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ABSTRACT 

Two SAO VLG-11 hydrogen masers have been in service at the U.S. 
I 
I 

I Naval Observatory in September 1983. The systematic frequency drifts have 

been measured against the U.S.N.O. time scale and their causes identified. The 

drift is now less than 1x10-l5 per day. 
I 

By operating masers at cryogenic temperatures with wall coatings of CF4 

I frozen in place, we have determined that the conventional coatings of the maser 

hydrogen storage bulbs have 3 times the surface area than is projected 

geometrically. There are excellent prospects for extending the storage time by a 

t factor of 3 and for reducing the wall shift. Present efforts are underway to 

realize .an  atomic hydrogen maser to operate at 0.4K with storage volume 
I , 

coatings of superfluid helium 4. The stability expected of the device is in the 

10-l8 region for intervals beyond 1 hour. 

I 

1.0 INTRODUCTION 

In the development of atomic clocks two properties are of paramount interest: 

stability and accuracy. It is clear that accurate measurements cannot be achieved 

without adequate stability and that the numbers expressing the level of stability are far 

ahead of those describing accuracy. In this paper we describe the stability behavior, 

since 1983, of highly stable atomic hydrogen masers at the U.S. Naval Observatory, 

(USNO) Washington, DC, in relation to the US. Naval Observatory Coordinated 

Universal Time (UTC) time scale derived from an ensemble of about 25 cesium clocks 



carefully monitored &st primary cesium standards in various National Standards 

Laboratorie9. We will describe work in progress to improve the performance of 

hydrogen masers and speculate, very conservatively, on the future. 

2.0 PRESENT STATUS OF VLG MASER PERFORMANCE 

First let ju look at where we now stand in regard to frequency stability. 

Figure 1 shows the latest data in a statistical sense. This is the Allan variance, 

which is the la probability of the magnitude of frequency change from one interval, r 

seconds long, to the next interval of equal duration. 

Two noise processes set the limits to stability. First is the additive white noise 

power, kT per unit bandwidth that accompanies the power from the oscillating H 
atoms. This ~pectral distribution gives a rv l  slope in the Allan variancejlj Second is 

the effect of thermal noise power within the atomic resonance line width (normally 

about 1 Hz), which givea a r -3 slope in the Allan variance. The flattening out 

and rise in the curve after about lo4 sec is chiefly due to systematic effects such as 

linear drift of frequency with time. 

To measure long-term systematic effects we obviously need a good long-term 

reference. The best system we know of for long-term time stability is the USNO UTC 
time scale. Two SAO VLG- 11 -series masers have been in operation at the USNO since 

September 1983 and continuous data have been obtained since that date. Figure (2) 

shows the frequency departure of the masers at the USNO since they were installed. 

The output frequency of the masers in Hz is represented by the vertical scale. The 

downward going dotted lines show the frequency shifts that occurred when the cavity 

resonance frequency of the masers was retuned. The overall drift in frequency since 
Af 

the masers were installed in September 1983 is - = 2.5~10-12. The frequency f 
adjustments made to the cavity resonators are shown in Figure (3). 

Frequency adjustments have been made using the standard flux-tuning 

procedure for hydrogen masers. In this procedure the cavity frequency is adjusted so 

that it has a null frequency pulling effect on the ensemble of oscillating hydrogen 

a t o ~ n s ~ ~ , ~ , ~ ]  The frequency pulling effect in its simplest form, excluding the effect of 

interatomic collisions, can be described as 

2lrf 
The Q of the atoms = - is the ratio of the oscillation frequency to their total rate of 

27 
loss of oh- coherence 1121 process) owing to the combined effects of removal from the 



Figure 1. Allan Variance Data taken from SAO VLG-11 masers at the U.S. Naval 
Observatory including long-term estimates made from synthesizer settings. 



Figure 2. History of frequency drift and resettings of the SAO VLG-11 masers at the 

U.S. Naval Observatory, September 1983 - December 1985. 
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RF interaction. 1) by emergence from the storage bulb, and 2) by -loss of phase 

coherence, a) from collisions with the wall surfaces and b) by interatomic 

spin-exchanbe collisions. To tune the maser we modulate the Q of the atoms by 

varying the atomic hydrogen flux and adjust the cavity frequency so that no shift in 

the output frequency, Afmt, is observed. 

Maser P- 18 has been retuned three times since September 28, 1983, and its 

frequency has been reset to within 2 parts in 1013 of UTC-USNO, the Coordinated 

Universal Time as maintained by the U.S. Naval Observatory. 

