryuencj/ crroz-. due t o  r2.dia.l fi elr:. g~*:tc!icn!:s lras hccxl jnacie, : i r ;c-!  

this has b<+-:en c-::ip~rin)cn::~ji ;>i (xlut'i rn!i:(:i fo-c h;,:c.lr'op;c~~ 1-11aser:s 1,:. -\ri!lie i-! 
graciic~lts have Seen ax.ti1ic.i.a i! )~  pr:>Liliei.ii w i l!-1 :::::iils -pl:~i:cci n-rc:>~ntl t l ~ c  
cavity, and. i.n wiliclr t41c bulb Inas beer? piaccc! nfl' O ~ ~ I ~ I ~ L Z I I ?  ~)~~i.i, i(-)~l u.:: 
er~harrce the: cffc:c I,, : ie~: . ;c~zi : ; l  cr:trvmu~? j caxj on, :,!PC. 4973 , to kjc p~~ i j 1  ish14. 

29, 11- &/, A l l a ~ ,  'IStatis*,ici; i:)f i4.~o;.n j i :  I!'requct~c;,r Stand:i.rds , I '  Prnc,  IKEE, A, 
No. 2,  pp. 221-230, E'cb,., 1 9 G t I .  

xi.. I.,. S. Ci~ticr and c:, j... Ye;irl, "S,r,rnr: 12,5pec:~s; ,,f I ~ L '  T ! ~ t i : , r ' ~ ~  :lncl ;'LTcttsuren-:tLl-it 
of Frequency P'l_ilclu:it.:?rrs .ir-i itrqucnc':! Standi~rrls, P r u c  , 1b:E.Y, I'ol, 31, 
XCI. 2, pp. I:-;(;-. 154 ~ ' P \ I .  l9{ i ( in 

C ,  I ~ , ~ ~ ~ j . ~ j ~  j ~ s s ( > c i ~ ~ c ~ ;  7,; j i.~,~-.;;' pL.~r - : ~ : p n : ) ~ ~ ~ \  'id' :;:<;:it:j-,; 1 ; ~  j:-l? \ j::{ \,, ,: i~ccy, !;<:5 ;eC ;~ i l ( j  

have: p u ~ r : . ~ ~ ~ e t ~  rirj tc 1,. . ,) i.,!oj c.2 j-f Ti j /:>tj.;~ 1. .'. :,;.~:j iil.; ::;.I-$ (.; ; ::.<<> 11:. <,:- :-%I: .r La p . . , 
... ond) p;erc, ~ ~ ~ d 0 ~ ~ { , ' ~ ; ? ' i , : ; ; 1 ~ ~ - ~ ; ~  !-,-,~;<(.p Liscfi"; :-7[:7:::1+-,,-1[ . L C. , r  - , , . , t , - 3  P.5Cr:i 

- - - 
; c p 1 ,  J j i I I I I ; : !  TT~:\\,zyer z P  'I e 1. '.I '- 

- ,  drogen. llrsw ra1.c:~ in (:s1-.:: :1;,-~J.rt:,g,~cn n?:t,r8~.-i.,s v, &.re1 .:~:i.~: ~rc:!i 10  arid 3C E~I?-JC; 
. - 

higher than! in the presen.1 Zii.SA ili:~i.g~,l:.~, , 4 Priv-ntc . omnlunj catit,a, L ' a1 . i~  
Associates.) 



35. b. P. W. Zitzewitz, "Surface Collision Frequency Shifts in the Hydrogen 
Maser," Thesis, Harvard University, Cambridge, Mass., 1970. 

36 .  Oscilloquartz B-5400 Crystal oscillators are distributed in the United States 
by Frequency and Time Systems, Inc., Danvers, Mass. 01923. 



QlJESTION AND ANSWER PERIOD 

DR. VESSOT: 

Are there any questions 3 

MR. HEINHARDT: 

Not really a question. I Just wanted to point out something about the shift that 
Stuart Crampton measured in relation to what Harry Peters  just said. 

The shifts he has been seeing have bcen proportional to the magnetic inhomo- 
geneities that he sees  in the maser ,  and he has been using old masers  with large 
openings. You should s e e  much worse results. Again, his mase r s  they a r e  not 
cloclts. 

Also, they tend to be proportional to the distance between the center of the bulb 
and the center of the cavity. There seems to be a coupling between the magnetic 
inhomogeneities and in the asymmetry of the oscillating field. 

