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Abstract 

The stability of the free-running hydrogen maser is limited by pulling of the unperturbed hydrogen tran- 
sition frequency due to instability of the cavity resonance frequency. Zh~o automatic approaches to cavity 
stabiliz@zzatlon have been used successfully infield operabb atomic hydrogen masers in the past. One method 
is based upon the '!~pin-exchan@" tuning procedure and was wed in marers constructed at NASA's God- 
dard Space F1igh.t 2] The other method iv the cavity frequency switching servo wed on Sigma Tau 
Standards Corporah'on (STSC) hydrogen ma~ers.[~* 4' '1 

While automatic spinachunge tuning is in principk the more basic and accurate method, the required 
beam intensity switching and the long servo time constant resuk in reduced stabilify for measuring intervals 
up to 1 o6 seconds. More importantly, the spin-exchange tuning method requires a second stabh frequenq 
source as a reference, idealty a second hydrogen maser, to get the best results. 

The caviry frequemy switching servo, on the other hand, has very litth e$ect on the maser short term 
stabiliQ, and isjust enough to correct for cavity dr$ while maintuining the cuvity at the spinachange tuned 
oflet required to minimize instabilio due to beam intensity fluctuations. Not only does the cavity frequency 
switching servo not require a second stable frequenq source, but the frequency reference is the atomic hy- 
drogen radiated beam signal, so that no extra RF connectiom need be made to the cavity, and externally 
generakd signah that wouldperturb the hydrogen atom need not be transmitted through the cavity. 

In this paper we will discuss the operation of the cavity frequenq swilching stabilization method and will 
i h t ra te  the transknt response of the servo and certain other uspects olthe technique that have potentid for 
achieving improved basic accuracy. We also willgive stability results obtained between masers at STSC and 
long term stcrbie data obtuined with STSC hydropn masers at the United States Naval Observatory. 

INTRODUCTION 

The stability of the hydrogen maser for measuring intervals beyond 1000 seconds is primarily limited 
by cavity pulling. For very long term stability and for long terrr~ intrinsic reproducibility and accuracy, 
variation in the wall shift is also of serious concern. (Accuracy as defined by first, a realistic error 
budget and second, substantiation of the accuracy factors by rcprodiicible measurements between 
standards.) 

Cavity pulling can be reduced to  a minimum by carefully spin- exchange tuning the cavity['] and then 
stabilizing the cavity a t  the spin-exchange tuned frequency by use of the cavity freque~lcy switching 
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servo. Results given in this paper illustrate the performance obtained a t  present using this technique. 
Further development of the cavity frequency switching technique at  STSC indicates substantial im- 
provements in stability can still be madc, and further that use of this cavity stabilization method will 
provide the means to  achieve improved accuracy. 

The determination of the wall shift requires the operation of hydrogen masers with different size storage 
bulbs that  are coated with chenlically identical ma,terials and processed with carefully controlled 
procedures. Thc accuracy previously achieved has been in the 1 or 2 parts in 1012 region.16] We believe 
this may be reduced by an order of magnitude or more by use of improved techniques, particularly the 
use of the cavity frequency switching servo, as well as improved wall coating materials and computer 
instrumentation techniques. 

THE CAVITY FREQUENCY SWITCHING SERVO 

The operation of the cavity automatic frequency tuning system (the "cavity servo") is based upon 
switching the cavity resonance frequency between two frequencies approximately equally spaced about 
the maaer oscillation frequency. The two frequencies are about one half the cavity resonance width 
apart and are switched a t  a rate that is slow compared to the cavity field decay time constant but fast 
in comparison with the atomic relaxation sate. 

The modulation (switching) rate and the relative duration of the high and low frequencies are controlled 
by a digital circuit called the Modillation Period Generator (MPG). The voltage on a varactor diode 
coupled t o  the cavity is switched between two precisely controlled voltages by the MPG, thereby 
changing the cavity frequency. 

When the maser frequency is located at  the crossover point of the two cavity resonances, these is 
no a,mplitude modulation on the maser signal coupled frorn the cavity; but when the signal is not 
a t  this point, there is an  amplitude modulation, and this is detected on the receiver I F  signal. Tlle 
modrrlation envelope is processed in a phase sensitive LLSynchronous Detector" circuit that sends up 
or down correction commands to  a "Cavity Register." The cavity register integrates the up or down 
signals and produces a voltage which corrects the cavity average frequency. Two ways of controlling 
the cavity average frequency have been used successfully. 