In the case for P-19 there was a readjustment of the magnetic field settings on 

or about MJD 45,800; this resulted in an offset of P-19's frequency of about 1.3 parts 

in 1012 faster as shown by subsequent retuning operations on MJD 46,159 and 46,340, 

where no further shift was observed. 

The cavity offset data, shown in Figure (3), exhibit monotonic increases in 

cavity resonance frequency that have been found on all other VLG-ll-series maser 

cavity resonators and appear to re~ul t  from very slow and steady settling of the 

optically polished surfaces at  the mechanical joints between the two end covers and the 

cylinder, which are clamped together with a force of about 1300 Newtons, These parts 

are made of CER-VIT, a glass-ceramic material that has excellent mechanical 
7 o stability and a very low coefficient of linear expansion, 1 a 1 <5x10- / C. The total 

cavity frequency shift to date is about 230 Hz and represents a total excursion of about 

0.2 microns (2000.k) in the position of the end covers. The rate of settling since MJD 
45,800 itr about 2.8A per day. Some evidence of levelling out of this rate is shown by 

P-19's behavior. This follows our experience with other masers where, after about 3 

years, very little cavity drift is seen. Figure (4) shows the daily rate of drift of the 

masers with respect to UTC-USNO and to each other. The rapid decrease in drift rate 

right after installation is the result of the warm-up of the masers and their thermal 

stabilization. 

The two masers operating at the USNO provide redundancy by being operated 

so as to provide a synchronized output signals. This phase coherence is obtained by 

automatically adjusting the synthesizer frequency of one maser so that a phase 

difference of less than 10 picoseconds is observed in 1.2 GHz signals synthesized by 

each maser Adjustments are made in steps of PO microhertz and by 

recording these and the times at which they are made, we can obtain a measure 
A f 

of the long-term relative stability. Because the steps are each 7 .1~10- l5  in - only 
6 f '  

long-term averages will reflect the maser stability. The data at lo5-10 second region 

of Figure (1) are made from synthesizer settings and the shaded area is a good 

estimate of the maser's statistical behavior for time intervals beyond lo4 seconds. 





I 
In summary, then, we can say that the stability of the VLG-11 masers at the 

~ U.S.N.O. is as given in Figure (1) and that the day-to-day frequency uncertainty 

is about 2x10-15. We believe that the drift is predictable to within about 5x10-l5 

over periods of several days to a week in duration. 

3.0 IMPROVEMENTS TO STABILITY 

3.1 Production Of A Beam Of Atoms In A Single Hyperfine Sublevel 

The conventional hydrogen maser employs a state selection system that focuses 

both upper hyperfine magnetic sublevels of the F=l state of atomic hydrogen into the i 

maser storage bulb. Half of these are unwanted and cause unnecessary spin exchange 
1 

line broadening, and under certain conditions of magnetic inhomogeneity can cause 

frequency shifts. The benefits of obtaining a population of atoms purely in the F=l, 
mF=O ~ t a t e  have been discussed and demonstrated by Lacey and ~ e s s o t , [ ~ l  Audoin, 

et.al.I7] and Urabe et.al.18] with varying degrees of success. Out approach is shown 
% 

schematically in Figure (5) showing the hyperfine energy structure of the atoms as a 

function of magnetic field at various stages in the beam. The vertical axis is greatly i* 

magnified to show deflections. We believe the focussing system provides a more 

effective atomic hydrogen state-selection filter than those previously used. Atoms 

emerge from the hexapole on the left with their two upper magnetic hyperfine sublevels 

;r =1,0 focussed into a beam. The section labelled A.F.P. (for adiabatic fast passage) 

contains an axial d.c. magnetic field that varies spatially along the beam axis. 

Within the region of d.c. magnetic field gradient we apply a transverse oscillating 

magnetic field at the Larmor frequency of an atom situated at the center of the d.c. 1 
coil, The result is that as the atom passes through this system its axis of quantization 

is reversed in direction and the r n ~ = + l  state becomes the m ~ = - 1  state; the mF=O 
state is undisturbed. We then pass the beam through a second magnet, roughly 

twice the length of the first, which permits only atoms in the mF=O state to reach the 

bulb. 

The system hardware is shown in Figure (6). At the left is the atomic hydrogen 

dissociator, the first magnet, the coil system, the second magnet, and, at the right, the 
1 

atomic hydrogen storage bulb. By operating the hydrogen maser with the same 

flux of atoms into the bulb as before, but in a single state, instead of a beam with 

two states, we anticipate a decrease in the spin-exchange quenching rate of 50% and a 

corresponding doubling of the power output. While th's will improve the stability 

shown in Figure (1) by a factor of 2-5, its main purpose is to remove the frequency 



a 
MI- 
























