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A13Sr11t,\ C r I  

Expressions cle,scl.il~ing Ihe lirn i l :~ t i o~ l s  to Ilydrogen ruascr  stability 
due to rand0111 thc rm;~ l  noise r-11-c de1-ivud in t e ~ , m s  of paramc-tcrs 
that govcrm tllr operhai-ioll of thc rnascr  osci1l:itc:)r.. Possihlc eSl'ccts 
fro]?] cavity pulling hnvc I)ec~i inclu.dccl thc :lcl hoc  :issumpt,ion of 
a randoln c:l\/it,y resonacce lr*crjuel:,cy v;~r.i:itiol) ch:~~-ncl(~l*izc:cl 1.y n 
1-I specl.r-uni. 7'11c inrusul~cd stal)ilit,y of [lit> rvcently dcvrlopeti 
SAO ITLC;- I I ui:isc~,s is compalocd with th(. pi7edicted sl:ihility limi- 
tations, and good :~gx~ein .en t  with t.ht.c:jr'~r is louncl lor  t~vt.l,:iging 
t imes T k)ctn.een 0. 8:3 sec: and ! lo  2 :'> 10::: scc .  'Thr byst tsljscrs~ecl 
Allall variance is ~ ( 2  4. 2 ?,; 102,  4 ,  .' ;., 103, 6) = 6 ;.; 1 u - l G 0  > 
T > 4. 2 X 1 0 : ~  sec s v s l e ~ ~ ~ a t i c  1;:iriat:ic:)ns nppea I. 1.0 rlonninate the data, 
and the variance rcljr.escntation is no  longer :ippropri:itc. 

lisilig thc stability limitatin11 c>xl~ressions we analyze lllc collse- 
cpellces of low t e rnpc ra t~~~-c .  nlascr  operation. TT c f'inci that if the 
 all relaxatioxl probability per. coll.ision remains a t  or below i t s  
rooln tcmpera lure valuc, ttxcrc i,s :I higll lilcclihoocl of suI.)stantjal 
improvement in m:~sel: pel-for?u;~nc.c li.om operalion at cryogcnict 
tclml~cratures. 

1NTRODUC:TIC)N 

Thc invention of thc atomic hyil thogcrl nlasey 11). k<leppner, C;oldcnberg :lncl 
Hanlsey in 1060i11 resulted fl-om a s c a r c h  l'os llrearls ol' reduci.ng the resonance 
linewidth of an atomic clock bj. inc l:c:isin,g Iht3 unpc.17tur.l~ed juteractivn tirwie of 
alorns in the microwave field t h a t  cnuscx 1.esi)1i:i11ce tr';illsitio~ls, All ~ l d d i t i o ~ ~ a l  
attractive feature lhat stimulatc~ti thv sc:~l*cll \\-:IS thc possil1ilitj7 of operating a n  
atomic frequency standard as :i n1icrc)n-:lye self-oscil1:itor n s  had bee11 donc b,v 
'I'ow~les nnd by Basov in their  pioncering 1 , \ , ~ l > l i [ ~ )  :31 usirlg l-hc :,I-rlmnnia niolecule 
a s  n m a s e r  oscillator. 

Ea r ly  resul ts  Lrorn the hydrogen m a s e r  iudic:~tetl thal  storage times o f  about 
1 s ec  could be realized kly reflecting hj7ds(ngcn atoms Iron1 sul.faccs coaleci \vith 
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allrylchloro-silanes (Dri-Film) or with Teflon. By using this type 01 wall coat- 
ing in thc maser storage hulb, oscillator linc Q t s  on the order of lo9  were 
achieved. 

expression I 

Here QQ is the effective quality factor 01 the atomic resonance (the line Q), Pi, 
is the power delivered by the radiating atoms to the resonant cavity, k is the 
Boltarnann constant, and 1' is the z~bsolutc temperature. 

Earlv measurements of maser  stability14] indicated thal other noise processes 

instability was additive white phase noise within the bandwidth of the recciving 
o r  measuring system. In g e n ~ r a l ,  this noise could be described as  due to an  
r.m .so phase deviation, A+ = v (K kTIj7P,), whew F is the noise figure of the 
reccjver, B is the effective noisc bandwidth of the receiver, and Po is the power 
input to the receiver. In tcrrns of a frcquerlcy stability measurement over :1 
time intcrval T, we have 

The two noisc processes, one idcntilicd with noise energy whvsc spectral com- 
ponents lie within the oscillator linewidth and the other with noise energy Jying I 

