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Abstract 

This paper gives a summary Introducdon to the compact microwave cavity used 

in the l~ydrogcrr atorrlic clock. Special emplirsis is put on derivation of t l leoretic~l 

calculating equations o f  main parameters of the microwave cavity. A brief 

description is given o f  several methods for discriminating the oscillating modes. Ex- 

perimental data and respective calculated values are also presented. 

INTRODUCTION 

The volume of  the rnicrowavc cavity must be rcduccd so as to reduce the volurne and weisht of 

thc hydrogen atomic clock. Nowadays, thcrc arc two mcthods to rcach the goal.  The first onc is 

to fill thc cavity with matcrial of high dielectric constant and  low loss. The sccond onc  is Lo ad -  

here scvcral clcctrodcs outside thc quartz storagc bulb. This mcthod provides morc 

adaptability in rcducing vulumc, mcanwhilc, it can rcduce cost of thc microwavc 

cavity. 

Since thc microwave cavity adopting the sccond mcthod has a more complicated structure 
I 

it's very difficult to makc o u t  the accuratc solution by wave equation, so no strict solution can be 

derived for its electromagnetic field distribution up  to now. However, upon  some reasonable 

t hypotheses, it' s possiblc to dcrivc the approxirnatc exprcssions which show rclatio~ls of rcsonant 

frcqucncy and  Q-factor to dirncnsions of thc cavity. This papcr dcscr~bcs a dcrivativc mcthod 

of  the expressions in detail, and givcs out csseiltial dcrivation proccdurc. 

We have manufacturcd a microwave cavity by thc sccond mctbod. Its rcsonant frequency 

I mccts thc requirement of thc hydrogen atomic clock, and its Q -factor is about  7000. 

I Structure of the Cavity 

Wc bavc manufactured an  cxpcrimcntal compact cavity. Its structure is shown in Fig.1. 
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outcr cavity - 

Figure 1. S tructurc of the Iicsoilant Cavity 

Thc outcr cavity tnadc of coppcr or alu~ninuln is dcsigncd lnainly to shicld clcctromagi~ctic 

ficld of tbc clcctrodcs. Thcrc is a quartz bulb in tlic outcr cavity. It scrvcs as a container of 

hydrogcil atoms and a supporter of thc clcctrodcs as wc11. Usually four clcctrodcs (two 

or thrcc also allowcd) arc uscd, which arc adhcrcd on tlic quartz bulb by cpoxy rcsin. 

Thc rcsonant frcqucncy of tlic cavity dcpcnds on tlic di~ncnsions of thc cavity and in partic- 

ular on thc adhcrcd clcctrodcs. Tlic Q-factor is rclatcd to dilncnsions of tbc cavity, thc tnctal 

~riatcrial uscd and cllcrgy loss of tlic gluc. 

Thcrc is a piston on thc top covcr of thc cavity (not shown in Fig.1) Its function is to 

coarscly adjust thc rcso~la~i t  frcqucncy of thc cavity. Tlircc holcs in t11c bottom platc arc for 

two couplil~g rings and a varactor diodc rcspcctivcly. 

I 1  Basic Parslt~ieters of the Heso~lant Cavity 

In thc rnicrowavc cavity show11 in Figurc 1 ,  thcrc arc lnatiy wavc ~nodcs. Thc clcctrornagllctic 

ficld structure show11 io Figurc 2 is similar to TE,,, modc, and it is thc right ~nodc  rcquircd by 

thc liydrogcll atomic clock. Now wc dcrivc thc cstitnatc formulas for tlic basic paralnetcrs of thc 

rcso~~an t  cavity using thc dislributic~n of thc clcclrc~magnclic ficld shown in Figi~rc 2. 



Figurc 2. Distribution of the Elcctromagnetic Field 

Assurnc that the electric ficld is distributcd uniformly only between parallel parts of each pair 

of elcctrodes. Considcring symmetry of the cavity, only the elcctrornagnetic field distribution 

both outsidc and in one rcgion is shwon in Figure 3.  represents elcctric ficld vector, and can 

be writtcn as 

..". - 
E = i ,  E, sinot 

- 
where E, is amplitude, o is angular frequency, t is time, and i, is unit vector of y axis. 