In early STSC masers the register voltage changed the temperature of the cavity by applying a bias to 
the temperature control circuit. Since the STSC masers haxe metal cavities with quite linear frequency 
variation with temperature, this method results in a well controlled servo, but the response is relatively 
slow due to  the large thermal mass of the cavity assembly. 

In the most recently constructed STSC masers the cavity frequency is controlled by applying the 
register voltage to  a second vasactor diode coupled to the cavity. The servo time constant is then not 
lirnitcd by the cavity thermal response. The varactor control method has  the capability of compensat- 
ing very quickly for systematic cavity disturbances, while the tempcrature variation method has the 
advantage of maintaining the cavity assembly, coupling compo~lerlts and storage bulb a t  a constant 
temperature. 

For future experimental work the masers can be changed rather quickly between either the temperature 
control or the varactor control method. This can prove very valuable in measurements to establisll 
temperature coefficients of systematic variables, oscillation parameters, or fundamental temperature 
dependencies such as the second order Doppler shift or wall shift. 



SPIN-EXCHANGE TUNING USING THE CAVITY FREQUENCY 
SWITCHING SERVO 

One of the unique features of the cavity frequency switching servo is the method used to establish and 
tna.intain the maser cavity a t  the spin-excha.nge turled freqnency. Cavity pulling and atom-atorn spin 
exchange pt~lling of the maser 011 tput frequency both depend in a nearly linear, monotonic fashion npon 
the density of atoms within the storage bulb. There is a unique cavity offset from the unperturbed 
transition frequency where the nlascr frequency is independerlt of bcam intensity. This is the hasic 
concept in all spin-exchange tuning metkods. 

In the usual method of spin-exchange tuning, the output frecluency of the maser to  be tuned is 
compared with another stable reference source, optimally another hydrogen maser. Curves of output 
frequency versus cavity frequency are plotted at  different bean1 intensities (source pressure settings) 
and the point at  which the curves cross establishes the proper cavity setting. 

With the cavity frequency switching servo, tho cavity is autornatically held a t  the cross-ovcr point of 
the two resonanccs. This is a stahlc point, hut not llecessarily the cavity average frequency (if tlle 
cavity Q's and coupling factors are exactly equal the tllrled cavity positiorl would be the average of 
the two cavity resonanccs). 

However, with thc cavity swi tcliing continuously between two frequencies, the average pulling effect 
experienced by the radiating atoms is not just a function of the two frequencies (and the resonance 
shape a t  the two freque~lcies), but is also a function of the time spent a t  each frerluency. So by 
controlling the relative time spent a t  thc high freqllcncy i ~ i  relation to  the low frequency, the tirrle 
average cavity resonance frequency experiencrd 1)y the radiating atoms car1 be varied, and a spin- 
exchange compensation point can bc establishcd in a, rnanncr very simi1a.r to the convcntiollal mcthod 
of establishing a fixed cavity offset frequency. 

A full arlalysis of the physics of the hydrogen maser using the cavity frequency switching system will 
not be presented here, but the wcll behaved linear relatiorlsllip betwee11 modula.tion periodicity and 
thc effective cavity frequency is easily dcrnollstratcd experimentally. 

The data presented in Figure 1 illnstrates the spin-exchange cavity tuning of a Srl'SC hydrogen maser. 
The maser being tuned is referenced to a second Srl'SC maser a n d  the ordinate in Figure 1 is the frac- 
tional frequency difference between thc masers. The abscissa gives the rlurr~ber sct in the modulation 
period generamtor (MPG), which haa a maxitnurn range of O to 99999 corrcspo~iding in this mascr to a 
cha,~lge of 16 kHz in ca,vity frequcncy. The h4PG number range in Figurc 1 is 50000 to  59000, wllicll 
corresponds to  a rango in cavity frequency of 1.44 k I l x .  

Tho two curves in Figure 1 show thc results obtained by varying the MPG number using two different 
values of the source pressurc. Tlle spin-exchange tuned position is the point at  which the two curves 
cross, The frequency data were obtained with a prccisioll of 2 to  3 parts in lol%and the least 
significant digit of tho MPG represents 0.16 Hz, which is equivalent to  a maser frequency change for 
the low pressure curve of 1.60 parts in 1015. Tlle maser would be tuncd to better than one part i n  
1014 by setting the MPG within 6 digits of the crossover point. To the extent of the stability of the 
cavity servo and maser oscillation parameters, the cavity will be tuned to this precision whenever the 
cavity tuner is on and stabilized. 



CAVITY SERVO TRANSIENT RESPONSE 

The transient response of the cavity servo following a step offset in the cavity register is shown in 
Figure 2. This curve illustrates the cavity response when the system uses a varactor diode as the 
frequency varying element. Here the ful l  scale ordinate is f 5 x 10-l3 and the abscissa is time in 
seconds. 