Note that a distinction is made hcre bctwcen the oscillator power levcl 1)h and 
the power delivered to Chc rVeceiver system, P,,. I 
almost invariably hattened out for long averaging times, bccoming proport.iona1 
to TO. This behavior could be characterized by a spcctral distribution 1;tloivn a s  
fliclrcr of frequency noise. i81 It appeared to bc duc to a combination of sy:;tcm- 
atic efl'ccts chiefly associated with the mascrTs  resonant cavity, Variations 
Afc in thc cavity resonance frequency pull the mascr output frequency by an 
amount I 



'I'hc statistical effect af such p u l l j ~ l g  can I J ~ .  includecl in thc va17iancc cspl,cssion 
in ccpation ( 3 )  if we postulntc that Al', can l ~ e  assigned a spectral behavior to 
dcscr ibe its frequency fluctuations. In view of' the obsurvcd data the logical 

whcr.c hc i s  :I prnpol-t,ion:ilib const;?nt, \\.P c:lti t.1111~ c sp re s s  thc pn\\.cr spcctx.al 
density of the output as 

If th is  spcctral  process is uncor.r.~l;ttcd \ ~ j t h  thc othei-s, u c  c13n inclutle it ill 
cxprcssion ( 3 )  for. thc v:ir.i:~nct.. 

Bel'ore \vc clo this i t  i s  n11jprc)pr'i:ite lo  dc-.sc~-ihc~ 1 . h ~  ~-:~i.i:inc.c i n  tct>rils ol' the t\\o- 
sample 01, illlan variance r ( 2 ,  'I', T, E), ~ ' , - l i t ' l ~  T ii, ;is l:)cl'ui~t-\, ~111" avci7aging 
intcl'val, T is tllc tjnlc bet\zecti thc t)eginnii~g of onc such intc~~-v:~I ancl thi: begin- 
ning of thc: nex1 in  ;.i timc-ol.dcrec1 ~ ~ i - o ~ r ~ c s s i o n  oS d:ltct, :illil B i s  the noise band- 
width of the reccivcr .  For thc. casc nhrl-rc. 1' ::, r, i. c . ,  t1lt.1-i-. is "clcad lime1' 
bctwcen data samples,  and f(:)l* the 1\10 tj-pits c.)f noise prtjc:cssc.s r.epresented hy 
equation ( 3 ) )  we ha.ve 

Since we des i re  lo colitinuc using thc: tn.~~-salliplr  val~iance nhr~n M.C iilcl~ide thc 
cavity fliclicr effcct, wc must rcpr\csenl thc: flickel- v:~riancc uf :is 

In our pract icc (T - T ) / T  = 0. S::/T 50 tll;11 - T)/T 0,  01 [C)I. T :, R:3 scc and we 
can write approximately 



Thus for  (T - T)/T .c.- 1 thc total Allan variancc is 

0 -- 1/2 

According to the nbovc description, thc beh:~vior of r can bc obscrved I I  
thc h, factor  dcscr.ibing the cavity rcsonance frcqucllcy variations is sufficiently 

and, for. ;l given level-of cavity instability lhc fl icker floor o r  TO, data can cnm- 
bine with the 7-1 data in such  a way a s  to ohscure thc r-lf2 behavior. 

STABILITY EXPRESSED IN TElIMS OF THE MASEII OPERATING PARAME'I'ERS 

The foregoing discussion l ~ a s  dcalt with thc operation of the hydrogen m a s e r s  in 
t e r m s  o l  ovcrall  pararneters.  U'c now look m o r e  closely a t  thc I)ehavior of the 

a ~o r l s  hydrogcn m a s e r  and seek  to optimize i t s  performance for  various npplic t '  
by consicicring i t s  internal parameters .  

tlebends on a parameter ,  y, a threshold flux, Ith, and a cr i t ical  power levcl, PC. 
These three p a r a ~ n e t e r s  a r e  del'incd u s  f'ollows: 

Thc value of cl must  bc less lllan 0.172 fo r  oscillation lo occur.. 

This  assumes  wall relaxation ~ r o c e s s e s  for  which y. ... = y,-. . I 

In tllcse equations, 

w 2 r f ,  where f is the hydrogen hyperfine separation trnnsitjon 
frequency. 

h = Planckt s constant/21~. 

Po = the Bohr magneton. 



Itoti,l t l i ~  total l lus  entel-ing tbc bul1-l. 
I = the flus in thc 1; = 1 ,  1 - 1 1 ~  - 0 hg,l.)e~*finc: sublcvel  oS atolnic 

l l \~cl l~o~cn.  