And so ,  again, in the carefully designed maser ,  there should bc no problem. 

a 
nR. VESSOT: 

Thank you. Are there any other questions o r  colnments? 

There is one thing that bothers me on the flexible bulb technique, and that i s  
that when one s t r e s ses  teflon, one is likely to change the surface qualities, and 
in deforming the bulb from an invcrtcd cone, to - what j s  the other kind of 
cone - exverted, o r  when one changes the cone, o r  when one flexes an 
accordion like structure, a s  Mr. Peters  has shown us,  i t  i s  possible, in my 
mind, that one could have changes in the surface conditions of teflon that might, 
in fact, introduce a systematic property to this technique. 

I Do you have anything on that? 

I MR. PETERS: 

Yes,  definitely. This very well could be the case. Although from the inter- 
action of an atom with the teflon, I wouldn't think i t  would be large. 

However, in a case where you can vary the low volume continuously, linearly, 
and get many points with high accuracy, I think that such a s t r e s s  factor would 
show up as non-linearity in the curves which you could calculate out. Also, 



you could put in :~rt i f icial  s t ressos  : ~ t  rliffercnt vnlucs, and say - there a rp  
experimental wngs whicli, if  this does become :I factor,  we sl~ould bc able to 
get a good feeling o n  what i t  i s ,  and cetainly find out whether i t  i s  :I limiting 
1:tctor. 

There :Ire n lot of other dct:~ils that go jnto thc design of the flcxible bulb mascr .  
This particu1:ir onc you saw hat1 :I const:int opening for thc  hydrogen flux into thc 
bulb, I t  wiis in a 1ixcd position so that if you change thc volume, you didn't 
really changc the density of atom,.: in the hulb, for one thing. You have a fixcd 
opcnjng, and a fixed flux, so  it i s  tlesi~;ned so you have a rather  consL~nt 
operating condition, while you changc the volume. And a s  1 say, t l ~ e r c  :ire 
many more r*:3mificntions :~nd things to considc~-, but I truly hclieve that the 
accuracy is really going to be in tliis region, :mcl onc of the main rcasons is 
becnusp WE can get the nccurzcy of a l l  t h ~  other. contrjbuting Factors. An 
accuracy which worlld be a noisc: process tlown so low that you get good short  
t e rm measurements, and you have good short  tcrrn stability. 

D it. VE SSOrl' : 

Other cyucstjons o r  comments ? 

DR. REDRR: 

I<ut isn't i t  possible that if  you u s e  the compression sum, that illstead of getting 
:I non-linearity that you c11:inge the slope, and thcn it would he jmprohal~le, 
wouldn't i t  '? 

MR, I'ETERS: 

We will hn.ve to see. 

H:trry suggested n good procedurc, :tnd that is to s t r e s s  thc tcflon without 
changing the volumc of the bulb, and look for an cffcct therc. Tf this can be 
shown to be null, thcn the con fidcncc in the accordion bulb o r  the l~lull-, flcxu re 
technirjue wo~~lt l  be very high. 

MIX. REINHARDT: 

Just another comment in relation to that. The reason we chose thc p:lrticular 
flexible cone in my experiment, a very thin cone, two mils ,  was that you could 
flip the cone. The stressing' would only be on thc cdges of t h e  cone whcrc the 
material w3s actually folded over. With n largc cone a s  in a storage box that 



cnntrib~xtes a very negligible ;;:?- , :ind so, cvcn ff J r c j v ,  ;i-rssumc 100 perccrrt. o r  
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Well, WF found that through some engineering ineptitude there was a coupling, 
a mechanical coupling, and that sure enough, the fluctuations of the barometer 
corresponded on a one to one basis with the fluctuations of the maser, resulting 
in cithcr the world's most expensive barometer, or  well, it may still be among 
the very good clocks. 

However, now that we know what this is ,  I am tempted to take the data, as  I 
still have it on record, and, since we made this calibration in a hypobaric 
chamber, recalculate and see where we might have gone if the barometer had 
not gone pretty badly during Memorial Day in New England. New England you 
recall is a place where we have frequent and violent storms, especially in  the 
spring and fall. 

That i,s all I have to say, and unless there a r e  other questions o r  comments, 
then I think that the session is  adjourned. 

Thank you. 