Figurc 3 .  Elcctromagnetic Ficld Distribution near the Parallel Parts of two Electrodes 



- - 
Let H ,, represent magnctic dcnsity in arca bctwcen thc electrodes, let H ,, rcprcsent mag- 

nctic intensity in arca bctwccn tllc clcctrodcs and thc outcr cavity, and both them are rcgardcd 

as uniformly distributcd in thcir rcspcctivc areas. Lct A, = nro2 , A,= IZ (R2- rO2) . According to 

closcd characteristic of thc lnagnctlc Iicld linc, wc bavc 

a. Resonant Frequency 

When the microwave cavity resonates, there exist thc following relations [ ' I  

whcrc W, is thc total cncrgy ~ t o r c d  in thc resonating cavity, W, and Wm arc clcctric cnergy and 

magnctic cncrgy in tbc cavity rcspcctivcly, 6 ,  and p, are diclcctric constant and ~nagnet ic  

inductivity respcctivcly, V rcprcscnts thc volumc of  thc rcgion bctwcen parallel parts of 

clcctrodcs, V,, is thc volume of the cylinder encloscd by thc clectrodcs, V,, is the volumc of  thc 

region bctwcen the electrodes and thc outcr cavity. 

Rcfcrring to Figure 1, exprcssion (3) can bc changcd into the following cxprcssions 

where N is the nurnbcr of electrodcs. 

Substituting expressions (4) and (5) into exprcssion (31 wc get the expression of E, 



+ - 
As shown in Figurc 3 ,  in the X-axis dircction, thc magnetic intensity H,, transits to H,,in 

the region between parallel parts of two clcctrodes. In this transitional rcgion, magnetic dcnsi- - - 
t y  is a function of x axis, and  rccordcd as H = i, H (x) According to differential form of 

Maxwell's equations and cxprcssion ( I ) ,  we havc 

where a, is thc angular frequency when thc cavity is resonating. 

In the transitional rcgion shown in Figurc 3, if thc magnctic dcnsity is rcgardcd as linearly 

3 changing, and the length of thc transiting rcgion is - 1 , then 
2 

By using expressions (7) and  (81 we can gct 

substitutillg expression (9) into expression (6) and  having A ,  = ~tr,' , wc can get 

whcrc C - I 

Jll,E, 
is thc light vclocity in frcc spacc. 

According to the definition of Q -factor of thc cavity, wc havc 



"'OW,, Q =  

"0 

whcrc Po is thc powcr loss in tlic r c s o n a t i ~ l ~  cavity, l'hc cncrgy loss in tlic cavity ~nainly rcfcrs 

to thc loss on the metal surface. If thc mcdiuln loss can bc ncglcctcd, wc can get thc 

approximatc formula to calculate Po as follows''' 

4 

whcre HI rcprescnts thc tangential cornponcnt of thc magnctic dcnsity on tlic ~ncta l  surfaces in 

t l ~ c  cavity, S is thc total arca of mctal surhcc in thc cavity, R, is cxprcsscd by the following for- 

wllcrc 8 is thc skin cffcct dcpth of clcctromagnctic ficld in thc ~nctal  wall. Wc suppose that thc 

skin cffcct dcpths arc thc same in all thc mctal surfaccs, i t . ,  all R, arc rcgardcd as the same val- 

tic wllcn calculating thc cncrgy loss on thc mctal surfiiccs. 

Whcn calculating thc cncrgy loss on thc clcctrodcs surfaccs, wc also dcal with the N picccs 

o f  cicctrodcs as a cylindcr tubc aproximatcly. Lct S I  rcprcscnt thc irincr surfiicc arca of thc outcr cavi- 

ty, S, and S, the outcr and inncr surface arcas of thc cylindcr tubc rcspcctivcly, S, the inner sur-  

face area of top cover and bottom platc of t t ~ c  outcr cavity. By using cxprcssion (12) wc gct 