J \\ - tlic a l l  rr!lasatioli 1.ut1.: Sol- l o i s  ol  p l l a s ~  c:r)llcrcncc, 

y,, = t l l ~  loss  l7:1lL' 0 1 ,  kiLol11.s l'ri-)lll 1 lK l j ~ l l l j ~  

ITc = ihc 17r:sonai\t c l - i~- i t~-  \.i)luim c.. 
\ ,  = t h e  st i) l7: lgr?I-~~~I1j\-o1umt~,  

~ I H :i\,csl.:rp,c(l l\-c.l. h11h  \ c- l i~~~l lc ) -  
7 

17 9 = "I ' j  llin:: iact.0 1:'' 
IT' :I\ [li-:~gccl (:I\-c.1 the? ca\,ity vc.)lumc: 

1\>11t->r-c.1 11 i s  tllc 1'1 m:ignetic field str*(-~ngtli i n  the ct~vi lv ancl 
11, i s  it .  c:o~~iponclrt  long 111c x :~xis. 

(j;se(T) - t lw s l ~ i n  ~+sch:un&c 1:1.~:jss st:ctj 011, n.liicbh clcprnrls o n  [he sl)ccrl 
oS intchi*a l .o~nic cc,llisioi~s ancl tl11.~1.c,fo~ch (:)I.) Iempct~atuYc? 

\-,.( 'I7) - t l ~ c  :1\~c1.:1g,c-\ i*csl:~ti\ c \.eloc:ity of' Ihc. liyd~.ogc!n ntonls i n  thrh 
11~11 I.). 

where Q,, is the ~m1oaclt.d I;! o f  thc I . ~ ~ ~ o I I ; I I . ~ ~ . I ~  :~ricl (\il:st I7c!Ir.escnts t l ~ c  lo:.itling cluc 
to the cxl-ci-nal c i r . cu i t~ ,~ -  cc.)uplt>rl In tllt ' c:~vity. 

I \ \ -he~e y,, i s  the rt.l:is,-ition J . : I I ~   ILL^' I(.) suin c.sc.li:ii1uc-. ~f n , ~  sul~stit .~~tc.~ the  :~I>o\-P 

- 1 1 1  -111 

and lor the additive nc-)isc l i r n i t  



Thvse r.clntions allow u s  to relate Ihc stability lirnit Lo the opcrating conditions 
o f  lhc nlascl- a ~ i d  to optirrli7e lhc stability ior a givcn averaging tim c interval -r. 

h addition to thc thcrrnal noise te rms we can, :IS belorc, include the systcxnatic 
t:Slect of cavity rnistuning if wc c h a ~ * : ~ ~ t e r i ~ c  t h ~  rnistuning by a flickerb-of-Ire.- 
cpcncy behavior.. Substituling lor  QQ in eclualion (6) we have 

and the conlplcte expression for the st;thilily i s  given b y  

This expression, which relates the st:.iIistical behavior of the maser ' s  stabililty 
lo i ts  intcrilal operating pa.ramcters, contains a great deal of i.nlormation ant1 I 
if we choose an operating point by fixing q and l/Ith, we see that the value of 
(y + yb) I:T choser~ for. :I parbti ular design :~lfccts  the TO portion o f  CF a s  T; the 
T - ~ / z  portion as rO, and the T-' portion as  1'-l0 The iradcoff between short- 
t c lm and long-tern1 stability i s  vcry cviderlt h e n .  I 
appcar thnl we kh0~ilc1 ~ l l : l l i ~  Q,,, the intrinsic cavity Q ,  a s  high as possible, 
lht.11 make QL and CJ,,t as low a s  possible by nvercoupljng, Howevcr, i f  n e  
looli more critically wc  see that hcavy extcl~ral  loading car) be harmful becau:,c 
thc cavity resonance lretpcncy (which liccessarily depends on Qext) car1 be 
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shifted hy such el't'ects a s  lirlc variations owing to tcrnpcraturhe or9 1,)y variations 
in the i n p ~ t  j.lnpcdailcc ol' the receivc:r., Tlic f : l c~  lhai C$L :rpl>c;iu.s in thc pole- 

3 
tion of thc stability funclion as CJ,L- 7na.j- tcir11jt LIS to I-~?C~LLC.C'  Q1 13; 1.0;idin:: tlic 
c:~\-jty lieavily, i j u l  s y s t ~ ~ n a t i c  c 1lc.i.ts (!:In ncgatc :illy s ~ i c h  l)~.ncfit:;, 

\\'c ha1.c :.ir1.ljitr:tril,y adrlcrl t i~c: ~'ll'ei: t of c:lvity 1x111 ing ill  tllc, s t a l . ~ i l i l ~ ~  erp~atimi to 
i l lz~stratc  lhe cffect of ljnc. () i r ~  cc.)mpeLition u-jtli the c:ivity Q; i h ~ r e  i s  nn physi- 
cal reason that the cavity cf-l'ccl n.ill. 11;ive the :~ssigiicd t'liclccr-like ljehavior. 
Furt11crrnor.c~ iC cavity ~erturbrt t iuus (:an 1 ~ :  ~ c t l r ~ c e d ,  it sl~oulcl. be pas sible to 
scc the tulderlying T- ,/A b(:,~,viur 01 I-  due to t h r ~ m n l  iloise mithin the oscillat(:)~> 
lincwidth. 