The reference maser and the maser to  be tested were initially stable, and then the cavity register of 
one maser was offset by an amount to  change the output frequency in one direction by 3 parts in 10'~. 
The cavity servo returned the cavity t o  the tuned position during a transient period, after which the 
register was again offset, this time in the negative direction. After another transient period the maser 
had again returned t o  the tuned position within the frequency resolution of the test. 

From Figure 2 the time constant of the cavity servo can be obtained and in the present case it is 
approximately 2,000 seconds. While Figure 2 shows the maser freqnency transient response when the 
register voltage (cavity varactor volta,gc) is purposely offset, Figure 3 illustrates the servo response 
when a relatively large change in cavity temperature is purposely set in the thermal control system. 

There is a tapped resistor array in the cavity temperature control system through which temperature 
changes to the cavity can be made from the maser control panel. In Figure 3a the maser was stable 
at the beginning, and then a cavity temperature change of approximately -0.05'C was made. This 
corresponds to a thermally induced offset in maser frequency of approximately 1.55 x lo-". The 
cavity servo responded a t  the maximum rate, arid after approxilllately 11 hours reached equilibrium 
at  the new temperature. 

In Figure 3b the cavity temperature was raised by +0.05OC, back to  the original temperature, and 
the cavity servo again corrected for the change in a similar time period. At the end of Figure 3b the 
maser frequency was measured and was found t o  be within 5 x 10-l5 of the original frequency. From 
the known cavity frequency response to  temperature variation, this corresponds to  returning t o  the 
original temperature to  within approximately 1.6 x ~ o - ~ O C .  

After the transient at the end of Figure 3a the maser did not quite reach the original frequency, the 
slope of the phase curve gives a frequency offset of +3.4 x 10-l4 (the sign of the slope is reversed in 
this plot), This illustrates that  there are temperature dependent factors other than cavity frequency 
that influence the output frequency. 

The second order Doppler shift accounts for part of the difference, namely 0 . 7 ~  10-14. The temperature 
coefficient of wall shift is the wrong sign to  account for the remainder, so we may assumc there are 
thermal variations in the cavity parameters (Q,, n', coupling or filling factor for example) or electronic 
component temperature sensitivities. Cavity spin-exchange tuning was not checked during the test. 

The corrections indicated on the cavity register a.fter the transients shown in Figure 3 were approxi- 
mately 112 of full scale. On the basis of current maser data, this is a relatively huge correction that 
would occur only after several years of operation, and the drift associated with this rate is typically 
less than 10-l4 per year. 



THE WALL SHIFT 

Due to  the use of automatic cavity tuners on all-STSC hydrogen masers, we have a precise means 
of separating cavity drift from other frequency perturbing influences, including possible variation in 
the wall shift. I t  has been our experience that the frequencies of new hydrogen masers drift upwa,rd 
during the first few months of operation relative to masers that have been operating for much longer 
periods. The change is on the order of 1 x 10-l4 per day at  first, even though the cavity tuners are 
operating properly. 

After extensive testing of electronic systems and searching for drift of cavity parameters or otller 
systematic variables, the most plausible conclusion appears to be that the wall shift decreases with 
time when the bulb is first exposed to  atomic hydrogen. By the time the masers have been fully tested 
and prepared for delivery (typically 2 to 3 months after first operation) the relative drift upward 
decreases to a few parts in lol"er day, well within specifications. However, tests of six masers 
delivered to the United States Naval Observatory and one maser delivered to NIST indicate that there 
is a residual drift upward relative to international standards. 

One plausible reason for the drift is that, upon cxposurc to thc atomic, hydrogen bearn, the atorr~s 
interact with and remove contaminants on the 'l'eflon surface. Atomic hydrogen is a free radical and 
very reactive. Many of the possible contaminants probably do riot cai~se first order transitions, but 
introduce anomalous phase shifts which go away with time. 

Another possible reason for the initial drift is that the Teflon surface may be in the process of stabi- 
lization of its physical phase. It is quite reasonamble that this clean-up, or phase stabilization, is the 
reason that the older masers have very little relative drift in frequelzcy --- the material of the wall is 
no longer changing - which implies that the storage bulb surfa.ces arc relatively pure, phase stable 
substances, namely Tcflon. 

While experimental errors in storage bulb geometrical factors such as the macroscopic surface to volu~ne 
ratio or the microscopic smoothness of the coating introduce errors in wall shift dcterrrlinatiolls using 
traditional procedures[6], properties such as the temperature coefficient of the phase shift per collision 
should be relatively reproducible if the wall material is a pure substance. 