Substituting cxprcssion (2) into cxprcssion (4) and having S,=?.nRZ , wc gct 

R ?  A 
Po = x R,11 1-1 02[r, + (r, + R t - -  -. ) ( ---! )' 1 

11 '4 2 

H y  using cxprcssions (3)  , ( 5 )  (15) and  ( I  1 )  wc call gct 



Thcn substituting cxprcssion (13) into this one, wc can gct thc final expression of Q, 

Judgement of the Oscillation Mode 

Besides the oscillation mode shown in Figure 2, there are many other unnecessary modes in the 

rcsonant cavity. No wonder that identification of oscillation modes is of grcat importance. For 

this purpose, two methods arc dcscribed hereafter. 

a. Turning the Direction of the Coupling Ring 

As scen from Figure 2, thc lnagnctic density is radial near thc bottom platc. Onc of t!lc two 

coupling rings on thc bottom platc is fixcd for excitation, thc othcr one can bc turned in dircc- 

tion for coupling. For the ficld distribution shown in Figurc 2, thc cncrgy output of coupling 

will be the largcst when thc turnablc ring is made pcrpcndicular ta the radial direction. 

b. Using the Perturbation Thcory 

From the perturbation we know that the frequency rises when a small piece 

of conductor is placcd o n  the point whcrc thc rnagnctic ficld is dominant. Thc frcqucncy falls 

whcn a small piccc of conductor is placcd on thc point wherc the clectric frcld is dominant. Thc 

frcqucncy change in accordance with perturbation thcory can bc got by placing copper block in- 

to thc electric field rcgion and thc magnetic ficld region. 

In addition to thc abovc-mcntioncd methods, other methods can also be used to identify 

thc oscillation modc of the rcsonant cavity. For cxamplc, thc thcory of rcsonant cavity indicates 

that Q is thc highcst whcn thc oscillation ~nodc is TE,,,. Thc ficld structure shown in Figure 2 is 

similar to TE,,, mocic, so thc Q -factor is high, too. 



CONCLUSION 

Wc have processed a rcsorlant cavity according to thc cavity structurc shown in Figure 1 .  Its 

gcotnctric dir~~cnsions (in millimctcrs) arc as follows: 

r,=50 , K=75 , 1 -  7 W = 2 3  

Substituting thcse data illto cxprcssions (10) and (16) and considering that = 2 . 2  x lo-', wc 

get the following rcsults: 

yo= 1.7GHz (w, = 2x7, )  

Q, = 13270 

The test rcsults of this cavity are 

Resonance frcqucncy: 1 .@Hz 

Q -factor: 7000 

An atomic clock of model CHYMNS - 1 with a rcsonant cavity of such di~nensions has bccn 

dcvcloped by Hughes Rcscarch Laboratorics (I-IRLX U.S.A. Thc rcsults mcasurcd arc ['I 

Rcsonancc frcqucticy: 1.4GHz 

Q -factor: 9400 

Thcy have dcvclopcd a smallcr resonant cavity, whose dimensions arc r, = 25, R = 38, 1 = 5.3, 

W=7,4 (the last two arc estimated data) 

Thc rcsults mcasurcd arc 

Resonancc frequency: 1.4GHz 

Q -factor: 4600 

Substituting thc dirncnsions of tbc cavity inlo cxprcssions (10)and (161 wc gct 

By comparing thc mcasurcd valucs with calculatcd valucs, wc find that thc rcsonancc frc- 

quency tallics wcll, the Q-factor not so wcll. This is bccausc that only thc cncrgy loss on thc 

~nctal surfaces is calculatcd whcn dcriving thc Q-facotr formula, but the loss on thc cxpoxy rcs- 

in is not taken into account. We can consider the Q value calculated by the expression (16) is 

thc highest value for this typc of rcsonant cavity. Thc Q valuc of thc cavity of Amcrican HRL, 

howcver, is higher than ours, which indicates that fincncss of metal they proccsscd is higher than 

ours, and the gluc they uscd to adhcre thc clcctrodcs may be bctter in thc rcspcct of energy 

loss. 



L 

1 

L 

r Based on the data comparison, we can take expressions (10) and (16) as basis of designing 
c this type of resonant cavity, so as to grcatly rcducc the blindness in designing. 

I 
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