COMPAKJSOX OF T'T,G-11 SrI'Af311,17-Y DA.TA \Z'Irl'H 'I7HFO1:Y 

Dur'in=; the past sunlinel. n.t. 11:1v(. h:-ICI thc o ~pol.t,~ul~ii!; to 111:11<ch rnct:isur'cn~cllts ~ I I  4 tllc ne\\;l,y dcj;clol~ecl T7LC;-1 1 ~ n a s c ~ . s [ l  ' ? ' L  t,11;11 \ \ ' P ~ . c  desc:rilxd at l as t  ).e:.irts 
P 7 1 uonlerencc. 'I'ha scnsili.i,ity of thr. n1asc.r to ?llagnelic, the~.mal ,  anti 
bal-ometric varinl.ioi~s 11:lve hc-en ~.c.l~ol~tt.cl elsen'llez.e;~lS1 thcr>c i s  no rneasurak~lt! 
barometric effect :lncl thc sensitivity to temperature and l r l ag~~c t i c  ficlds have 
been djminished 1)y :I factor o l  :~pprosiniatcly 3 frborri lhe 1)z.eviou:; VLG-1OA 
d e s i ~ n  uscd a s  ground station ~ c ~ ~ ~ i p m e ~ ~ t  for thc 1976 g1,avit:l tion:rl rcdshift 
mission. 

Thc st3bilit,y dciat:~ obtai~lecl I'r~om thc \'I,G-ll tes ts  :ire i;h)\vn ill Jiigu1.e 3 alo11g 
u~i th  Ihc oj?c~'ating paramc?tc'r7s lo2 ii.hc l,cst. Tlic stability c1:lt:l c:losrly follow tlie 
t l i i l  i t  1 - t i  i t 1 1  0 $ 3  io 1 1 .  Thc? hc'st staki- 
lit_v i s  o,Z,  4.2 >i 103, .I. 2 1 : )  i l .t.'t:j.~. T. -. 1 .  2 .'.. 1 O:i tlic statistical 
rc~:~ruscnlat ion of thc: clat;.i .;ht.,\\ 5 ~ l r c  c\.iclcnce 01' the. sJ.o\v cl~il'l thst sr:c:l~ied tl:, bc: 
thc result, of inco~nplvtc Lherln;~l 5t:il)j 1 i z:ition of thc rnascJ:s and of v n ~ i : ~ t i o n s  in 
the 1aborato13y temperat-u z.c, livprescl:!tin:: suc 11 sy st.cm.atic effccts by a Y latis- 
tical variance is ii1appropr.i:it.e. 

The stability lor T .< 1 h r  i s  lirnit.et1 b ~ -  tkcrnlai noise. Pcrhaps i t  coultl b e  
improvc tl by operating the rna s ~ r  at ~nc:)r*c: 11e:i rly optinltml coriditioxis, but wc 
belicvc the i r n p ~ ~ o v c m c n ~  noulcl 11o1 bc. :i lal.ge on[>, Clcar,lj*, il' a major  ixnprovc- 
mcnl  is to be nladc il  ill have to  I J ~  tl;,r3 I-esult of :i s u I ~ ~ l ; ~ n t i a l  change in the 
parame tc-rs in equation ( i 4j  that C\C!S( :Y~~-~C '  t h~ (:)p~l.:.iting cniiclition of the maser ,  

SPECULXTIOK ON 'THE c:.oI,n 1IYullc)c;E:i nr,\sJ-i.l: 

Recently tllc prQelimina?:y r c s u l ~ s  o f  czl)cl.inlcinl-: on cold ali.)rnic Il,y(l~-ogcn by 
Prhul'essor Daniel Kleppnc: 1. ~ulcl his cto-\\ o t>l\c~:s :I[ AT:lssacllusetts Instihrtc o l  
Tcchnt~l.ogy xtlcrc brought to our, : ~ t  lt'l:ti~:~n by 13rofcssor Irwin Sh;.ij)ir~, who sug- 
gested that these data might offer xicw insights to 1qrtlro~;en m a s e r  developments. 
l<lt:ppner arld his co-\vor.liers founcl l h :~  t atomic hyclrogcn could be st.orcd a s  a 
gas at 4 l i  even tliozlgh molecular hv:!l.:-jg~ln frecxcs :I[ 1.4 I<, 

- - - 
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It appears [hat the retention of atomic llydl~ogvn i s  made possible by ttic prescncc 
of a coating of lrozcrl rriolccular hydrogen on tllc walls of the storage vessel. If 
such a coating becamc contaminated with impurity atoms, ntomic hydrogen would 
r+ecombinc. on the irri1,urity s i tes  to f o r 1  HZ, thus renewing the continuous 
hydrogcn filrn. This would l ~ e  :In atlr.nctive propcrty f o ~  a hydrogen m a s e r  stor- 
age bulb. 