It is important to  note here that the wall shift of Teflon FEP-120 goes to zero and reverses sign at  
a temperature near 100 O C . [ ~ ]  In view of this it is very possible that hydrogen masers, fitted with 
different size bulbs and operated at  different temperatures for periods of time long enough to allow 
the bulb coatings to become clean and stable, could very likely provide a means for experimentally 
determining the temperature a t  which the wall shift becomes zero. 

STSC hydrogen masers can be fitted with bulbs ranging from under 7 cm to over 16 cm. It is also 
possible to operate these masers over a wide range of precisely controlled temperatures. It is therefore 
possible to envision the continuous operation of field operable hydrogen rnascrs under conditions such 
that the wall shift is negligible and other perturbations to the hydrogen atom have been accurately 
accounted for. This is one of the interesting experimental goals of Sigma Tau Standards Corporation. 

SIGMA TAU MASER STABILITY 

Figure 4 shows the relative stability of two STSC hydrogen masers as measured at  the company. The 
masers were located in a laboratory environment with the temperature controlled within f 1°C by 



the building air conditioner. These data  are typical of the stability realized for the 21 masers of the 
current design for measuring intervals 11p to 100,000 seconds in a relatively well controlled laboratory 
environment. 

All the STSC hydrogen masers constructed to  date have been built for sale to  various customers, 
so they have not been present a t  STSC for long enough periods to  chara,cterize the very long term 
stability. However, through the coiirtesy of the United States Naval Observatory, data  has bee11 
provided showing the stability of NAV-2, one of the STSC masers located a t  the observatory, rclative 
to  the BIPM. 

Data on the relative phase variation of the other NAV series masers (STSC masers) versus other 
Naval Observatory standards has also been obtained during the above period, and from this data  we 
have calculated the relative stability of several of the six hydrogen masers STSC has delivered to  the 
0 bservatory. 

Figure 5 shows the frequency of four STSC masers over a period of 90 days. The frequcncy starting 
poirlts on the vertical axis are synthesized and arbitrary. Thc important feature in Figure 5 is the 
excellerlt long term stability. All four of the masers are increasing smoothly in frequency relative to  the 
UIPM a t  approximately 2 part in 10'"er day. The rnasers arc typically varying amongst themselves 
by 1 part in 1015 per day or less. 

CONCLUSION 

While the present performance of STSC hydrogen rna.scrs is excellent, we feel that  it can still he 
improved significantly. Research and develop~nerlt is colltinuing at  STSC and new discoveries are 
being made continuously. One of the purposes of this paper is to  illustrate that  the state of the art in 
hydrogen maser teclinology has not reached a plateau. 

The first maser using the cavity freql~ency switching servo was delivered only five years ago and the 
design has been changed very little in the 25 llydrogerl rnasers of this type that  have been produced 
since then. Tests done in the course of construction indicate that the cavity coupli~lg, Q, and other 
oscillation parameters of these masers can be improved. We do not understand at  present the source of 
a residual temperature coefficitnt of frequency that is typically about a part in 1014 per O C  (ambient) 
and it is likely that  further e~~er imer l ta t ior l  can show the way to improve upon this. 

We have the ability a t  present to  spin-exchange tune the rnasers very precisely a t  different cavity 
temperatures and should be able to  characterize the frequency dependence on wall shift a t  different 
temperatures, using different bulb sizes and different wall coatings, and watch the relative frequencies 
over extended operating periods. 

Using the state of the a r t  in cavity tuning and spin-exchange tuning as well as the ability to determine 
precisely the frequency of rnasers fitted with different size storage bulbs with improved coatings a.s a 
function of terriperature and tirne, we hope to  be able to  provide significant improvements in intrinsic 
reproducibility and fundamental accuracy in the future. 
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NPL MASER OUTPUT FREQUENCY VS. MPG NUMBER 
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Figure 1. Spin-exchange tun ing  a STSC hydrogen maser 
equipped w i t h  a cavity f requency switching s e r v o .  
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Figure 2 .  STSC cavity switching servo t r a n s i e n t  response. 
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Figure 3a. Servo transient response to a decrease in the cavity thermal contro1 
S e t  p o i n t  u s i n g  a varactor for the servo frequency control- 

Figure 3b. Servo transient response to an increase in the cavity thermal c o n t r o l  
set  point (resetting to the temperature at the beginning of Figure 3a.1 
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Figure 4 .  STSC measurement of maser stability. 
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F i g u r e  5 .  Long t e r m  s t a b i l i t y  of Nav- series hydrogen masers. 
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