' Y o  i l lustrate the behavior ol a cold hydrogcn maser,  we rr~ust  establisli a set  01 
oscillation conditions. We car1 fix an operating point in Figure 2 by llolcliug q 
ax~d l/lth coristalit a s  we lower thc tcmper:~ture. hl this cxaunplc we will also 
lcccy-, the cavity and bulb dimensions constant and  :issunle that the wall rclaxa- 
tioil probability remains unchangccl, 

The paramctcr q contains two temperatur.c-del~cndcnt t cnns ,  - the spin-exch:inj;e 
cross  scction, rS,, and the average rclativc velocity, vr. The dependence ol 
o,, on temperature i s  given by ~ l l i s o n [ l ~ l  and is shown in Figure 4. 

If w7e h w c r  thc tcmgrrature from 322 I< to 4 K, wc srr that,rse,dc~crcases by :I 

iactor of about 22 and the velocity decreases by the factor .L 322 4 =: 9. The 
ratio lrse(522) v,(322)1/[rse(4) v,.(4)] is about 198, so in order  to keep 
y(322 K) - q(4 K), we can decrease C $ L  by a factor oi l!f8. Ln practice this would 
t ~ c  donc by ove~.coupling thc cavity so that Q,,t(4 K) 4: &,(4 K). If, for  example, 
QL(322 K) = 3.5 X 1 04, wc lind that QL(4 K) should bc made about 
(3,s X 104)/198 .: 177, :ind Qcxt = 177. ?'hat the systcm should oscillate with 
such a rcmarliably low cavjty Q is due to the long storagc time produced by thc 
low temperature. 

Cooling thc mase r  will also aSSect Qa and Srom tllc right-hand side of equation 
(11) we see that if  wc Iccep I/Ith unchanged Qa will incrcase by the r r~t io  d m ,  
since both yb and yLv a re  proportional to velocity and, hence, to rY1/2a 

The pulling cffcct Afout = ( Q L  A I ~ ) / Q ~ ,  which i s  lhe chief sourcc of systematj .~ 
clril't in the maser,  is reduced by a l'actor of 1776 = 198 X J-, since Q R  is 
improvcd and QL is rcciuced. 

In order  lo maintain the operating point we must lceep I/Ith constant. Thc yutun- 
tity Ith dcpends on the ratio (yb + y w ) 2 / ~ L ,  A t  4 K this quantity increases by 
a factor ol' 198/80 - 2.5, which means that we must incrcaso the atomic 
hydrogen flux by this amount in order  to mcct thc condilions lor our comparison. 

Figure 5 shows the projected improvement in thc stability limit under the :~bovc 
conditions. In this example we assume that the rcccivcr noise figurc F 
improves from 6 to 2 (7.8 db to 3 db) bec~iusc the rcceivt.i-'s low nojse pream- 
plifier. i s  considered to be : ~ t  the samc low temperature a s  the mnser. The 
output power level depends on (y,, + y ) 2 / ~  and, under the assumptions uf 
this example, is seen Lo incrcase by 8te la&or lw/J== 22 o r  13 dh. 
Based on the comp:irison with the actual SAO VLG-11 mase r  data, [''I fie could 
expect an output powrr level ol  -85 dbm. 
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n l a s ~ r  operation : ~ t  low 1eniperatu1~t:s Icaves open other possjhilities fo r  jmprovc:- 
mcLnt ~:csulling I rani such  ljhcnornc5n:l a s  the 1-ccluction of thermal  coc:fficic.nts o l  
expansion, 111e pc)ss i l~ i l i t -~~ of su~:)erc.oi-~cluctin:: cil-cuitry (including the cavity), and 
t he usct of s~~ljerco~iti~lc!ting rn agnetic sliic: I.tls. 

As xrlcntioned ear l ie r ,  tlic big cl~lcstion i s  whether o r  nol. the hytlrogcn atnrn will 
s ~ ~ c c e s s f u l l y  bounce ol'i' a frnzcn molccular hyd-rogen wall (or, i l  necessary,  - 
some other type of wall not: yet specificci). Thr: mlall relasation term,  ylv - V/X 13, 

contains p, the probability pcr  collision of atomic r)elaxation I.)y loss  o l  phase 
cohcrc~ioe. 

A l  ~ ~ r c s c r i t ,  thc only c$.~t:-i u r  lalo\\ o.l that rc latc  11 to ii'mljc~.aturc. art. ch~e to 
A1. nesai~ltfiiscicn. 1 '"1 T i g ~ ~ i ~ c  I; r fl7om 1.~1:. 15) ,sll(-)\\.s [lie rc1:ixatioil prcjlj:'Ibilit,y 
p c ~ '  ljouiicr !'or a k', E.  1). Tefl(-jt1-ct.)atc.r.I 1jull.j. 'J'llcsc (data shon. a slight dccreasc 
in p a s  temperature is ciccs,c.:ir;cri t.o 713 R, \ \- l l t . thr~ (-)I. not Ihe prc.)h:~l.>ility st:~,vs 
~,easonably lo\\ 21s \\-e go fro111 7(i I< to 1 I< i s  n \rc.r'\ imf.)oi-t:lnt cluestic-111, a s  i s  thc 
qucstic)n cf the mag~iitlldc and staljilit~: of 1 .11~ n.:~ll shift. at. t.hesc: ion leml3cral,ures, 

To tes t  the I'easihilily o l  lob--tempcu.ait~~re opcr.ation, w c  li:~vr beg~ln a I:)rogranl to 
construct a rnaser  that will opcratt. at low tcrnpcratures. I ' igure 7 i.s a schc- 
matic  view of our  ~lannecl ;ipparatus. 'l'he dcwal. that houscs the TE 111 mode 
cxvity a s ~ c r n b l ~ 1 ~ ~ 1  has : I I ~  inside dinnieler of 7" and i s  ellclosed in ;r s r l  of 
rnag~ictic shieltls. The f i r s t  t es t s  ~\-il:L he rn:~cle :it the l~oiling' point o l  liquid 
njtrogeli (-77 K) to vc:riS,y that n-e can 1.cproducc I)c.saintfi~scien's rcsul ts  for. 
li. F. P, 'I'cflon ~ ~ n l l  coatings. 

Llc! will then bring tllc den-ar t o  l i~~uic l  helium tc:xnpe r a  tu t~ mrhilc: continuillg 
pulsed npc!r:ition and c:11~cliill?; ~nonitor ing the tc:mpcl~at~~rc- o l  the cavity a s  it i s  
cooled past 20 1C, the condensing point: of li,yclroge~~, and 14 K, the freezing point 
of hydrogen, SuccessSul pulscct operation belon- tlicst? tcxnperaturcs ~ v i l l  vcrily 
the s torage of spjn-aligxed atomic 1:yc;Ir.ogcn ant1 will bc :i c r i t ical  tes t  of the 
tle vice. 

'I'o prevent impurity atorns f~,oni r ~ : ~ c l l i ~ i g  lhi' i~ i l e l - i o~ '  (:)I the c!avity, a c:~rcf~i l ly  
locatccl heam stop will hc  p1;icecl a t  thr: r-,sit (.)I' l11(, st:itc sclrctor  rn:ignc.t. A t  
4 K the crh,vnstat itself bcconies an c s t l . t ~ m c l ~ ,  cfl'r.cti\rc vacuuin pump that will 
scavenge, by condensation ond freezing, all stray g:ls c-)t11~1. than httliunl in thc 
system. The cavily asscmljly, I:)!, l7il?-tllc ol'  it,^ t t ~ c r , r ~ l ~ ~ l  1:1g, \\.ill s t a s  1~e13tiveljr 
cluan until i l ,  ill turn, c:or)l.s :.tncl conr.lcnses gas .  It \\I I 1  tlleil 1 . 1 ~  possihlc to 
introcucc in control1:ihlc \\ ny gases i ~ l c h  :I,S :ii7~ot) o19 Hz to  ~ e r v c +  a s  I'rozeil-on 
wall coatings, ;md I.o nhscl.vc tlic vl'lt.ot of tllcse coatillgs 011 the r.elasation ra te  
of tlie hydrogen, 

C:ONCLUSIONS 

The relationship 01 the mnscr vscillatjon paramctcrs  tcj the ultjrliate stabi1it.y o f  
masers provides consider-able insight i~ i to  the bchavin~. ol' masc r s .  Further  

--,". 
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work would bc uselul. A systelnatic parametrization of m a s e r  performance car1 
k)e madc using cnrnpuicr technicpcs, and a more  general t reatment  of wall 
relaxation can be madc by clirninating thc requirement madc here that ylw=y2w. 

It rrlust he recognized that our  approach is valid only for  stochastic processes  
such 3s thermal noise. Systematic li~rlitntions of luiown origin can be includcd 
if  the perturbation h a s  a reasonably well ur~derstood spectrum, even though t h ~  
physical basis for  the spectrum is in question, 

Whether o r  not the cold m a s e r  will work can only bc determiilcd by experimenl 
and we 1001; forward to observing the behavior oS the m a s c r  a s  tempurature i s  
decreased. The prospect fo r  making relaiivity measurements  such a s  tes ts  f c ~ r  

W c  would like to thank Drs .  D. Kleppner, Sm Crampton, and I. Shapiro of M.I,,T. 
for  marly u s e S ~ ~ l  and interesting rliscussions. 
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Fig. 2 - P/ PC L-ersus  I/Itl, fc j r  c-lii'l'cl~cni .r-;tluc.s (.)I' l h t ,  pnr:~nlctt')~ i i ,  Th i s  faillily 
of c u r v e s  s h o ~ \ - s  the strotlg j l~f l~~cnccb (.)I (-1 011 t h v  c.)pt.i9atirlg conditions. 
If sp in  esch:uiigc i,s t~cgl(~~:tc-~cl, c.1 = O :~nrl i':icli:~tecl j70n-cr i11cr.c.uses mono- 
tnnically \ci th 1)cam flus, To). q > U there is an u p l ~ c r  limit to thc 1 1 ~ ~  
lor oscillalioil to O L ' C L I ~ '  ; - I I I C ~  a l~uve  a cc 1.13ill V R ~ U C '  ( q =  0. 172) Ihe I I I ~ S C ~ '  

cannot nscillalc a l  :my bcanl 11~1:;. y is dcfincrl in Eq. (8) (I'rorn i e f .  10). 
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E'ig. 7-Schematic view of low-temperature atomic hydrogen maser. 
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QUESTIONS AND ANSLdERS 

MR. HARRY PETERS:  

Cou ld  y o u  address  t h e  q u e s t i o n  o f  accu racy  w i t h  r e s p e c t  t o  a con- 
s t a n c y  o f  t h e  s u r f a c e s ,  t h e  s u r f a c e  o f  hydrogen,  t h e  decrease i n  
v e l o c i t y ,  and so f o r t h .  

DR. VESSOT: 

I n  t h i s  case, accu racy  i s  a q u e s t i o n  o f  t h e  w a l l  s h i f t .  I d i d n ' t  
b r i n g  t h e  p l o t s  t h a t  D e s a i n t f u s c i e n  made o f  t h a t ,  b u t  t h e r e  i s  
s u b s t a n t i a l  w a l l  s h i f t  on T e f l o n  as  t h e  T e f l o n  g e t s  c o l d e r .  I 
d o n ' t  know what happens w i t h  f r o z e n  n ~ o l e c u l a r  hydrogen.  We can 
o n l y  measure i t .  I s u s p e c t  t h a t  t h e r e  w i l l  be a  w a l l  s h i f t  and i t  
n i i g h t  be r a t h e r  s u b s t a n t i a l .  

I a l s o  wou ld  e x p e c t  t h a t  i t  wou ld  be r a t h e r  s t a b l e .  F i r y t  o f  a l l ,  
we a r e  r u n n i n g  a t  4" K e l v i n  and t h a t  t e n ~ p e r a t u r e  s t a b i l i t y  i s  
u s u a l l y  p r e t t y  good, Second ly ,  t h e  s u r f a c e  i s ,  as I ment ioned  
b e f o r e ,  s e l f - r e n e w i n g .  Whether o r  n o t  t h e  t e x t u r e  o f  t h e  s u r f a c e  
s t a y s  t h e  same o r  whe the r  y o u  have f r o z e n  hydrogen i c i c l e s  g row ing  
i n  t h i s  t h i n g  i s  a good q u e s t i o n .  I k i n d  o f  doub t  t h a t .  I t h i n k  
t h e  vapo r  d e p o s i t i o n  w i l l  be v e r y  u n i f o r m .  There  i s  a lways  t h e  
q u e s t i o n  o f  what  n ~ i q h t  happen w i t h  t h e  b u i l d - u p  o f  f r o z e n  m o l e c u l a r  
hydrogen w i t h i n  the c a v i t y  as t i m e  goes on. N i l  1  t h i s  b o t h e r  us 
s i g n i f i c a n t l y ?  W i t h  t h e  p u l l i n g  f a c t o r  reduced b y  2,000, I t h i n k  
we n i i g h t  be a b l e  t o  r e l i e v e  o u r s e l v e s  o f  some o f  t h o s e  w o r r i e s .  I 
d o n ' t  r e a l l y  k n o w - - t h a t ' s  why we a r c  t r y i n g .  

MR. HARRY WANG, Hughes L a b o r a t o r y :  

What i s  t h e  p r o b a b i l i t y  o f  t h e  hydrogen atom s t i c k i n g  t o  t h e  s u r f a c e ?  

DR. VESSOT: 

I t  d o e s n ' t  have t o  s t i c k .  It w i l l  t h e r r n a l i z e ,  b u t  I d o n ' t  b e l i e v e  
i t  has t o  s t i c k .  I t  w i l l  h i t  t h e  s u r f a c e  and assume t h e  s u r f a c e  
energy and e v e n t u a l l y  r e a c h  t h e  same l e v e l  o f  ene rgy  as t h e  s u r f a c e .  
B u t  I d o n ' t  b e l i e v e  i t  has t o  s t i c k  n e c e s s a r i l y .  
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MR. WANG: 

I n  a1 1 these hydrogen masers running a t  different  temperatures, we 
come down to the practical problem of the thermal e l ec t r i c  current. 
I t  i s  entering a l l  kinds of stray magnetic f i e lds ,  and  I wonder i f  
you have considered that in your projection for s t a b i l i t y .  O f  
necessity, the way we have part of the maser a t  room temperature 
dnd n o t  the other part ,  there i s  a difference and a  probability o f  
thermal e l ec t r i c  current. 

DR. VESSOT: 

The cryostats were f ine ,  made mostly of fiberglass.  And we do 
recognize t h a t  the thermal e l ec t r i c  currents are a  problem. We 
have encountered them before in lasers .  I assure you that  this  i s  
one of the things we are watching o u t  fo r ,  b u t  as a fundamental 
l imit  I don ' t  believe i t  o u g h t  t o  bother us. 

The other things are that one can invoke the use of superconducting 
magnetic shields. The cavity in this  case i s  going t o  be the 
copper cavity that we bui l t  for Roger Easton under previous con- 
t r ac t .  We are going to cut i t  down so that i t  will f i t  in a 7- inch 
pipe. Now t h a t  copper cavity may have thermal e l ec t r i c  problems. 

On the other hand, we are doing a  very roughshod experiment here t o  
look for a relaxation rate below or a t  4' Kelvin. If we see anything 
that  looks l ike a good relaxation rate ,  we are in business; and the 
next experiment is  the one t h a t  i s  going to show whether i t  runs as 
a clock or n o t .  

MR. V. J .  FOLEN,  Naval Research Laboratory: 

The factor t h a t  you mentioned as a ra t io  of the Q's i s  really also 
a function of the relaxation time. Now, i n  the case where one 
normally runs the hydrogen maser, the relaxation time i s  changed by 
about a  factor o f  two or three. However, when you go t o  4" Kelvin, 
you have a radically different  relaxation rate .  In r ea l i ty ,  you 
really have to look a t  i t  more closely and consider the relaxation 
times as well as the rat ios  o f  the Q t o  adequately determine the 
pull i  n g  factor.  

D R .  VESSOT: 

That i s  correct. The relaxation time in question here i s  the same 
one that  Harry Wang i s  questioning. I t  i s  relaxation time of the 
atom on the wall. In these conjectures here, we have taken the 
same relaxation time as exis ts  a t  room temperature and said what 
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t h i s  o b t a i n s  a t  4' K e l v i n .  The r e l a x a t i o n  number i s  c o n t a i n e d  i n  
t h i s  t e r m  he re  ( r e f e r r i n g  t o  s l ' d e ) ,  assuming t h a t  has n o t  changed. 
I n  t h e  geometry t h a t  we have, gamma wal l  i s  c o n s i d e r e d  t o  be 
somewhat l e s s  t h a n  gamnia b u l b  i n  a l l  cases.  

Why t h i s  opt i rn isr l i  - -  a t  l e a s t  up t o  7 6 '  K e l v i n ?  The r e l a x a t i o n  
p r o b a b i  1  i ty seenis t o  improve as t e m p e r a t u r e  d r o p s .  Now whe the r  
t h a t  w i l l  h o l d  as t h i s  t h i n g  goes screani ing up a t  4" K e l v i n  i s  t h e  
main  i s s u e ,  I t h i n k ,  o f  t h e  who le  e x p e r i m e n t .  And a l l  t h e  t h i n g s  
t h a t  happen as  a r e s u l t  o f  t h i s  p r o b a b i l i t y  o f  r e l a x a t i o n  i s ,  i n  
f a c t ,  t h e  b o t t o m  l i n e .  

If we can show t h a t  t h a t  r e l a x a t i o n  r a t e  i s  a c c e p t a b l e ,  t h e n  we may 
be a b l e  t o  improve s t a b i l  i t y  s u b s t a n t i a l l y ,  




